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1. Executive Summary 
 
Purpose of document, background information and project goals: 
 
This document is the final report of the ESA-funded project ADVANSE (“An 
ADVANced retrieval system for greenhouse gases from SCIAMACHY on Envisat”). 
The ADVANSE project consisted of two distinct phases, Phase 1 and Phase 2. The 
focus of Phase 1 was to improve an algorithm for SCIAMACHY greenhouse gas 
retrievals. The targeted greenhouse gas data products are column-averaged dry-air 
mole fractions of CO2 and CH4, denoted XCO2 (in ppm) and XCH4 (in ppb), with a 
focus on XCO2. Within Phase 1 the “Bremen Optimal Estimation DOAS” (BESD) 
algorithm has been further developed and used to generate time series of 
SCIAMACHY XCO2. Within Phase 1 significantly progress has been made in 
advancing the BESD algorithm but it has also been identified that more work is 
needed in order to generate a data product, which meets the demanding user needs 
for inverse modelling of CO2 surface fluxes (Buchwitz et al., 2009). At the end of 
Phase 1 it has been decided to continue this effort within the new GHG-CCI project of 
ESA’s Climate Change Initiative (CCI) (http://www.esa-ghg-cci.org/). As a 
consequence, Phase 2 of ADVANSE had been redefined to avoid duplication of 
work. In this context, it had been identified that satellite methane retrievals in the 1.6 
µm spectral region as used by SCIAMACHY/ENVISAT and TANSO/GOSAT would 
very likely benefit from improved spectroscopic line parameters of methane. To make 
this possible it has been decided to (i) perform appropriate laboratory measurements 
of absorption (or transmittance) spectra in the 1625 – 1685 nm (5934 - 6154 cm-1) 
spectral region, (ii) to use these spectra to determine improved methane line 
parameters in HITRAN format for this spectral region and (iii) to assess the 
implication of the improved methane line parameters for satellite XCH4 retrievals 
using SCIAMACHY and GOSAT. These aspects have been covered by ADVANSE 
Phase 2. This report describes the ADVANSE Phase 2 approach and achievements 
related to the goal to generate improved methane spectroscopic line parameters in 
the 1.6 µm spectral region and to quantify the expected improvements using satellite 
methane retrievals. 
 
Laboratory measurements: 
 
To achieve this goal, experimental absorption spectra were obtained in the laboratory 
for the spectral region 5934 to 6154 cm-1 (~1625–1685 nm), covering P, R and Q 
branches of the 23 band of methane. According to HITRAN 2008, this region 
contains 776 methane lines with line intensities ranging from 10-24 to 10-21 
cm2/molecule (296 K). Several transmittance spectra were obtained covering a broad 
range of experimental conditions, such as different temperatures, pressures, choice 
of buffer gases and mixing ratios using high resolution Fourier Transform 
spectrometers. The obtained spectra have high quality, e.g., high signal-to-noise 
ratio. The new spectra have been compared with literature spectra and comparison 
results are presented in this report. The measured spectra have been compiled in an 
Absorption Spectra Data Base (ASDB) and have been used within this study to 
generate methane line parameters. This has been achieved using a newly developed 
analysis software, called LPC, which is also described in this document. 
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ADVANSE methane line parameters: 

New methane line parameters have been generated by applying the LPC software to 
the new methane absorption spectra contained in the ASDB (see above). The new 
line parameters allow the reproduction of experimental spectra across a wide range 
of pressures and temperatures relevant for atmospheric applications. The spectral 
residuals are reduced compared with those obtained using the line parameters from 
HITRAN 2008.  

Note that the LPC software developed and used to obtain the new line parameters 
does not allow investigation of the impact of line mixing on the retrieved parameters. 
For the purpose of this study, a Voigt line profile is assumed. As shown in Tran et al., 
JQSRT, 2010, this approach - which delivers ‘effective’ coefficients - is appropriate 
for satellite remote sensing applications (if the satellite retrievals are also based on 
the assumption of a Voigt profile, which is typically the case, e.g., for SCIAMACHY 
methane retrieval). However, one has to note that due to line-mixing effects, the ‘real’ 
coefficients of interest to those studying molecular spectroscopy, can differ from the 
‘effective’ ones generated within this study.  
 
Satellite assessment: Approach: 
 
The impact of the new ADVANSE methane line parameters for satellite retrievals of 
methane has been assessed within this study. Two satellite instruments and 
corresponding retrieval algorithms are used: Univ. Bremen (“IUP-UB”) has 
investigated the impact on SCIAMACHY/ENVISAT methane retrievals using the 
WFM-DOAS algorithm and Univ. Leicester (“UoL”) has investigated the impact on 
TANSO-FTS/GOSAT methane retrievals using Univ. Leicester’s GOSAT retrieval 
algorithm. The general approach is to use the latest versions of these algorithms 
(including their “default” line parameter data base) and to only replace the used 
methane line parameters with the new ADVANSE methane line parameters. The 
impact on the satellite retrievals is assessed by comparison of the data products 
generated using the new and the current default line parameters.  
 
Satellite assessment: SCIAMACHY: 
 
Two SCIAMACHY methane data sets for the year 2004 have been compared. The 
only difference between the two retrievals are the spectroscopic input data. The new 
retrievals have been performed using the new ADVANSE line parameters and by re-
processing all SCIAMACHY year 2004 Level 1 files. These retrievals have been 
compared with an existing data set based on HITRAN 2008 spectroscopic 
parameters: WFMDv3.0.2, which is WFMDv3.3 but without a posteriori correction 
based on simultaneously retrieved water vapour. This approach, which is based on 
“switching off” the a posteriori bias correction, has been chosen (i) to find out if the 
(currently used) a posteriori correction can be avoided in the future and (ii) to avoid 
possible interpretation issues related to the (currently used) bias correction.  
 
Initially, the data sets have been corrected for a small global offset to focus on spatio-
temporal patterns. Note that this is in line with the user requirements, as relative 
accuracy is much more important than absolute accuracy. Which of the two data sets 
has the better absolute accuracy is not clear, due to the lack of validation sites in 
2004. Global monthly maps and hemispheric time series based on monthly means 
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have been compared focussing on relative differences. Only small differences have 
been found. The differences in the analysed time series are typically much less than 
2 ppb. The spatial differences in the monthly maps are on the order of a few ppb (~3 
ppb standard deviation of the difference, ~10 ppb max. minus min.). The spatial 
patterns of the differences HITRAN2008-ADVANSE resemble the spatial patterns of 
atmospheric water vapour (r=0.7-0.8), with higher values in regions with high water 
vapour abundance, e.g., in the tropics. From this we conclude that the new 
ADVANSE methane line parameters are very likely (slightly) better for SCIAMACHY 
methane retrieval compared to (the currently used) HITRAN 2008, because the 
erroneous tropical methane enhancement due to water interference is less 
pronounced when using the new ADVANSE line parameters. However, due to the 
smallness of the effect, the a posteriori bias correction still seems to be advisable.  
 
Satellite assessment: GOSAT: 
 
In order to assess the impact of the ADVANSE line parameters on GOSAT methane 
retrievals, methane concentrations have been retrieved from the following GOSAT 
spectral measurements: 
 GOSAT measurements from the whole mission duration coincident with three 

TCCON sites: Lamont, Bialystok and Darwin. These sites represent the full range 
of different latitudes covered by the GOSAT dataset, and by using the full mission 
duration it is possible to investigate any seasonality in the effect of using new line 
parameters. 

 GOSAT measurements covering the whole globe for a three month period in 2009 
(August – October inclusive). This dataset has been chosen to provide a global 
picture of the impact of the new line parameters, and to highlight any regional 
variations in the impact. 

The retrieval is run assuming both the TCCON line parameter dataset (which the 
University of Leicester use as standard in their proxy methane retrievals) and the new 
ADVANSE line parameter dataset. All other aspects of the retrieval have been 
treated identically, including the pre-filtering (e.g. SNR > 50), cloud screening and 
post-filtering (e.g. χ2 maximum and minimum thresholds). 
 
For the majority of GOSAT observations considered, the retrieved methane 
concentration is reduced slightly when using the ADVANSE line parameters. 
Globally, the average reduction is around 0.6 ppbv, though there is some 
dependence on region and solar zenith angle (at low solar zenith angles the 
reduction is close to zero (i.e., no change); higher solar zenith angles result in slightly 
stronger reductions in retrieved methane when using the ADVANSE parameters). 
Notable exceptions to this overall picture include the Saharan and Arabian desert 
regions, where using the ADVANSE line parameters in the retrieval leads to an 
increase in the retrieved methane concentration. Overall, the changes in retrieved 
methane are small (within ±2 ppbv) regardless of location, and the quality of the 
retrievals (as quantified by the χ2 values) is not changed significantly either. 
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Ground-based assessment: TCCON: 
 
TCCON spectra from six sites covering southern hemisphere mid-latitudes to high 
arctic have been used to assess the new ADVANSE line parameters. Comparisons 
to retrievals using the existing TCCON line parameters show that the differences in 
retrieved xCH4 values are small, but up to 5 ppb (0.3%), which is on the order of the 
precision of the TCCON retrievals. TCCON retrievals fit the P, Q and R branches of 
the 2ν3 band separately, and the largest differences are seen in the Q-branch, where 
the different line lists yield retrieved columns that diverge by up to 1%. This behaviour 
is consistent across all sites studied, and each site shows that the differences that 
occur predominantly track solar zenith angles. Indeed, the ADVANSE parameters 
appear to exhibit a marginally reduced airmass dependence in comparison to the 
current TCCON line list. In addition, the ADVANSE parameters show improved 
consistency between the three fit windows, and a slightly better measurement-to-
measurement repeatability. 
 
Overall conclusions satellite and ground-based assessments: 
 
The impact of the new ADVANSE methane line parameters in the 1.6 µm spectral 
regional for atmospheric methane remote sensing applications has been assessed 
for the satellite instruments SCIAMACHY and TANSO/GOSAT and using ground-
based TCCON FTS retrievals. The latest versions of the corresponding retrieval 
algorithms and data sets have been used only replacing the default methane line 
parameters with the ADVANSE line parameters. Overall it has been found that the 
impact is relatively small, namely on the order of a few ppb (i.e., typically much less 
than 1%).   
 
For example, for SCIAMACHY monthly maps, the standard deviation of the 
difference is about 3 ppb, with ADVANSE line parameters compared to HITRAN 
2008 line parameters being a few ppb lower in the tropics compared to higher 
latitudes (or solar zenith angles). The pattern correlates with atmospheric water 
vapour amounts, which are currently partially a posteriori corrected using a bias 
correction scheme. The analysis indicates that using the ADVANSE line parameters 
results in a better methane data product as the need for a bias correction is less 
relevant if the new ADVANSE line parameters are used. 
 
Similar conclusions can be drawn from the analysis of the GOSAT and TCCON 
retrievals. Also here the impact is mostly on the order of a few ppb, i.e., relatively 
small. In contrast to the SCIAMACHY analysis, the solar zenith angle dependence of 
the difference of the ADVANSE based retrievals and the default retrievals shows an 
opposite sign: here the methane retrievals based on ADVANSE line parameters are 
decreasing with increasing solar zenith angle compared to retrievals using the default 
line parameters. This is most likely due the fact that both GOSAT and TCCON 
spectra are at much higher spectral resolution compared to SCIAMACHY (and 
potential interference issues, e.g., due to atmospheric water vapour, which are 
relevant for SCIAMACHY, are less important) but probably also due to other reasons 
such as spectroscopic reference data (note that the default line list for GOSAT and 
TCCON retrievals are the same (“TCCON line list”) but for SCIAMACHY HITRAN 
2008 is the default line list) and (other) retrieval algorithm differences. 
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Overall it can be stated that the ADVANSE methane line parameters are better for 
remote sensing of atmospheric methane, compared to the currently used line 
parameters, but the improvement is relatively small (few ppb). 
 
The methane Absorption Spectra Data Base (ASDB) and the (HITRAN 2008 format) 
ADVANSE methane Line Parameter (LP) file (version 1.0) described in this report are 
available on request for interested user:  

Please visit the IUP-UB Molecular Spectroscopy Group website 
http://www.iup.uni-bremen.de/gruppen/molspec/ 

and click on “Databases” -> “CH4 spectra near 1.6 um” 
for additional information & data download. 
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2. Project overview 

2.1. Motivation and goals 
Errors in spectroscopic line parameters may cause significant biases in satellite 
retrievals. Within Phase 2 of the ADVANSE project laboratory measurements and 
corresponding data analysis have been carried out in order to improve spectroscopic 
line parameters of CH4 in the spectral region used by SCIAMACHY /Bovensmann et 
al., 1999/ and GOSAT /Kuze et al., 2009/ for methane retrieval (~1625 – 1685 nm, 
5934 – 6154 cm-1) /Schneising et al., 2009/, /Frankenberg et al., 2008a/. The new 
line parameters have been tested using SCIAMACHY and GOSAT methane 
retrievals in order to assess to what extent the data quality can be improved. The 
work carried out and the results obtained covering all these aspects are described in 
this document. 
 
The state-of-the-art CH4 line parameter data base in the critical 1.65 µm spectral 
region prior to the start of this project is HITRAN 2008 /Rothman et al., 2009/. The 
HITRAN 2008 methane pressure broadening parameters are based on 
/Frankenberg et al., 2008b/. The laboratory measurements of the CH4 spectra as 
used by /Frankenberg et al., 2008b/ were undertaken at IUP laboratory of the 
University of Bremen. The analysis done by /Frankenberg, et al., 2008b/ was based 
on a limited number of measurements (e.g., only at room temperature and only using 
N2 as a foreign gas). The latter was a first attempt of improving some of the line 
parameters for CH4. This attempt was rather successful as they have been included 
in the HITRAN 2008 edition. 
 
Nevertheless, as already identified by /Frankenberg et al., 2008b/, further 
improvements especially with respect to the laboratory measurements are expected 
to result in even higher quality of the inferred line parameters. This covers aspects 
such as using measurements covering a broader range of conditions (more relevant 
temperatures instead of only room temperature, more mixtures (O2, air) instead of 
only N2) but also using more accurate laboratory measurements.  
 
To achieve this, an improved measurement set-up has been implemented at IUP and 
measurements covering a broad range of conditions have been carried out. 
Additional measurements have been carried by University of Leicester (UoL) using 
the laboratory of the Rutherford Appleton Laboratory (RAL). In order to derive 
improved line parameters from the new spectra, a new dedicated analysis software 
has been developed by UoL, the LPC code. 
 
This study focussed on the improvement of the quality of the broadening parameters 
for methane lines included in HITRAN 2008 in the 1625 – 1685 nm spectral region. 
Recently, a new version HITRAN has been released, HITRAN 2012. To at least 
approximately consider this new version of HITRAN, we conducted several additional 
investigations and updates not originally planned: 

- Update literature review; 

- Additional comparisons between the HITRAN 2008, HITRAN 2012 and the 
ADVANSE database; 
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- Start to re-process the experimental spectra using the developed analysis 
software using HITRAN 2012 data as a priori input date (instead of HITRAN 
2008).  

 
2.2. Data processing overview 

Figure 2-1 shows the end-to-end order of the data processing within the ADVANSE 
project from the raw interferogram measurements to the final line parameters of 
interest. The most important steps are shown in bold:  

 Generation of the absorption spectra database via laboratory measurements 
(WP2000) 

 Line parameter computation (WP3000) 
 Satellite retrieval assessments (WP4000) 
 Generation of final dataset including documentation (Final Report). 

As can be seen, there are four levels of data quality checks. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1. Data processing overview: From raw interferograms to final line 
parameters incl. satellite assessment. 
  

Raw interferograms 

Check I: Etalon effect, noise, saturation, stray light 

Averaging (N = 10) 
Absorption / Transmission calculation 

Absorption Spectra Data Base (ASDB) 

Line Parameter (LP) file 

Final Report and final data set 

Check II: Etalon effect, noise, saturation, stray light, temperature, pressure, 
mixing ratio, comparisons (e.g., with /Frankenberg et al., 2008/) 

Line Parameter (LP) calculation 

Check III: Convergence tests, analysis of the fitting residuals, comparisons 
(HITRAN line list, GOSAT line list, other) 

Check IV: Via remote sensing applications: SCIAMACHY, GOSAT, TCCON 
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3. Spectroscopic background and literature review 
In this section format of the pressure broadening coefficients provided by the 
HITRAN database is described. Data availability, sources and error bars are 
discussed. Mostly, data on the CH4 absorption lines are described, since the quality 
of the CO2 line parameters was found to be sufficient for atmospheric applications 
and no additional CO2 measurements and calculations were needed within this 
project.  

Also, this section summarizes the literature review conducted within this study 
focusing on recent publications on methane spectroscopy in the 1.6 µm spectral 
region. 

3.1. Methane molecule 

The methane molecule has tetrahedral symmetry in its ground state and is, therefore, 
a spherical rotor. The Coriolis and anharmonic interactions in the methane molecule 
combine to reduce the rotational degeneracy of the vibration-rotation levels and 
cause the absorptions to consist of blended manifolds of lines.  

The spectral region of interest of the ADVANSE Phase 2 project (1625 -1685 nm or 
5935 – 6154 cm-1) belongs to the 23 band. The 23 band at 6000 cm-1 was 
assigned by /Fox, 1962/ and later interpreted by /Bobin, 1972/. Lists of assigned 
lines in P, Q and R branches for two main isotopes is given in Appendix A and B 
(from HITRAN 2008 edition /Rothman et al., 2009/). 

3.2. Line parameters   

HITRAN (HIgh-resolution TRANsmittance) is a molecular absorption database. It is a 
compilation of spectroscopic parameters that a variety of computer codes used to 
predict and simulate the transmittance and emission of light in the atmosphere. The 
database is a long-running project started in the late 1960’s in response to the need 
for detailed knowledge of the infrared optical properties of the atmosphere.  

The format of the parameters for each spectral line (equivalent to a record in the 
database) was described in the detailed paper /Brown et al., 2003/ on the methane 
line parameters provided in the earlier versions of the HITRAN (1992-2000, 2001). It 
is given in Table 3-1. Red and blue colour marks the parameters relevant to the 
ADVANSE Phase 2 project. The parameters marked by red colour were updated 
within this study, whereas blue-marked parameters were not subject of investigation 
directly. 
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HITRAN 2008 provides information on four pressure broadening coefficients for 
resolved lines (marked red in the Table 3-1, see also Figure 3-1). According to the 
HITRAN notation, the pressure broadened line half-width (p, T) for a gas at pressure 
p [atm], temperature T [K] and partial pressure pself [atm] is calculated by: 

 (p, T) = [Tref/T]nair (pref, Tref)[p - pself]+ self (pref, Tref)pself .  [E3-1] 

In this equation: 

- air and self – the air-broadened and the self-broadened half-width at half 
maximum (HWHM) [cm-1/atm] at reference temperature Tref = 296 K and reference 
pressure pref = 1 atm. These parameters are transition and buffer gas dependent. 
The air-broadening coefficients are calculated as a sum of the broadening by 
nitrogen and oxygen: 

air=0.79 ·N2 + 0.21 ·O2;      [E3-2] 

- n – the coefficient of temperature dependence of the pressure broadened half-
width, which is assumed to be transition dependent.  

Additionally, HITRAN provides information on the air-broadened pressure shift  
[cm-1/atm] at Tref=296 K, pref=1 atm, of the line transition frequency : 

*= + (pref)·p.       [E3-3] 

This parameter is transition dependent. 

The critical point for the modern retrievals is the knowledge i.e. the accuracy of the 
spectroscopic parameters. HITRAN provides uncertainties for the following six 
transition parameters if available: intensity, line position, air pressure induced line 
shift, air half-width and self half-width and temperature dependence. The codes for 
these uncertainties as they are given in HITRAN are explained in the Table 3-2.  
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Table 3-1. HITRAN 2008 format for transition parameters 
Param
eter 

Meaning Length of 
100/160 
character 
records 

Type Comments or units 

M Molecule number 2/2 Integer HITRAN chronological assignment 
I Isotopologue number 1/1 Integer Ordering within a molecule by 

terrestrial abundance 
 Vacuum wavenumber 12/12 Real cm-1 
S Intensity 10/10 Real cm-1/(molecule x cm-2) at standard 

296K 
R Weighted square of the 

transition moment 
10/0 Real Debye2 (for an electric dipole 

transition) 
A Einstein A-coefficient 0/10 Real s-1 
γair	 Air-broadened half-width 5/5 Real HWHM @ 296K (in cm-1atm-1) 
γself	 Self-broadened half-width 5/5 Real HWHM @ 296K (in cm-1atm-1) 
E’’ Lower-state energy 10/10 Real cm-1 
ηair	 Temperature dependence 

exponent for γair 
4/4 Real Unitless 

δair	 Air pressure-induced line 
shift 

8/8 Real cm-1 atm-1 at 296K 

V’ Upper-state “global” quanta 3/15 Hollerith  
V’’ Lower-state “global” quanta 3/15 Hollerith  
Q’ Upper-state “local” quanta 9/15 Hollerith  
Q’’ Lower-state “local” quanta 9/15 Hollerith  
Ierr Uncertainty indices 3/6 Integer Accuracy for 3/6 critical parameters 
Iref Reference indices 6/12 Integer References for 3/6 critical 

parameters 
* Flag 0/1 Charact

er 
Availability of program and data for 
the case of line mixing 

g’ Statistical weight of upper 
state 

0/7 Real  

g’’ Statistical weight of lower state 0/7 Real  

 
 

 

Figure 3-1. Schematic of 
fundamental spectroscopic 
parameters of a line transition in 
HITRAN. The dotted line refers to 
a perturbed transition with a 
negative  /Rothman et al., 1998/. 
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A typical record for one line in the HITRAN 2008 database looks as follows: 

61   6046.942000   8.289E-22   6.860E-01   .06240   .082   62.87680   .85 -.007767 00201F2   00001A1   4F1  1   3F2  1   462000   10102000   27.0   21.0 

Table 3-2. Uncertainty codes adopted for HITRAN 
Line position and air pressure-induced line shift 
cm-1 

Intensity, half-width (air-and self-) and 
temperature-dependence 

Code Uncertainty range Code Uncertainty range 
0 1 or Unreported 0 Unreported or unavailable 
1 0.1 - 1 1 Default or constant 
2 0.01 – 0.1 2 Average or estimate 
3 0.001 – 0.01 3 20% 
4 0.0001 – 0.001 4 10% - 20% 
5 0.00001 - 0.0001 5 5% - 10% 
6  Better than 0.00001 6 2% - 5% 
  7 1% - 2% 
  8 Better than 1% 

For overview and comparison, the uncertainties codes for the pressure broadening 
coefficients for CO2 and CH4 are presented on lower panels in Figure 3-2 and Figure 
3-3 as functions of wavenumber. One can see, as a result of the recent studies, CO2 
pressure broadening coefficients are available with accuracies within 1-2% for 
selected bands near 5000 cm-1 and between 6000 and 7000 cm-1 

In comparison, as can be seen by comparing Figure 3-2 (CO2) and Figure 3-3 
(CH4), the situation is much worse for the CH4 pressure broadening coefficients 
compared to CO2. Data from two versions of the HITRAN database (2008 and 2012) 
are shown in Figure 3-3. As can be seen, HITRAN 2012 has been improved and 
extended compared to HITRAN 2008. HITRAN 2012 included much more. As one 
can also see, the uncertainty codes are still pretty low for most of the lines. For most 
lines the uncertainty is either larger (worse) than 20% or roughly estimated or 
averaged. More details on the datasets for CH4 are given in the following sections. 

The HITRAN database provides references for the information on every parameter 
included. In the following sections publications relevant to the HITRAN 2008 and 
2012 versions and for the current study are presented and discussed.  
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Figure 3-2. Upper panel - spectral windows of SCIAMACHY, OCO and GOSAT and line intensities of CO2 
taken from the HITRAN 2008. Lower panels - HITRAN 2008 uncertainty codes for broadening coefficients: 
self- and air-broadening, temperature dependence and pressure shift for CO2. 

The red square roughly indicates the focus of the proposed study around 6000 cm-1 
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Figure 3-3. Upper panel - spectral windows of SCIAMACHY, OCO and GOSAT and line intensities of CH4 
taken from the HITRAN 2008 and 2012. Lower panels - HITRAN 2008 uncertainty codes for broadening 
coefficients: self- and air-broadening, temperature dependence and pressure shift for CH4 
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3.3. HITRAN database evolution for CH4 near 6000 cm-1 

Updates of the data included in the HITRAN database from the early 1990ties to the 
most recent version are described by /McClatchey et al., 1973/, /Rothman et al., 
1992, 1998, 2003, 2005, 2009/, /Brown, 2005/, /Brown et al., 1992, 2003, 2013/. 
Evolution of the database for the region around 6000 cm-1 since 1986 is summarized 
in the Table 3-3. 

In the first original report by /McClatchey et al., 1973/ the J- and T-dependence of 
methane line widths were taken from the results of /Varanasi et al., 1971, 1972/ and 
/Tejwani and Varanasi, 1971/. The only measured values of air-broadened CH4 half-
widths were those for multiples of v3 and 2v3 at 295 K:  0.061 cm-1 atm-1 for J=1-5 
and 0.048 cm-1atm-1 for J=15-17.  

The 1986 HITRAN compilation contained  only  142  lines  of  12CH4,  and 93 lines  of  
13CH4 calculated  for  the  2v3  bands  in  the  5897-6107  cm-1  region.  An error in 
band intensity (which existed since the first edition) has been corrected by multiplying 
intensities by 2.5 to conform to measurements by /Margolis, 1973/. In /Margolis, 
1973/, the line strength of the manifolds of the 2v3 band have been measured for the 
P, Q and R branches up to J=10 (J=9 for the R branch), using high resolution (0.06 
cm-1) spectra taken with a Jarrell-Ash Co. Ebert-Fastie type 1.8 m spectrometer. 

