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Abstract. The next and current generations of methane-
retrieving satellite instruments are reliant on the Total Car-
bon Column Observing Network (TCCON) for validation.
Understanding the biases inherent in TCCON and satel-
lite methane retrievals is as important now as when TC-
CON started in 2004. In this study we highlight possible
biases between different methane products by assessing the
retrievals of the main methane isotopologue '>CHy4. Using
the TCCON GGG2014 retrieval environment, retrievals are
performed using five separate spectroscopic databases from
four separate TCCON sites (namely, Ascension Island, Ny-
Alesund, Darwin and Tsukuba) over the course of a year.
The spectroscopic databases include those native to TCCON,
GGG2014 and GGG2020; the high-resolution transmission
molecular absorption database 2016 (HITRAN2016); the
Gestion et Etude des Informations Spectroscopiques Atmo-
sphériques 2020 (GEISA2020) database; and the ESA Sci-
entific Exploitation of Operational Missions — Improved At-
mospheric Spectroscopy Databases (SEOM-IAS). We assess
the biases in retrieving methane using the standard TCCON
windows and the methane window used by the Sentinel-5
Precursor (S5P) TROPOspheric Ozone Monitoring Instru-

ment (TROPOMI) for each of the different spectroscopic
databases.

By assessing the retrieved '>CHy values from individual
windows against the standard TCCON retrievals, we find
bias values of between 0.05 and 2.5 times the retrieval noise
limit. These values vary depending on the window and TC-
CON site, with Ascension Island showing the lowest bi-
ases (typically < 0.5) and Ny-Alesund or Tsukuba show-
ing the largest. For the spectroscopic databases, GEISA2020
shows the largest biases, often greater than 1.5 across the TC-
CON sites and considered windows. The TROPOMI spec-
tral window (4190-4340cm™") shows the largest biases of
all the spectral windows, typically > 1, for all spectroscopic
databases, suggesting that further improvements in spectro-
scopic parameters are necessary. We further assess the sen-
sitivity of these biases to locally changing atmospheric con-
ditions such as the solar zenith angle (SZA), water vapour
and temperature. We find evidence of significant non-linear
relationships between the variation in local conditions and
the retrieval biases based on regression analysis. In general,
each site, database and window combination indicates dif-
ferent degrees of sensitivity, with GEISA2020 often showing
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the most sensitivity for all TCCON sites. Ny-Alesund and
Tsukuba show the most sensitivity to variations in local con-
dition, while Ascension Island indicates limited sensitivity.

Finally, we investigate the biases associated with re-
trieving '3CHy4 from each TCCON site and spectroscopic
database, through the calculation of § 13C values. We find
high levels of inconsistency, in some cases > 100 %o between
databases, suggesting more work is required to refine the
spectroscopic parameters of '>CHy.

1 Introduction

Methane is widely acknowledged to have a significant im-
pact on the global climate (IPCC, 2014), but the processes
via which it enters and is removed from the atmosphere are
still poorly understood, with bottom-up estimations (scaled-
up in situ measurements) of the global methane budget
not agreeing with top-down estimations (models) (Kirschke
et al., 2013; Saunois et al., 2020). This disconnect is one
of many reasons that has led to the development of multi-
ple satellite missions with the aim of improving the knowl-
edge of the global methane budget. The remote sensing
of methane is fundamentally dependent on inferring atmo-
spheric concentrations from the absorption of light at wave-
lengths unique to methane, otherwise known as spectral
lines. Methane, like all gases, is composed of a number of
isotopologues, for example '>CHy and '3CHy, forming the
main constituents. The position and intensity of the spec-
tral lines of these isotopologues are stored in large databases
known as spectroscopic databases (Gordon et al., 2017).
These databases are a considerable source of error in the re-
trieval of atmospheric methane abundances due to the un-
certainty in the position and the magnitude of these spectral
lines. The uncertainty is less with more abundant isotopo-
logues (for example '2CHy); however rarer isotopologues
(e.g. '3CHy) can have far more uncertainty. Differences in
the various available spectroscopic databases could lead to
significant differences between satellite estimates of methane
(Galli et al., 2012; Scheepmaker et al., 2016). Understanding
the spectroscopic differences in methane isotopologues is an
important step towards reducing these uncertainties in future
satellite measurements and further refining the databases.
The launch of the Sentinel-5 Precursor (S5P) satellite,
with the TROPOspheric Monitoring Instrument (TROPOMI)
instrument (Veefkind et al., 2012) and the future Sen-
tinel 5 (S5) mission with its Ultra-violet Visible Near-
infrared Shortwave-infrared (UVNS) instrument (Ingmann
et al., 2012) represent a significant advancement in space-
based greenhouse gas (GHG) remote sensing, building on a
decade of progress from the Greenhouse Gases Observing
Satellite (GOSAT) (Yoshida et al., 2013). Unlike GOSAT,
TROPOMI and UVNS exploit the 4190-4340cm~! spec-
tral range, which has not been explored in detail from
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previous space-based instruments for methane retrievals.
The SCanning Imaging Absorption spectroMeter for Atmo-
spheric CHartographY (SCIAMACHY) (Bovensmann et al.,
1999) on board Envisat was sensitive to this spectral range
but was plagued with detector issues (ice build-up). The
Measurements of Pollution in the Troposphere (MOPITT)
instrument (Drummond and Mand, 1996) is also sensitive
to this spectral range but is also affected by technical is-
sues and has never successfully retrieved methane in this
spectral window. The follow-on to GOSAT (GOSAT-2) also
uses this spectral range; processing for GOSAT-2 is cur-
rently ongoing. In addition, the wide spectral sensitivity of
the limb-viewing Canadian Atmospheric Chemistry Experi-
ment Fourier Transform Spectrometer (ACE-FTS) (Bernath
et al., 2005) includes this spectral window, but again the
methane products of ACE-FTS do not include retrievals in
this window. SSP-TROPOMI and S5-UVNS therefore rely
on spectroscopic parameters for which only limited experi-
ence is available in their application to space-based methane
retrieval instruments (Checa-Garcia et al., 2015; Galli et al.,
2012). The Total Carbon Column Observing Network (TC-
CON), although sensitive to this spectral range, has pri-
marily provided its methane abundances retrieved from the
6000 cm™~! spectral region, allowing for direct comparisons
with SCTAMACHY and GOSAT.

TCCON is a global network of 27 ground-based Fourier
transform spectrometers (FTSs) (Wunch et al., 2010), with
the primary aim of providing reference total column (a
weighted average value for a nadir-viewing profile) abun-
dances of numerous atmospheric species calibrated against
aircraft profiles (Wunch et al,, 2010, 2011), including
methane, for validation and cross-calibration purposes. TC-
CON operates in a wide spectral range (4000-11000cm™")
and records direct solar spectra. TCCON is currently one
of the key sources of reference data for the validation of
satellite-based GHG retrievals, e.g. the Orbiting Carbon
Observatory 2 (OCO-2), GOSAT and TROPOMI (Yoshida
etal., 2011; Crisp et al., 2012; Lorente et al., 2021). TCCON
instruments have both high spectral resolution (0.02cm™1),
and high signal-to-noise ratios (SNRs), and insensitivity to
atmospheric scattering due to direct solar-viewing geome-
try, thus making TCCON measurements higher quality than
satellite measurements and excellent comparison datasets for
satellite retrievals. TROPOMI and UVNS both have over-
lapping spectral windows with the wide spectral range of
TCCON within the short-wave infrared (SWIR) methane
absorption regions, 5970-6289 cm™! for UVNS and 4190
4340 cm™! for UVNS and TROPOMI.