The parameters of the 13CH4 2v3 band have been added using isotopically scaled 
intensities of the 12CH4 prediction /Fox et al., 1980/. The accuracies of the 
parameters were thought to be 0.005 - 0.020 cm-1 for positions and 5 - 20% for 
intensities. Air broadened  half-widths  were determined  from the  calculated  O2-  
and N2-broadened halfwidths of /Tejwani et al., 1974/ corrected to 296 K.   

In /Margolis, 1988/ the positions and strengths of more than 2000 methane 
absorption lines have been measured in the 5500–6180-cm-1 spectral region, using 
high resolution (0.01 cm-1) spectra recorded at room temperature (296 K) with a 
Fourier transform spectrometer. The 2ν3 band strength of 12CH4 was determined to 
be 1.641 cm-2 atm-1; a Herman-Wallis-type correction was also determined to be (1 + 
0.0298 m + 0.000536 M2). In the following work, /Margolis, 1990/, the strengths of 
more than 1600 lines of CH4 have been measured in the spectral interval between 
5500 and 6150 cm-1 at room temperature and reduced temperatures. The energy of 
the lower state of the transition was found empirically from the variation of the 
measured strengths using the temperature dependence of the methane partition 
function and the Boltzmann factor for the energy level populations. An error analysis, 
based on assumed errors in the strength and temperature measurements, is 
included. The average measured uncertainty in J is 20%. 
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Table 3-3. Evolution of information and data sources in the course of HITRAN  database 
upgrades for CH4 line parameters around 6000 cm-1  
Line positions 
and intensities 

Air-broadened  
halfwidths 

Self-
broadened  
halfwidths 

Temperature  
dependence 

Pressure shift,  
cm-1/atm   

HITRAN 1986, /Rothman et al, 1987/ 
/Husson et al, 
1986/ 
/Fox et al., 1980/ 
/Margolis, 1973/ 

/Tejwani et al., 1974/ - three  different  
values  according  to  
symmetry,  /Varanasi  
et  al., 1983/ 

- 

HITRAN 1991-1992 /Brown et al., 1992/  
/Margolis 1988/ 
 

/Margolis 1988/, 
/Brown et al., 1992/  

scaled  air-
broadened  
values   

mean  value  0.75  
for all  lines. 
 

- 0.008  
 

HITRAN 1996, HITRAN 2000-2001 /Brown et al., 2003/ 
HITRAN 2004 /Rothman et al., 2005/, /Brown, 2005/ 

Same as before 
HITRAN 2008 /Rothman et al., 2009/ 
5860-6180  cm-1: 
line positions 
from /Margolis 
1988/, line 
intensities from   

/Frankenberg et 
al., 2008b/ 

5860-6180  cm-1 

from /Frankenberg et 
al., 2008b/ 

Same as 
before 

5500-5860 cm-1: 0.75  
for most all  lines. 
5860-6180 cm-1: 0.85  
unless direct 
measurements were 
available /Lyulin et al., 
2009/ 

5500-5860 cm-1:
same as before  
 
5860-6180  cm-1: 
Line-by-line,  
/Frankenberg et 
al., 2008b/ 
 

HITRAN 2012 /Brown  et al., 2013/ 
/Zolot et al., 
2013/,  
/Campargue et 
al., 2012b/,   
/Campargue et 
al., 2012a/  
/Lyulin et al., 
2010/  

Averaged widths by J 
(assigned/estimated 
from empirical lower-
state energy) for 
6799 lines  
 
Updated algorithm 
described in /Brown 
et al., 1992/ 
(averaging by J, C 
and J) 

Updated 
algorithm 
from 
/Brown et 
al., 1992/ 
(averaging 
by J, C and 
J) 

/Brown et al., 2003/ Calculated using 
empirically 
derived 
approximation: 
shift = -2×10-6 × 
(line position). 

 

Based on the work of /Margolis, 1988, 1990/, a significant amout of new data 
became available in the HITRAN editions from 1991 and 1992 as described in 
/Brown et al., 1992/. The updated line list between 5500 and 6185 cm-1 was 
extended to cover ~2000 experimental positions and line intensities. While  only  3%  
of  the  lines were  assigned  (to  2v3 at  6000 cm-1  and  2v4 + v3 near  5640 cm-1),  
many  of  the  lower  state  energies  were  determined  empirically  using  cold  
sample spectra /Margolis, 1988, 1990/;  an  effective  J”  was  computed as 
J=(E”/5.2)0.5  so  that  a mean value  of  ground  state  energy  at  each  J  could  be  
used  for  the  database.  A default value of 555.5555 cm-1 was used otherwise. 

In comparing with 1986 edition, the 2v3 band intensity effectively increased 11% and 
substantial Herman-Wallis factor was applied to the P and R branch lines.  Because  
only  the  strongest  lines  of  13CH4  were  measured,  the  new  experimental and  
old  predicted  values  were  merged,  using  measurements  where  available  and  
scaling  the  old prediction  in  proportion  to  the  change  in the 12CH4 band  strength  
and  Herman-Wallis  factor.  The 13CH4 lines with  intensities  greater  than 4·10-24  
cm-1/(molecule·cm-2)  were  generally  taken  from the  experimental  values.   
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For air-broadened  widths,   empirical mean values of  12CH4 /Rinsland et al., 1988/ 
obtained for v4 and v2 bands were  tabulated  to  provide  widths  as  a function  of  J  
and  C  (=A,F,E)  for  transitions  with  known  assignments.  The uncertainties 
associated  with  this  tabulation  exceed  the  experimental  accuracy  (±20%)  
because  the dependence  of the  width  on  transition  quantum  numbers  is 
ignored.  For 13CH4 a value of 0.95 times the mean values of 12CH4 were used. From 
3900 to  6186 cm-1,  widths  of  unassigned  lines  with  empirically  determined  lower  
states  were  taken, using  the  effective  J”  calculated  from the lower state energy  
E”  and  assuming  that  the  lines  were  all  “F” species.  The widths of the remaining 
unassigned lines were set to a default value of 0.055 cm-1/atm. For CH3D, the default 
value 0.060 cm-1/atm was used. 

For  self-broadened  line widths,  the  air-broadened  values  were  scaled  to provide  
“a  crude  estimate”  as  a function  of  J  and  C  (=A,F,E). The  scaling  factors were  
tabulated  from  the  ratio  of self-broadened  values /Ballard et al., 1986/  to  
corresponding  air-widths /Rinsland et al., 1988/  for  53 transitions in the 1310-1370 
cm-1 region.  The mean ratio of self- to air-broadened halfwidths was 1.37 (±0.09), 
with scatter rather from transition quantum number dependence than measurement 
error.  Widths  of  unassigned  lines  above  3900 cm-1 with  empirically  measured  
lower  state  energies  were  determined  by  computing  the  effective  J”  and 
assuming  the  species  to  be  “F”.  For unidentified lines, the value of 0.075 cm-1/atm 
was used.  All estimated self-broadened halfwidths were rounded to the nearest 
0.001 cm-1/atm.  The CH3D lines were set to a default value of 0.08 cm-1/atm.  The 
uncertainties associated with the estimates are thought to be ±25%. 

In  the  1986 edition,  the  temperature  dependence  of  the  halfwidth  n  was set  to  
three  different values  according  to  symmetry  species,  using  the  results  of  
/Varanasi  et  al, 1983/. However,  other studies did  not  confirm  this  conclusion,  
so for  the  1991 and  1992 editions,  a mean  value  of  0.75 has  been  selected  for  
all  lines. 

Pressure  shifts  of  methane  in  air  were  implemented  for  the  first  time in the 
edition 1991-1992. For the region near  6000 cm-1 default value of - 0.008 cm-1/atm 
was given as an estimate based  on  the  mean  value  obtained in  the spectral  
region.   

In general, HITRAN edition 1991-1992 contained for the region 5500-6180 cm-1 only 
empirical data with experimental lower states, with self-broadened widths 
extrapolated from few measurements. No changes for the region around 6000 cm-1 
were done in 1996 and 2000-2001 editions /Brown et al., 2003/. The set of CH4 
spectral line parameters contained in the HITRAN-2004 database  for this region was 
still not complete /Brown et al., 2005/. Some of the parameters, in particular, the 
broadening and shifting parameters were still obtained by extrapolations from the 
measurements performed for lower frequency regions. 

In the edition HITRAN 2008 /Rothman et al., 2008/ for the spectral region near 6000 
cm-1 line positions were taken from /Margolis, 1988/ similar to the previous editions. 
Line intensities for the 5860–6180 cm-1 region are the data retrieved by 
/Frankenberg, et al., 2008b/ on the base of the work of /Margolis, 1988/ (details will 
be given below). Weak lines with intensities less than 10-24 cm-1/(molecule cm-2) at 
296 K are still missing between 5500 and 6180 cm-1. 
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New values for air broadening were inserted from 5860 to 6184 cm-1 which are 
scaled N2-broadening from /Frankenberg, et al., 2008b/. Between 5560 to 5860 cm-1 

a few hundred values for air were entered as they were obtained by /Lyulin et al., 
2009/ within the work on the GOSAT line list (will be discussed below).  

As can be seen from the Table 3-3, the methane self-broadening coefficients in the 
spectral region near 6000 cm-1 have received little attention since long.  This lack of 
direct measurements has presented a problem in creating good databases. In 
HITRAN 2008 values are based on an estimated values from /Brown, 1992/. 
Meanwhile, new data became available from the GOSAT line list study /Lyulin et al., 
2011/, which are partly included in the next edition of the HITRAN 2012 (to be 
discussed below). 

The same is relevant to the pressure induced shift . In HITRAN 2008, for most of the 
transitions up to 5860 cm-1, estimated default values similar to those used in HITRAN 
2000 /Brown et al., 2003/ and 2004 /Brown, 2005/ were used if there were no direct 
measurements of half-widths and pressure shifts /Predoi-Cross et al., 2005, 2006/; 
the exceptions were approximately 4000 measured or theoretically predicted 
broadening coefficients inserted on a line-by-line basis. Shifts for 5860-6180 cm-1 

were taken from /Frankenberg et al., 2008b/ on line-by-line basis. 

Temperature dependence n was set to a default constant (0.75 below 5860 cm-1 or 
0.85 above 5860 cm-1) unless direct measurements were available /Lyulin et al., 
2009/. Since HITRAN 2008 edition release, new data became available from /Lyulin 
et al., 2011/.  

Only a few investigations were dedicated to the study of spectroscopic parameters of 
the isotopic form 13CH4 (~1.11% abundance) and CH3D (0.06% abundance) and only 
a few at low temperature /Martin et al., 2010/, /Walrand et al., 1996/. Most of the 
parameters for the CH3D were retained from HITRAN 2004. Because 13CH3D was 
detected in Titan’s atmosphere, this species was added to the database for the first 
time. 

HITRAN 2008 considered the new mid-and near-IR parameters to be preliminary and 
so rather conservative accuracies were set, especially for temperature dependence 
and shifts coefficients; this certainly indicated that additional laboratory and 
theoretical studies are needed. Early summer 2013 the new compilation of 
parameters was released by the joint team of spectroscopists /Brown et al., 2013/. 
The somewhat belated database version is named HITRAN 2012.This important for 
the scientific society achievement was announced shortly after the first version of our 
new ADVANSE dataset was prepared. No documentation was available on the 
HITRAN homepage at the time as the first version of our new data was provided for 
the retrieval tests.  

The HITRAN 2012 compilation includes new global analyses and measurements for 
12CH4, 

13CH4 and 12CH3D. With a minimum intensity at 296 K set to 10-37 [cm-

1/(molecule*cm-2] for the far-IR and down to 10-29 for the mid- and near-IR, the 
methane database increased from 290091 lines in HITRAN2008 to 659848 lines 
(80% of which belong to the main isotopologue).  
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Who contributed to HITRAN 2012 is listed in Table 3-3 and presented schematically 
in Figure 3-4, using the codes and references provided by the database and the 
HITRAN documentation page. In the near-IR above 5550 cm-1, the compilation is 
based on empirical measurements. Prior laboratory results were replaced with 
extensive new FTIR (5550 - 5852 cm-1) and Differential Absorption Spectroscopy 
(DAS) and Cavity Ring Down Spectroscopy (CRDS) (5852 - 7912 cm-1) 
measurements. Ground state J values for nearly half of the measured lines in this 
range were obtained, either by confirming quantum assignments of analyses or by 
using spectra at 80 and 296 K. Available pressure broadening measurements from 
HITRAN 2008 were transferred into the new compilation, but 99% of the lines were 
given crudely-estimated coefficients. High accuracy line positions were inserted for 
the stronger P, Q and R branch transitions of 2v3 at 1.66 μm. 

As can be seen, the line positions and intensities are taken mostly from /Campargue 
et al., 2012b/ for the 12CH4 and /Lyulin et al., 2010/ for 13CH4. Some line are taken 
from /Zolot et al., 2013/ and /Campargue et al., 2012a/. The four broadening 
parameters are obtained using calculations and estimations based on the updated 
algorithm described in /Brown et al., 1992/ and lower-state energy. 
 

Figure 3-4. Publications contributing to HITRAN 2012 for CH4. From top to bottom: line positions and 
line intensities, self- and air-broadening, temperature dependence and pressure shift. 
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3.4. Other relevant studies 

In addition to those studies who contributed directly to the HITRAN database 
editions, a number of recent studies concentrated on the 2v3 band. Some of them 
make use of broad band Fourier transform spectroscopy (FTS) and embrace nearly 
the whole region 5500-6180 cm-1 in support of atmospheric remote sensing 
applications. Others are based on the high resolution tunable diode laser 
spectroscopy (TDLS), which is a very convenient diagnostics for the industrial and 
military applications, such as surface treatment or combustion. These studies are 
devoted to the strongest methane features available in a spectral region relatively 
free of water and other interferences: single lines (R0 and R1) and manifolds R3 and 
R4. One should note that both types of studies provide high quality data which are 
very valuable for comparison and analysis purposes. 

Some of the studies on the pressure broadening parameters are summarized in the 
Table 3-4 and considered in the next sections. Results on broadening coefficients, 
shifts and temperature dependence for R0, R1, R3 and R4 manifolds are compared 
with the current study in Section 7. 

 Tunable diode laser spectroscopy (TDLS) 3.4.1.

/Zeninari et al., 2001/ performed measurements of the line shape parameters of the 
R3 triplet of the 2ν3 band by using a TDLS with an absorption White cell for low 
pressure and a photoacoustic cell for high pressure. The broadening and shift 
coefficients were obtained while varying the pressure of different perturbing gases: 
air and noble gases (helium He, neon Ne, argon Ar, krypton Kr, and xenon Xe). 

/Kapitanov et al., 2007/ used a two-channel opto-acoustic diode laser spectrometer 
to investigate 2v3 band in the region 6080-6180 cm-1 with resolution of about 3x10-4 
cm-1. Results on the R3 triplet broadening and shift by SF6, N2, and air are 
supplement for the data from /Zeninari et al., 2001/.The absorption spectrum was 
recorded at temperature of 295 K, methane pressure of 95 mbar and perturbing 
gases pressure of 0 to 1000 mbar. On the whole, about 600 absorption lines were 
recorded. The pressure dependence of the shift on all perturbers was found to be 
linear with probability of 0.99 and the shift coefficient was found to be negative within 
the considered pressure range.  

/Dufour et al., 2003/ used TDLS to study the broadening and narrowing (Dicke) 
parameters of the R0 line perturbed by N2, O2 and He at different pressures (27- 400 
mbar) and R3 manifold perturbed by N2, Ar and He at 67- 667 mbar. Data were 
analyzed by using the soft and hard collision models; line mixing effects were 
considered. 

/Gharavi et al., 2005/ used TDLS for measurement of line strengths and collision-
broadened half-widths of methane perturbed by CO2, N2, H2O, CH4, and CO as a 
function of temperature and pressure for R3 and R4 manifolds. A three-, five- and six-
parameter model for the analysis of absorption line parameters were used. 
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Table 3-4. Studies related to pressure broadening parameters 

Work Method 
Spectral 
range, cm-1 

Parameters perturbing gases 

Darnton et al., 
1973 

 P2, R0, R1 
self-broadening 
temperature dependence 

CH4 

Margolis, 1988, 
1990 

FTS 5500-6180 
Positions; 
Line strength 

 

Zeninari et al., 
2001 

TDLS R3 
broadening coefficients; 
shifts  

Air, He, Ne, Ar, Kr, Xe 

Dufour et al., 2003 TDLS R0, R3 

broadening parameters; 
narrowing(Dicke) 
parameters;  
line mixing effects  

N2, O2, He, Ar 

Gharavi et al., 
2005 
 

TDLS R3, R4 
line strengths; 
broadening coefficients 
self-broadening 

N2, CO2, H2O, CH4, 
CO 

Kapitanov et al., 
2007 

TDLS 
6080-6180 
R3 

broadening; 
shift  

Air,  N2,  SF6 

Menard-Bourcin et 
al., 2007 

Optical 
pumping 

P2, R0, R1 

depopulation rates of 
rotational levels, 
broadening coefficients; 
temperature dependence 

N2, CH4 

Frankenberg et al., 
2008 

FTS 5860-6184 

Line strengths; 
broadening coefficients; 
shift; 
temperature dependence 

N2 

Lyulin et al., 2009 FTS 5550-6236 
broadening coefficients; 
shift; 
temperature dependence 

N2, O2 

Campargue et al., 
2012 

CRDS-
DAS 

5550 - 7912 
cm-1 

Line positions and 
intensities 

 

This work FTS 
5934–6154*, 
5000-7500** 

broadening coefficients; 
shift; 
temperature dependence 

Air, N2, O2, CH4 

* within ADVANSE project 
** actually measured 

 

 
/Menard-Bourcin et al., 2007/ suggested a very elegant method, based on 
measurements of the depopulation rates of rotational levels in the 2v3 vibrational 
state of 12CH4 by a pump-probe technique. The method of direct measurements of 
the rotational depopulation rates makes it possible to obtain the depopulation rate 
coefficient of a well defined ro-vibrational level with a selected tetrahedral symmetry 
species A, E, F whereas, in linewidth measurements, the determination of the 
broadening coefficient for each tetrahedral component of a multiplet is not 
straightforward. Furthermore, for self-collisions, rotational depopulation rates can be 
measured at low temperature while the pressure above which methane condenses is 
too low to measure pressure broadening accurately. 

A standard form of the relationship between relaxation rate coefficients and 
broadening coefficient is to express broadening coefficient  as the mean of the rates 
for state-changing processes in the upper and lower ro-vibrational levels. Assuming 
that the upper and lower levels of a given transition have the same total depopulation 



Institute of Environmental Physics 
(IUP), University of Bremen (UB), 
Bremen, Germany 

ESA Project ADVANSE 
Phase 2 Final Report 

                               Page:  24 
             Date: 11 Nov 2013  

Version: 1

 

24 
 

rate coefficient k, the broadening coefficient may be approximately related to the rate 
coefficient k by the following formula:  

0=k/(2c),     [E3-4] 

where c is the velocity of light in vacuum. Methane molecules were excited into 
selected rotational levels by tuning the pump laser to 2v3 lines. The time evolution in 
population of the excited level after the pumping pulse was monitored by tuning the 
probe laser to a (3v3 - 2v3) line corresponding to a transition with the excited 
rotational level as the lower level. Measurements were performed from room 
temperature down to 100 K in pure CH4 and in CH4–N2 mixtures. The rotational 
relaxation rate coefficients were found for the J=1, A2, J=1, E, J=1, F2 and J=0, F2 
levels (R0, Q1, P1, P2).  

 

 High-resolution broadband spectroscopy 3.4.2.

WKLMC line list: 

The new line list for the 5852–7919 cm−1 region became available very recently, 
based on the differential absorption spectroscopy (DAS) and tunable diode cavity-
ring-down spectroscopy (CRDS) /Campargue et al., 2012a,b/, /Campargue et al., 
2013a,b/. The list has name WKLMC according to the authors’ surnames (Wang, 
Kassi, Leshchishina, Mondelain, Campargue). The “final” version of the empirical lists 
for methane at 80 K and 296 K was obtained by combining the WKMC list 
/Campargue et al., 2012/ with new results obtained by DAS in the 2ν3 region  at 
5852–6183 cm−1 /Campargue et al., 2013b/. Two empirical lists for methane at 
296 K and 80 K in “natural” abundance are provided for atmospheric and planetary 
applications, respectively. They include the isotopologue identification 
(12CH4, 

13CH4 and CH3D) and the lower state energy level, Eemp, derived from the 
ratio of the line intensities measured at 296 K and 80 K. The 296 K list includes 
55 262 absorption lines. The 80 K list is made applicable over a wider range of 
temperatures by including 30 282 lines observed only at 296 K, with corresponding 
lower state energy values chosen to make them below the detectivity limit at 80 K. 
Overall, the 80 K list includes 73 225 absorption lines. For the two temperatures, the 
list is provided in HITRAN format.  

/Frankenberg et al., 2008b/: 

In their study, /Frankenberg et al., 2008b/ used the high resolution (0.01 cm-1) 
spectra obtained using Bruker HR Fourier Transform spectrometer (FTS) in the 
Institute of Environmental Physics in Bremen. As was mentioned above, shifts and 
air-broadening coefficients obtained by /Frankenberg et al., 2008/ were included in 
the HITRAN database 2008.  

Only four mixtures of CH4 with N2 at room temperatures were analysed; details on 
the experimental set-up and mixtures are given below in Section 4.  

/Frankenberg et al., 2008b/ applied a multispectrum nonlinear constrained least 
squares approach based on optimal estimation to derive the spectroscopic 
parameters by simultaneously fitting laboratory spectra at different ambient 
pressures. Each line was treated separately, even for multiplets, and no cross-
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correlations between lines were assumed. A standard Voigt line-shape was applied 
and the Jacobian of the transmission with respect to shift and broadening coefficients 
computed analytically, as explained in /Schreier, 1992/ and references therein.  

/Frankenberg, et al., 2008b/ performed fitting of the relative line intensities but 
strictly constrained to the /Margolis, 1988/ values given in HITRAN 2004, permitting 
only small deviations. The integrated column density of methane was determined 
using a fit covering the isolated R0 and R1 transitions. For the final determination of 
spectral parameters, /Frankenberg, et al., 2008b/ kept cell column densities fixed. 
Thereby the line strengths retrieved in their study were linked to the R0 and R1 
strengths given in HITRAN 2004 /Margolis, 1988/.  

Prior pressure shifts are all reset to –0.011 cm−1 atm−1 as /Kapitanov et al., 2007/ 
reported this pressure shift for the R3 triplet. /Frankenberg, et al., 2008b/ adapted 
prior broadening coefficients from measurements in the fundamental by /Pine et al, 
1992, 1997/. Self-broadening was neglected since the methane volume mixing ratio 
in the cell was 2% at most. Temperature dependence was fixed at 0.85 for the whole 
obtained region 5860-6184 cm-1. 

/Frankenberg et al., 2008b/ report several unsolved and open issues. They point out 
that the temperature dependence of pressure broadening requires further research 
for most transitions. While HITRAN attributes a temperature exponent of 0.75/0.85 
universally in the considered spectral ranges, /Darnton et al, 1973/ and /Gharavi et 
al., 2005/ find values ranging between 0.83 and 0.93 for R0-R4 in the 23 branch. At 
243 K, this might already lead to discrepancies in the broadening coefficient of 3% 
(temperature exponent 0.75 vs. 0.9).  

GOSAT line list: 

Several papers by the same joint Russian-Japanese team (Lyulin, Nikitin, Perevalov  
Morino, Yokota, Kumazawa,  Watanabe) are connected with the elaboration of the 
GOSAT line list.  Based on extensive experimental studies using the infrared Fourier 
spectrometer (IFS, Bruker 120 HR and 125 HR), the first version of methane spectral 
line list in support of the GOSAT mission  was prepared in 2008 but has not been 
published. In /Lyulin et al., 2009/ a slightly modified version of the first GOSAT 
methane spectral line list has been presented. The paper by /Lyulin et al., 2009/  is 
devoted to the study of the broadening and shifting of the methane spectral lines in 
the 5550–6236 cm-1 range by pressures of N2 and O2. The paper /Nikitin et al., 
2009/ is devoted to the assignment of 13CH4 lines in this region. The next paper 
/Nikitin et al., 2010/ presents GOSAT-2009 line list in the region 5550-6236 cm-1 in 
HITRAN format. Finally, the paper by /Lyulin et al., 2010/ describes enhanced 
investigation of the self-broadening and self-induced shift parameters in the 5556-
6166 cm-1 region, contributed to the GOSAT 2009 lines list.  

The high resolution measurements (0.005 cm-1) of /Lyulin et al., 2009, 2011/ and 
/Nilitin et al., 2009, 2010/ significantly extended the conditions range of 
/Frankenberg et al., 2008b/. The absorption spectra of mixtures of methane with N2 
and O2 were recorded at different partial pressures for three temperatures (240, 267, 
and 296K).  Details on the experimental set-ups and mixtures used in /Lyulin et al., 
2009/ and /Nikitin et al., 2010/ are given below in Section 4. 
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In that experiment, the wavenumber scale has been calibrated using the CH4 line 
positions taken from the HITRAN 2004 database. In the fitting procedure initial values 
of the line positions and line intensities as well as the line assignments were taken 
from /Wegner et al., 1998/ and /Nikitin et al., 2010/. The spectral line parameters 
were retrieved using the multispectrum fitting procedure in which a nonlinear least- 
squares methods was applied simultaneously to spectra recorded under various 
experimental conditions: the spectral line parameters were fitted simultaneously to six 
spectra recorded at a given temperature.  

This procedure was further developed and realized in a IUP “home-made” computer 
code. This code determines line parameters by adjustment of the synthetic spectra to 
the observed ones. The adjustable parameters are: position, intensity, self-
broadening, buffer gas broadening and shifting parameters of each line and the 
background (modelled by a second-order polynomial expansion). Because of the 
special selection of the lines (the majority of them are more or less isolated) the 
authors applied the Voigt profile to describe the observed line shapes in which the 
calculated value for the Doppler line width was used. No attempts have been 
undertaken to study the line mixing effects.  

To retrieve the parameters of the overlapped lines of the J-manifolds of the 2ν3 (F2) 
band theoretically predicted line positions and intensities were used as initial values 
in the fits. In some cases the constraint ratio 5:3:2 between intensities of the lines of 
a given J-manifold corresponding to A–A, F–F and E–E transitions was used in the 
beginning of the fit. At the end of the fit all intensities were free. When in the result of 
the fit the fitted line intensities differed considerably (15–20%) from the theoretical 
ones, either a line position or a line intensity of one of the lines of a manifold was 
fixed. To fix the line positions the values given by /Boussin et al., 1998/ were used. 
Line intensities were fixed to the value derived from the integrated intensity of a J-
manifold using ratio 5:3:2 for A–A, F–F and E–E components respectively. 
Information on the symmetry of energy levels in the considered region is given in the 
Appendix C. 

The line width and line shift were calculated using the following equations: 

=CH4pCH4 + XpX,      [E3-5a]   
=CH4pCH4 + XpX.      [E3-5b] 

 
where CH4, pCH4, and X, pX are widths and partial pressures of the methane and a 
broadening gas and  CH4, and X are shifts by methane and a broadening gas.  

As results of the fits, line position, line intensity, self-broadening, self-shifting 
coefficients, buffer gas broadening, and temperature exponents were obtained for 
each selected line for three temperatures (296, 267, and 240 K).  

As a results of the described studies, a list of the spectral line parameters has been 
generated in HITRAN-2008 format for the region 5550–6236 cm−1 with an intensity 
cut off 4×10−26 cm/molecule at 296 K. The list contains 10917 lines, with only 2918 
completely assigned lines and 1576 lines with partial assignment of the lower state 
(J value). For these lines /Nikitin et al., 2010/ give the energy of the lower state.  
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The values of the line positions and line intensities presented in the GOSAT 2009 list 
are retrieved as a result of the work described in /Nikitin et al., 2010/. The fitted line 
positions and line intensities do not differ considerably from the initial values: the line 
intensities obtained in the results of the fits at all three temperatures agree within 1% 
of the initial values. The agreement between the HITRAN 2008 and GOSAT 2009 
line positions is on average within 0.001 cm−1. The root mean square of the residuals 
between HITRAN 2008 and GOSAT values of the line intensities is 4.8%.  

The broadening coefficients vary in a rather large range from line to line. 
Nevertheless, there is the general tendency towards decreasing of the line width with 
the increasing of the modulo of the rotational quantum number m. To generate a 
complete line list for databases, an empirical polynomial expression has been 
created to model the rotational dependence of the broadening coefficients (for 
0≤|m|≤14): 

=0+a|m|+b|m|2,     [E3-6] 

with the following parameters for CH4 and air: 

 CH4 Air 
0 0.0803 0.0631 
a 0.000243 0.00152 
b -0.000115 -0.000218 

 
Majority of the obtained air-broadening coefficients agree with those of HITRAN2004 
within 10%, but there are cases for which the residuals exceed 10% and reach 40%. 
In GOSAT list values of air-broadening and air-shifting coefficients for the J manifold 
of the strongest 2ν3(F2) band of 12CH4  were obtained as result of the direct 
measurements. The coefficients of additional 446 lines have been calculated using 
the results of the direct measurements of the broadening and shifting by N2 and O2 

/Lyulin et al., 2009/. The air-broadening coefficients for other lines having complete 
or partial assignments of the lower state have been calculated using [E3-6]. As a 
default mean value the value of γair=0.0600 cm−1 atm−1 for the air-broadening 
coefficients is recommended. 

The recovered self-broadening coefficients vary from 0.040 to 0.120 cm-1 atm-1 at 

296K and they are in a reasonable agreement with the values by /Predoi-Cross et 
al., 2005/ for the 4100-4635 cm-1.They also have a similar dependence on the 
rotational quantum number |m| similar to that presented in /Predoi-Cross et al., 
2005/. The self-broadening coefficients of 406 lines contained in GOSAT line list 
were measured in /Lyulin et al., 2011/. For other lines having complete or partial 
assignments of the lower state they have been calculated using [E3-6]. As a default 
value for the self-broadening coefficient its mean value of γself=0.0770 cm−1 atm−1 is 
recommended.  

The transition-averaged ratio γO2/γN2 is commonly used to predict the O2 or air 
broadened half-widths in the CH4 molecule. This ratio was found to be nearly 
constant for the same band: the transition-averaged ratio for the ν3 band was found 
to be equal to 0.937 /Pine, 1992/, 0.943 /Pine et al, 2003/, 0.976 /Antony, et al., 
2008/. In /Lyulin et al., 2009/ this ratio varies from 0.928 at |m|=0 to 0.991 
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at |m|=13 with transition-averaged ratio of 0.952 for |m|⩽13. There is a good 
agreement of broadening coefficients for both O2 and N2 buffer gases as well as for 
their ratios between values obtained by /Lyulin et al., 2009/ and those measured in 
/Mondelain et al., 2005/ for the v2+v4 band. 

The shifting coefficients vary in a rather large range from line to line without any 
general tendency versus rotational quantum number m. Averaged values of the N2- 
and air-shifting coefficients are close to the observed values for the R3 manifold of 
the 23 (F2) band published by /Dufour et al., 2003/, /Kapitanov, et al., 2007/ and 

/Zerninari et al., 2001/, respectively. For the generation of the CH4 line list in the 

5550-6236 cm-1 region, recommended mean values of the shifting coefficients at 
296K for the cases when a measured value is unknown is -10.933 [10-3cm-1] for air 
and -11.0034 and -10.529 for N2 and O2 respectively.   

The values of the exponents of the temperature dependence of the air-broadening 
coefficients by /Lyulin et al., 2009/ differ considerably from the default values used in 
the HITRAN2004 database for this molecule in the studied region. The average 
values obtained for the temperature exponent of the N2-broadening coefficient at 
296 K is close to the values measured in /Darnton, et al., 1973/  and /Gharavi, et 
al., 2005/  for five lines of the 23 band and to the values measured in /Predoi-
Cross, et al., 2005/  for four lines of ν3 band. The temperature dependence of the 
temperature exponents for both N2 and O2 buffer gases was observed. /Lyulin et al., 
2009/ and /Nikitin et al., 2010/ suggest to use as a default value n=0.85 at 296 K. 

3.5. Line shape function 
So far, the spectroscopic parameters tabulated in HITRAN are intended to calculate 
only additive Lorentz or Voigt profiles for each transition. However, there are a 
number of collision phenomena that may significantly distort these profiles under 
typical atmospheric conditions. These effects include Dicke narrowing /Dicke, 1953/, 
/Galatry, 1961/, /Rautan et al., 1967/, speed-dependent broadening and shifting 
/Berman, 1972/, and line mixing /Gordon et al., 1971/. Since these mechanisms 
often occur together, a number of generalized profiles have been presented recently 
combining Dicke narrowing with speed dependence /Ciurylo et al., 2001/, Dicke 
narrowing with line mixing /Pine, 1997/ and all three /Ciurylo et al., 2000/. Each of 
these line shape anomalies have been observed for methane /Pine, 1992, 1997/, 
/Pine et al., 2000/, /Pine et al, 2003/. 

Dicke narrowing results from a constriction of the inhomogeneous Doppler 
distribution due to velocity-changing collisions responsible for mass diffusion. It is 
most apparent at low to moderate pressures as is found in the upper atmosphere 
/Pine, 1992, 1997/ yielding deviations from the Voigt profile of a few percent near line 
centre. The relationship of the velocity-changing collision rate to the macroscopic 
diffusion constant is only approximate and may require an extra parameter for each 
transition /Pine, 1992, 1997/, /Pine et al., 2000, 2003/.  

Speed-dependent broadening and shifting is a consequence of the finite range of the 
intermolecular potential yielding a collision cross section that depends on the relative 
kinetic energy. It affects the line profile at pressures throughout the atmosphere and 
is difficult to distinguish from Dicke narrowing at lower pressures. However, it persists 
at higher pressures where it has been observed to yield spectral deviations on the 
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order of 1% in the P and R branches of the 3 band of methane /Pine et al., 2000, 
2000/. A comparable study of the Q branch exhibited no speed-dependent spectral 
signatures /Pine et al., 2003/. Currently, there are no theoretical calculations of the 
kinetic-energy dependence of the collision cross sections available for methane from 
which we may estimate the speed dependence from a realistic potential. 

Line mixing is an interference between overlapped transitions coupled by rotationally 
inelastic collisions. For the complex methane spectrum, it causes deviations up to 
tens of percent from linearly superimposed profiles at higher pressures, 
representative of the troposphere. If the overlap and coupling are weak, line mixing 
can be treated as a first-order dispersive correction /Pine et al., 2000, 2003/ for each 
transition with one extra parameter per line. However, in case of strong overlap and 
coupling, a more complete description of the “relaxation” matrix is required, along 
with a numerically intensive inversion procedure. 

/Dufour et al, 2003/ report Dicke-narrowing for the 23 R0 transition and in addition 
line mixing effects for the R3 multiplet. /Pine et al., 2003/  and /Predoi-Cross et al., 
2007/ report Dicke narrowing and line mixing effects in transitions at about 3000 and 
4350 cm−1. /Mondelain et al., 2007/ show how collisional narrowing and line-mixing 
in the P9 manifold of the 3 band impact atmospheric profile retrievals by up to 7%. 

Analysing the latest works on the line mixing several conclusions can be made. It 
was mentioned by /Frankenberg et al., 2008b/ that it is virtually impossible to derive 
independent spectral parameters within a multiplet, especially in the congested Q-
branch. Errors in the retrieved parameters are therefore strongly correlated and 
differences in retrieved broadening coefficients within a multiplet should be 
interpreted with care as many solutions can lead to identical line-shapes. For 
example, different retrieved pressure shifts within a multiplet might accommodate 
line-mixing or Dicke narrowing features, thereby not representing the pressure shift in 
its physical sense any more. However, the main objective of this work is to create a 
set of empirical spectroscopic parameters that allows a best possible modeling of 
methane cross sections at typical pressures encountered in the Earth’s atmosphere 
applying the simple and widely-used Voigt line-shape.  

The effective parameters of /Frankenberg et al., 2008b/ are valid for a Voigt function 
(neglecting line mixing). As shown in /Tran et al., 2010/ these effective parameters 
are from a methane retrieval point-of-view essentially equivalent to (other) 
parameters computed considering line-mixing, if the retrieval algorithm also assumes 
a Voigt function.. The /Frankenberg et al., 2008b/ approach seems to be appropriate 
for this study. Furthermore, it offers significant advantages: computational speed 
(very important to process the huge amount of satellite data) and consistency with 
currently implemented radiative transfer and retrieval schemes. Therefore the focus 
of this study was to use the approach of /Frankenberg et al., 2008b/ but apply it to a 
larger range of laboratory measurements with higher measurement accuracy to 
further improve the accuracy of the line parameters. 
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4. Laboratory measurements (WP 2000) 
 
In this section laboratory setups used by IUP-UB and UoL for absorption 
measurements in the near-IR spectral region around 1.6 m  (6000 cm-1) are 
described. The choice of the experimental conditions is explained using the key 
publications on the experimental data available so far and which contributed to the 
HITRAN 2008 version. At the end, a description of the new Absorption Spectra Data 
Base (ASDB) is given.   
 

4.1. Overview 
 
This section is structured as follows: 

 First a description of the measurement set-up used to measure methane 
absorption / transmittance spectra covering a range of conditions (different 
temperatures, different mixtures, etc.) is given. 

 This is followed by a description of measurements performed at IUP, 
University of Bremen, Germany, and University of Leicester, UK. 

 Finally, a description of the Absorption Spectra Data Base (ASDB) is given. 

4.2. Measurement set-ups 

This section describes the measurement set-up (instrument, gas cell, etc.) as used 
for this study. The main measurements have been performed in the IUP-UB 
laboratory (Figure 4-1). On a voluntary basis some measurements were also 
performed by UoL (Figure 4-2). 

 Measurement set-up at IUP-UB 4.2.1.

Measurements were performed essentially using the same apparatus as was used by 
/Frankenberg et al., 2008b/. We also followed their described routine of the cell 
filling with a mixture, since it was found that uniformity of mixtures strongly depends 
on the gas filling order.  

The experimental equipment used by IUP-UB includes a Bruker 120 HR FTS 
spectrometer (electronics upgraded to Bruker 125 HR FTS), IR sources, IR enhanced 
optics for multipass arrangements (White type) and an absorption cell (Figure 4-1). 
Also a gas flow system and a gas cooling system are available with a precise control 
of the gas pressure and temperature in broad ranges.  
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Figure 4-1: Photo of the experimental set–up in the Molecular Spectroscopy Laboratory of IUP, 
University of Bremen: Shown are absorption cells and the Bruker HR 120 Fourier Transform 
Spectrometer used in this study. 

Typical measurements time was about seven hours for spectra recording (mixture 
and background in the empty cell), and additional 1-2 hours for set-up warming up 
and stabilization (stabilization of the light source intensity, stabilization of wavelength 
of the calibration laser, pumping of the gas connections and cell, mixture preparation, 
cell temperature stabilization). Main parameters of the measurement set-up: 

 Bruker HR 120 Fourier Transform spectrometer (FTS). 

 Light source: tungsten lamp (OSRAM); 

 Detector: InGaAs photodiode; 

 Resolution: 0.01 cm-1;  

 Averaging: ~50 interferograms have been averaged; 

 Phase correction: Mertz phase correction; 

 Apodization: Boxcar. 

 
 Cell: Double jacket quartz cell, cryogenic cooling, single or double path (135 or 

270 cm). 

 Gas supply and pressure control system (MKS pressure gages and flow 
meters). 

 Cooling and temperature control system (HAAKE thermostat). 
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The light from the FT spectrometer enters the cell after the adjusting optics - 
telescope (Figure 4-2). It is possible to arrange single or double pass. After the cell 
the light is focused on a semiconductor detector. 

The absorption cells can be cooled down to 193 K.  It is thermo-insulated from the 
ambient air via double jacket. This cell allows absorption path lengths 135 – 270 cm. 
The inner volume can be evacuated down to the base pressure of 0.01 mbar. It is 
possible to fill the cell with the gas at different flow rates or in a static regime to any 
pressure up to 1000 mbar. The pressure can be controlled with the accuracy of about 
0.04 mbar. 

 

Figure 4-2: Principle scheme of the experimental cell and possible optical alignment used in the 
Molecular Spectroscopy Laboratory of IUP, University of Bremen. 

 

 Measurement set-up used by UoL 4.2.2.

The University of Leicester is undertaking work on methane spectroscopy at the 
Rutherford Appleton Laboratory Molecular Spectroscopy Facility (RAL MSF), looking 
at wider spectral regions than those of the current study. As a voluntary contribution, 
spectra from the measurements described below are made available to the 
ADVANSE project to provide some tests of spectral quality and infer spectral 
uncertainties. These spectra also provide an additional dataset for testing of the 
ADVANSE line parameter software. 

Both pure and nitrogen-broadened methane spectra were recorded using a Bruker 
IFS 125HR high resolution Fourier transform spectrometer (FTS) (Figure 4-3). For 
these experiments the FTS was fitted with a calcium fluoride beam splitter, an indium 
antimonide (InSb) detector, and an internal near-infrared radiation source (tungsten 
filament lamp). Spectra were recorded at resolutions of 0.02 or 0.005 cm-1, with Mertz 
phase correction and boxcar apodisation applied to all interferograms. The spectral 
resolution is calculated from 0.9/MOPD (maximum optical path difference), following 
the definition supplied by Bruker with the FTS. 
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Figure 4-3: Photograph of the Bruker 125HR setup at the RAL MSF. The SPAC is the partially 
obscured vertical metallic cylinder in the centre of the photograph. 

The methane sample was contained and monitored within the MSF short path 
absorption cell (SPAC, see /Paynter et al., 2009/). The SPAC is a multi-pass 
absorption cell which uses gold mirrors at either end of the cell to pass the radiation 
through the sample several times. The mirrors may be adjusted to change the total 
path length, from 1.71 m up to 19.31 m in steps of 1.6 m. During these experiments 
the SPAC was kept at room temperature, although temperatures as low as 77 K are 
possible using a liquid nitrogen jacket. Six platinum resistance thermometers (PRTs), 
located throughout the cell, monitor the sample temperature. The cell pressure is 
measured by three Baratron capacitance manometers, each sensitive to different 
pressure limits (1, 10 and 1000 Torr respectively). 

 Experimental setups used by other researcher 4.2.3.

Comparison of the main parameters as available from the literature are summarized 
in the Table 4-1. Table 4-2 summarizes the experimental conditions as used by 
/Frankenberg et al., 2008b/ and /Lyulin et al., 2009/. As can be seen, the 
experimental setups used within the current study (see Table 4-5 in Sect. 4.4) are 
similar / include those used by the other researchers. 
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Table 4-1: Details on the experimental setups used by  IUP-UB and UoL during the current 
study and those used by former researchers   
 Lyulin et al., 

2009 
Frankenberg et 
al., 2008b 

IUP-UB UoL 

Spectra range 5600-6200 5600-6300   
Interferometer Bruker HR125 Bruker HR120 Bruker 

HR120/125* 
Bruker HR125 

Resolution, cm-1 0.005 0.011/0.1 0.01 0.02 or 0.005 
Apodization boxcar boxcar boxcar boxcar 
Phase correction    Mertz Mertz 
Number of 
interferograms 

unknown 25 50  

Light Source Tungsten lamp Tungsten lamp Tungsten lamp Tungsten lamp 
Beam splitter CaF2 CaF2 CaF2 CaF2 
Detector InSb  InGaAs InSb 
Cell length, m 20 2 x 1.35 1.35 1.71 - 19.31  
Pressure sensors, 
range  

MKS Baratron, 
10, 100, 1000 
Torr 

MKS Baratron, 
500, 1000 hPa 

MKS Baratron, 
100, 1000 hPa 

MKS Baratron, 
1, 10, 1000 Torr 

Temperature 
sensors 

eight 
thermocouples at 
different positions 

 PT sensors, 
internal cryostat 
sensor 

Six platinum 
resistance 
thermometers 

Number of 
conditions 

27 4 >70 10 

 
*Upgraded spectrometer electronics 

 
 

Table 4-2: Comparison of the experimental conditions used in recent publications. 

Lyulin et al. 2009 Frankenberg et al. 2008b 
T, K CH4, 

mbar 
N2, 
mbar 

O2,  
mbar 

T, K CH4,  
mbar (%) 

N2,  
Mbar 

Total, 
mbar 

296 2.5, 5, 10 - - 295.65 10 (1%) 890 900 
 5 500, 1000 - 295.65 10 (2%) 490 500 
 10 500 - 296,15 5 (2%) 235 240 
 5 - 500, 1000 297.15 2.5 (2%) 123 126 
 10 - 500     
267 2.5, 5, 10 - -     
 5 500, 1000 -     
 10 500 -     
 5 - 500, 1000     
 10 - 500     
240 2.5, 5, 10 - -     
 5 500, 760 -     
 10 500 -     
 5 - 500, 1000     
 10 - 500     
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4.3. Measured methane absorption/transmittance spectra 
In this section the measurements that have been carried out in the first 18 months of 
this project are described. 
 

 Experimental conditions at IUP-UB 4.3.1.

Several series of measurements were performed (will be discussed in details below): 

 Step 1: Reproducing of former researches works:  new measurements under 
the same conditions as described in /Frankenberg et al., 2008b/ but using an 
improved setup and advanced settings to overcome some of the issues 
described in /Frankenberg et al., 2008b/. The goal is to find out if the results 
from previous publications can be reproduced. The use of the Step 1 spectra 
is also a crucial test for the analysis software developed in this project in order 
to obtain (improved) HITRAN format line parameters from the new laboratory 
spectra.  

 Step 2: Measurements in pure CH4 and in mixtures CH4/N2, CH4/O2 and 
CH4/Air at extended list of different pressures and temperatures.   

Table 4-3 contains an overview of the experimental conditions, which were realized 
at IUP and which have been included in the Absorption Spectra Data Base (ASDB). 

Table 4-3: Overview of the IUP transmittance spectra, which are contained in the Absorption 
Spectra Data Base (ASDB). 

CH4  (mbar) Buffer gas  (mbar) T (K) Notes 
2 - 195, 223,243,263,296 Close to ‘Lyulin’ conditions 
5 - 195, 223,243,263,296 Close to ‘Lyulin’ conditions 
    
CH4  (mbar) Buffer gas  (mbar) T (K)  
5 N2, 495 195, 223, 243, 263, 296 Close to ‘Lyulin’ conditions 
5 N2, 995 195, 223, 243, 263, 296  
10 N2, 490 195, 223, 243, 263, 296 Close to ‘Frankenberg’ conditions 

Close to ‘Lyulin’ conditions 
10 N2, 990 195, 223, 243, 263, 296 Close to ‘Frankenberg’ conditions 
    
5 O2, 495 195, 223, 243, 263, 296 Close to ‘Lyulin’ conditions  
5 O2, 995 195, 223, 243, 263, 296  
10 O2, 490 195, 223, 243, 263, 296 Close to ‘Lyulin’ conditions 
10 O2, 990 195, 223, 243, 263, 296  
    
5 Air, 495, 995 195, 223, 243, 263, 296  
10 Air, 490, 990 195, 223, 243, 263, 296  

As can be seen, the measured transmittance spectra cover a broad range of 
conditions. Partly, conditions are close to those used by /Lyulin et al., 2009/ and 
/Frankenberg et al., 2008/. We are confident that the measured spectra have a very 
high quality and therefore are a solid base for the line parameter determination. 

Data in format of the transmittance spectra are collected in the Absorption Spectra 
database as ASCII files. Names of files have a certain structure, described in the 
readme file, which makes them easy to use for fitting and analysis (see Section 4-4). 
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The IUP data are complemented by the low CH4 concentration measurements 
obtained by UoL lab (see following section).  

The data have been analysed by comparison with a simple transmittance model 
(IUP, MatLab, see Section 4.3.2). The transmittance model was used to provide a 
quick check of the data quality. It calculates transmittance using Beer-Lambert law 
using HITRAN line parameters and Lorenz (high pressure) and Doppler (low 
pressure) or Voigt line profiles and external conditions (total and partial pressure, 
temperature, path length).  

 Transmittance model for preliminary data analysis 4.3.2.

Figure 4-4 presents the principle scheme of a small home-made MatLab model 
computing transmittance in IUP (transmittance model, TM-IUP). The input spectra 
are the experimental spectra of methane, obtained using Fourier Transform 
spectrometer in the laboratory. Additional parameters are experimental conditions, 
such as temperature, pressure and cell length.  

Currently modelled spectra can be calculated in assumption of Gaussian, Lorentzian 
and Voigt line shapes. Needed line parameters such as line position, line intensity, 
broadening coefficients for self-broadening and air-broadening and pressure shift of 
line position are taken from the HITRAN 2008 database. TM-IUP calculates spectrum 
and compares it with the experimental spectrum. 

 

 

Figure 4-4. The principle scheme of computation with TM-IUP.  

The TM-IUP also provides difference between the calculated and measured spectra. 
The difference can be minimised by means of modifications of lines parameters: line 
positions, air- and self-broadening coefficient, coefficient for temperature 
dependence and pressure induced wavelength shift. This ability allows to estimate 
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quality of the used line parameters and to predict modifications of the coefficients 
leading to the best fit of the experimental spectra.  

 Measurements & preliminary data analysis performed at IUP-UB 4.3.3.

Step 1: “Frankenberg mixtures” 

New measurements under the same conditions w.r.t. buffer gas, pressure and 
temperature as used by /Frankenberg et al., 2008b/ have been performed. Table 4-
2 provides an overview on these conditions. Not listed are numerous test 
measurements, which have also been performed as part of this study. 

 
Table 4-2: Overview of the methane transmittance spectra as measured by IUP using the 
same conditions as have been used by  /Frankenberg et al., 2008b/. 

CH4  (mbar) N2  (mbar) T (K) Notes 
2.5 123 296 ‘Frankenberg’ mixture, 2% 
5 245 296 ‘Frankenberg’ mixture, 2% 
10 890 296 ‘Frankenberg’ mixture, 1% 
10 490 296 ‘Frankenberg’ mixture, 2% 

 
The new spectra for four ‘Frankenberg mixtures’ are shown in Figure 4-5. The upper 
panel presents transmittance spectra, whereas the lower panel shows the standard 
deviation of every measurement arising from averaging over 50 interferograms. New 
data have very good quality and signal-to-noise ratio. 
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Figure 4-5: Quality of the new experimental data (IUP) for 4 different mixtures.  
Upper panel: transmittance spectra, obtained by means of averaging of several scans.  
Bottom panel: the corresponding standard deviations obtained during averaging. The mixtures are:  
Green: 10 mbar CH4 + 890 mbar N2, Blue: 10 mbar CH4 + 490 mbar N2, 
Red: 5 mbar CH4 + 245 mbar N2, Black: 2.5 mbar CH4 + 123 mbar N2. 