When validating methane products from TROPOMI and
UVNS, retrievals using the 4190—4340cm~! window will
be compared with TCCON methane products generated us-
ing the standard TCCON windows (1) 5880-5996 cm~ L,
(2) 5996.45-6007.55 cm™~! and (3) 6007-6145cm™". There-
fore potential biases associated with the choice of fit win-
dows should be quantified and understood. Indeed, if the
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4190-4340cm~! window proves to be as accurate as the
standard TCCON windows, then there is justification to
integrate TCCON retrievals from this window into future
TCCON retrieval products. In addition, numerous algo-
rithms will be used to provide methane data products from
TROPOMI-UVNS (Hu et al., 2016; Schneising et al., 2019),
which may use differing spectroscopic databases and are
therefore subject to differing biases. Building on examples
of similar studies in the past (Checa-Garcia et al., 2015; Galli
et al., 2012), the high SNR and high spectral resolution make
TCCON data an excellent resource to assess any potential
variations due to differences in the spectroscopic databases.
By investigating the biases present in TCCON observations
made at several sites over several seasons, we can infer some
of the potential spectroscopy-related biases in satellite re-
trievals and their dependencies on local conditions such as
water vapour that are relevant to ongoing TROPOMI and
future S5-UVNS validation. Note that the spectral resolu-
tion of TCCON is typically significantly higher than that
of TROPOMI and other satellite instruments, which are un-
likely to be affected to the same degree as TCCON.

In addition to assessing the window and spectroscopic
source biases for the main methane isotopologue '2CHy, the
opportunity is taken to retrieve the second-most-abundant
isotopologue '*CHy and from this calculate the §!3C value,
which is defined as

13 12
513C . ( CH4/ CH4)sample
(13CH4/12CH4)vppB

- 1) x 1000 %o. (1

VPDB refers to Vienna Pee Dee Belemnite, an interna-
tional reference standard for '3C assessment. §'3C requires
the concentration of '2CH,; and '3CH,4, which make up
roughly 99 % and 1% of global atmospheric methane re-
spectively. Almost all measurements of this value are lim-
ited to in situ studies or airborne flask measurements, which
although highly accurate, by their nature are spatially lim-
ited. Some effort has gone into satellite-based retrievals of
this value (Buzan et al., 2016; Weidmann et al., 2017; Ma-
lina et al., 2018, 2019), but the results of these studies show
this to be a challenging task. Therefore the calculation of the
813C value is a target of secondary importance in this study.
813C has been used in numerous studies to differentiate
methane source types (Fisher et al., 2017; Nisbet et al., 2016;
Rigby et al., 2017; Rella et al., 2015), e.g. fossil fuel burning
or wetlands. Tropospheric methane typically exhibits a §'3C
value of roughly —47 %o (Rigby et al., 2017), and total col-
umn measurements from TCCON should not deviate from
this value to a significant degree. Therefore this tropospheric
813C value acts as a useful proxy to determine the stabil-
ity and variability associated with retrievals of methane iso-
topologues from different spectral windows, spectroscopic
databases, locations and times. In terms of 13CH4, there are
no published precision and accuracy requirements or statis-
tics with TCCON. Calculating total column values would be
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highly beneficial for understanding the global methane bud-
get but is unlikely to be achievable with TCCON with an
accuracy that would be sufficient for that purpose. However,
calculation of §'3C with TCCON will allow for an assess-
ment of how far current technology is from making a use-
ful total column assessment. In this study we use the TC-
CON GGG2014 (Toon, 2015) environment as the main tool
for retrievals. Spectra are taken from four different TCCON
sites in order to assess the impact of varying atmospheric
conditions at different global locations. We assess the dif-
ferences in abundances of the isotopologues and the qual-
ity of the fits when retrieved from standard TCCON spectral
windows and methane spectral windows in the TROPOMI—
UVNS spectral range. We also quantify the variations in re-
trieval abundances when using five separate spectroscopic
databases. Building on this assessment, the sensitivity of the
retrievals to variations in water vapour concentration and
path length is studied. This allows for the assessment of how
differing windows and spectroscopic databases are sensitive
to variations in local conditions.

This paper is structured as follows: Sect. 2 outlines the
methods used in this study, including details about the TC-
CON sites and spectra used, as well as the retrieval method.
Information about the spectroscopic databases used in this
study are also given. The results of this study are shown in
Sect. 3, outlining the biases between sites and databases, in-
cluding an assessment of the sensitivity of the retrievals to
variability in local conditions. Section 4 discusses the results
shown in Sect. 3, and conclusions are drawn in Sect. 5.

2 Methods, tools, datasets and requirements
2.1 TCCON sites used in study

We use TCCON spectra from four different sites identified
in Table 1. Datasets over a single year were chosen in order
to represent a wide range of seasonal conditions. The years
chosen represent the years with maximum data coverage for
each site respectively.

The TCCON sites used in this study were picked to have a
wide range of conditions, with Ny-Alesund capturing spec-
tra in largely unvarying conditions with high SZAs and low
water vapour and Ascension Island being similar in having
unvarying conditions although with higher background wa-
ter vapour conditions and lower SZAs. This is contrasted by
Darwin and Tsukuba, which capture spectra under a wide
range of SZAs and highly variable water vapour conditions.
The mean background conditions for each site, as well as
the variations (standard deviations) over the dataset periods
shown in Table 1, are indicated in Table 2. Significant vari-
ations in conditions and SZA are apparent between the TC-
CON sites, suggesting a wide range of capture conditions.
We note the distributions of the conditions shown in Table 2
may not be normally distributed, but these statistics serve as
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Table 1. TCCON sites used in this study.

E. Malina et al.: Consistency of TCCON methane retrievals

TCCON site Lat, long

Date range

Number of spectra  Conditions

Ascension Island, 7.92°8S, 14.3°E

Atlantic Ocean

Jan—Dec 2015 1518

Arid, little
precipitation subject
to some seasonal
variation

Darwin, Australia 12.5°S, 130.9°E

Jan—Dec 2020

39160 Tropical, significant

water vapour

background
Ny-Alesund, 78.9°N,11.9°E Apr—Oct 2019 6315 Cold, dry, limited
Spitsbergen short-term variability
Tsukuba, Japan 36.1°N, 140.1°E  Jan—-Dec 2020 6162  Seasonal, cold dry

winters, hot wet
summers

a useful baseline to show the condition variations between
the sites.

2.2 GFIT retrieval algorithm

In this study we use the GGG2014 environment, which in-
cludes the GFIT retrieval algorithm (Wunch et al., 2010)
summarised briefly here. GFIT employs a non-linear least-
squares fitting scheme: a forward model (radiative transfer
model which simulates radiation transfer through an atmo-
sphere or a body of gas) is used to calculate synthetic irradi-
ance spectra based on a set of parameters known as state vec-
tor elements (typically trace gas concentrations) and model
parameters (e.g. temperature and pressure profiles). These
synthetic irradiance spectra are then fitted to the measured
irradiance spectra by adjusting the state vector elements to
provide a final result, normally a trace gas abundance. In the
case of GFIT, the state vector can include the following:

— first target gas scaling factor (desired output),
— interfering gas scaling factor,

— continuum level of the irradiance spectrum,
— continuum tilt,

— continuum curvature,

— frequency shift,

— zero level offset,

— solar scaling (differences in shifts of atmospheric and
solar lines),

— fit channel fringes.

Note that not all of the above are routinely included in
the state vector, especially the continuum curvature, which
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is not commonly included. This option is designed to re-
move instrument features but may also remove other effects
due to the spectroscopic database, as noted in the TCCON
wiki (TCCON, 2020). GFIT assumes a fixed profile shape
for each trace gas, and the sub-column amounts for each al-
titude/pressure level are not independently scaled. Unlike in
most satellite retrieval algorithms, aerosol and albedo terms
are not included in the state vector because TCCON operates
by direct solar viewing, where scattering is considered unim-
portant and surface terms are not necessary. The retrieved
trace gas columns are calculated by multiplying scaling fac-
tors from the retrieved state vector by the a priori vertical
column abundances. The TCCON a priori profiles are ob-
tained from the National Centers for Environmental Predic-
tion National Center for Atmospheric Research. These are
adjusted with empirical models for CO,, CO, CHs and N,O
developed from FTS balloon flights and data from the ACE-
FTS instrument (Wunch et al., 2011). Dry-air mole fractions
(DMFs) are calculated by dividing the scaled trace gas col-
umn with the total column O, retrieved from a wide window
in the 7885cm~! spectral region multiplied by the volume
mixing ratio of Oy, 0.2095. We use O, from GGG2014 only
to provide a point of consistency between the spectroscopic
databases and because the ESA Scientific Exploitation of Op-
erational Missions — Improved Atmospheric Spectroscopy
Databases (SEOM-IAS) do not include spectral lines in this
region. DMF gas volumes identify retrieved abundances as
mole fractions, as opposed to absolute concentrations; all re-
trieved 12CH4 abundances are referred to as DMF values.
Because of the high spectral resolution of the TCCON
instruments (0.02cm™'), most spectral lines are resolved;
therefore radiative transfer calculations are performed on a
line-by-line basis. GGG includes a spectroscopic database
in its environment, which is similar to other more widely
adopted databases. TCCON has a standard set of spectral
windows for methane retrievals, all of which are in the
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Table 2. TCCON site water vapour, temperature, and SZA average and variation.

TCCON site Water vapour (ppmv) mean =10 Temp (°C) mean =10 SZA (°) mean +1o
Ascension Island 4510+ 890 27.5+1 38+ 18
Darwin, Australia 5430+ 1740 309+3 45+18
Ny-Alesund, Spitsbergen 1440 £ 600 1.7+6 69+£8
Tsukuba, Japan 3200 %2470 22949 50£18

6000 cm™~! methane absorption window range. In this study
we include the TROPOMI-UVNS SWIR spectral windows.
These windows, along with a description of all of the win-
dows considered in this study, are described in Table 3.

Windows 2—4 are standard TCCON methane retrieval win-
dows which in this study are used for 12CH4, and window 1
is based on the TROPOMI spectral window (Galli et al.,
2012; Hu et al., 2016), given that no standard windows ex-
ist in this spectral window for TCCON. TCCON methane
products are the result of a standardised process, where the
final reported values are calculated from a weighted aver-
age of three retrieved values from windows 2, 3 and 4 as
described in Table 3 (https://tccon-wiki.caltech.edu/Main/
RunningGGG2020#Run_post_45Processing, last access: 12
April 2020).

For 13CH, retrievals, windows 1 and 4 are used.

2.3 Spectroscopic databases

We use parameters from five separate spectroscopic
databases, which are as follows: (1) the first is the database
included with GGG2014 (Toon, 2015), which currently as-
sumes a Voigt line shape for all lines. (2) The second is
the database included with the updated GGG2020 software,
which includes numerous updates to the GGG2014 spectro-
scopic parameters and is referred to as GGG2020 in this
study. Some non-Voigt parameters are included in GGG2020
but are not exploited in this study because GGG2014 was
not modified to take advantage of them. (3) The third is the
high-resolution transmission molecular absorption database
(HITRAN), which is a well-established series of spectro-
scopic databases that have been used in numerous satellite-
based studies previously (Galli et al., 2012). This study uses
the 2016 version (Gordon et al., 2017), which builds on
the prior release (HITRAN2012) with new methane lines
and parameters included for both of the main isotopologues.
HITRAN2016 includes the additional parameters required
to model non-Voigt line shapes; however the current ver-
sion does not include these parameters for methane (at the
time of writing). (4) The fourth is the Gestion et Etude
des Informations Spectroscopiques Atmosphériques 2020
(GEISA2020) database (Delahaye et al., 2021), another spec-
troscopic database, similar in design and goals to the HI-
TRAN databases. The GEISA database does not currently
include non-Voigt line shape parameters. (5) The fifth is
SEOM-IAS (Birk et al., 2017), specifically developed for
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the TROPOMI spectral window and designed around non-
Voigt atmospheric line shape profiles. These databases only
have data within the 4190-4340 cm ™! spectral range and can
therefore only contribute to window 1 of this study.

For clarification purposes, there are no official releases
of the spectroscopic parameters used in the GGG TCCON
retrievals. We refer to the databases used in this study as
GGG2014 and GGG2020 in order to differentiate between
them, based on the GGG retrieval environment releases, with
GGG2020 due for release in the near future (Laughner et al.,
2021).

Some work on comparing spectroscopic databases has
been performed previously (e.g. Jacquinet-Husson et al.,
2016; Armante et al., 2016), generally indicating that the
need to resolve differences between spectroscopic databases
remains. Yet none have specifically targeted the TROPOMI
SWIR spectral region; therefore this study is the first case
with respect to the TROPOMI spectral window with TC-
CON.

Beyond exploring the impact of differing spectroscopic
database parameters, we investigate the use of non-Voigt
broadening parameters. Ngo et al. (2013) find the standard
Voigt profiles used for spectral line broadening may be inad-
equate for trace gas retrievals (based on laboratory studies),
which can lead to errors larger than instrument precision re-
quirements. In order to calculate more accurate line shapes
for remote sensing purposes, numerous models have been
proposed. In this paper we use the quadratic speed-dependent
hard-collision (@SDHC) model (Ngo et al., 2013; Tran et al.,
2013). This model includes additional parameters based on
speed dependence of collisional broadening and velocity
changes of molecules due to collisions, on top of the standard
parameters of pressure-induced air broadening and pressure-
induced line shift. Note that only SEOM-IAS use these ad-
ditional parameters; the remaining spectroscopic databases
do not include these parameters for methane at the time of
writing this paper. We use the Fortran routines provided in
Ngo et al. (2013) to implement the gSDHC model into the
GFIT algorithm, modified to include first-order Rosenkranz
line-mixing effects. Mendonca et al. (2017) report that in-
corporating speed dependence and line mixing has a signif-
icant effect on calculated methane columns when compared
against assuming Voigt dependency. They find a +1.1 % dif-
ference in total methane column abundances from 131 124
spectra (albeit in the 5880-6145cm™! spectral region). The
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Table 3. Spectral windows used in study.

E. Malina et al.: Consistency of TCCON methane retrievals

Window  Window spectral — Target species  Background species ~ Window source
range (cmfl)

1 41904340 12¢cHy CO;, H,0,HDO,  Sentinel-5 baseline
CO, HF, N»O, O3

2 5880-5996 12cH, CO,, H,0, N,O TCCON standard

3 5996.45-6007.55 12cH, CO,, H,0, N,0, TCCON standard
HDO

4 6007-6145 12¢cHy CO,, H,0, N,0, TCCON standard
HDO

implication is that it is important to account for the additional
physical parameters included in non-Voigt models when re-
trieving methane.

We note that the introduction of 1*CHy into spectroscopic
databases in the TROPOMI spectral region is relatively re-
cent and, in the case of HITRAN, was only introduced in
the 2012 release (Brown et al., 2013), thus suggesting that
13CH, spectroscopic parameters may retain high levels of
uncertainty.