The new IUP spectra have been analysed by comparison with the spectra of 
/Frankenberg et al., 2008b/, Figure 4-6. It is important to notice that we took the 
conditions of /Frankenberg et al., 2008b/ as a guideline. Absorption path was 
decreased from 270 cm, used by /Frankenberg et al., 2008b/ down to 135 cm to 
avoid possible saturation of strong lines, therefore absorption is twice smaller in the 
new measurements (for example the R(1) line at 6026 cm-1 in Figure 4-6a: 
absorption in /Frankenberg et al., 2008b/ is about 1-0.7=0.3 whereas in new 
measurements absorption is about 0.15). Important issues presented in the spectra 
used by /Frankenberg et al., 2008b/ were corrected:  

 Etalon effect (due to unwedged spectrometer output window); 
 Offset (stray light, BG measurement resolution mismatch); 
 Signal-to-noise (small amount of scans, system optimizations); 
 Wavelength calibration (spectrometer was not pumped); 

 Wideband transmission skew present on Frankenberg spectra eliminated 
(optimized spectrometer settings) 
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Figure 4-6a. Comparison between measured spectra for high total pressure at room 
temperature for R0 and R1 manifolds near 6010-6030 cm-1: 10 mbar CH4 and 490 mbar N2. 

Left-hand side graph: new IUP spectra (blue); right-hand side graph:  spectra from /Frankenberg et 
al, 2008b/ (black). Please, note that /Frankenberg et al., 2008b/ used double absorption path of 
270 cm whereas during the new measurements in IUP a single path of 135 cm has been used. 

 
 

Figure 4-6b. Comparison between measured spectra for high total pressure at room 
temperature for R11- R13 manifolds near 6130 cm-1: 10 mbar CH4 and 490 mbar N2. 

Left-hand side graph: new IUP spectra (blue); right-hand side graph:  spectra from /Frankenberg et 
al, 2008b/ (black). 
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Figure 4-6c. Broadband comparison between original and new spectra at C. Frankenberg’s 
conditions. Note the inclination of C. Frankenberg experimental transmittance spectra.  

Upper graphs: spectra from /Frankenberg et al, 2008b/ ; lower graph new IUP spectra. 

In addition, both the new IUP spectra and those of /Frankenberg et al., 2008b/ have 
been compared with simulations using a simple transmittance model TM-IUP 
(MatLab). It was mandatory to use this tool for “quick analysis” needed to assure the 
uniformity of the mixture during measurements. 

Comparison results are shown in Figure 4-7. The model with Lorentz/Doppler/Voigt 
profiles and HITRAN 2008 parameters can generally reproduce the data of 
/Frankenberg et al., 2008b/ and the new IUP spectra with a typical accuracy of 2% 
and some deviations up to 6% on the line slopes. High or low total pressures (900 
mbar or 2 mbar) can be analysed using Lorentz or Doppler profiles, correspondingly. 
At the intermediate pressures Voigt profile must be used.  
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a) R0 line, CF conditions, HITRAN2008 

 
c) R0 line, CF conditions, IUP LP 

b) R1 line, CF conditions, HITRAN2008 

 
d) R1 line, CF conditions, IUP LP 

Figure 4-7. Example of comparisons for R0 and R1 lines between original and new spectra at 
C. Frankenberg’s conditions (10mb CH4+890mb N2 at 296K) and their fits with TM-IUP using 
HITRAN 2008 (a, b) or final IUP line parameters (c, d) 
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Figure 4-7a: Measured and modelled spectra for low total pressure: about 2 mbar pure CH4. 
 

 

Step2: Extended conditions. 

As mentioned in Section 4.3.1, The goal of the Step 2 was to perform additional 
measurements w.r.t. buffer gases, pressure and temperature, extending the 
conditions listed by  /Frankenberg et al., 2008b/. 

Additional conditions were selected based on the literature review (Table 3-2). In 
addition to mixtures used by /Frankenberg et al., 2008b/, also mixtures as used by 
/Lyulin et al., 2009/ have been investigated. 

Numerous measurements were performed using pure CH4 and different CH4/O2, 
CH4/N2 and CH4/air mixtures at different pressures and temperatures (Table 4-2). 
Concentration of CH4 in mixtures is 1%, 2% and 100%. The total number of mixtures 
used is about 70. Figures 4-8, 4-9, 4-10 and 4-11 show examples of spectra for pure 
CH4 and CH4/O2 mixtures. Below they are mostly presented as dual-pane plots 
containing comparison with IUP-TM, which was normally used to perform quick check 
of spectra quality. 

Figure 4-8 shows the comparison between TM-IUP and experimental spectra. It was 
taken under the low pressure condition, 2 mbar of methane and temperature 263 K. 
The upper panel is the transmittance spectra and the lower panel is the difference in 
percent between the experimental and model spectra relative to the model. Zoom on 
the region around 6002 cm-1 is shown in Figure 4-9, the small differences between 
experimental and model spectra are more obvious. The differences are in the range 
between 0.2% and 1.5%.  
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Figure 4-8. Experimental IUP data at 2 mbar CH4 and T=263 K.  
Upper panel: experimental data and home-made model assuming HITRAN2008 parameters and Doppler 
line profile for region 5997-6005 cm-1; Lower panel: the difference (%) between experimental and model 
spectra. 

 

 

Figure 4-9. Experimental IUP data for low pressure condition. Zoom on the region around 6002 cm-1 
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Figure 4-10 and 4-11 illustrate the comparison of modelled and experimental spectra 
for high pressure condition (5 mbar methane in mixture with 995 mbar air).   
 

 

Figure 4-10. Upper panel: The experimental IUP data and TM-IUP, assuming Voigt line profile for 
region 5997-6005 cm-1 (5 mbar CH4 + 995 mbar O2, 293 K). Lower panel: the difference (%) between 
experimental and model spectra. 

 

 

Figure 4-11. Transmittance spectra for the 5 mbar CH4 + 495 mbar O2 mixture for different 
temperatures.  
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 Measurements performed by UoL 4.3.4.

The measurements of pure and nitrogen broadened methane spectra performed by 
University of Leicester at the RAL-MSF are summarised in Table 4-4. Since time at 
the facility was quite limited, the measurements focus purely on room temperature, 
and are limited to a small range of sample pressures chosen to overlap with those 
described in /Frankenberg et al., 2008c/. CH4 concentration in mixtures is 0.2%, 
0.36%, 0.5%, and 100%. 

Between each set of sample measurements, background spectra (with the SPAC 
evacuated) are recorded to check for drift in the detector spectral response, and to 
enable the calculation of transmittance spectra.  

Only the higher resolution spectra (0.005 cm-1, highlighted in yellow in Table 4-4) are 
contributed to the ADVANSE study. They are plotted, showing different spectral 
ranges, in Figures 4-12 through to 4-15 inclusive. The residuals shown illustrate the 
differences between the measured spectra, and spectra simulated using the 
Reference Forward Model (RFM, see Section 5 for details). Almost all residuals 
within the 2ν3 band are less than 2% in magnitude, confirming the quality of these 
measurements. The spectral noise, inferred by looking at the residuals between the 
absorption lines, is approximately 0.5%. 

Table 4-4: Methane measurement conditions used during the UoL experiments at RAL-MSF. 
 
pCH4 (mbar) pCH4+N2 

(mbar) 
∆ν (cm-1) T (K) Detector Cell path 

length (m) 
Number of 
scans 

0.510 0.510 0.02 295.1 InSb 3.31 110 
0.535 0.535 0.005 295.3 InSb 3.31 390 
0.512 125.3 0.02 295.3 InSb 3.31 110 
0.512 125.3 0.005 295.3 InSb 3.31 400 
0.517 249.9 0.02 295.3 InSb 3.31 110 
0.517 249.9 0.005 295.1 InSb 3.31 400 
0.497 136.4 0.02 294.9 InSb 8.11 100 
0.497 136.4 0.005 294.8 InSb 8.11 400 
0.50 249.8 0.02 294.9 InSb 8.11 100 
0.50 249.8 0.005 294.8 InSb 8.11 400 
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Figure 4-12: Transmittance spectra measured by the University of Leicester at the RAL MSF.  

The residuals in the lower panel show the fractional difference from simulated spectra calculated 
using the RFM. This plot shows the whole 2ν3 band for methane. 

 
 
 

 

Figure 4-13: Same as Figure 4-12, but showing only the Q branch of the 2ν3 band 
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Figure 4-14: Same as Figure 4-12, but showing only the R0 manifold of the 2ν3 band. 

 

 

Figure 4-15: Same as Figure 4-12, but showing only the R6 manifold of the 2ν3 band. 
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4.4. Description of Absorption Spectra Data Base (ASDB) 
 
Table 4-5 provides an overview of all files of the methane Absorption Spectra Data 
Base version 2 (ASDBv2) and their experimental conditions.  

The ASDB and the (HITRAN 2008 format) ADVANSE methane Line Parameter (LP) 
file (version 1.0), derived from the ASDB spectra and also described in this report, 
are available on request for interested user. Please visit the IUP-UB Molecular 
Spectroscopy Group website http://www.iup.uni-bremen.de/gruppen/molspec/  and 
click on “Databases” -> “CH4 spectra near 1.6 um” for additional information & data 
download. 
 

Table 4-5: Overview of all files contained in the ASDBv2. Note that SA = Synthetic Air. 
Filename  Temperature, 

K 
CH4 

pressure, 
mbar 

Mixing gas   Mixing gas 
pressure, 
mbar 

195K_CH4_2mbar_V2.dat 195  2  none  ‐ 
195K_CH4_5mbar_V2.dat 195  5  none  ‐ 
223K_CH4_2mbar_V2.dat 223  2  none  ‐ 
223K_CH4_5mbar_V2.dat 223  5  none  ‐ 
243K_CH4_2mbar_V2.dat 243  2  none  ‐ 
243K_CH4_5mbar_V2.dat 243  5  none  ‐ 
263K_CH4_2mbar_V2.dat 263  2  none  ‐ 
263K_CH4_5mbar_V2.dat 263  5  none  ‐ 
296K_CH4_2mbar_V2.dat 296  2  none  ‐ 
296K_CH4_5mbar_V2.dat 296  5  none  ‐ 

195K_CH4_05mbar_N2_495mbar_V2.dat 195  5  N2  495 
195K_CH4_05mbar_N2_995mbar_V2.dat 195  5  N2  995 
195K_CH4_10mbar_N2_490mbar_V2.dat 195  10  N2  490 
195K_CH4_10mbar_N2_990mbar_V2.dat 195  10  N2  990 
223K_CH4_05mbar_N2_495mbar_V2.dat 223  5  N2  495 
223K_CH4_05mbar_N2_995mbar_V2.dat 223  5  N2  995 
223K_CH4_10mbar_N2_490mbar_V2.dat 223  10  N2  490 
223K_CH4_10mbar_N2_990mbar_V2.dat 223  10  N2  990 
243K_CH4_05mbar_N2_495mbar_V2.dat 243  5  N2  495 
243K_CH4_05mbar_N2_995mbar_V2.dat 243  5  N2  995 
243K_CH4_10mbar_N2_490mbar_V2.dat 243  10  N2  490 
243K_CH4_10mbar_N2_990mbar_V2.dat 243  10  N2  990 
263K_CH4_05mbar_N2_495mbar_V2.dat 263  5  N2  495 
263K_CH4_05mbar_N2_995mbar_V2.dat 263  5  N2  995 
263K_CH4_10mbar_N2_490mbar_V2.dat 263  10  N2  490 
263K_CH4_10mbar_N2_990mbar_V2.dat 263  10  N2  990 
296K_CH4_05mbar_N2_495mbar_V2.dat 296  5  N2  495 
296K_CH4_05mbar_N2_995mbar_V2.dat 296  5  N2  995 
296K_CH4_10mbar_N2_490mbar_V2.dat 296  10  N2  490 
296K_CH4_10mbar_N2_990mbar_V2.dat 296  10  N2  990 
195K_CH4_05mbar_O2_495mbar_V2.dat 195  5  O2  495 
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195K_CH4_05mbar_O2_995mbar_V2.dat 195  5  O2  995 
195K_CH4_10mbar_O2_490mbar_V2.dat 195  10  O2  490 
195K_CH4_10mbar_O2_990mbar_V2.dat 195  10  O2  990 
223K_CH4_05mbar_O2_495mbar_V2.dat 223  5  O2  495 
223K_CH4_05mbar_O2_995mbar_V2.dat 223  5  O2  995 
223K_CH4_10mbar_O2_490mbar_V2.dat 223  10  O2  490 
223K_CH4_10mbar_O2_990mbar_V2.dat 223  10  O2  990 
243K_CH4_05mbar_O2_495mbar_V2.dat 243  5  O2  495 
243K_CH4_05mbar_O2_995mbar_V2.dat 243  5  O2  995 
243K_CH4_10mbar_O2_490mbar_V2.dat 243  10  O2  490 
243K_CH4_10mbar_O2_990mbar_V2.dat 243  10  O2  990 
263K_CH4_05mbar_O2_495mbar_V2.dat 263  5  O2  495 
263K_CH4_05mbar_O2_995mbar_V2.dat 263  5  O2  995 
263K_CH4_10mbar_O2_490mbar_V2.dat 263  10  O2  490 
263K_CH4_10mbar_O2_990mbar_V2.dat 263  10  O2  990 
296K_CH4_05mbar_O2_495mbar_V2.dat 296  5  O2  495 
296K_CH4_05mbar_O2_995mbar_V2.dat 296  5  O2  995 
296K_CH4_10mbar_O2_490mbar_V2.dat 296  10  O2  490 
296K_CH4_10mbar_O2_990mbar_V2.dat 296  10  O2  990 
195K_CH4_05mbar_SA_495mbar_V2.dat 195  5  SA  495 
195K_CH4_05mbar_SA_995mbar_V2.dat 195  5  SA  995 
195K_CH4_10mbar_SA_490mbar_V2.dat 195  10  SA  490 
195K_CH4_10mbar_SA_990mbar_V2.dat 195  10  SA  990 
223K_CH4_05mbar_SA_495mbar_V2.dat 223  5  SA  495 
223K_CH4_05mbar_SA_995mbar_V2.dat 223  5  SA  995 
223K_CH4_10mbar_SA_490mbar_V2.dat 223  10  SA  490 
223K_CH4_10mbar_SA_990mbar_V2.dat 223  10  SA  990 
243K_CH4_05mbar_SA_495mbar_V2.dat 243  5  SA  495 
243K_CH4_05mbar_SA_995mbar_V2.dat 243  5  SA  995 
243K_CH4_10mbar_SA_490mbar_V2.dat 243  10  SA  490 
243K_CH4_10mbar_SA_990mbar_V2.dat 243  10  SA  990 
263K_CH4_05mbar_SA_495mbar_V2.dat 263  5  SA  495 
263K_CH4_05mbar_SA_995mbar_V2.dat 263  5  SA  995 
263K_CH4_10mbar_SA_490mbar_V2.dat 263  10  SA  490 
263K_CH4_10mbar_SA_990mbar_V2.dat 263  10  SA  990 
296K_CH4_05mbar_SA_495mbar_V2.dat 296  5  SA  495 
296K_CH4_05mbar_SA_995mbar_V2.dat 296  5  SA  995 
296K_CH4_10mbar_SA_490mbar_V2.dat 296  10  SA  490 
296K_CH4_10mbar_SA_990mbar_V2.dat 296  10  SA  990 
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 README file 4.4.1.

 
The content of the ASDBv2 is also shortly described in the README file 
ASDB_ADVANSE2_README-file.txt, which is part of ASDBv2. The content of this 
file is as follows: 
 
ASDB_ADVANSE2_README_file.txt 
============================= 
Version 2.0, 4 April 2013 
Prepared by: Victor Gorshelev, IUP, Univ. Bremen 
 
Describes the content of the  
"Absorption Spectra Data Bases" (ASDB), version 2, 
generated by IUP, Univ. Bremen, as part of the 
ESA project ADVANSE, Phase 2. 
 
1. ASDB content overview: 
--------------------------- 
 
The ASDB contains: 
- This README file file (*.txt) 
- The Absorption Spectra (AS) files (*.dat) 
- The Absorption Spectra Report (ASR)  
    (*.pdf and corresponding word file) 
 
2. Structure of ASDB: 
---------------------- 
 
Absorption spectra database consists of ASCII files. 
Every file consists of two columns: 
Column 1: Vacuum wavenumber cm-1 
Column 2: Transmission spectrum as ratio of intensity without and with CH4. 
 
3. Structure of the absorption spectra database files name 
All files names have the following structure (with experimental conditions partially reflected in the 
filename): 
[temperature]K_CH4_[CH4pressure]mbar  
[temperature]K_CH4_[CH4pressure]mbar_N2_[N2pressure]mbar_V[version] 
[temperature]K_CH4_[CH4pressure]mbar_O2_[O2pressure]mbar_V[version] 
[temperature]K_CH4_[CH4pressure]mbar_SA_[SApressure]mbar_V[version] 
 
[temperature] - temperature in K, for example 296K 
[CH4pressure] - pressure of CH4 in mbar, for example, 2 
[N2pressure] - pressure of N2 in mbar, for example, 400 
[O2pressure] - pressure of O2 in mbar, for example, 500 
[SApressure] - pressure of Synthetic Air in mbar, for example, 500 
[version] - version of measurement, for example, 2 
 
Example file name: 296K_CH4_10mbar_N2_500mbar_V2.dat 
 
Data source: IUP, MolSpec Lab, Gorshelev V., Serdyuchenko A. 
Spectrometer:   Bruker HR 120/125 FTS, spectral resolution: 0.01 cm-1  
Cell: Double jacket quartz cell, thermo-insulated, cooling, double flanges, total length 140 cm 
Absorption path length: single pass, actual absorption path length 1x (140-2*2.5) = 135 cm 
Light source: Tungsten lamp 
Detector: InGaAs semiconductor 
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Date of last file modification: April 4th 2013 
 
*********************************************************************************** 
List of *.dat files of the ASDBv2: 
---------------------------------- 
-rw-r--r--@  1 vic  staff  1330271 Nov  6 17:24 195K_CH4_05mbar_N2_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327031 Nov  6 17:24 195K_CH4_05mbar_N2_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1328906 Nov  6 17:24 195K_CH4_05mbar_O2_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327740 Nov  6 17:24 195K_CH4_05mbar_O2_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1723662 Nov  6 17:24 195K_CH4_05mbar_SA_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327369 Nov  6 17:24 195K_CH4_05mbar_SA_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1329269 Nov  6 17:24 195K_CH4_10mbar_N2_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1329929 Nov  6 17:24 195K_CH4_10mbar_N2_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1328475 Nov  6 17:24 195K_CH4_10mbar_O2_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1208049 Nov  6 17:24 195K_CH4_10mbar_O2_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1328151 Nov  6 17:24 195K_CH4_10mbar_SA_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327893 Nov  6 17:24 195K_CH4_10mbar_SA_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1703098 Nov  6 17:24 195K_CH4_2mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1330208 Nov  6 17:24 195K_CH4_5mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1326489 Nov  6 17:24 223K_CH4_05mbar_N2_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327192 Nov  6 17:24 223K_CH4_05mbar_N2_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1329722 Nov  6 17:24 223K_CH4_05mbar_O2_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327761 Nov  6 17:24 223K_CH4_05mbar_O2_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327015 Nov  6 17:24 223K_CH4_05mbar_SA_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1326810 Nov  6 17:24 223K_CH4_05mbar_SA_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1330102 Nov  6 17:24 223K_CH4_10mbar_N2_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1329101 Nov  6 17:24 223K_CH4_10mbar_N2_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1328471 Nov  6 17:24 223K_CH4_10mbar_O2_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327995 Nov  6 17:24 223K_CH4_10mbar_O2_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327348 Nov  6 17:24 223K_CH4_10mbar_SA_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1328305 Nov  6 17:24 223K_CH4_10mbar_SA_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1702056 Nov  6 17:24 223K_CH4_2mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1330270 Nov  6 17:24 223K_CH4_5mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1329686 Nov  6 17:24 243K_CH4_05mbar_N2_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1329216 Nov  6 17:24 243K_CH4_05mbar_N2_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1330143 Nov  6 17:24 243K_CH4_05mbar_O2_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327498 Nov  6 17:24 243K_CH4_05mbar_O2_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1323560 Nov  6 17:24 243K_CH4_05mbar_SA_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1326620 Nov  6 17:24 243K_CH4_05mbar_SA_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1328145 Nov  6 17:24 243K_CH4_10mbar_N2_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1329768 Nov  6 17:24 243K_CH4_10mbar_N2_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327939 Nov  6 17:24 243K_CH4_10mbar_O2_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1328929 Nov  6 17:24 243K_CH4_10mbar_O2_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327637 Nov  6 17:24 243K_CH4_10mbar_SA_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327845 Nov  6 17:24 243K_CH4_10mbar_SA_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1700201 Nov  6 17:24 243K_CH4_2mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1328651 Nov  6 17:24 243K_CH4_5mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1329122 Nov  6 17:24 263K_CH4_05mbar_N2_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1328127 Nov  6 17:24 263K_CH4_05mbar_N2_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1329653 Nov  6 17:24 263K_CH4_05mbar_O2_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1326403 Nov  6 17:24 263K_CH4_05mbar_O2_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327166 Nov  6 17:24 263K_CH4_05mbar_SA_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1326554 Nov  6 17:24 263K_CH4_05mbar_SA_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1330361 Nov  6 17:24 263K_CH4_10mbar_N2_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1330267 Nov  6 17:24 263K_CH4_10mbar_N2_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1328188 Nov  6 17:24 263K_CH4_10mbar_O2_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327948 Nov  6 17:24 263K_CH4_10mbar_O2_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327457 Nov  6 17:24 263K_CH4_10mbar_SA_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1328412 Nov  6 17:24 263K_CH4_10mbar_SA_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1720772 Nov  6 17:24 263K_CH4_2mbar_V2.dat 



Institute of Environmental Physics 
(IUP), University of Bremen (UB), 
Bremen, Germany 

ESA Project ADVANSE 
Phase 2 Final Report 

                               Page:  52 
             Date: 11 Nov 2013  

Version: 1

 

52 
 

-rw-r--r--@  1 vic  staff  1321578 Nov  6 17:24 263K_CH4_5mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1330015 Nov  6 17:24 296K_CH4_05mbar_N2_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1328188 Nov  6 17:24 296K_CH4_05mbar_N2_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1329509 Nov  6 17:24 296K_CH4_05mbar_O2_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327288 Nov  6 17:24 296K_CH4_05mbar_O2_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1326164 Nov  6 17:24 296K_CH4_05mbar_SA_495mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327529 Nov  6 17:24 296K_CH4_05mbar_SA_995mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1329752 Nov  6 17:24 296K_CH4_10mbar_N2_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1329208 Nov  6 17:24 296K_CH4_10mbar_N2_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327457 Nov  6 17:24 296K_CH4_10mbar_O2_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1327712 Nov  6 17:24 296K_CH4_10mbar_O2_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1326978 Nov  6 17:24 296K_CH4_10mbar_SA_490mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1328367 Nov  6 17:24 296K_CH4_10mbar_SA_990mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1711941 Nov  6 17:24 296K_CH4_2mbar_V2.dat 
-rw-r--r--@  1 vic  staff  1325317 Nov  6 17:24 296K_CH4_5mbar_V2.dat 
*********************************************************************************** 
 
*********************************************************************************** 
Here the first and last lines of one example file are shown: 
 
File: 296K_CH4_10mbar_SA_990mbar_V2.dat 
 
5934.00372 0.996310204 
5934.00748 0.995708295 
5934.01125 0.996001893 
5934.01502 0.996831825 
5934.01878 0.996163829 
5934.02255 0.995008157 
5934.02632 0.995723706 
5934.03008 0.996473585 
5934.03385 0.995691765 
5934.03762 0.995413967 
... 
 
6153.96968 1.000288965 
6153.97345 1.000379548 
6153.97721 1.000307197 
6153.98098 1.000397413 
6153.98475 1.000578411 
6153.98851 0.999909622 
6153.99228 0.999367946 
6153.99605 1.000234788 
6153.99981 1.000632694 
6154.00358 0.999511904 
*********************************************************************************** 
 
* end of file 
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4.5. Summary and conclusions 

 
Experimental methane absorption/transmittance spectra were obtained for the 
spectral region from 5934 to 6154 cm-1, covering P, R and Q branches of the 23 
methane band. According to HITRAN 2008, this region contains 776 lines with line 
intensities ranging from 10-24 to 10-21 cm2/molecule (at 296K). 

Numerous transmittance spectra were obtained covering a broad range of the 
experimental conditions, such as different temperatures, pressures, choice of buffer 
gases and mixing ratio by the joint efforts of IUP and UoL, using high resolution 
Fourier Transform spectrometers. The experimental conditions include those used by 
former researchers (/Frankenberg et al., 2008b/, /Lyulin et al., 2009/).  

The obtained spectra have high quality regarding signal-to-noise ratio. The new data 
reasonably agree with the data of former researchers (e.g., /Frankenberg et al., 
2008b/) but are of higher quality w.r.t. systematic errors and cover more conditions.  

The spectra along with corresponding documentation have been compiled into the 
Absorption Spectra Data Base (ASDB). The ASDB has been used as input for the 
line parameters computation code (LPC), as described in the next section, to 
generate methane line parameters. 
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5. Line parameter computation software LPC (WP 3000) 

This section describes the structure and operation of the Line Parameter Code 
(hereafter LPC), which has been designed to retrieve line parameters from methane 
absorption spectra measured in the laboratory at IUP. The code has been written in 
IDL and works in parallel with the University of Oxford Reference Forward Model 
(RFM), a radiative transfer code developed by the University of Oxford (see 
www.atm.ox.ac.uk/RFM for details) written in FORTRAN-77. 