2.4 Analysis structure and metrics

The following section describes the assessment metrics used
in this study. Firstly we assess the quality of the fit of the
measured and modelled spectra for each window indicated in
Table 3 for each spectroscopic database at each TCCON site.
The quality of the fit is expressed through root mean square
error (RMSE) of the residual between the calculated trans-
mission spectra and the TCCON measurement transmission
spectra and through the x2 test, quantitatively defined as

X2 = Z[ymeasured - )’calculated]za 2)

1

where ymeasured refers to the measured TCCON spectrum and
Yealculated 18 the synthetic spectrum calculated by the forward
model. Secondly, we assess the variance of the calculated
DMFs of '2CHy for each window, spectroscopic database
and TCCON site with respect to the standard methane prod-
uct used in TCCON retrievals currently. This variance is de-
scribed through the RMSE in Eq. (3):

12 12 2
X"“CH4 window—X"“CH4 standard
Ostandard

NRMSE = | >~ ( , 3)

n

where NRMSE refers to the normalised RMSE,
X12CH4window is the retrieved DMF from a specific
window, X12CH4 standard 18 the retrieved DMF from the
TCCON standard product and ogandarg 18 the retrieval error
from the standard methane product. The variance is also
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given by the absolute mean residual described in Eq. (4):

n X! 2CH4 window X! 2CH4 standard
Ostandard

NAM =} - : 4)

where NAM is the normalised absolute mean residual and all
other terms are as identified previously. Variations in the re-
trieval conditions throughout the course of a day of measure-
ments are included in TCCON error budgets; for example
artefacts can appear in TCCON retrievals at extreme SZA
values (Wunch et al., 2011). We therefore investigate if the
methane retrieval biases vary with respect to the following
local parameters: (1) the first parameter is the SZA, where
extreme angles can cause errors in the air-mass assumptions
and affect characteristics of the instrument line shape func-
tion (ILS) (Wunch et al., 2011). (2) The second parameter
is water vapour (retrieved by TCCON in two standard nar-
row windows) through the whole available data range at the
respective TCCON sites. The GFIT retrieval algorithm is a
scaling retrieval algorithm, meaning that an incorrect a pri-
ori trace gas profile shape will yield errors in the retrieval.
The GFIT water vapour a priori is based on a profile taken at
midday (local time) for each specific retrieval, meaning that
any significant variations from this daily profile will yield
errors in the retrieval that will vary depending on the im-
pact of water vapour on a specific spectral window. (3) The
third parameter is temperature, which is not included in the
retrieval state vector, and dependencies on temperature will
not be removed in the retrieval process. Temperature errors
are introduced through the spectroscopic line strengths (An
et al., 2011); therefore poor knowledge of spectroscopic pa-
rameters will potentially lead to temperature-based errors.

These dependencies are quantified by non-linear regres-
sion analysis, consisting of fitting the variations in water
vapour, SZA and measured temperature against the nor-
malised differences between each methane isotopologue
DMEF case and the DMFs from the standard TCCON methane
retrieval window. Here the normalisation factor is the uncer-
tainty from the standard TCCON methane retrieval.
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The magnitude of the metrics defined above can be put
into context by comparisons with the TCCON error budget.
TCCON typically aims for precision of < 0.3 % on methane
retrievals and has a rough estimate of 1 % systematic uncer-
tainties (dominated by in situ calibration, which can affect
sites differently; Wunch et al., 2015). Therefore it is possible
to judge the variation in '>CH, DMFs between windows and
databases based on these bias and precision values.

Finally, although the quality of the '*CHy fit metrics in
this study is not covered in detail, we calculate §'3C in order
to understand the plausibility of and variation in retrieving
13CH, from TCCON. The final aim of retrieving BCH, is
to calculate 8'3C. How much 8'3C varies in the total col-
umn is a complex issue (Weidmann et al., 2017; Malina
etal., 2018, 2019). In situ studies (Nisbet et al., 2016; Rigby
et al., 2017; Fisher et al., 2017) all show that an uncertainty
of < 1%o in 8'3C is required in order to determine natu-
ral annual variability at the surface. However, variability in
813C can be higher in the troposphere and stratosphere due
to variability in the OH sink and the fractionation caused
by OH (Rockmann et al., 2011; Buzan et al., 2016), with
evidence that 8'3C can vary by up to 10%o in different air
parcels (Rockmann et al., 2011). Based on these factors, we
assume a rough total column §'3C variability of 1%, which
equates to a total uncertainty of < 0.02ppb in '3CH, re-
trievals, or roughly 0.1 % of the total column, calculated us-
ing Eq. (1) (Malina et al., 2018). This is clearly an unrealistic
target for individual retrievals given the uncertainty require-
ments for '2CH, described above. However, TCCON cur-
rently represents the best chance of remotely measuring §'3C
since precision errors are low and the SNR is high (Wunch
et al., 2011). In addition, because TCCON sites are situated
in fixed positions, long-term averaging is possible, which fur-
ther reduces precision-based errors. Therefore one of the mi-
nor aims of this study is to identify how far away TCCON
uncertainty (including systematic errors) is from the desired
uncertainty of < 1%o 8'3C.

3 Results
3.1 Quality of spectral fitting

An example of residual transmission spectra from the Ny-
Alesund site is shown in Fig. 1, with the standard deviation
of a selection of retrievals within the same time period indi-
cated by the red lines. Examples of spectral fits from the other
TCCON sites considered in the study are shown in the Ap-
pendix. Qualitatively we note clear differences in the quality
of the fits between windows and databases; for example there
are clear deviations apparent, especially in window 1 for HI-
TRAN and GEISA.

The analysis statistics for the residual transmission spectra
(as discussed in Sect. 2.4) shown in Fig. 1 are presented in
Fig. 2, as well as the associated statistics for the other TC-
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CON sites considered in this study. What is clear from Fig. 2
is that the fit statistics for each spectroscopic database, ir-
respective of the TCCON site and window, generally have
the same pattern in terms of quality. For window 1 SEOM-
IAS and GGG2020 are more or less equivalent in quality,
followed by GGG2014, HITRAN and then GEISA. In win-
dows 2—4 where SEOM-IAS have no data, GGG2020 typi-
cally shows the highest-quality fits, suggesting the latest iter-
ation of the GGG2020 spectroscopic parameters has superior
performance to the older version.

Window 1 typically shows the poorest fit metrics of all
windows, possibly because it is the largest window but also
because it covers a more complex region in terms of absorp-
tion (Brown et al., 2013) than the other windows. Window 4
for example is also wide but typically shows higher-quality
fits than any of the other windows in this study, the impli-
cation being that the knowledge of spectroscopic parameters
in window 1 is still lacking in comparison to the traditional
TCCON windows.

There are differences in the metrics between TCCON sites,
with Ascension Island showing poorer RMSE values than
any of the other sites, similarly to Darwin. This is to be
expected however since these instruments are not identical
and capture spectra under differing conditions. We note that
all instruments are run according to TCCON specifications
but their respective configurations are not exactly the same.
This is normal and necessary as different sites need local ad-
justments to account for different local conditions such as
altitude, humidity or cloud conditions. Most of the effects
caused by such individual configurations are removed by the
differential CO, and CH4 DMF retrievals but will affect in-
dividual spectra. For example, in the case of Tsukuba and
Ascension, the configuration effects cannot be compared di-
rectly except for detector noise, which turned out to be com-
parable. However, the signal on the detector of the Ascen-
sion Island instrument is at least 50 % lower than that of the
Tsukuba instrument. Likely reasons for this difference are
as follows: (1) the Ascension FTS runs on a higher spectral
resolution (0.014 vs. 0.02cm™!) and a faster scanner speed
(10 vs. 7.5kHz). Both reduce integration time per spectral
pixel. (2) The illumination of the InGaAs detector on Ascen-
sion is kept low on purpose to avoid saturation. This setting
cannot be readjusted in between site visits and has to last
for months. Other sites may use similar techniques and may
vary depending upon need. (3) The solar tracker has known
issues with pointing at the centre of the sun at low SZAs but
cannot be replaced easily. In addition, dust build-up on the
solar tracker mirrors reduces the reflectively of the mirrors
quickly. They are cleaned weekly, but a signal loss on the
order of 20 % over a few days is not uncommon.