Following a description of the software (developed at the University of Leicester), 
methane line parameters obtained by IUP from the new absorption measurements 
described in the previous section are presented and compared with line parameter 
data in the current version of HITRAN (HITRAN 2008). Finally, an evaluation of the 
quality of the new line parameters is performed. 
 

5.1. Mathematical description of LPC 

 Optimal estimation method 5.1.1.
The line parameter code designed and written for the ADVANSE-II project uses the 
optimal estimation method described by /Rodgers, 2000/. Optimal estimation is 
widely used in retrievals of atmospheric profiles from satellite observations, since it 
provides a way of calculating the most probable atmospheric state for a given 
measurement, assuming some prior knowledge of the atmospheric state and the 
measurement uncertainty. In this work, it is the line parameters that represent the 
state vector that we are trying to estimate from the measurements. 
 
The optimal estimation method involved finding the most probable solution for the 
state vector  given a measurement vector , i.e. finding 	which maximises the 
probability | . This is achieved by finding  which minimises the cost function 
(see /Rodgers, 2000/ for its derivation): 
 

	 	 . [E5-1] 
 

Here the vector  represents the a priori state (our initial estimate of the line 
parameters, which we take from HITRAN 2008),  represents the a priori covariance 
matrix (the uncertainty in our initial estimate),  represents the forward model 
output (in this case, simulated laboratory spectra assuming line parameters ) and  
represents the measurement covariance matrix (the uncertainty in the measured 
spectra). In minimising this function, a balance is achieved between a solution like 
the a priori, which would reduce the first term to zero, and a solution which agrees 
exactly with the measurements which would reduce the second term to zero. 
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 Levenberg-Marquardt method 5.1.2.

There are a number of different methods available for finding the solution depending 
on the nature of the problem. For this work, the relationship between the spectra and 
the underlying line parameters is non-linear, so the Levenberg-Marquardt method is 
used. This gives the following iterative solution to the optimal estimation problem: 

1 	 . [E5-2] 

Here the Jacobian matrix  describes the sensitivity of the forward model to the 
different line parameters comprising	 , and  is a number chosen at each step to 
accelerate convergence towards the solution. For the first iteration,  is set equal to 

 and  to 0.5. To decide whether  is increased or reduced for each subsequent 
step, we look at the ratio of the change in cost function computed properly to that 
computed with the linear approximation to the forward model (/Rodgers, 2000/). This 
ratio will be unity if the linear approximation is satisfactory, and negative if  has 
increased rather than decreased. The following strategy is applied to changing : 

- If the ratio is greater than 0.75, then  is halved; 
- If the ratio is less than 0.75, then  is doubled; 
- otherwise,  is unchanged. 

The aim of this strategy is to find a value of  which restricts the new value of  to lie 
within linear range of the previous estimate. The number of iterations is either set to a 
fixed number, or can be chosen in each case depending on a convergence criterion – 
this avoids performing unnecessary iterations of the optimal estimation loop after the 
solution has already converged. 

The method employed here also allows estimation of the uncertainty in the retrieved 
state vector, via the covariance matrix : 

,      [E5-3] 

The diagonal elements of  give the variance of each element in the state vector, so 
the square roots of these elements are taken to find the standard deviation of . 

 Algorithm structure 5.1.3.

Figure 5-1 shows a schematic overview of the algorithm structure, illustrating the 
stage of the process at which the various inputs are used. The main iteration loop is 
denoted by the blue arrows. The number of iterations needed to arrive at a solution 
depends on the number of spectral points in the wavenumber range being analysed 
(i.e. the dimension of the measurement and forward model vectors – this depends on 
both the wavenumber range and the number of spectra), and the number of spectral 
lines within the spectral range considered (the dimension of the state vector). The 
dimensions of these vectors also have a strong influence on the computation time, 
with the matrix inversions in the Levenberg-Marquardt method being the most 
computationally expensive steps in the algorithm. 
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Figure 5-1: Schematic illustrating the initial design for the line parameter calculation. 

 
Inputs 

The a priori line parameters are all taken from the HITRAN 2008 database 
(/Rothman et al., 2009/). Any database in HITRAN format can be used. The a priori 
state vector contains a number of elements equal to the product of the number of 
absorption lines within the wavenumber range to be analysed (according to HITRAN 
2008 line positions) and the number of parameters per line. The code has been 
designed to allow the user to define the a priori covariance matrix, depending on their 
assessment of the uncertainties for each of the various line parameters. 

The fixed parameters, which remain unchanged after each iteration, are those 
describing the laboratory conditions for each measured spectrum: absorption path 
length, cell temperature, total cell pressure, partial pressure due to methane, 
instrument line shape and assumed absorption line shape function. A preliminary 
step (not shown in Figure 5-1) estimates the total and partial pressures, along with 
the cell temperature, by fitting forward modelled spectra to the absorption lines at 
6015.66 and 6026.23 cm-1. This step is important, as it is not always possible to 
measure precisely the composition of the methane mixture being observed. These 
lines in particular are used as (unlike most methane lines in the SWIR region) they 
are singlets, so their spectral absorption can therefore be easily modelled, whilst their 
intensities and transition frequencies are also very well known. 

A priori line parameters, 
xa – taken from HITRAN 
2008 – and associated 
covariance matrix Sa 

Fixed parameters, 
including: path length, T, 
pCH4, pCH4+N2, instrument 
line shape, spectral line 
shape (Voigt) 

Use RFM to calculate 
forward model F(xi) and 
Jacobian Ki 

Nonlinear constrained 
least squares algorithm 
(Levenberg-Marquardt) 
used to calculate xi+1

Measured spectra y 
and associated error 
covariance matrix Se 

Initial state vector 
x0 (set equal to xa)  

Solution converged?  
(χ2 test) 

YES  xi+1 is final 
solution 

NO  xi+1 becomes xi, 
go to next iteration 
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The measurement vector contains all of the measurement spectra to be analysed 
joined together end-to-end. The spectra do not have to have been measured at the 
same spectral resolution or under the same conditions, with the exception of the 
methane mixture which has to include the same broadening gas in each case. There 
is theoretically no upper limit to the number of spectra that can be analysed 
simultaneously, although the impact on processing time is considerable if too many 
spectra are input at once. The measurement covariance matrix, describing the 
uncertainty in the spectral measurements, is a diagonal matrix where each diagonal 
element contains the variance in the measured lab spectra. It is assumed that the 
variance, estimated from the measurement random noise, is independent of 
wavenumber (i.e. the same value is used for all of the diagonal elements). 

Forward model   

The forward model used here to calculate spectral radiances and Jacobians given a 
set of line parameters is the University of Oxford Reference Forward Model (RFM, 
www.atm.ox.ac.uk/RFM/). The RFM is a line-by-line radiative transfer model 
developed to provide reference spectral calculations for the ENVISAT MIPAS 
retrieval algorithms. In addition to its primary purpose of calculating the spectral 
radiance observed from limb or nadir viewing geometries given atmospheric profiles 
and spectroscopic parameters as input, the RFM may also be used to estimate the 
transmittance of a laboratory sample cell. The RFM has been chosen as the forward 
model for this study as it provides both accuracy and flexibility. 

To calculate the spectral radiance, RFM uses the line parameters which were 
described Section 3.  Also see Section 3 for further details on the various sources of 
spectroscopic data used in the more recent versions of the database. These 
parameters are: - the spectral line transition frequency, S -  the spectral line 
intensity, air - the air-broadened half width at half maximum (HWHM), self  - the self-
broadened HWHM, n - the coefficient of temperature dependence of the air-
broadened half width,  - the air-broadened pressure shift 

The pressure broadened line half width (p, T)  for a gas at pressure p [atm], 
temperature T [K] and partial pressure ps [atm] taking into account both air- and self-
broadening is given by [E3-1] in Section 3.2. 

Note that the contribution from air-broadening depends only on the total pressure, 
and is independent of the broadening gas used in the methane mixture. This means 
that if nitrogen or oxygen is used as the broadening gas, then the LPC algorithm is 
effectively retrieving N2 or O2 respectively rather than air. The relation [E3-2] 
(Section 3.2) can be used (as in /Lyulin et al. 2009/) to convert the retrieved 
nitrogen- and oxygen-broadening parameters into air.. This relation should also be 
applied to the coefficient of temperature dependence and the air-broadened pressure 
shift (e.g. /Lyulin et al. 2009/).  
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The monochromatic absorption coefficient (which is used in the Beer-Lambert law to 
compute the spectral radiance) is given by: 

, , , , , ,   [E5-4] 

Here, , , ,  is the normalised line shape function. For this work, we assume 
a Voigt line shape function. The monochromatic absorption coefficient is expressed in 
(molecule cm-2)-1. Multiplying this by the number density of absorbing molecules per 
unit path length gives the optical depth, , , . 

Figure 5-2 and Figure 5-3 show some examples of spectral residuals obtained 
comparing RFM calculated transmittances with the University of Leicester (UoL) 
measurements described in Section 4.2.2. The forward model spectra are calculated 
assuming Voigt line shapes and the HITRAN 2008 database of spectroscopic 
parameters as described above. The initial comparisons made between the RFM 
calculations and the UoL measurements illustrate the suitability of the RFM as a 
forward model for the line parameter retrieval. 

 

 

Figure 5-2: Upper panel: 
measured 0.005 cm-1 
resolution transmittances for 
four different sample 
conditions, focusing on the 
CH4 Q branch. Lower panel: 
(RFM-measurement) 
residual as a percentage of 
the measurement, assuming 
HITRAN 2008 line 
parameters. 

 

 

 

Figure 5-3: Same as Figure 
5-2, but focused on CH4 Q6 
manifold. 
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Outputs 

The final state vector contains updated values for each of the line parameters 
(number of elements = 6 x number of lines in wavenumber range). The LPC creates 
a parameter file in the same format as HITRAN 2008 for use in radiative transfer or 
retrieval codes, using the values in the final state vector. This includes error codes 
based on the retrieval uncertainty (see this link for a definition of the HITRAN error 
codes: http://www.cfa.harvard.edu/hitran/uncertainty.html). The retrieval uncertainties 
for each line are also output to a separate text file for future reference. 

The variance for each of the retrieved parameters is given by the diagonal elements 
of the covariance matrix 

 .      [E5-5] 

Here,  is the a priori covariance matrix (the uncertainties in our initial estimate of 
the line parameters),  is the Jacobian and  is the measurement covariance matrix 
(containing the uncertainties in the measured laboratory spectra). The standard 
deviation for each parameter, given by the square root of each of the diagonal 
element, is used to determine the uncertainty index for that parameter. 

The LPC provides two further outputs to assist the user in interpretation of the line 
parameter retrieval results: 

 The  (cost function) values for each wavenumber interval are calculated after 
the final iteration and written to a text file. These values should be as low as 
possible, so if any are unusually high then that indicates that there may be an 
issue with the retrieved line parameters in that particular interval. It is therefore 
useful for flagging wavenumber intervals which require revisiting in greater 
detail. 

 The code also evaluates the averaging kernel (will be shown later, Figure 5-4) 
for each wavenumber interval, and from this derives the number of degrees of 
freedom associated with each retrieved line. The averaging kernel matrix 
describes the sensitivity of the retrieved line parameters to the ‘true’ state 
vector. A perfect retrieval would result in an identity matrix for the averaging 
kernel matrix. However, in reality some retrieved line parameters are not 
independent of one another (especially where strong and weak lines are in 
close proximity), resulting in non-zero off-diagonal elements, whilst in other 
cases the retrieved parameters are not sensitive to the true state at all (for 
example, when an absorption line is weaker than the measurement noise). 
More details are given later in this chapter. The number of degrees of freedom 
for a particular line is obtained by taking the sum of the diagonal elements of the 
averaging kernel for that line. It is a number between 0 and 6, and is equivalent 
to the number of independent parameters successfully retrieved. 
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5.2. Comparison with software used by other researchers 

Comparison of the applied software with the software used by other researchers 
(Section 3.4) is summarized in the Table 5-1, regarding the method, a-priory values, 
constrains and other details of the fitting procedure. 
 
Table 5.1. Comparison with software used by other researchers  
Frankenberg et al., 2008 Lyulin et al. 2009 

Nikitin et al. 2011 
This work 
  
 

Method 
Multispectrum nonlinear 
constrained least squares 
approach based on optimal 
estimation;  
Simultaneously fitting laboratory 
spectra at different ambient 
pressures.  
Each line treated separately, 
even for multiplets; 
No cross-correlations between 
lines assumed; 
The Jacobian of the 
transmission with respect to 
shift and broadening 
coefficients computed 
analytically 

Multispectrum fitting 
procedure; a nonlinear least- 
squares methods; 
Simultaneously fitting spectra 
recorded under various 
experimental conditions (6 
spectra recorded at a given 
temperature). 

Line-by-line radiative transfer 
code used to forward model the 
measured spectra; 
Simultaneous fitting of spectra 
recorded under various 
experimental conditions (from 4 
to 20 spectra at different p and 
T); 
Each line treated separately, 
even for multiplets; 
No cross-correlations between 
lines assumed; 
 
Flexibility to retrieve any 
combination of the six line 
parameters used to calculate 
spectral absorption. 

Perturbing gases and temperatures 
N2;  
room temperature 

O2, N2;  
240K, 267K, 296K 

O2, N2, synthetic  air; 
195K, 203, 223K, 243K, 263K, 
296K. 

Constrains 
Relative line intensities strictly 
constrained to the /Margolis, 
1988/ (HITRAN 2004), 
permitting only small deviations.  
Line strengths: linked to the R0 
and R1 strengths given in 
HITRAN 2004 /Margolis, 1988/. 
 
The integrated column density 
of methane was determined 
using a fit covering the isolated 
R0 and R1 transitions.  
 
  

J-manifolds: theoretically 
predicted line positions and 
intensities as initial values in the 
fits. 

When the fitted line intensities 
differed considerably (15–20%) 
from the theoretical ones, either 
a line position or a line intensity 
of one of the lines of a manifold 
was fixed.  

Line intensities: the value 
derived from the integrated 
intensity of a J-manifold using 
ratio 5:3:2 for A–A, F–F and E–
E components respectively. in 
the beginning of the fit.  
At the end of the fit all 
intensities were free.  

Flexibility to set any uncertainty 
value between 0.01% and 
100% for each of the six line 
parameters considered. 
 
The integrated column density 
of methane was determined 
using a fit covering the isolated 
R0 and R1 transitions.  
 
Constraints were applied as 
described in Section 6.1. 
 

A piory values 
Pressure shifts: –0.011 cm−1 
atm−1 /Kapitanov et al., 2007/  
prior broadening coefficients 
from measurements in the 
fundamental by /Pine et al, 

Initial values of the line 
positions and line intensities 
from /Wegner et al., 1998/ and 
/Nikitin et al., 2010/ 

HITRAN 2008 – derived from 
the results of /Frankenberg et 
al. 2008/ in the 2ν3 band 
considered. 
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1992, 1997/ 
Self-broadening neglected 
Temperature dependence fixed 
at 0.85 for the whole obtained 
region 5860-6184 cm-1. 
Lineshape 
Voigt Voigt Voigt 
Reported issues 
Unresolved manifolds; 
temperature dependence of 
pressure broadening 

Temperature dependence of 
broadening and shifts 

Unresolved manifolds; 
Temperature dependence of 
broadening and shifts 

Line mixing 
No No No 

 

5.3. LPC Users Guide 
This section provides a practical description of the LPC, which has been designed to 
retrieve line parameters from methane absorption spectra measured in the 
laboratory. The code has been written in IDL and works in parallel with the RFM, a 
radiative transfer code developed by the University of Oxford (see 
www.atm.ox.ac.uk/RFM for details) which has been written in FORTRAN-77.  
 

Description of LPC source code files and directory structure  

The main working directory contains the following files and sub-directories. IDL 
procedures and functions all have the file type identifier „*.pro‟.  

IDL procedures  
cell_pressure_temp.pro  line_parameter_code.pro  

convert_IUP_spec.pro  molecule_parameter_extract.pro  

create_delta_rfm_drv.pro  perturb_parameters.pro  

create_ils.pro  rfmrd.pro  

create_rfm_atm.pro  specread.pro  

create_rfm_drv.pro  

 

Other files 
rfm.drv  06_hit08_state.par  

hitbin_input  06_hit08_SWIR_all.par  

06_hit08_cell.par  rfm_lab_CH4.sh  

06_hit08_extract.par  lpc_input.txt  

 

Sub-directories  
atm_files  lab_data  

driver_tables  lpc_output  

instrument_line_shapes  tra_files  

 

Also required within the LPC directory are soft-links to the RFM executable and the 
„hitbin‟ executable (this is a FORTRAN procedure available to download from the 
RFM web pages which converts HITRAN spectroscopic data into the binary format 
required by the RFM). 
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 LPC inputs  5.3.1.

Input file lpc_input.txt 

The main file which determines the LPC settings is the text file „lpc_input.txt‟. By 
editing this file, the user may control the spectral range, spectral resolution, and the 
selection of lab spectra to be analysed. Below is an example illustrating the contents 
of lpc_input.txt: 
! Input file for Line Parameter Calculation  
! Wavenumber range (cm-1)  
6002.400 6002.700  
! Forward model resolution (cm-1)  
0.005  
! Number of iterations (integer up to 99)  
20  
! Mixing gas (N2 or O2)  
N2  
! Path containing measured spectra (.spc files)  
/work/ir_spectroscopy/neil_rfm/CH4_2011/line_parameter_code/lab_data/  
! List of .spc files to be processed (if blank, processes all .spc)  
195K_CH4_5mbar_N2_495mbar_V1.spc  
223K_CH4_5mbar_N2_495mbar_V1.spc  
243K_CH4_5mbar_N2_495mbar_V1.spc  
263K_CH4_5mbar_N2_495mbar_V1.spc  
293K_CH4_5mbar_N2_495mbar_V1.spc  

Wavenumber range 

The wavenumber range determines the spectral range over which the line parameter 
retrievals are performed. The format codes for both upper and lower limits are F9.3. 

Forward model resolution  

The forward model resolution (format code F5.2) determines the spectral resolution 
at which the RFM calculates the simulated spectra. The retrieval can be run at 
coarser spectral resolution to shorten the run time.  

Number of iterations 

The number of iterations (format code I2) controls how many times the optimal 
estimation calculation is repeated. Most retrieval solutions tend to converge within ten 
iterations. The convergence can be checked by looking at the output plot showing 
calculated parameter against iteration number (see Figure 5-6 for an example).  

Mixing gas 

In the original version of the code there was also a line here specifying the mixing 
gas, which is either nitrogen or oxygen. At present, the LPC is only able to process 
sets of laboratory spectra which all observe methane mixed with the same gas. The 
code has now been updated to automatically determine the mixing gas from the 
measured spectra filenames.   
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A priori uncertainties/constraints 

There are six floating point numbers here (format code 6E9.2) which describe the a 
priori uncertainties for each of the six line parameters: line position, intensity, air- and 
self-broadening, temperature dependence coefficient and pressure induced shift 
(wnum, int, air, t_dep, self, pres_shft). 

The values for line position and pressure shift are absolute uncertainties, i.e. 1.00E-
02 means an uncertainty of ±0.01 wavenumbers. 

The values for intensity, air- and self-broadening and temperature dependence 
coefficients are fractional uncertainties, i.e. 1.00E+00 means an uncertainty of 
±100%, 1.00E-01 would mean ±10%, and so on. In the example shown above, self-
broadening and temperature dependence coefficients (T_dep and self) are effectively 
fixed (uncertainity ±0.01%) whilst the other parameters are allowed to vary. The 
uncertainties have to be non-zero for the procedure to function correctly. 

Path containing measured spectra 

The laboratory spectra to be analysed must all be located within the directory 
identified in the lpc_input.txt file. The user may either choose particular spectra to 
analyse by listing their filenames at the end of the file, or may choose to analyse all 
spectra in the directory by leaving the end of the file blank. 

Measured spectrum  

The measured spectrum files (*.spc) must be in a particular format, as illustrated by 
the example below: 

! IUP Lab Transmittance Spectrum  
195.00000 5.0000000 500.00000 1.3500000 90.000000  
58410  
5934.0020 5934.0058 5934.0095 5934.0133 5934.0171  
5934.0208 5934.0246 5934.0284 5934.0321 5934.0359  
...  
0.99816406 0.99988210 0.99530323 0.99555616 1.0017000  
0.99852043 0.99298828 0.99588026 0.99690578 0.99409536  
...  

 The first line is a comment line, which may contain any text up to eighty 
characters in length.  

 The fields in the second line are, from left to right:  
 cell temperature (K);  
 methane pressure (hPa);  
 total pressure (hPa);  
 absorption path length (m);  
 maximum optical path difference (cm, used to determine the instrument 

line shape). 

 The third line contains an integer value equal to the number of data points in 
the spectrum.  

 Next, the wavenumber values for each data point are listed in sequence, 
followed by the transmittance values.  
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The IDL procedure “convert_IUP_spectra.pro” has been included in the LPC package 
to convert the spectra in the ADVANSE-II Absorption Spectra Database (ASDB) into 
this format. 

Line parameter database file 

The final input required by the code is a line parameter database file (e.g. HITRAN). 
This needs to be in the same format as HITRAN 2008, and must cover the spectral 
range requested in the lpc_input.txt file. 

 LPC execution  5.3.2.
Initially the methane pressure, total pressure and temperature are retrieved for each 
spectrum, if this hasn’t been done during a previous run (the code searches the 
lpc_output directory for the file “p_T_retrieval.dat”, if this exists then it simply uses the 
values within this file). This is achieved by minimizing the spectral residual between 
measurement and simulation around two lines, located in the R0 manifold at 
6015.6643 cm-1, and the R1 manifold at 6026.2274 cm-1. These lines are used 
because they are the only absorbing lines of significant intensity in those 
wavenumber regions, so are therefore virtually independent of line mixing effects. 
The results of the pressure and temperature retrievals are output to the file 
“p_T_retrieval.dat”, found in the lpc_output directory.  

Following this preliminary calculation the LPC then moves on to the line parameter 
retrieval, making use of the retrieved cell pressures and temperatures in the forward 
model. The updated spectral residuals are plotted after each loop of the optimal 
estimation algorithm. Once the final iteration is complete, some diagnostics are 
output to the terminal, along with a line parameter file 
(LPC_CH4_parameters_hit08.par) containing the retrieved spectroscopic data in 
HITRAN 2008 format.  

The diagnostics to focus on are the cost function and the degrees of freedom. The 
cost function is the quantity minimized during the optimal estimation algorithm. The 
smaller the value, the better the retrieval is. The number of degrees of freedom is an 
indicator of the information content of the retrieval. This quantity is evaluated by 
taking the sum of the diagonal elements of the averaging kernel. Here, the number of 
degrees of freedom are calculated for each line (giving a value between 0.0 and 6.0 
with 6.0 being a perfect retrieval), and also for each parameter (giving a value 
between 0.0 and the number of lines within the spectral range considered).  
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The LPC also outputs some figures, some of which are written as PNG files into the 
lpc_output directory. These are listed in the Table 5-2: 

Table 5-2. LPC output figures 
Filename  Description  
avg_kernel.png  Plot of averaging kernel matrix  
delta_state.png  Plot of change in line parameters from a priori as a function of iteration  
fm_spectra_final.png  Plot of forward model spectra calculated using retrieved line parameters  
fm_spectra_orig.png Plot of forward model spectra calculated using a priori line parameters 
lab_spectra.png Plot of measured laboratory spectra 
residuals_final.png Plot of fractional difference between measured and final forward modelled 

spectra 
residuals_orig.png Plot of fractional difference between measured and original forward modelled 

spectra 

When spectra are plotted, a different colour is assigned to each laboratory 
measurement. The different colours in the delta_state.png plot, on the other hand, 
correspond to the different absorption lines within the spectral range considered. For 
each line, the differences between the current and a priori values of line intensity 
(labelled with diamonds), air broadening parameter (triangles) and the temperature 
dependence of the air broadening (squares) are plotted as a function of algorithm 
iteration. More details are given below, in Section 5.1.2 (Figure 5-6).  

The averaging kernel matrix (Figure 5-4b) is plotted on a square grid, consisting of 
(n_lines × 6)2 elements. The grid lines divide the matrix into smaller 6 × 6 element 
squares (6 is the number of parameters retrieved for each line), which correspond to 
absorption lines. The averaging kernel matrix from an ideal retrieval would comprise 
a diagonal dark brown line (corresponding to values of 1.0) with light blue pixels 
everywhere else (corresponding to 0.0 values). Typically this is not the case, 
however. Off-diagonal elements illustrate where different parameters (in some cases 
parameters corresponding to different lines) are not retrieved independently. In the 
example shown in Figure 5-4b, the non-zero off-diagonal elements show how the 
first three lines, which form a triplet, are not retrieved independently of one another. 
The same is observed for the next two lines, which make up a doublet. The sixth line, 
however, is retrieved without interference with any of the other lines in the spectral 
range shown. 
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Figure 5-4b: Illustration of an 
averaging kernel matrix produced 
during the retrieval of line 
parameters for a six line multiplet. 
See text for a detailed explanation. 

 
The spectral residual plots also show the root mean square (RMS) difference 
between the forward modelled spectrum and the laboratory spectrum for each 
measurement. Examples of these plots are shown in Figure 5-5. 