The results from Tsukuba are different from the other
showcased results. This is likely because of the smaller num-
ber of spectra available for plotting (owing to data transfer
and storage limits). There was no limit in the actual retrievals
identified in the following paper sections.
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Figure 1. Example residual transmission spectra calculated from measured and fitted spectra from the Ny—Alesund in 2019. The blue line
indicates an example of the fit residual between the calculated transmission and the measured transmission. The red line indicates the standard
deviation of the residual, based on all spectra taken over the entire dataset. The columns of this figure identify the residuals of a specific
window and the rows a specific database, as identified in the axis labels.

Example transmission spectra for Darwin, Tsukuba and
Ascension Island are identified in Appendix A.

Since all trace gases are fitted simultaneously in all of
the windows, there are no specific metrics associated with
13CH,. The 13CHy in this study is fitted in windows 1 and 4.

Building on the residuals indicated in Fig. 1, we investi-
gate the differences observed in transmission residuals. We
calculate the percentage difference for each spectroscopic
database, with respect to the transmissions calculated by the
GGG2014 database, for 12CH4 and HO species.

The results shown in Fig. 3 suggest a number of different
conclusions. The impact of differences in the spectroscopic
parameters of water vapour are highly significant in win-
dow 1, more so than differences in '2CHy4, with each spec-
troscopic database showing differences > 20 % at numerous
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wavelengths. Each spectroscopic database shows significant
disagreement as to where the differences occur, suggesting
large differences in the treatment of water vapour parame-
ters in window 1 for each spectroscopic database. Therefore
the poorer fit quality shown in Fig. 1 for window 1 is likely
driven by water vapour uncertainty as opposed to methane.
For window 2, we note again that water vapour seems to
have the largest uncertainties (not to the degree of window 1).
The main points of disagreement in general line up with
the largest deviations in Fig. 1. For windows 3 and 4, water
vapour differences have less impact with the majority of the
differences attributed to 12CH4, which still have a lower mag-
nitude than window 1. The large uncertainty in window 3 at
6001 cm™! (characteristic bump shape) seems to be caused
by water vapour uncertainty in HITRAN and GEISA2020.
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Figure 2. Bar charts indicating the fit statistics for a selection of retrievals from each of the TCCON sites. Each row of the figure refers
to results from one of the TCCON sites, indicated by the row title. Each column shows the results from one window, indicated by the title
of each column. Each subplot shows the RMSE and X2 values for each spectroscopic database indicated on the x axis, with the blue bars
referring to the RMSE values, with magnitudes shown on the left-hand y axis. The black bars refer to the %2 values, with the magnitudes
indicated on the right-hand y axis. Note the scale on the Tsukuba row is slightly different to account for the lower-magnitude results. Cross
sections of 500 spectra for each TCCON site are used to generate the statistics in this figure.
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Figure 3. Percent difference in calculated transmission for 12CH4 and H,O from each spectroscopic database for each window with respect
to GGG2014. Rows indicate the spectroscopic database, and columns indicate the windows. The y-axis values have been limited to 20 % to
avoid the plots being dominated by large excessive-noise values; note however, especially in window 1, the values are sometimes in excess

of 20 %.

The main conclusion from this assessment is that when con-
sidering uncertainty in '2CH, between windows and spec-
troscopic databases, uncertainty in water vapour should be
considered at the same time.

3.2 Quantification of variance between windows and
databases

All the time series available for this study for each TC-
CON site are shown in Figs. 4, 5, 6 and 7. XAir, a quan-
tity normally retrieved with TCCON, is shown as an addi-
tional quality indicator for GGG2014, GGG2020, HITRAN
and GEISA2020 (SEOM-IAS do not have spectral coverage
in the TCCON XAuir retrieval window) with variations be-
tween 0.96 and 1.04 assumed as good quality. Qualitative
inspection of these figures shows scatter between all win-
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dows for each database; further the HITRAN, GEISA and
SEOM-IAS databases show significant positive bias with re-
spect to the standard deviation of the reference TCCON re-
trieval, indicated by the dashed black lines. Quantitative met-
rics for these figures are shown in Fig. 8. We also find the
retrieved XAir values indicate good-quality retrievals, with
only a small number falling outside the acceptable range.

The metrics used in Fig. 8 indicate the bias for '>CHy re-
trievals for each database and window with respect to the ref-
erence retrieval (NAM) and the presence of any large devia-
tions (RMSE). These metrics are normalised by the retrieval
uncertainty in the reference retrievals; thus we assume any
biases with values greater than 1 cannot be attributed to un-
certainty and are therefore real.

Firstly we analyse the results from Ny-Alesund, which
due to the constant nature of the atmospheric conditions can
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Figure 4. Retrieval time series for 12CH4 DMFs from the Ny—Alesund site. Each panel indicates retrievals from each spectral window
(indicated in the legend) from a specific spectroscopic database, indicated in the panel title. Blue stars show retrievals from band 1; yellow
pluses are band 2; green triangles are band 3; red circles are band 4. The standard deviations about the reference TCCON retrievals are
indicated by the horizontal dashed lines. The bottom panel indicates the retrieved XAir DMF as a quality indicator for the retrievals, with the
dashed lines indicating the standard range of acceptable XAir values. The date format is year-month.

be considered a baseline. For window 1, both the NRMSE
and the NAM values for all of the databases indicate values
greater than 1, thus suggesting there are still significant vari-
ations in the treatment of spectroscopic parameters in win-
dow 1. The HITRAN and GEISA databases show bias devi-
ations twice that of GGG2014; however these values do not
indicate any one database is more accurate than the other but
either large differences in spectroscopic parameters or differ-
ences in sensitivity to local conditions. Windows 2 and 3 do
not show any notable biases apart from the GEISA database,
which generally shows the largest deviations across all of the
windows (except window 1). In window 4, both HITRAN
and GEISA show notable deviation from the reference re-
trievals, which is a surprising result given this window is pop-
ular in satellite retrievals of methane (Yoshida et al., 2013).
We note the NRMSE and NAM values are similar in the ma-
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jority of cases, indicating that there is an underlying bias be-
tween the database retrievals as opposed to large spikes in
differences. Considering the bias deviations across the win-
dows, GEISA is the only example to exceed values of 1
across all windows, with window 3 showing the largest devi-
ation from the reference value.

Secondly considering the dataset from Darwin, the magni-
tudes of the NRMSE and NAM values are typically lower
than the equivalents in the Ny-Alesund dataset. The rela-
tive differences between the NRMSE and NAM values be-
tween the databases are the same as those shown in the Ny-
Alesund dataset; i.e. GGG2014 shows the lowest differences
and GEISA shows the largest, apart from window 1, in which
case it is HITRAN. Investigating each window in turn, only
HITRAN shows a notable deviation from the standard re-
trieval in window 1 with GGG2020 and GEISA not indi-
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Figure 5. As Fig. 4 but for retrievals from the Darwin TCCON.

cating a significant deviation above the standard noise level
(only 0.02 and 0.07 above 1 respectively). For windows 2
and 3, only the GEISA database shows a significant bias
with respect to the standard, as with the Ny—;\lesund site.
Again in window 4 only the HITRAN and GEISA databases
show notable deviation from the standard, again suggesting
the spectroscopic parameters in window 4 still have signif-
icant uncertainty with respect to windows 2 and 3. The im-
plication of the Darwin results with respect to those from
Ny-Alesund is that either one or both of the differences in
the instrument setup and the local conditions impact inter-
window and/or spectroscopic database biases. Note for the
Darwin retrievals there is an inconsistency at the beginning
of March 2020, when there is a small “bump” in the magni-
tudes. This effect only appears at the start of March, and the
typical retrieval variability is quickly restored. Quality con-
trol indicators (such as XAir) do not indicate any problems
with the results in this period, and the reason for this incon-
sistency remains unclear.
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The results for the Tsukuba retrievals are very similar to
those shown for Ny-Alesund, with GGG2014 not showing
any significant differences except in window 1; as with the
other sites HITRAN shows deviation in windows 1 and 4,
and GEISA shows the largest differences apart from in win-
dow 1. However, the main difference is with the GGG2020
database: as with the other TCCON sites the NAM shows
deviation in windows 1 and 4. The NRMSE indicates signif-
icant differences in all windows, suggesting there are a small
number of retrieval cases that have large biases with respect
to the standard values. This behaviour is not replicated in the
other TCCON sites.

Finally, all results from the Ascension Island measure-
ments indicate no deviations of any significance, contrasting
with the results from all other sites. We note the standard
deviation about the reference TCCON retrievals in Fig. 7 is
smaller than for any of the other TCCON sites. This suggests
constant retrievals in methane over the course of the year at
Ascension Island and therefore limited opportunity for biases
to form.
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Figure 6. As Fig. 4 but for retrievals from the Tsukuba TCCON.

The results in Fig. 8 clearly indicate that in the cases where
deviations exist, they are reflected in all of the TCCON sites
(when significant), implying that despite the fit differences
shown in Fig. 2, these biases cannot (purely) be attributed to
errors in the TCCON instruments, but given the consistency
of the deviations we can attribute these differences to spec-
troscopic parameters. Figure 8 indicates that there are signif-
icant differences between SEOM-IAS, GEISA and HITRAN
databases with respect to the GGG databases, which shows
less deviation. This is not surprising since the reference val-
ues are based on GGG2014, and GGG2020 is built upon
GGG2014; however this is not the case in window 1, where
larger deviations are observed. This suggests that knowledge
of spectroscopic parameters in window 1 is not as good as
in the other windows which have been routinely used in TC-
CON. It is difficult to assess all of the differences between
the databases due to the range of parameters used; there are
some papers which describe the sources of the spectral lines
for each of the databases (Brown et al., 2013; Jacquinet-
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Husson et al., 2016), but specifics are limited due to the size
of the databases. Complexity is added by the fact that several
of these databases state that data are drawn from the same
sources (Albert et al., 2009; Nikitin et al., 2015, 2017). How-
ever, these papers go on to say that not all of the lines from
these studies are implemented based on in-house assessments
of fit quality. This implies that it is challenging to specifically
identify where spectroscopic parameter differences occur be-
tween the databases.

For 13CH,4 DMFs there is no obvious reference value avail-
able since '>CHy is not typically retrieved from TCCON. We
therefore chose to use GGG2014 window 1 as a reference in
order to investigate window deviations. We found that apart
from SEOM-IAS window 1, which showed deviation below
the noise level from every TCCON site, every other case
showed notable levels of deviation ranging from 1.5-5. Here
we cannot attribute these disagreements purely to spectro-
scopic differences since '3CHy retrievals will be subject to
high noise levels.

Atmos. Meas. Tech., 15, 2377-2406, 2022
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Figure 7. As Fig. 4 but for retrievals from the Ascension Island TCCON.

3.3 Impact of local condition changes on variance
between windows and databases

It has been shown (Wunch et al., 2011) that the variability
in local conditions can have an impact on the accuracy of
TCCON retrievals (through the a priori data). We therefore
investigate in this section if varying local conditions (specif-
ically, water vapour, SZA and temperature) affect each win-
dow in each spectroscopic database differently. Wunch et al.
(2011) identified a non-linear relationship between the SZA
and retrieval anomalies. To account for non-linearity, we fit
the normalised residual DMF values with a second-order
model.

Figure 9 qualitatively describes the sensitivity of each TC-
CON site, database and window to variations in local condi-
tions. For Ny-Alesund (row 1), there are a mixture of non-
linear and linear sensitivities to variations in water vapour
and SZA. Windows 2, 3 and 4 for GEISA2020 indicate
particularly significant non-linear sensitivities to SZA varia-

Atmos. Meas. Tech., 15, 2377-2406, 2022

tions. Sensitivities to temperature variation are generally lin-
ear, although some indications of slight non-linear behaviour
are apparent (GEISA2020). There are some cases where lit-
tle sensitivity is observed, e.g. HITRAN, suggesting a wide
range of responses in the databases and windows. In con-
trast to Ny—Alesund, Darwin (row 2) shows limited sensi-
tivity to local condition variations, with low-magnitude lin-
ear gradients observed for most cases. There are some ex-
ceptions, notably HITRAN window 3 and GEISA2020 win-
dows 3 and 4 in relation to SZA variations, where large-
magnitude non-linear behaviour is observed. Tsukuba (row
3) again shows different behaviour, with almost all databases
and windows showing significant linear or non-linear sensi-
tivity. Window 1 for SEOM-IAS, GGG2020, HITRAN and
GEISA indicates high-magnitude negative linear relation-
ships, with all other cases showing a range of sensitivity.
For variations in SZA, as with Ny—Alesund and Darwin, HI-
TRAN window 3 and GEISA2020 windows 3 and 4 suggest
strong non-linear sensitivity to variations in SZA. Most of
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Figure 8. Bar plots indicating NRMSE and normalised absolute mean residual difference values for 12CH4 retrievals from each TCCON
site, each window and each spectroscopic database under consideration in this study with respect to the original TCCON methane retrieval
window. Each row shows data from each TCCON site, as indicated by the y-axis titles, and each column shows results from each window,
as indicated by the column title. Each subplot shows the NRMSE (the blue bars, magnitude shown by the left-hand y axis) and NAM (the
black bars, indicated by the right-hand y axis) values for each spectroscopic database as indicated by the x axis. The horizontal dashed red
lines indicated the magnitude of 1, the value where we assume the bias values to be significant.

the other windows and databases indicate some linear/non-
linear sensitivity but not to the same degree as HITRAN win-
dow 3 and GEISA2020 windows 3 and 4. Temperature vari-
ations for Tsukuba indicate significant non-linear sensitivity
for window 1 in most cases (except GGG2014) and in gen-
eral show different results from those shown in Ny—Alesund
and Darwin. Finally for Ascension Island, we note almost
no sensitivity to any local condition variation, except for HI-
TRAN window 3 and GEISA2020 windows 3 and 4 with
SZA variations, which have shown sensitivity in all cases.
The qualitative assessment above is explored quantita-
tively in more detail in Figs. 10, 11 and 12, where Pearson’s
correlation coefficients and the regression coefficients for a
second-order fit are shown. Note that the y-axis scales are
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unified for all sites and windows for each variable consid-
ered to allow for direct comparison. In the following anal-
ysis, we assume the presence of a substantial linear corre-
lation when r values > 0.5 are shown. Further, we assume
any deviation from zero of the regression statistics to in-
dicate the presence of at least minor sensitivity. We first
consider the impact of SZA variations in window 1 across
all sites. There is no indication of a substantial linear cor-
relation, with no database at any of the sites showing an
r value > 0.5. The regression statistics for Darwin and As-
cension Island do not suggest any non-linear or linear re-
lationship, while Tsukuba indicates the presence of a non-
linear relationship for SEOM-IAS and HITRAN. All three
sites do indicate the presence of a constant bias (although