 

5.4. LPC verification 
 
Two tests which can be used to determine the success with which the analysis 
software converges on a solution are summarised here. The sensitivity to the a priori 
uncertainty chosen by the user is also discussed in this section.  

 Spectral residual 5.4.1.

One criterion for evaluating the success of the algorithm is to look at the spectral 
residual between the forward model (computed using the retrieved parameters) and 
the measurement. If the algorithm is performing correctly, then the final spectral 
residual should be insensitive to the assumed a priori values for the line parameters. 

The examples in Figure 5-5 illustrate the success of the LPC code in this respect. 
The top row shows the initial and final spectral residuals assuming HITRAN 2008 as 
the a priori. The second and third rows also use HITRAN 2008, but with the intensity 
and the air broadening parameters respectively perturbed by 10%. In each case, the 
solution found using the LPC produces spectral residuals which are very similar to 
those produced when assuming the unperturbed HITRAN 2008 line parameters as 
the a priori (compare the right hand panels in Figure 5-5). 
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Figure 5-5: Spectral residuals before (left) and after (right) optimal estimation of line parameters for 
the Q5 manifold, assuming three different a priori states. Top: HITRAN 2008; middle: HITRAN 2008 
with intensity increased by 10%; bottom: HITRAN 2008 with air-broadening increased by 10% 

 

 Number of iterations 5.4.2.

 
Firstly, the number of iterations taken for the software to converge is a good indicator 
of the algorithm’s stability. We find that convergence is typically reached within 10 
iterations for a variety of different input conditions. Figures 5-6 shows the change in 
value of four of the parameters for the six methane lines in the Q5 manifold from their 
respective a priori values, as a function of the number of algorithm iterations 
computed. Each colour corresponds to a different line, whilst the four parameters are 
denoted in the plot by different shapes. The change in each value from its a priori 
stabilises quickly, even for a relatively complex case such as this. This plot 
corresponds to the change in spectral residual observed in the top row of Figure 5-5 
(HITRAN 2008 used as the a priori). 
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Figure 5-6: Change in line parameters from their a priori values as a function of algorithm iteration. 
The colours correspond to different lines in the spectral range considered (in this case the Q5 
manifold), whilst the shapes denote the four different parameters plotted here.  

 

 Sensitivity to a priori uncertainties 5.4.3.

 
From equations [E3-1] and [E3-3] one can notice that the broadening parameters are 
connected. That complicates task of the retrieval of these parameters from the 
experimental spectra, since, generally, not only one set of the coefficients can be 
found as a solution. This task becomes especially complicated in case of unresolved 
manifolds. For example, according to the equation [E3-1], increase of the 
temperature dependence n might be compensated by decrease of the air-broadened 
width air.  

The direction of perturbation depends on the sign of the difference between the 
measured and forward modeled spectra (forward model based on parameters 
obtained during previous iteration), and on the sign of the Jacobian (which depends 
on whether a positive change in the parameter results in a positive or negative 
change in the spectra). The perturbation can therefore be positive or negative 
depending on which of these reduces the measurement-model spectral residual. 
Figure 5-7 shows example transmittance Jacobians for the R0 line. Some 
parameters have opposing effects on the spectrum (e.g. intensity and air-
broadening), so care needs to be taken in selecting appropriate a priori uncertainties 
as these determine the magnitude of the Jacobians. 
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Figure 5-7: Example Jacobians for the R0 line, assuming the following a priori uncertainties: 
transition frequency 0.001 cm-1; intensity 20%; air-broadening 20%; temperature dependence of 
air broadening 20%; self-broadening 20%; pressure shift 0.00001cm-1atm-1. 
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6. Generation of ADVANSE line parameters 

This section contains the review of how the new methane line parameters have been 
obtained using the laboratory measurements and the LPC analysis software 
described in the previous sections. 

For computation of the line parameters numerous combinations of the experimental 
and reference data were available (Table 6-1). Reference data are initial line 
positions and line strength and four broadening parameters. As reference datasets 
for initial line parameters assumption in the computation code HITRAN 2008 line list 
was used.  

Experimental data can be divided into several groups (Table 6-1).  

Table 6-1. Spectra used for intermediate and final calculations 
 Experimental data Reference data Output data  
1 195-296K,  5 CH4 + 495 N2, O2, air 

HITRAN 2008,  
, S, s,a, n,  

a, s,N2, O2,n, , 
v, S, error 
codes 

 
2 195-296K, 10 CH4 +490 N2, O2, air 
3 195-296K,  5 CH4 + 995 N2, O2, air 
4 195-296K, 10 CH4 +990 N2, O2, air 
5 All T, all p, N2, O2 
6 All T, all p, air Version 1.0 
7 195-296K,  5 CH4 + 495 N2, O2, air 

HITRAN 2012,  
, S, s,a, n,  

a, s,N2, O2,n, , 
v, S, error 
codes 

Analysis 
pending 

8 195-296K, 10 CH4 +490 N2, O2, air 
9 195-296K,  5 CH4 + 995 N2, O2, air 
10 195-296K, 10 CH4 +990 N2, O2, air 
11 All T, all p, N2, O2 
12 All T, all p, air Version 2.0

 
The following a priori uncertainties  (see Section 5.4) have been used for generation 
of the Version 1.0 methane line parameters:  

 Wavenumber: ±0.005 cm-1; 
 line intensity: ±10%; 
 air broadening coefficient: ±50%; 
 temperature dependence exponent: ±50%; 
 self broadening coefficient: ±50%; 
 pressure shift: ±0.5 cm-1. 

Therefore, wavenumber and line intensity were essentially fixed, whereas the other 
four line parameters were allowed to significantly deviate from the HITRAN 2008 
values.  This agrees with the objectives of the ADVANSE project, namely to improve 
the four broadening parameters. Tight constrains on line strengths and positions 
were especially important for calculations of line parameters for the unresolved 
manifolds.   

Line parameters were obtained from mixtures of methane with air at four 
concentrations (five temperatures each). The same has been done for mixtures of 
methane with oxygen and methane with nitrogen. Due to software limitations (the 
output broadening and pressure shift values in output file correspond to the N2/O2 
broadening/pressure shift only (i.e. not air broadening/pressure shift) and they need 
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to be added together as described in /Lyulin et al., 2009/ (f(air) = 0.79*f(N2)+ 
0.21*f(O2) where f is the parameter) to obtain the appropriate values for air), i.e., the 
latter two results do not provide any new information compared to synthetic 
air/methane spectra processing. 

Spectra were processed both at UoL and IUP using the same LPC software and the 
same set of constrains. Note that the used (latest) version of LPC software was not 
capable of processing absorption spectra of pure methane. 
 
The following LPC outputs have been generated:  

 results from using LPC at IUP based on the set of air-broadened methane 
spectra (IUP-SA) 

 results from using LPC at UoL based on the set of air-broadened methane 
spectra (UoL-SA) 

 results from using LPC at UoL based on the set of nitrogen-broadened 
methane spectra (UoL-N2) 

 
The data processed at UoL were wavenumber range-restricted for the sake of 
processing speed. The results were mainly used for comparisons with the output 
generated at IUP. As expected, the LPC outputs generated independently at IUP and 
UoL showed no significant differences (when the same input spectra were used). 

Therefore, Version 1.0 of the line parameter file is based on the multispectral analysis 
of the spectra of methane broadened by air at all temperatures and all pressures with 
HITRAN 2008 as initial data (group 6, marked red in the Table 6-1) and covers the 
5934 - 6154 cm-1 spectral range. This is in-line with the project goals.  

As discussed above, the format of the ADVANSE line parameter file is same as used 
for HITRAN 2008. It contains records for 776 lines falling within the 5934 - 6154 cm-1 

spectral range. For every line, updated values (compared to HITRAN 2008) are given 
for the air- and self- broadening coefficients, the temperature dependence exponent 
and the pressure induced shift. Error codes corresponding to these four parameters 
are also modified (calculated as described in Section 5.1.3). Other parts of the 
record are left unchanged and coincide with those of HITRAN 2008. 

GOSAT line list is an alternative database, which was partly included in the latest 
version of HITRAN, i.e., HITRAN 2012. HITRAN 2012 was released in early June 
2013. Regeneration of the line parameters using HITRAN 2012 has been initiated. 
However, this version (version 2.0) was not tested via satellite retrievals for schedule 
reasons. The HITRAN 2012 line list contains significantly more lines than the 
HITRAN 2008 edition, making computations very time consuming.  

Other combinations listed in the Table 6-1 were used for intermediate analysis to 
ensure the stability of the algorithm output. Broadening coefficients for nitrogen and 
oxygen were also used for comparison with the published data and additional 
verification of the software. 

More details on comparisons of the broadening parameters with broadband datasets, 
in selected manifolds and narrow-banded studies are given in Section 7. 
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7. Comparisons between ADVANSE line parameters and 
literature values 

 
This section describes the joint effort made by UoL and IUP at retrieving a full set of 
methane line parameters from the laboratory spectra using the LPC. This includes a 
demonstration of how changes in the pressure broadening parameters (including its 
temperature dependence) and the line intensities lead to improvements in the 
spectral residuals between the forward modelled spectra and the laboratory 
measurements. These improvements are limited, however, in that we currently only 
consider Voigt line-shapes when calculating the forward modelled spectra. Thus, the 
line parameters retrieved may only be thought of as ‘effective’ line parameters, 
suitable only for use when Voigt line-shapes are assumed in spectral calculations 
(see /Tran et al., 2010/ for further discussion on this point).  

Quality of the data on the pressure broadening coefficients can be analysed by 
several approaches: 

1. Tests that can be used to determine the success with which the analysis 
software converges on a solution were described in the Section 5.4. 

2. Comparison of observed and model spectra based on original HITRAN 2008 
and new coefficients. It was shown briefly for R0 an R1 lines for ‘Frankenberg’ 
mixtures using TM-IUP software in Section 4.3.3. The next step is to consider 
residuals between the new experimental data in the wide range of temperature 
and pressure and corresponding modelled spectra obtained using the new 
coefficients from the LPC software (Section 7.2). 

Failure to reproduce the experimental data reveals: 

 imperfection of the pressure broadening coefficients; 
 noise in the particular experimental spectra; 
 chosen line shape, which might be influenced by line coupling or other 

effects (see Section 3.5). 
 

3. Direct comparison of the new coefficients with the data included in the 
HITRAN 2008 is a simple and logical step in the analysis of the new data. The 
comparison between the new data and HITRAN 2008 data will be presented 
below. Comparison with other recent data (for example, HITRAN 2012, 
GOSAT line list /Nikitin et al., 2011/) in selected wavelengths, and 
comparison with the data obtained for other bands will also be demonstrated. 

4. Testing of the new data in the atmospheric retrievals of the SCIAMACHY, 
GOSAT instruments and TCCON network, which is one of the steps of the 
ADVANSE Phase 2 project (Sections 8 and 9).  
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7.1. Overview of the data contained in other datasets. 
 
Table 7-1 contains information on some parameters of the broadband datasets in the 
region 5934 - 6154 cm-1. 
 
Table 7-1. Comparison between broadband datasets 
 This work,  

V 1.0 
HITRAN 2008 HITRAN 2012 GOSAT-2010 

# of lines 776 776 7755 3319 
Lowest 
intensity 

10-24 10-24 4 10-27 10-26 

# of lines 
S>10-24 

776 776 1888 1776 

# of lines  
10-25<S< 10-24 

- - 2940 1376 

# of lines  
10-26<S<10-25 

- - 2579 165 

# of lines 
S<10-26 

- - 345 - 

# of lines: 
12CH4 
13CH4  

 
710 
66 

 
710 
66 

 
5532 
2223 

 
2857 
462 

Line 
positions 

/Margolis et al., 1988/ 
/Margolis et al., 1990/ 

/Zolot et al., 2013/, 86 lines 
/Campargue et al., 2012b/,   
/Campargue et al., 2012a/ Isotope, 6 
lines  
/Lyulin et al., 2010/ Isotope, 2217 lines 

/Nikitin et al., 
2010/ 

Line intensity /Margolis et al., 1988/ 
/Margolis et al., 1990/ 
/Frankenberg et al., 2008/ 

Campargue et al., 2012b/, 5532 lines 
Campargue et al., 2012a/, Isotope, 6 
lines 
/Lyulin et al., 2010/, Isotope, 2217 lines 

/Nikitin et al., 
2010/ 

Air 
broadening 

New /Rinsland et al., 
1988/ 
 
 /Rinsland et al., 
1988/, scaled by 
0.95 

Averaged widths by J 
(assigned/estimated from empirical 
lower-state energy), 6799 lines  
 
Updated algorithm described in /Brown 
et al., 1992/ (averaging by J, C and J) 

/Nikitin et al., 
2010/ 

Self-
broadening 

New HITRAN 1986 Updated algorithm from /Brown et al., 
1992/ (averaging by J, C and J) 

/Lyulin et al., 
2011/ 

Temperature 
dependence 

New HITRAN 1986 /Brown et al., 2003/ /Nikitin et al., 
2010/ 

Pressure 
induced shift 

New HITRAN 1986 Calculated using empirically derived 
approximation: 
shift = -2×10-6 × (line position). 

/Nikitin et al., 
2010/ 

 
As can be seen from Table 7-1, both the HITRAN 2012 and GOSAT-2010 contain 
significantly more lines compared to the HITRAN 2008 compilation, which was used 
for initial values for the line parameters calculations in this work. However, the 
majority of these new lines have intensity below 10-24 cm-1/(molecule x cm-2) and are 
not relevant for the ADVANSE study. Still, the new compilations are almost three 
times larger than the old HITRAN 2008 database. 
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7.2. Comparison between new experimental and modelled 
spectra using the new pressure broadening coefficients 

In this section, comparisons of experimental and modelled spectra are shown for 
several different pressures, temperatures and spectral regions together with the 
relative difference in percent (e.g., Figures 7-1a and b).  

The presented graphs have been produced by the LPC software. Different colours 
denote the different experimental conditions. Orange and yellow colours represent 
measurements done at moderate total pressure of about 125 and 130 mbar whereas 
other colours present measurements at 500 mbar at different temperatures. From the 
lower panels it can be seen that using of the new coefficients allows residuals to be 
reduced significantly in those cases when pressure broadening plays an important 
role. 

 

Figure 7-1a.  

LPC graphical output 

Calculations for part of 
the Q-branch using  
“original” HITRAN 
2008 line parameters 

Upper panels: 
synthetic transmittance 
spectra, 
 
lower panels: 
difference between the 
measured and 
synthetic spectra 
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Figure 7-1b.  

LPC graphical output 

Calculations for part of 
the Q-branch using 
new line parameters 

Upper panels: 
synthetic transmittance 
spectra,  

lower panels: 
difference between the 
measured and 
synthetic spectra 
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Figure 7-2a.  

LPC graphical output 

Calculations for R3 
manifold using 
“original” HITRAN 
2008  line parameters 

Upper panels: 
synthetic transmittance 
spectra,  

lower panels: 
difference between the 
measured and 
synthetic spectra 
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Figure 7-2b.  

LPC graphical output 

Calculations for R3 
manifold using new  
line parameters 

Upper panels: 
synthetic transmittance 
spectra,  

lower panels: 
difference between the 
measured and 
synthetic spectra 
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7.3. Comparison of ADVANSE line parameters with HITRAN 
2008 

 
Version 1.0 of the line parameter file delivered to the TCCON/GOSAT groups was 
generated based on data available from processing experimental spectra obtained at 
IUP. Subsets of data processed were discussed in Section 6 and are presented in 
Table 6-1.  
 
Overview of a broadband value-by-value comparison for four parameters is 
presented on Figure 7-3.  
 

Figure 7-3: Relative difference, (HITRAN2008 - ADVANSE) / HITRAN2008,  between HITRAN 
2008 and the new ADVANSE data as a function of wavenumber for the investigated parameters. 

 
 
More details on new line parameters and difference with the HITRAN 2008 
parameters are shown in Figures 7-4 – 7-7. Difference is given in percent relative to 
the HITRAN 2008 parameters. 
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Figure 7-4.  
 
Air broadening 
coefficient 
 
Upper panel: 
difference 
between the new 
data and HITRAN 
2008 data 
 
Lower panel: new 
data and HITRAN 
2008 data 

 

 

Figure 7-5.  
 
Self broadening 
coefficient 
 
Upper panel: 
difference 
between the new 
data and HITRAN 
2008 data 
 
Lower panel: new 
data and HITRAN 
2008 data 
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Figure 7-6. 
 
Temperature 
dependence 
coefficient 
 
Upper panel: 
difference 
between the new 
data and HITRAN 
2008 data 
 
 
 
Lower panel: new 
data and HITRAN 
2008 data 
 

 
 

 

Figure 7-7.  
 
Pressure 
induced shift. 
 
Upper panel: 
difference 
between the new 
data and HITRAN 
2008 data 
 
 
Lower panel: new 
data and HITRAN 
2008 data 
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The new values obtained using the LPC are different for different lines. No apparent 
trend in deviations is noticeable for air-broadening coefficient (Figure 7-3, 7-4).  

New self-broadening values also don’t seem to follow common deviation trend, being 
slightly higher in some manifolds and slightly lower in other (Figure 7-3, 7-5).  

It can be seen from the (Figure 7-3, 7-6) that the temperature dependence coefficient 
as taken from the HITRAN 2008 is constant over broad spectral region. New data 
demonstrates roughly the same pattern, with exception of values at strong lines and 
in manifolds. 

Pressure-induced shift value distribution follows the same pattern as HITRAN 2008. 
Several outliers having positive values are noticeable. This shouldn’t normally 
happen ant might be of a trade-off LPC algorithm makes to compensate the variation 
of width by adjusting T-dependence and shift. 

Another way to analyse and demonstrate the differences between new line 
parameters and ones from HITRAN 2008 is presented on Figures 7-8 – 7-9. 

Figure 7-8: Relative difference [ (HITRAN2008 - IUP) / HITRAN2008 ] between HITRAN 2008 
and new data as a function of line intensity for investigated parameters. 
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Figure 7-8 shows the dependence of parameter value change from HITRAN2008 
depending on line intensity. For broadening coefficients, there is almost no strong 
correlation between line intensity and the likelihood for Self or Air to deviate more or 
less from HITRAN2008. Values of temperature dependence nT tend to be lower for 
stronger lines, whereas pressure shift demonstrates more variability for weaker lines.  

Figure 7-9: Histogram demonstrating amount of data within certain range of relative deviation. 
Every point marks the percentage of lines for which absolute value of relative difference 
abs[(HITRAN2008-IUP)/HITRAN2008] of a certain line parameter falls within particular range. 
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7.4. Comparison in selected manifolds.  
 
Lines P1, Q1, R0, R1 and unresolved manifolds R3 and R4 

In this section a comparison is given between the shifts, temperature dependence 
and broadening coefficients for different perturbing gases, as obtained by different 
researchers for R0, R1, Q1, P1 isolated lines and R3 and R4 manifolds as was 
described in the Section 3.4. Currently, a number of investigations are accumulated, 
which allows enhanced comparison.  Information on the symmetry of energy levels of 
the considered transitions is given in the Appendix C. 

The isolated lines R0 at 6015.664 cm-1 and R1 at 6026.227 cm-1 were measured by 
many researchers /Margolis, 1988, 1990/, /Frankenberg et al., 2008/, /Lyulin et al., 
2009/. Some of them used these lines for precise calibration of the pressure and 
temperature in the experiments /Frankenberg et al., 2008/. Such calibration was 
performed in this study as well. Analysis of the parameters of the isolated lines is 
especially advantageous for early tests of the software, since the relatively simple 
structure provides the direct access to the needed information under assumption of 
the Lorenz and Gaussian profiles.  

The R3 triplet consists of three closely positioned lines F2, F1, and A2 at 6046.965  
6046.953 6046.942 cm-1. R4 manifold consists of A1, F1, E, F2 lines at 6057.08, 
6057.09, 6057.10, 6057.13 cm-1. These lines are overlapped even under Doppler 
broadening. Because of different intensities, the summarized contour is asymmetrical 
at a low pressure and the position of triplet absorption maximum changes when the 
pressure increases only due to the broadening effect. Estimation of shift coefficients 
for individual lines, for example, by the Voigt contour fitting is hampered because of a 
large number of fitted parameters. Besides, interference of lines can appear inside 
the manifold, which further increases the number of fitting parameters. Another 
important circumstance affecting the estimating coefficients of shift and, in particular, 
broadening is the influence of strong adjacent lines. Some of these issues can be 
solved using the method  based on the measurements of the population relaxation of 
the particular levels, however, this method can be applied only to a very limited 
spectral regions /Menard-Bourcin et al., 2007/. 

Results on broadening coefficients of methane perturbed by different gases are 
summarized below in plots and compared with the results of the current study.  

Broadening coefficients 

The broadening coefficients observed by /Zeninary et al., 2001/ follow the trend: 

CH4-Ne < CH4-He < CH4-Ar < CH4-Kr < CH4-Xe  

The qualitative comparison with a hard-sphere collision model has demonstrated the 
satisfactory qualitative agreement of this trend with the behaviour of the product of 
the mean velocity and collisional cross-section νσcoll /Zeninary et al., 2001/. In the 
supplemental study by  /Kapitanov et al., 2007/, the pressure dependence of half-
widths on all perturbers was found to be nonlinear and similar to that of the Voigt 
profile for isolated line. 
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The results obtained from measurements of rotational relaxation by /Menard-
Bourcin et al., 2007/ compare well with the published line broadening studies 
(Figure 7-10, 7-13).  

 

Figure 7-10: Overview of air broadened width coefficient values for P1, Q1, R0, R1 lines and R3, 
R4 manifolds. See Table 3-4 and Table 7-1 for reference. 
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Figure 7-11: Overview of self-broadened width coefficient values for P1, Q1, R0, R1 lines and 
R3, R4 manifolds. See Table 3-4 and Table 7-1 for reference. 
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Pressure induced shift 

It was also determined by /Zeninary et al., 2001/ that the shift coefficient of the CH4 
absorption line induced by air linearly increases with the energy of the upper 
vibrational state. This behavior confirms that the shift value is generally determined 
by the difference in the polarizabilities of the excited and ground states of the 
absorbing molecule. 

 

Figure 7-12: Overview of pressure induced shift coefficient values for P1, Q1, R0, R1 lines and 
R3, R4 manifolds. See Table 3-4 and Table 7-1 for reference. 
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From analysis of the single lines using Lorentz profile, temperature dependence of 
the shift was found in agreement with the data by Lyulin. Data are compared in the 
Table 7-2a-b. Dependence is stronger towards higher pressures. 
 
Table 7-2a. Shift by CH4 
T, K R0 R1 Q1 P1 
 New  Lyulin New Lyulin New  New 
186(6) -45,8(7) -23,5 54 (25) -15,3 41,4(9,3) 35.5(5.7) 
223 -34,6(6,8)  35.9 (9)  32,2(10) 28(4) 
242(2) -31(10) -19 29,6 (10,3) -18.9 28(7,6) 26,3(5,4) 
265(2) -27(2)  26.8 (1)  26(2,3) 24,6(0,5) 
296 -21,9(1,3) -17,4 20.97(2.2) -16 22,5(0,5) 21,6(0,4) 
       
All -30.6(2,8)  -28(3)  30,3(3,1) 28.2 (2.7) 
LPC       
Nikitin -10 (air)  -8.5    
HITRAN08 -12.562 (air) -11.113 -15.295 -14.531 

 
 
Table 7-2b. Shift by N2 
T, K R0 R1 Q1 P1 
 New  Lyulin New Lyulin New  New Lyulin
193 -17.5 (0.7)  -13.9 (0.5)  23.5 (1.6) -20 (0.8)  
223 -14.3 (0.4)  -11.9 (0.2)  24.4 (0.2) -16.1 (0.4)  
242(2) -13.9 (0.3) -14.8 -11.1 (0.4) -12.4 20.5 (1.1) -16.4 (0.9) -17.3 
265(2) -12.8 (0.4) -13.1 -10.5 (0.5) -11.3 19.5 (0.4) -13.6 (0.7) -14.2 
296 -12 (0.6) -12 -10.4 (0.4) -10.7 16.4 (0.9) -14.2 (0.5) -14.2 
        
All -14.3 (0.8)  -12(0.5)  21.6(1) -16 (0.9)  
LPC -15.4 (N2?)  -13.061 

(N2?) 
    

Nikitin -10 (air)  -8.5  -11.5 -11.5  
HITRAN08 -12.562 (air) -11.113 -15.295 -14.531 

 
Some data for manifolds from multiple sources (see Table 3-4) is not presented, in 
particular line parameter coefficients obtained in experiments with N2, O2, Ar, He, 
CO, CO2, H2O. Will be added soon if considered worthwhile. 
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Temperature dependence 

The temperature dependence of the data on N2-broadening by /Menard-Bourcin et 
al., 2007/ is particularly well reproduced by the power law deduced from the results 
on rotational relaxation.  

 

Figure 7-13: Overview of temperature dependence exponent of air-broadened width coefficient 
values for P1, Q1, R0, R1 lines and R3, R4 manifolds. See Table 3-4 and Table 7-1 for 
reference. 
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7.5. Conclusions 

New methane line parameters for remote sensing applications around the 1.6 µm 
have been generated. The results are provided in a Line Parameter (LP) file in 
HITRAN 2008 format. The following four (HITRAN 2008) methane line parameters 
related to pressure broadening have been modified / improved (including error 
codes): air and self broadened half width, exponent for temperature exponent and 
the pressure shift parameter. All other parameters are identical to HITRAN 2008. 

The new ADVANSE line parameters allow the reproduction of experimental spectra 
across a wide range of pressures and temperatures relevant to atmospheric 
applications. The spectral residuals are reduced compared with those obtained using 
the line parameters from HITRAN 2008. 