Atmos. Meas. Tech., 15, 2377-2406, 2022
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Figure 9. The sensitivity of water vapour, SZA and temperature variations in retrieved 12CH4 DMFs from each TCCON site, spectroscopic
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minor in the case of Ascension Island). The results from Ny-
Alesund indicate more significant sensitivity to SZA vari-
ations. SEOM-IAS show a slight linear relationship, while
GGG2014, GGG2020 and GEISA2020 show second- and
first-order sensitivity; in contrast HITRAN shows only minor
sensitivity. For window 2 we see weak to strong linear corre-
lation in all databases across all sites, except for a few cases
(e.g. HITRAN at Darwin and most cases at Ascension Is-
land). The regression statistics indicate minor sensitivity for
GGG2014, GGG2020 and HITRAN at most sites, except for
Tsukuba where HITRAN is significant. Ny-Alesund shows
notable non-linear regression statistics for all databases, in-
dicating high sensitivity to SZA variations, and given that
Ny—Alesund operates at the highest SZAs of all of the TC-
CON sites under consideration, this is logical. Window 3
shows notable levels of correlation to SZA variations with re-
spect to all sites, with N y-Alesund, Tsukuba and Ascension
Island showing particularly large correlations (> 0.5), espe-
cially in the GGG2014 and GEISA2020 databases. However,
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Darwin and Ascension Island show only very minor sensitiv-
ity to SZA variations, except for GEISA2020, at these sites.
Tsukuba and again Ny-Alesund show much higher sensi-
tivity for all databases (except GGG2020 and HITRAN for
Tsukuba), with the regression statistics showing second- and
first-order coefficient values much larger than in any other
case. Window 4 shows large linear correlations for almost
all of the databases, especially in the Ny-Alesund retrievals.
Generally for Darwin, Tsukuba and Ascension Island, little
to no sensitivity to SZA variations is observed for GGG2014
and GGG2020, while HITRAN and GEISA2020 both indi-
cate more significant sensitivity, comparable to Ny-Alesund
in window 1. In contrast, Ny-Alesund shows a much greater
sensitivity to SZA variations for all spectroscopic databases.
Overall the results in Fig. 10 indicate limited to no sensitivity
to SZA variations for the Darwin, Tsukuba and Ascension Is-
land sites for the GGG2014 and GGG2020 databases, while
HITRAN and GEISA2020 do indicate some sensitivity, es-
pecially in windows 3 and 4. The Ny-Alesund site, how-
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ever, shows significant sensitivity for all of the spectroscopic
databases, across all of the windows. The windows and spec-
troscopic databases all show similar results, with no clear
“winner” or “loser”. These results could be explained by the
fact that Ny-Alesund operates at higher SZA angles than any
of the other TCCON sites, meaning the retrieval path length
will be longer, potentially allowing for more errors to prop-
agate into the retrievals. The results from Ascension Island,
which operates at lower SZAs than any of the other TCCON
sites considered in this study, indicates the lowest-magnitude
sensitivities, adding weight to this argument.

The sensitivity of each window to water vapour is explored
in Fig. 11. Beginning with window 1, only the SEOM-IAS,
HITRAN and GEISA2020 databases at the Tsukuba site in-
dicate the presence of a significant linear correlation. For
these sites we note that the second-order regression statis-
tics indicate only very minor sensitivity, and although there
is more evidence of stronger first-order sensitivity, the lack
of a linear correlation suggests water vapour variation has
only a minor impact. Given both Tsukuba and Darwin have
large variations in background water vapour, this is an in-
teresting result. Ny-Alesund, however, indicates the pres-
ence of strong non-linear relationships for GGG2020, HI-
TRAN and GEISA2020, contrasting the results from the
other sites. Window 2 shows little linear correlation for
most of the cases, except for GGG2020 at Ny-Alesund
and all sites at Tsukuba. Ny-Alesund indicates the pres-
ence of significant non-linear correlations for all spectro-
scopic databases in contrast to Darwin, which shows only
very minor sensitivity to water vapour variations. GGG2014
at the Tsukuba site presents a very minor linear sensitiv-
ity, while HITRAN and GEISA2020 both show the pres-
ence of a significant non-linear regression. Finally for win-
dow 2, Ascension Island shows similar results for GGG2014,
GGG2020 and HITRAN, namely a minor non-linear rela-
tionship, while GEISA2020 shows the presence of a more
significant non-linear relationship. With window 3, there are
no cases of significant linear correlation; we note no or very
slight (HITRAN and GEISA2020 — Darwin) non-linear rela-
tionships at Darwin, Tsukuba and Ascension Island, except
for GEISA2020 at Ascension Island. The results from Ny-
Alesund contrast the other sites, by indicating strong non-
linear relationships for all spectroscopic databases, except
GGG2020. Window 4 shows similar results to window 3,
with almost no cases indicating significant linear correla-
tion (except GGG2014 at Tsukuba). Darwin and Tsukuba
show only very slight non-linear sensitivity to water vapour
variation, while Ny-Alesund and Ascension Island both in-
dicate significant sensitivity across all databases (aside from
GGG2014 at Ny-Alesund). The conclusions from this analy-
sis suggest locally varying conditions are key in determining
the impact of water vapour variations. It is interesting that
the site with the lowest-magnitude background water vapour
(Ny-Alesund) is the most affected by water vapour variation,
as opposed to Darwin which has the highest background and
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variation, showing little sensitivity to water vapour variation.
The key difference between Ny-Alesund and the other sites is
the SZA at which measurements are taken, meaning TCCON
measurements taken at a high SZA will be more sensitive to
other varying conditions.

The results for retrieval bias sensitivity to variations in
temperature are shown in Fig. 12. For window 1, only
the Tsukuba site shows significant linear correlation with
temperature variation, for the SEOM-IAS, HITRAN and
GEISA2020 databases. Ny-/o\lesund shows limited sensitiv-
ity across all spectroscopic databases, contrasting with the
other TCCON sites, all of which indicate some sensitivity.
Darwin and Tsukuba show the presence of a non-linear rela-
tionship across all spectroscopic databases, with Ascension
Island showing a non-linear relationship in most cases. For
window 2, Ny-Alesund shows very limited non-linearity, and
although strong linear correlations are observed, only linear
coefficients of minor magnitude are observed, indicating low
sensitivity. Darwin shows little to no sensitivity across all
cases, while Tsukuba suggests a strong linear correlation for
GGG2014 and almost no sensitivity, but both HITRAN and
GEISA2020 suggest strong non-linear relationships. Con-
trasting the other sites, Ascension Island shows almost no lin-
ear correlation but the presence of significant non-linear rela-
tionships for all spectroscopic databases. For window 3, Ny-
Alesund shows only minor sensitivity to temperature varia-
tions, while Darwin indicates the presence of non-linear re-
lationships similarly to window 1. Tsukuba shows similar re-
sults to window 2, such that GGG2014 does not indicate any
sensitivity, while HITRAN and GEISA2020 show stronger
non-linear relationships. Again Ascension Island is the out-
lier, showing strong non-linear sensitivity for all spectro-
scopic databases. Window 4 is also different from the other
windows, with the results from Ny—z&lesund generally show-
ing more sensitivity to temperature variations than the other
windows, especially GEISA2020. For Darwin, GGG2014
and GGG2020 show very little sensitivity, while HITRAN
and GEISA2020 show significant non-linear relationships.
Tsukuba shows similar results to windows 2 and 3, where HI-
TRAN and GEISA2020 indicate strong non-linear sensitivi-
ties, while GGG2014 is largely invariant to temperature vari-
ations. Ascension Island shows similar results to windows 2
and 3, where strong non-linear relationships are observed for
all spectroscopic databases. In summary, variations in tem-
perature will impact inter-window and inter-database biases.
The impact depends significantly on the local conditions as
well as the window and database in question. We note that
Ascension Island shows the most significant impact in these
results. However, this is possibly a biased result due to the
fact that Ascension Island shows very little temperature vari-
ation over the measurement dataset. The other sites which
capture measurements over a much wider range of tempera-
tures are therefore more reliable.