Differences between the new data and the coefficients currently included in HITRAN 
2008 are listed in Table 7-3, as a function of the applied degrees of freedom 
threshold. We also applied an intensity threshold of 5.0E-23 to filter out very weak 
lines, for which the parameters are only poorly retrieved. 
 
Table 7-3: Differences between the new data and the coefficients included in HITRAN 2008 
Degrees of 
freedom threshold 

Number 
of lines 

Mean change 
in line intensity 

Mean change in 
air broadening 

Mean change in 
temperature 
dependence 

0.0 152 1.029 1.034 0.971 
0.5 150 1.029 1.035 0.971 
1.0 123 1.028 1.041 0.965 
1.5 104 1.030 1.046 0.960 
2.0 72 1.027 1.051 0.951 
2.5 49 1.032 1.058 0.944 
3.0 24 1.039 1.064 0.937 
3.5 8 1.071 1.103 0.922 
4.0 2 1.020 1.072 0.953 

 
Note: As explained, the version of the LPC software developed and used within this 
study does not allow investigation of the impact of line mixing on the retrieved 
parameters. For the purpose of this study this is not a problem as it has been shown 
previously (/Tran et al., 2010/) that for atmospheric applications ‘effective’ 
coefficients, valid for a Voigt profile, are appropriate. However, due to line-mixing 
effects, the ‘real’ coefficients of interest to researchers studying molecular 
spectroscopy, can differ from the ‘effective’ ones generated within this study. 
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8. Evaluation using satellite retrievals (WP 4000) 

8.1. Overview 
In this section, the impact of the new ADVANSE methane line parameters for satellite 
retrievals of methane are presented and discussed. Two satellite instruments and 
corresponding retrieval algorithms are used: IUP-UB has investigated the impact on 
SCIAMACHY/ENVISAT methane retrievals using the WFM-DOAS algorithms and 
UoL has investigated the impact on TANSO-FTS/GOSAT methane retrievals using 
Univ. Leicester’s GOSAT retrieval algorithm.  
 
The general approach is to use the latest versions of these algorithms (including line 
parameter data base) and to only replace the used methane line parameters with the 
new ADVANSE methane line parameters. The impact on the satellite retrieval is 
assessed by comparison of the data products generated using the new and the 
current default (“old”) line parameters.  

8.2. SCIAMACHY/ENVISAT methane assessment 

 Retrieval algorithm 8.2.1.
The Weighting Function Modified DOAS (WFM-DOAS) algorithm (/Buchwitz et 
al.,2005a,b/, /Schneising et al., 2008, 2009, 2011, 2012/ ) is a least-squares method 
based on scaling pre-selected atmospheric vertical profiles. The column-averaged 
dry air mole fractions of methane (denoted XCH4) are obtained from the vertical 
column amounts of methane by normalising with the air column, which is determined 
by simultaneously measured carbon dioxide. CO2 is used as a proxy for the air 
column instead of O2 because of better cancellation of path length related retrieval 
errors. The corresponding vertical column amounts of CH4 and CO2 are retrieved 
using small spectral fitting windows in the near-infrared/shortwave-infrared 
(NIR/SWIR) spectral region (1558-1594 nm and 1630-1671 nm, respectively). 

In order to avoid time-consuming on-line radiative transfer simulations, a fast look-up 
table scheme has been implemented. The pre-computed spectral radiances and their 
derivatives (e.g., with respect to trace gas concentration and temperature profile 
changes) depend on solar zenith angle, surface elevation, surface albedo, and water 
vapour amount to consider possible non-linearities caused by the high variability of 
atmospheric water vapour. The 3600 reference spectra are computed with the 
radiative transfer model SCIATRAN taking multiple scattering fully into account. 

For a specific satellite measurement the appropriate modelled radiance and 
weighting functions which are used in the fitting procedure are deduced by 
multidimensional interpolation of the neighbouring reference spectra in parameter 
space. The required surface albedo is retrieved beforehand by comparing the 
measured sun-normalised radiance at a selected wavelength, in a transparent region 
of the fitting window where no significant gaseous or particulate absorptions occur, to 
pre-calculated radiances for different surface albedos. 

 Assessment using new line parameters 8.2.2.
One year of SCIAMACHY XCH4 (2004) retrieved using a reference spectra look-up 
table based on the new line parameters obtained within this project is compared to 
retrieval results using HITRAN 2008 spectroscopy in the reference spectra 
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calculation. Except for this difference in spectroscopic input data, all other settings in 
both retrieval runs are exactly identical to assess the effect of the new line 
parameters. 

Starting point of the analysis is WFM-DOAS v3.0.2 based on HITRAN 2008. The data 
set obtained when changing the spectroscopic data to the new ADVANSE line 
parameters is referred to WFM-DOAS v3.0.2a. WFMDv3.0.2a is systematically 
somewhat smaller than v3.0.2 and is therefore scaled by 1.0075 to be on the same 
level on average. Monthly means of both runs are compared in Fig. 8-2-1 for April 
2004 and Fig. 8-2-2 for September 2004. The corresponding figures for all months of 
the year 2004 are shown in Appendix D. 

As can be seen in these figures, the effect of the new line parameters is small with 
differences in XCH4 being of the order of a few ppb. However, the spatial difference 
patterns are correlated with simultaneously retrieved atmospheric water vapour 
abundance (r=0.7-0.8), whereby WFMDv3.0.2a systematically exhibits slightly less 
XCH4 at locations with enhanced water vapour (e.g. tropics). This can be interpreted 
as an improvement (albeit small) with regard to potential methane overestimation in 
the case of high humidity caused by spectroscopic interference of methane and water 
vapour /Frankenberg et al., 2008/, /Schneising et al., 2009/. 

Figure 8-2-3 shows the retrieved seasonal cycles of both data sets for both 
hemispheres. As can be seen, the differences are small with WFMDv3.0.2a 
exhibiting slightly smaller seasonal cycle amplitudes. As the spatial differences 
cancel out to some extent for hemispheric means, the effect is typically less than 2 
ppb. 
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Figure 8-2-1: Comparison of WFMDv3.0.2 (based on HITRAN, top panel) and WFMDv3.0.2a (based 
on ADVANSE spectroscopy, middle panel) for April 2004. Also shown are the differences in the 
bottom panel as well as following numbers: d is the mean difference of the two datasets, s is the 
standard deviation of the differences, and r is the correlation coefficient.   
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Figure 8-2-2: As Fig. 8-2-1 but for September 2004. 
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Figure 8-2-3: Seasonal cycles for both data sets on the northern and southern hemisphere. 
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 Summary and conclusions 8.2.3.

Two SCIAMACHY methane retrieval data sets for the year 2004 have been 
compared. The only difference between the two retrievals are the spectroscopic input 
data. A new retrieval has been performed using the new ADVANSE line parameters. 
These retrievals have been compared with an existing data set based on HITRAN 
2008 spectroscopic parameters: WFMDv3.0.2, which is WFMDv3.3 but without a 
posteriori correction based on simultaneously retrieved water vapour. This approach 
has been chosen (i) to find out if the a posteriori correction can be avoided in the 
future and (ii) to avoid possible interpretation issues related to the bias correction.  
 
Initially, we have corrected the data sets for a small global offset to better focus on 
spatio-temporal patterns. Note that this is not critical, as relative accuracy is much 
more important than absolute accuracy. Which of the two data sets has the better 
absolute accuracy is not clear, due to the lack of validation sites in 2004.  
 
We have compared global monthly maps and hemispheric time series based on 
monthly means. We found only small differences. The differences in the time series 
are typically much less than 2 ppb. The spatial differences in the monthly maps are 
on the order of 10 ppb (max. minus min.). The spatial patterns of the differences 
HITRAN-ADVANSE resemble the spatial patterns of atmospheric water vapour 
(r=0.7-0.8), with higher values in regions with high water vapour abundance, e.g., in 
the tropics. From this we conclude that the new ADVANSE methane line parameters 
are very likely slightly better for SCIAMACHY methane retrieval compared to HITRAN 
2008 because the tropical methane enhancement is less pronounced when using the 
new ADVANSE line parameters. However, due to the smallness of the effect a 
posteriori water vapour correction still seems to be advisable.  
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8.3. TANSO-FTS/GOSAT methane assessment 

 
In this section, the GOSAT retrieval algorithm developed by the University of 
Leicester is performed on a large number of GOSAT soundings using the new line 
parameter list produced as part of the ADVANSE project. These retrievals are 
compared with another set of retrievals which use the ‘original’ line parameter list. 
Apart from the different line parameters, the two sets of retrievals are identical. A 
brief description of the University of Leicester Proxy XCH4 Product introduces this 
section. The results are then presented in two parts: retrievals coincident with three 
of the TCCON sites (Lamont, Bialystok and Darwin) spanning the duration of the 
GOSAT dataset, and three month-long sets of retrievals covering the whole globe 
from August to October 2009. 

 The University of Leicester Proxy XCH4 Product 8.3.1.
The proxy XCH4 product analysed here is retrieved from GOSAT TANSO-FTS SWIR 
spectra using the University of Leicester Full-Physics Retrieval Algorithm, based on 
the original Orbiting Carbon Observatory (OCO) Full Physics Retrieval Algorithm, 
modified for use on GOSAT spectra. 
 
The retrieval algorithm uses an iterative retrieval scheme based on Bayesian optimal 
estimation to retrieve a set of atmospheric/surface/instrument parameters, referred to 
as the state vector, from measured spectral radiances (/Boesch et al. 2011/, 
/Connor et al. 2008/).The forward model, used to relate the state vector to the 
measured radiances, includes the LIDORT radiative transfer model combined with a 
fast 2-orders-of-scattering vector radiative transfer code (/Natraj et al. 2008/). In 
addition, we use the low-streams interpolation functionality of the code (/O’Dell 
2010/) to accelerate the radiative transfer component of the retrieval algorithm. 
 
CO2 is known to vary in the atmosphere much less than CH4 and as the CO2 
absorption band is spectrally close to that of CH4 we can use the CO2 as a proxy for 
the light path to minimize common spectral artefacts due to aerosol scattering and 
instrumental effect. CH4 and CO2 retrievals are carried out sequentially with channels 
at 1.65 μm and 1.61 μm respectively. In order to obtain a volume mixing ratio (VMR) 
of CH4, it is necessary to multiply the XCH4/XCO2 ratio by a model XCO2. We obtain 
the CO2 VMRs from the LMDZ model (/Chevallier et al. 2010/), convolved with 
scene-dependent instrument averaging kernels obtained from the GOSAT 1.6 µm 
CO2 retrieval. 
 
Only GOSAT soundings where both the pre-filtering (i.e. SNR > 50, land-only) and 
the initial cloud screening has been successful (i.e. surface pressure difference 
between O2-A band retrieval and ECMWF surface pressure is within 30 hPa) are 
processed to retrieve the proxy XCH4. The post-filtering criteria checks that the 
outcome of the retrieval was successful and that the χ2 values obtained were 
between 0.4 and 3.0 for the XCH4 retrieval and 0.4 and 2.0 for the XCO2 retrieval. 
 
The absorption coefficients used in the University of Leicester Proxy CH4 Product are 
based on the same line list as that used in the TCCON retrievals. The CH4 2ν3 band 
uses the line parameters from /Frankenberg et al. 2008/, whilst the parameters for 
the CO2 lines used are from /Toth et al. 2008/. The water vapour line data is taken 
from /Toth 2005/ and /Jenouvrier et al. 2007/.  
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 XCH4 retrieved over TCCON sites at Lamont, Bialystok and Darwin 8.3.2.

Figures 8-3-1 to 8-3-3 inclusive summarise the time series retrieved from 
observations spatially coincident with TCCON sites at Lamont, Bialystok and Darwin. 
In each case the following results are plotted in the top panels of each figure: 

- Retrieved XCH4 (ADVANSE lines and original lines); 
- Retrieved XCO2 (ADVANSE lines and original lines); 
- Retrieved proxy XCH4 (ADVANSE lines and original lines); 
- Χ2 values for both the retrieved XCH4 and the retrieved XCO2 (ADVANSE lines and 

original lines). 

As discussed in the previous section, the ‘original’ line parameters are those in the 
TCCON line list which the University of Leicester use as standard to produce their 
proxy methane retrieval products. The set of four panels in the bottom left of each 
Figure shows the difference between the ADVANSE and the original retrievals, whilst 
the bottom right panel shows the relationship between the original and ADVANSE 
proxy methane values. A linear fit is performed on each of these scatter plots, 
producing the fit coefficients listed in Tab. 8-3-1. Table 8-3-1 also lists the correlation 
coefficient (which is very close to 1 in each case), and the mean difference between 
the two sets of retrievals. The mean difference in retrieved methane (via the proxy 
method) is -1.0, -1.5 and -0.6 ppbv for Lamont, Bialystok and Darwin respectively. 
 
Figure 8-3-4 shows histograms of the difference in χ2 value obtained when using the 
ADVANSE-II line parameters instead of the original line parameters. The mean, 
median and standard deviation of the difference in χ2 are listed in Table 8-3-2 for 
each of the three TCCON sites. The changes are small compared with typical χ2 
values for this data set (between 0.5 and 1.5), suggesting that there is no dramatic 
improvement in the retrieval quality gained as a result of using the new line 
parameters. Figure 8-3-5 shows the relationship between solar zenith angle (which is 
analogous to the air mass factor) and the difference between the two sets of proxy 
methane retrievals for each TCCON site. There is some (site dependent) correlation 
between the cosine of solar zenith angle and the difference in retrieved methane. 
The linear fit coefficients for these scatter plots are listed in Table 8-3-3, along with 
the correlation coefficients.   
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Figure 8-3-1: Retrievals of XCH4 from GOSAT soundings close to Lamont. Top left: 
ADVANSE; top right: original; bottom left: ADVANSE - original; bottom right: original vs. 
ADVANSE scatter plot. 
 

 
Figure 8-3-2: Retrievals of XCH4 from GOSAT soundings close to Bialystok. Top left: 
ADVANSE; top right: original; bottom left: ADVANSE - original; bottom right: original vs. 
ADVANSE scatter plot. 
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Figure 8-3-3: Retrievals of XCH4 from GOSAT soundings close to Darwin. Top left: 
ADVANSE; top right: original; bottom left: ADVANSE - original; bottom right: original vs. 
ADVANSE scatter plot. 

 
Y = A + BX Lamont Bialystok Darwin 

No. points 5998 2280 2384 

Correlation 0.9992 0.9989 0.9991 

A 10.34 9.973 -2.319 

Sigma(A) 0.9194 1.753 1.499 

B 0.9937 0.9936 1.001 

Sigma(B) 0.0005129 0.0009806 0.0008514 

Mean(ΔXCH4) -1.031 -1.486 -0.6492 

Std(ΔXCH4) 0.6026 0.6836 0.4336 

Table 8-3-1: Statistics for the XCH4 retrievals from soundings coincident with the three 
TCCON sites investigated. ∆XCH4 = XCH4 retrieved using ADVANSE line parameters – 
XCH4 retrieved using original line parameters. 
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Figure 8-3-4: Histograms showing the shift in χ2 between the ADVANSE and the original 
retrievals for each of the three TCCON sites considered. 

 
Lamont Bialystok Darwin

XCH4 
(mean, std 

dev, 
median) 

-0.001021
0.008646 

-0.0007033 
-0.001250
0.008672 
-0.001046 

0.0008552 
0.008868 
0.0008298 

XCO2 
(mean, std 

dev, 
median) 

0.001282
0.01147 
0.001785 

0.001154
0.01238 
0.001119 

0.004977 
0.01161 
0.004893 

Table 8-3-2: Statistics for the shifts in χ2 shown in Figure 8-3-4. 
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Figure 8-3-5: Scatter plots showing the relationship between solar zenith angle and ∆XCH4 
for each of the three TCCON sites considered. 

 
 
 

Y = A + BX Lamont Bialystok Darwin 

Correlation 
Coeff. 

0.3920 0.5072 0.1604 

A 

Sigma(A) 

-2.050 

0.03230 

-2.807 

0.04931 

-1.414 

0.09718 

B 

Sigma(B) 

1.376 

0.04253 

2.029 

0.07234 

0.8829 

0.1118 

Table 8-3-3: Statistics for the linear fits of ∆XCH4 vs. the cosine of solar zenith angle shown 
in Figure 8-3-5. 
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 XCH4 retrieved globally from August to October 2009 8.3.3.

Figures 8-3-6 to 8-3-10 inclusive are the same as Figures 8-3-1 to 8-3-5, except in 
this case three global monthly datasets are shown. These Figures (along with the 
corresponding Tables) show that the reduction in retrieved methane observed when 
using the ADVANSE line parameters applies on a global scale when considering the 
average difference, which varies between -0.68 and -0.62 ppbv during the three 
months considered here. Figures 8-3-11 to 8-3-13, however, show that there are 
regional variations in the difference between the two retrievals. In particular, it is clear 
that the retrieved methane is in fact increased by using the ADVANSE line 
parameters over desert regions (particularly the Saharan and Arabian deserts), 
whereas a decrease is generally observed over all other regions. The majority of 
changes in retrieved methane concentration are within ±2 ppbv.  
 

 
Figure 8-3-6: Retrievals of XCH4 from global GOSAT soundings during August 2009. Top 
left: ADVANSE; top right: original; bottom left: ADVANSE - original; bottom right: original vs. 
ADVANSE scatter plot. 
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Figure 8-3-7: Retrievals of XCH4 from global GOSAT soundings during September 2009. 
Top left: ADVANSE; top right: original; bottom left: ADVANSE - original; bottom right: original 
vs. ADVANSE scatter plot. 

 

 
Figure 8-3-8: Retrievals of XCH4 from global GOSAT soundings during October 2009. Top 
left: ADVANSE; top right: original; bottom left: ADVANSE - original; bottom right: original vs. 
ADVANSE scatter plot. 

  



Institute of Environmental Physics 
(IUP), University of Bremen (UB), 
Bremen, Germany 

ESA Project ADVANSE 
Phase 2 Final Report 

                               Page:  104
             Date: 11 Nov 2013  

Version: 1

 

104 
 

 
Y = A + BX 08/2009 09/2009 10/2009 

No. points 21469 18581 17849 

Correlation 0.9992 0.9993 0.9992 

A -11.57 -2.333 -2.020 

Sigma(A) 0.4933 0.4985 0.5252 

B 1.006 1.001 1.001 

Sigma(B) 0.0002775 0.0002799 0.0002946 

Mean(ΔXCH4) -0.6766 -0.6523 -0.6190 

Std(ΔXCH4) 1.050 0.9682 1.013 

Table 8-3-4: Statistics for the global XCH4 retrievals using soundings from August to October 
2009. ∆XCH4 = XCH4 retrieved using ADVANSE line parameters – XCH4 retrieved using 
original line parameters. 

 

 

 
Figure 8-3-9: Histograms showing the shift in χ2 between the global ADVANSE-II and 
original retrievals for three months in 2009. 
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 08/2009 09/2009 10/2009 

XCH4 
(mean, 
std dev, 
median) 

0.001158 

0.007524 

0.001084 

0.001053 

0.007719 

0.0009584 

0.0007340 

0.007770 

0.0006551 

XCO2 
(mean, 
std dev, 
median) 

0.003227 

0.01012 

0.002934 

0.003455 

0.01029 

0.003212 

0.002772 

0.01066 

0.002601 

Table 8-3-5: Statistics for the shifts in χ2 shown in Figure 8-3-9. 
 

 

 
Figure 8-3-10: Scatter plots showing the relationship between solar zenith angle and global 
∆XCH4 for three months in 2009. 
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Y = A + BX 08/2009 09/2009 10/2009 
Correlation 

Coeff. 
0.5708 0.5745 0.3892

A 
Sigma(A) 

-4.071
0.03384 

-3.563
0.03098 

-2.449
0.03317 

B 
Sigma(B) 

4.166
0.04090 

3.652
0.03818 

2.436
0.04316 

Table 8-3-6: Statistics for the linear fits of ∆XCH4 vs. the cosine of solar zenith angle shown 
in Figure 8-3-10. 

 

 
Figure 8-3-11: Global maps of XCH4 retrievals for August 2009. Top left: using ADVANSE 
line parameters; top right: using original line parameters; bottom: difference between the two. 
The data has been binned into 2°x2° regions. 
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Figure 8-3-12: Global maps of XCH4 retrievals for September 2009. Top left: using 
ADVANSE line parameters; top right: using original line parameters; bottom: difference 
between the two. The data has been binned into 2°x2° regions. 

 

 
Figure 8-3-13: Global maps of XCH4 retrievals for October 2009. Top left: using ADVANSE 
line parameters; top right: using original line parameters; bottom: difference between the two. 
The data has been binned into 2°x2° regions. 
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 Summary and conclusions 8.3.4.

 
In order to assess the impact of the ADVANSE line parameters on GOSAT methane 
retrievals, methane concentrations have been retrieved from the following GOSAT 
spectral measurements: 
 GOSAT measurements from the whole mission duration coincident with three 

TCCON sites: Lamont, Bialystok and Darwin. These sites represent the full range 
of different latitudes covered by the GOSAT dataset, and by using the full mission 
duration it is possible to investigate any seasonality in the effect of using new line 
parameters. 

 GOSAT measurements covering the whole globe for a three month period in 2009 
(August – October inclusive). This dataset has been chosen to provide a global 
picture of the impact of the new line parameters, and to highlight any regional 
variations in the impact. 

The retrieval is run assuming both the TCCON line parameter dataset (which the 
University of Leicester use as standard in their proxy methane retrievals) and the new 
ADVANSE line parameter dataset. All other aspects of the retrieval have been 
treated identically, including the pre-filtering (e.g. SNR > 50), cloud screening and 
post-filtering (e.g. χ2 maximum and minimum thresholds). 
 
For the majority of GOSAT observations considered, the retrieved methane 
concentration is reduced slightly when using the ADVANSE line parameters. 
Globally, the average reduction is around 0.6 ppbv, though there is some 
dependence on region and solar zenith angle (solar zenith angles further from 0° 
result in slightly stronger reductions in retrieved methane when using the ADVANSE 
parameters). Notable exceptions to this overall picture include the Saharan and 
Arabian desert regions, where using the ADVANSE line parameters in the retrieval 
leads to an increase in the retrieved methane concentration. Overall, the changes in 
retrieved methane are small (within ±2 ppbv) regardless of location, and the quality of 
the retrievals (as quantified by the χ2 values) is not changed significantly either. 
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9. Evaluation using ground-based TCCON retrievals 

9.1. Overview 
In this section results from an assessment of the new methane line parameters are 
reported based on TCCON retrievals. This activity was originally not planned and is a 
voluntary unfunded contribution of Nicholas Deutscher, IUP-UB. 

9.2. TCCON methane retrievals 
The Total Carbon Column Observing Network (TCCON) is a global network of 
ground-based sites measuring near infrared solar absorption spectra. Analysis of 
these spectra allows retrieval of column amounts of CO2, CH4, CO, N2O, H2O, HDO, 
HF and O2. The retrieval of O2, whose atmospheric abundance is well known, provide 
a network internal standard as well as calculation of column-average dry-air mole 
fractions of the other gases. TCCON is explained in detail in /Wunch et al., 2011/. A 
standardised measurement and retrieval approach allows minimisation of inter-site 
biases, meaning that TCCON is extensively used as the standard for validation of 
satellite measurements of CO2 and CH4. For methane, comparison to coincident 
profile in situ measurements on board aircraft illustrates that there is a network wide 
precision of approximately 7 ppb (2-sigma), and a single calibration factor of 0.976 is 
necessary to bring the xCH4 into agreement with in situ measurements. The majority 
of this 2.4% bias is likely due to spectroscopic errors. 
 
Standard spectra acquired within TCCON cover the spectral range from 4000 cm-1 to 
10 000 cm-1 (1 - 2.5 micron) at 0.02 cm-1 resolution. Methane is retrieved from these 
spectra from the 1.6 micron band, using three retrieval windows corresponding to the 
P-, Q-, and R-branches of this 2ν3 band. The details of the retrieval windows and 
interfering gases are summarised in Table 9-1. 
 
Table 9-1. Retrieval Windows used for Standard TCCON Methane Fitting 
Microwindow 
Number 

Designation/ Central 
Wavenumber (cm-1) 

Wavenumber 
Range (cm-1) 

Fitted 
parameters* 

Interfering 
Gases 

1 5938 5880.00 – 5996.00 cl, ct, fs, so CO2, H2O, N2O 
2 6002 5996.45 – 6007.55 cl, ct, fs, so CO2, H2O, HDO 
3 6076 6007.00 – 6145.00 cl, ct, fs, so CO2, H2O, HDO 
*cl = continuum level,  
ct = continuum tilt,  
fs = frequency shift,  
so = solar lines 

 
TCCON retrievals are performed using the profile-scaling retrieval routine GFIT. 
GFIT, developed by Geoffrey Toon at NASA-JPL, is a non-linear least-squares 
spectral fitting routine that scales an a-priori profile that produce the best match 
between a calculated and the measured spectrum.  For methane, where three fit 
windows are used, biases in the retrieved columns between the windows are 
calculated and corrected, before a weighted-mean vertical column is calculated. All 
subsequent processing is done using this mean value. Firstly, it is ratioed to the 
retrieved O2 vertical column to create an xCH4. This xCH4 is calculated for a known 
airmass-dependent biomass that is at least partly spectroscopic in origin. Following 
the airmass correction, the final correction is for the calibration factor of 0.976 
necessary to make the measurements comparable to the in situ scale. 
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TCCON uses a spectroscopic line list (atm.101) largely based on HITRAN 2004 and 
2008 /Rothman et al, 2008/. For CH4, the 2v3 band on which the TCCON retrievals 
are based uses Frankenberg 2008, with weak CH4 line from 6180 - 6220 provided by 
Linda Brown. CO2 lines above 4300 cm-1 come from /Toth 2008a/, and H2O from 
/Toth 2005/, in addition to hundreds of weak H2O lines identified in humid high 
airmass spectra, many of which have been subsequently assigned and identified by 
either /Jenouvrier et al., 2007/ or Iouli Gordon /Gordon/. 

The uncertainties reported with individual TCCON xCH4 values are determined in the 
following manner: Each spectral retrieval has an associated error, determined from 
the root-mean-square residual to the fit and the continuum level intensity. For the 
mean column this is again a weighted average between the retrieval windows, but 
consists of not only a random, but also a systematic component. The systematic 
component is at least partially removed via the calibration factor, meaning that the 
error derived from the RMS fits overestimates the measurement reproducibility. To 
determine the spectrum-to-spectrum variability, the average standard deviation over 
a Gaussian half-width period of 5 minutes is calculated to derive an "Error Scaling 
Factor" by which to scale the RMS-derived errors. 

To assess the new ADVANSE line parameters using TCCON data we choose six 
TCCON sites: Darwin and Wollongong, Australia, Bremen, Germany, Orleans, 
France, Bialystok, Poland and Ny Alesund, Spitsbergen. These cover a range from 
southern hemisphere mid-latitudes through the tropics and northern extra-tropics to 
high polar latitudes. The site details are given in Table 9-2.  

Table 9-2. Sites used for assessment of TCCON retrievals using the new ADVANSE CH4 line 
parameters 
Site Latitude Longitude Altitude [m] Operational 
Wollongong 34.4°S 150.9°E 30 2008 - 
Darwin 12.4°S 130.9°E 30 2005 - 
Orleans  2.1°E  2009 - 
Bremen 53.1°N 8.9°E 27 2004 - 
Bialystok 53.2°N   2009 - 
Ny Alesund 78.9°N 11.9°E  2004 - 

 
Spectra for the full year 2010 are used for each site, while the full year 2004 is also 
used for Ny Alesund and Bremen. This is designed to provide overlap with the 
reanalysed GOSAT and SCIAMACHY years. The spectra are fitted with both the 
standard TCCON line parameters and the ADVANSE CH4 line parameters. For the 
ADVANSE test, all TCCON CH4 line parameters between 5934 - 6153 cm-1 are 
removed and replaced with the newly generated ADVANSE parameters, while all 
other gases are unchanged. All other aspects of the retrieval setup are also not 
varied between the TCCON and ADVANSE fits. 
 

9.3. TCCON assessment using new line parameters 
Figure 9-1 shows the retrieved column CH4 from TCCON spectra using the 
ADVANSE and TCCON line parameters, and their differences. In this instance, we 
present the average across the three retrieval windows. The differences are generally 
small, on the order of ±0.3% of the retrieved column amount, but there is some 
apparent seasonality in the difference – TCCON line parameters yield higher 
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columns in the winter and ADVANSE line parameters yield higher CH4 columns in the 
summer. 
 

Figure 9-1. Retrieved TCCON and ADVANSE CH4 columns for 2010 from all TCCON sites used 
in this study. Retrieved column CH4 for (from top-left) Ny Alesund, Bialystok, Bremen, Orleans, 
Darwin and Wollongong and their differences. Difference as defined here (and the other figures 
discussed in this section) are ADVANSE – TCCON line list. 
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Figure 9-2 shows the decomposition of these fit results by the individual windows for 
Bialystok. The differences for the 5938 cm-1 window are very similar to those for the 
average. The differences are greatest for the 6002 cm-1 window at ±1%, while the 
6076 cm-1 window shows the least seasonal variability. These results are consistent 
across all the sites used in this study. 
 
The retrieved xCH4 for Bialystok in 2010 with TCCON and ADVANSE line 
parameters is shown in Figure 9-3 as a function of time and solar zenith angle (SZA). 
The xCH4 differences are mostly within ±5 ppb (0.3%), within the uncertainties of 
TCCON xCH4 retrievals. The differences appear to be largely driven by different 
SZA-dependencies. The data shown here are all corrected using the TCCON 
standard airmass-dependent correction. The TCCON xCH4 airmass correction serves 
to ‘flatten’ an apparent increase of xCH4 with increasing solar zenith angle (i.e. a 
‘smile’ in the daily xCH4), therefore the higher xCH4 at lower SZAs in the ADVANSE 
parameters implies an over-correction of any airmass-dependent effect, and overall a 
smaller airmass dependence in the ADVANSE line parameters compared to those 
used by TCCON. This is confirmed in the lowest panel of Figure 9-3, which shows 
the Bialystok retrieved xCH4 values without airmass correction or calibration factors 
applied. While the figures showing the xCH4 variation with airmass are complicated 
by the real variability of methane throughout the year, the uncorrected data show a 
visibly smaller slope for the ADVANSE line parameters. 

Figures 9-4 and 9-5 show the xCH4 comparison time series and solar zenith angle 
dependence for the ADVANSE and TCCON line parameters for all six TCCON sites 
used in this study. The behaviour is quite consistent between all sites, with 
ADVANSE line parameters yielding xCH4 values 5 ppb higher at low zenith 
angles/airmasses, switching to up to 5ppb lower at high airmasses. 
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Figure 9-2. Bialystok CH4 columns by fit 
window.  
These three panels show the retrieved columns 
and their differences for each of the TCCON 
standard retrieval windows – top: 5938; middle: 
6002; lower: 6076. 

 
Figure 9-3. Bialystok xCH4 amounts with the 
TCCON and ADVANSE line parameters. Column-
average dry-air mole fractions (xCH4) retrieved with 
the TCCON and ADVANSE line parameters, and 
the differences between them. The upper figure 
shows the 2010 time series at Bialystok, while the 
middle panel shows the retrievals and differences 
as a function of solar zenith angle. Both sets of 
results here are processed using the standard 
TCCON correction for airmass dependence and 
calibration to WMO scales. The lowest panel shows 
the retrieved xCH4 as a function of solar zenith 
angle when no correction or calibration is applied. 
Differences are shown for all spectra, while xCH4 is 
only shown for spectra that passed quality control. 
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Figure 9-4. Retrieved TCCON and ADVANSE xCH4 time series. Retrieved xCH4 for (from top-left) 
Ny Alesund, Bialystok, Bremen, Orleans, Darwin and Wollongong and their differences. 
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Figure F-5. Retrieved TCCON and ADVANSE xCH4 versus solar zenith angle for all TCCON sites 
used in this study. Retrieved column CH4 for (from top-left) Ny Alesund, Bialystok, Bremen, Orleans, 
Darwin and Wollongong and their differences. 
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The TCCON post-processing calculates the average bias between the retrievals from 
the individual retrieval windows, and corrects for this before calculating a weighted-
average. Table 9-3 summarises these biases between windows using both the 
TCCON and ADVANSE line parameters. The differences are small, but in general the 
ADVANSE parameters show better consistency between the windows, illustrated by 
calculated biases closer to 1.000. Table 9-4 summarises the mean RMS residuals for 
each fit window for both sets of line parameters. The 5938 cm-1 windows are 
extremely consistent between the two sets of parameters. The 6002 cm-1 and 6076 
cm-1 residuals are generally the same or slightly better for the TCCON parameters. 

 

Table 9-4. Mean Fit residuals using TCCON and ADVANSE line parameters 
Site TCCON ADVANSE 

5938 6002 6076 5938 6002 6076 
Wollongong 0.367 0.453 0.326 0.367 0.458 0.334 
Darwin 0.380 0.443 0.326 0.380 0.462 0.332 
Orleans 0.362 0.488 0.322 0.363 0.486 0.333 
Bremen 0.373 0.470 0.322 0.373 0.479 0.330 
Bialystok 0.370 0.514 0.341 0.370 0.509 0.351 
Ny Alesund 0.503 0.665 0.448 0.505 0.626 0.455 

 
Due to the fact that some features of the fitting residuals are systematic from 
spectrum-to-spectrum, TCCON calculates and uses an "Error Scaling Factor (ESF)" 
to report realistic uncertainties for xCH4 values. This is calculated via the mean 5-
minute standard deviation of xCH4 values - a time period during which we do not 
expect real geophysical variations in xCH4. The mean uncertainties in the final xCH4 
values yielded from each set of line parameters are summarised in Table 9-5. Apart 
from at Darwin, the ADVANSE parameters yield a lower mean uncertainty, reflecting 
a marginally improved retrieval repeatability in comparison to the TCCON parameters 
despite the slightly worse average RMS values.  
 
Table 9-5. Mean uncertainties in corrected, calibrated xCH4 (ppb) 
Site TCCON ADVANSE 
Wollongong 2.05 2.01 
Darwin 1.48 1.49 
Orleans 1.25 1.24 
Bremen 1.40 1.38 
Bialystok 1.72 1.71 
Ny Alesund 3.38 3.37 

 

Table 9-3. Biases between retrieval windows with TCCON and ADVANSE line parameters 
Site TCCON ADVANSE 

5938 6002 6076 5938 6002 6076 
Wollongong 0.995±0.011 0.998±0.013 1.004±0.009 0.996±0.011 1.002±0.013 1.002±0.010 
Darwin 0.996±0.013 0.999±0.014 1.003±0.010 0.996±0.013 1.004±0.015 1.000±0.011 
Orleans 0.992±0.011 0.999±0.015 1.007±0.010 0.992±0.011 1.003±0.015 1.005±0.010 
Bremen 0.994±0.011 0.995±0.013 1.006±0.009 0.995±0.011 0.999±0.014 1.004±0.009 
Bialystok 0.992±0.011 0.999±0.015 1.007±0.010 0.993±0.011 1.002±0.015 1.005±0.010 
Ny Alesund 0.983±0.016 1.005±0.020 1.010±0.014 0.984±0.016 1.005±0.019 1.010±0.014 
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Figure 9-6 shows an example fit to a Bialystok spectrum for each of the TCCON 
windows using both the TCCON and ADVANSE line parameters. The largest 
differences between the line lists occur in the 6002 cm-1 window, consistent with 
where the largest differences in retrieved CH4 columns are observed. These are most 
noticeable around the Q(6) line at 6002.5 cm-1. Here the ADVANSE parameters 
appear to provide a better fit in the wings of the line. For both sets of line parameters 
there are still outstanding features in the residuals that correspond to CH4 lines. 
 

 

Figure 9-6. Comparison of TCCON and 
ADVANSE CH4 fit residuals.  

The displayed fits are for spectrum 
bi20100228sjffaa.108 from Bialystok on February 
28, 2010 at 11:01 UT with solar zenith angle of 
61.30°. In each panel, the upper plot shows the 
percentage residual for the TCCON fit in thick blue 
and for ADVANSE in red. The measured spectrum 
is shown in black, and the TCCON and ADVANSE 
calculated fit spectra in blue and red, respectively. 
The CH4 component of the fit for each linelist is 
also shown.
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9.4. Summary and conclusions 
TCCON spectra from six sites covering southern hemisphere mid-latitudes to high 
arctic have been used to assess the new ADVANSE line parameters. Comparisons 
to retrievals using the existing TCCON line parameters show that the differences in 
retrieved xCH4 values are small, but up to 5 ppb (0.3%), which is on the order of the 
precision of the TCCON retrievals. TCCON retrievals fit the P,Q and R branches of 
the 2ν3 band separately, and the largest differences are seen in the Q-branch, where 
the different linelists yield retrieved columns that diverge by up to 1%. This behaviour 
is consistent across all sites studied, and each site shows that the differences that 
occur predominantly track solar zenith angles. Indeed, the ADVANSE parameters 
appear to exhibit a marginally reduced airmass dependence in comparison to the 
current TCCON linelist. In addition, the ADVANSE parameters show improved 
consistency between the three fit windows, and a slightly better measurement-to-
measurement repeatability. 
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10. Appendix A: Assigned lines of main CH4 isotope 
 
Transition Symmetry Line position 
  HITRAN 2008  
P(10) 9F 10F 

9A1 1 
9E 10E 
9F 10F 
9F 10F 
9F2 
9E 
9F1 

5891,0652 
5891,0676 
5891,0695 
5891,3418 
5891,3784 
5891,5826 
5891,6159 
5891,6452 

 

P(9) 8F 9F 
8F 9F 
8F 9F 
8E 9E 
8F 9F 
8A2 1 
8F 9F 
8F 9F 
8A1 1 

5902,9488 
5902,9645 
5903,1035 
5903,1591 
5903,18 
5903,2861 
5903,3376 
5903,3654 
5903,3857 

 

P(8) 7A2 
7F2 
7E 
7F1 
7F2 
7E 
7F1 

5914,7515 
5914,7651 
5914,7762 
5914,9181 
5915,0006 
5915,0461 
5915,0631 

 

P(7) 6F1 
6F2 
6A1 
6F1 
6E 
6F2 

5926,4662 
5926,4837 
5926,5755 
5926,625 
5926,6482 
5926,6785 

 

P(6) 5E 
5F1 
5A1 
5F1 
5F2 
5A2 

5938,0571 
5938,0661 
5938,0947 
5938,1676 
5938,1901 
5938,2086 

 

P(5) 4F2 
4F1 
4F2 
4E 

5949,5276 
5949,5526 
5949,61 
5949,6214 

 

P4 3A2 
3F2 
3E 
3F1 

5960,867 
5960,8837 
5960,8975 
5960,9339 

 

P3 2F2 
2F1 
2A1 

5972,096 
5972,1136 
5972,1347 

 

P(2) 1E 
1F1 

5983,1839 
5983,1942 

 

P(1) 0F2 5994,1451  
    
Q(10) 10F 10F 0 

10F 10F 0 
10F 10F 0 
10A2 1 10A1 
10F 10F 0 
10F 10F 0 
10F 10F 0 
10A1 1 10A2 
10E 2 10E 

5998,2112 
5998,2304 
5998,2426 
5998,2804 
5998,3198 
5998,3348 
5998,4396 
5998,4419 
5998,4427 

 

Q(9) 9F1 2 
9A1 1 
9F2 3 
9F2 2 
9A2 1 
9E 1 
9F1 1 
9F2 1 

5999,4743 
5999,481 
5999,4921 
5999,5138 
5999,527 
5999,541 
5999,6254 
5999,6343 

 

Q(8) 8E 1 6000,6368  
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8F1 1 
8F2 1 
8F1 2 
8E 2 
8A2 1 
8F2 2 

6000,6434 
6000,6635 
6000,6749 
6000,7373 
6000,7484 
6000,7507 

Q(7) 7F1 2 
7F2 2 
7A1 1 
7F2 1 
7E 1 
7F1 1 

6001,6524 
6001,6646 
6001,6752 
6001,6841 
6001,7389 
6001,7416 

 

Q(6) 6A 6A 
6F 6F 
6F 6F 
6F 6F 
6A 6A 
6E 6E 

6002,5172 
6002,5253 
6002,5367 
6002,5862 
6002,5922 
6002,5969 

 

Q(5) 5E 1 
5F2 2 
5F1 1 
5F2 1 

6003,2472 
6003,254 
6003,2987 
6003,3111 

 

Q4 4F1 1 
4F2 1 
4E 1 
4A2 1 

6003,837 
6003,8714 
6003,883 
6003,8928 

 

Q3 3A1 1 
3F2 1 
3F1 1 

6004,293 
6004,3133 
6004,3291 

 

Q(2) 2F1 1 
2E 1 

6004,6435 
6004,6527 

 

Q(1) 1F2 1 6004,8632  
R0 1A2 6015,6643  
R(1) 2F2 6026,2274  
R2 
 

3E -2E 
3F1 – 2F2 

6036.653600 
6036.658400 

 

R3 4F1 
4F2 
4A1 

6046,942 
6046,9527 
6046,9647 

 

R4 5E 
5A2 
5F2 
5F1 

6057,0778 
6057,0861 
6057,0998 
6057,1273 

 

 R5 6F1 
6F2 
6E 
6F2 

6067,0816 
6067,0997 
6067,1485 
6067,157 

 

R6 7E 
7F1 
7A1 
7F2 
7F1 
7A2 

6076,928 
6076,935 
6076,954 
6077,0283 
6077,0466 
6077,0636 

 

R7 8F2 
8F1 
8A1 
8F1 
8E 
8F2 

6086,6229 
6086,635 
6086,7454 
6086,7797 
6086,7994 
6086,8307 

 

R8 9F2 
9A2 
9E 
9F1 
9F2 
9E 
9F1 

6096,1665 
6096,1743 
6096,1809 
6096,3727 
6096,4244 
6096,4856 
6096,5015 

 

R9 10F2 9F1 
10F1 9F2 
10F 9F  
10A2 9A1 
10E 9E  
10F2 9F1 
10F1 9F2 
10A1 9A2 

6105,6259 
6105,6261 
6106,0402 
6106,0505 
6106,1943 
6106,2205 
6106,252 
6106,2841 
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11. Appendix B: Assigned lines of the 13CH4 isotope 
 
Transition Symmetry Line position 
  HITRAN 2008  
 P(8) 7F1 5898,2489  
P(7) 6F2 

6F1 
6A1 
6F1 
6E  
6F2 

5909,3435 
5909,3769 
5909,52 
5909,6052 
5909,6455 
5909,6957 

 

P(6) 5 
5F1 
5F2 
5A2 

5920,8542 
5921,0292 
5921,0701 
5921,098 

 

P(5) 4F2 
4F1 
4E 
4F2 

5932,2274 
5932,2964 
5932,3714 
5932,3911 

 

P(4) 3A2 
3F2 
3E 
3F1 

5943,4888 
5943,5193 
5943,538 
5943,607 

 

P(3) 2F1 
2A1 

5954,6862 
5954,7239 

 

P(2) 1E 
1F1 

5965,665 
5965,6853 

 

P(1) 0F2 5976,5629  
Q(8) 8F1 

8E 
8F2 
 
8E 
8E 
8E 

5982,9644 
5982,9886 
5983,1352 
 
5983,6288 
5983,6288 
5983,6288 

 

Q(7) 7F2 
7E 
7F1 
7A1 
7F1 

5983,9415 
5984,0185 
5984,0512 
5984,0889 
5984,3828 

 

Q(6) 6A2 
6F2 
6 6 
6 6 

5984,7976 
5984,8362 
5985,0922 
5985,1154 

 

Q(5) 5F2 
5E 
5F1 
5F2 

5985,5529 
5985,5743 
5985,7133 
5985,7513 

 

Q(4) 4E 
4F1 
4F2 
4A2 

5986,1465 
5986,2388 
5986,2674 
5986,2963 

 

 Q(3) 3A1 
3F1 

5986,6118 
5986,6604 

 

Q(2) 2F1 5986,993  
Q(1) 1F2 5987,2184  
R(0) 1A2 5997,9618  
R(1) 2F2 6008,4684  
R(2) 3E 

3E 
6018,8404 
6018,8404 

 

R(3) 4F2 
4F1 
4A1 

6029,0676 
6029,0828 
6029,1064 

 

R(4) 5A2 – 4A2 
5F2-4F1 
5F1 -4F2 

6039.153700 
6039.1695 
6039.2332 

 

R(5) 6F2 
6F1 

6049,1235 
6049,1582 
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6F2 6049,2448 
R(6) 7E 

7E 
7A1 
7F1 
7F2 
7A2 

6058,9526 
6058,9526 
6059,0037 
6059,1183 
6059,149 
6059,1757 

 

R(7) 8A1 
8F1 
8E 
8F2 

6068,9151 
6068,9873 
6069,0215 
6069,084 
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12. Appendix C: Symmetry of some assigned CH4 lines 
 
 

 Upper vibrational state rotational state  
  Upper Lower Wavenumber 
 V’ Cv’ P J C N P J C N  

2v3 P1     
2v3 Q     
2v3 R0 0020 F2 4  1  A2 18 0  0  A1    1    6015.3414 
2v3 R1 0020 F2 4  2  F2  81 0  1  F1    1    6026.2271 
     
2v3 R3 0020 F2 

 
4 F2            
4 F1            
4 A1            

      3 F1   1 
      3 F2   1 
      3 A2   1 

6046.942770 
6046.952120 
6046.964700 

     
2v3 R4 0020 F2 5 A2  

5 F2       
5 E     
5 F1   

      4 A1   1 
      4 F1   1 
      4 E     1 
      4 F2   1 

6057.080208 
6057.093574 
6057.100329 
6057.126432 

V' is upper vibrational state (presented lines are due to the transitions from ground vibrational state),  
Cv' is symmetry of upper vibrational state 
P polyad number, 
J is angular momentum quantum number, 
C is symmetry of a vibration-rotation state  
N is ranking number within (P J C) block of states  
 
/Nikitin et al./, /Lyulin et al., 2009/, /Wenger et al., 1998/
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13. Appendix D: SCIAMACHY monthly maps Jan-Dec 2004 

 

Figure D- 1: Comparison of WFMDv3.0.2 (based on HITRAN, top panel) and WFMDv3.0.2a (based 
on ADVANSE spectroscopy, middle panel) for January 2004. Also shown are the differences in the 
bottom panel as well as following numbers: d is the mean difference of the two datasets, s is the 
standard deviation of the differences, and r is the correlation coefficient.   
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Figure D-2: As Fig. D-1 but for February 2004.   
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Figure D-3: As Fig. D-1 but for March 2004.   
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Figure D-4: As Fig. D-1 but for April 2004.   
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Figure D-5: As Fig. D-1 but for May 2004.   
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Figure D-6: As Fig. D-1 but for June 2004.   
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Figure D-7: As Fig. D-1 but for July 2004.   
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Figure D-8: As Fig. D-1 but for August 2004.   
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Figure D-9: As Fig. D-1 but for September 2004.   
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Figure D-10: As Fig. D-1 but for October 2004.   
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Figure D-11: As Fig. D-1 but for November 2004.   

 



Institute of Environmental Physics 
(IUP), University of Bremen (UB), 
Bremen, Germany 

ESA Project ADVANSE 
Phase 2 Final Report 

                               Page:  135
             Date: 11 Nov 2013  

Version: 1

 

135 
 

Figure D-12: As Fig. D-1 but for December 2004.   
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14. Acronyms and abbreviations 
 
Acronym Meaning 
AOD Aerosol Optical Depth 
BESD Bremen optimal EStimation DOAS 
BL Boundary Layer 
CarbonSat Carbon Monitoring Satellite 
CS CarbonSat 
DOAS Differential Optical Absorption Spectroscopy 
DOF Degrees of Freedom 
ENVISAT Environmental Satellite 
FLEX Fluorescence Explorer 
FWHM Full Width at Half Maximum 
GHG Greenhouse Gas 
GOSAT Greenhouse Gases Observing Satellite 
GMES Global Monitoring for Environment and Securitiy 
GPP Gross Primary Production 
IUP-UB Institute of Environmental Physics (Institut für 

Umweltphysik), University of Bremen, Germany 
LPC Line Parameter Code 
LUT Look Up Table 
MODIS Moderate resolution Imaging Spectrometer 
MRD Mission Requirements Document 
NDVI Normalized Difference Vegetation Index 
OCO Orbiting Carbon Observatory 
OPAC Optical Properties of Aerosol and Clouds 
RFM University of Oxford Reference Forward Model 
RMSE Root Mean Square Error 
RTM Radiative Transfer Model 
SCIAMACHY Scanning Imaging Absorption Spectrometers for 

Atmospheric Chartography 
SCIATRAN Radiative Transfer Model under development at IUP 
SNR Signal to Noise Ratio 
SoW Statement of Work 
SSI Spectral Sampling Interval 
SSR Spectral Sampling Ratio 
TM-IUP Transmittance model IUP 
TOA Top of atmosphere 
TOC Top of canopy 
UK United Kingdom 
UoL University of Leicester, UK 
VCF Vegetation Chlorophyll Fluorescence 
VMR Volume Mixing Ratio 
WFM-DOAS Weighting Function Modified DOAS 
 
  



Institute of Environmental Physics 
(IUP), University of Bremen (UB), 
Bremen, Germany 

ESA Project ADVANSE 
Phase 2 Final Report 

                               Page:  137
             Date: 11 Nov 2013  

Version: 1

 

137 
 

15. Applicable documents 
 

The relevant SoW for this project: 

RD1: /SOW/ ESA EOP-SER, Development of a Prototype Processor to Retrieve CO2 
and CH4 Total Columns from SCIAMACHY Measurements with an Accuracy To 
Enable the Derivation of Sources and Sinks, Statement of work (SoW), reference 
ENVI-DTEX-EOPG-SW-08-0002, issue 1.0, July 2008. 

 

ADVANSE proposal (initial; valid for Phase 1): 

RD2: /ADVANSE Proposal/ M. Buchwitz et al., ADVANSE - An ADVANced retrieval 
system for greenhouse gases from SCIAMACHY on Envisat, Proposal to ESA 
prepared in response to Invitation to Tender (ITT) ESRIN/AO/1-5783/08/I-OL 
“Development of a Prototype Processor to Retrieve CO2 and CH4 Total Columns 
from SCIAMACHY Measurements with an Accuracy To Enable the Derivation of 
Sources and Sinks”, 22. Sept. 2008.  

 

ADVANSE Phase 2 proposal: 

RD3: /ADVANSE Phase 2 Proposal/ M. Buchwitz et al., ADVANSE Phase 2 
Proposal, 14 Feb. 2011.  

RD4: /Minutes ADVANSE Phase 2 Kick-off Meeting/ M. Buchwitz, Minutes 
ADVANSE Phase 2 kick-off Meeting, 4 Mar 2011. 
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