In general, there is no obvious case of one window or
database showing increased sensitivity over and above any of
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the others (although Ascension Island is typically less sen-
sitive). However there are clear indications of sensitivity to
variations in the local conditions which vary between win-
dow, database and TCCON site, in some cases with very
strong correlations and sensitivities. For example, Ascen-
sion Island has some of the least varying conditions of all
of the sites, and the results from this study indicate the least
bias sensitivity. Ny—Alesund has less variability than Darwin
or Tsukuba but takes measurements under more challeng-
ing conditions and also shows more sensitivity than either
of these sites.

We note that when calculating Pearson’s correlation co-
efficient for GGG2020 values for window 1 at the Tsukuba
site, large p values were found, indicating that these results
are not statistically significant and therefore should be ig-
nored. The p test was applied to all other window and spec-
troscopic database combinations, all of which showed signif-
icance with respect to the p test, i.e. < 0.05.

A similar analysis for retrieval bias sensitivities for 13CHy
indicated high levels of sensitivity to SZA variation, espe-
cially those retrievals from Ny-;\lesund where SZAs are
high. There are some windows that indicate no correlation,
but the majority had values greater than 0.3. With respect
to water vapour and temperature variations, these results are
mixed with different windows and databases at different sites
indicating different results. However, there is a general trend
of sensitivity to water vapour and temperature variations,
with only a small number of cases indicating no correlation.
These results suggest '3CHy retrievals are more sensitive to
changing conditions than 12CH,, which is expected.

3.4 Calculation of §13C values

The calculation of the §'3C values (Eq. 1) can give some in-
sight into the accuracy of '3CHy retrievals from TCCON, as
well as into the impact of local condition variations on these
retrievals. §13C is calculated for all TCCON sites using all
combinations of windows from all databases, using averaged
12CH, and 3CH, for the whole time series available for each
TCCON site. There are two factors to look for in the analysis
of 813C, firstly the bias with respect to the accepted atmo-
spheric average of —47 %o and secondly the consistency of
the calculated values across databases and windows.

Tables 4 and 5 indicate a wide range of results, suggesting
either significant differences in spectroscopic parameters or
large retrieval uncertainty. GGG yields a mean uncertainty in
13CHy retrievals of between 0.5-2 ppb (~ 2.5 %—10 %) de-
pending on the database and TCCON site. However, given
that these uncertainties can be averaged over a long period
of time, they should reduce significantly (by about 200 times
in the case of Darwin), meaning that the precision of 3CHy4
retrievals should be very high (e.g. < 0.006 ppb). Therefore
precision errors cannot explain the differences in 8'3C values
shown in Tables 4 and 5, meaning differences in the spec-
troscopic databases are the key sources of errors in '3CHy
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retrievals. This therefore suggests that knowledge of '3CHy
spectroscopic parameters must be improved before serious
attempts of remote sensing of '3CH4 can be made.

Looking at these results in more detail and considering
the retrievals that use window 1 for 13CH4, these combi-
nations yield surprisingly consistent results across all sites
and windows. An exception is the HITRAN results, which
show significant bias at the Ny—Alesund site, although this is
contrasted by the HITRAN results at Darwin and Tsukuba,
which indicate values very close to what might be expected.
Indeed, the results from HITRAN at Ny-Alesund are signif-
icantly different from those at any of the other sites, which
can be explained by '3CHy retrievals showing significantly
larger biases (at least twice those of any other database),
and very high Pearson’s correlation (0.7). The results from
GEISA are the most consistent across the window combina-
tions for all sites, showing a maximum of ~ 13 %o variation
across all window combinations, which is a remarkable re-
sult. For comparison purposes, HITRAN shows ~ 25 %o vari-
ation, GGG2020 ~ 18 %o variation and GGG2014 ~ 25 %c—
60 %o variation. The variations between databases in the same
window combinations are larger than those in between win-
dows, suggesting variable dependence on local conditions
and thus differences in spectroscopic parameters. Except for
HITRAN, all of the databases and windows seem to under-
estimate the accepted 8'3C values.

The results for the '3CH4 window-4 combination are
highly varied, more so than those shown for the window-1
combinations. For Ny—Alesund, both the GGG2014 and the
GGG2020 results show high levels of bias and significant
variation, while the HITRAN and GEISA results show much
lower bias levels and generally consistent results, with the
HITRAN window-1-and-4 combination showing a realistic
result. This is contrasted by the results from Darwin, where
large biases are observed from all of the databases, but there
are similar levels of consistency between the window com-
binations. Tsukuba again shows large bias levels between
databases and windows, with GEISA showing high levels of
consistency but large bias. Ascension Island shows similar
results to Darwin (except for the HITRAN calculations), in-
dicating similar sensitivity to background conditions. Pear-
son’s correlation coefficients for window 4 generally indi-
cated lower levels of sensitivity to variations in local condi-
tions than window 1, suggesting the spectroscopic parame-
ters for '3 CHy in window 4 have significant uncertainty. Fur-
thermore, we found that the retrieval errors generated from
13CH, in window 4 were at least double those from 2CHy4
in window 1. This lower uncertainty is key in explaining the
lower variation in the §'3C metric calculated using window 1.

Overall the results in Tables 4 and 5 suggest GEISA2020
has the most consistent 13CH; retrievals across all windows
and sites and relatively low bias levels. This consistency
is surprising and is worth further investigation. Window 4,
however, for all spectroscopic databases yields far less accu-
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Figure 10. Bar and scatter charts indicating the statistics behind the sensitivities to SZA variations shown in Fig. 9. Each row indicates the
results from a TCCON site, as indicated by the y-axis label; each column shows the results from a particular window as shown by the column
title. The blue bar plots show Pearson’s correlation coefficients, with the left-hand blue y-axis values giving the appropriate scale. The black
dots show the second-order coefficients from the regression from the fits shown in Fig. 9, with the right-hand black y-axis values as the
scale. The red dots show the first-order coefficients, corresponding to the right-hand red y axis, and the green dots show the constant values
corresponding to the right-hand green y axis. Note all values for GGG2020 at the Tsukuba site have been removed due to p-test failure.

rate results, suggesting more work must be done for spectro-
scopic parameters in this window for 3CHj.

4 Discussion

We have shown the presence of correlations between varia-
tions in specific local conditions and retrieval biases. How-
ever it should be noted that other local conditions do vary in
parallel with those indicated in Sect. 3.3. It is therefore likely
that each window and spectroscopic database show bias vari-
ability due to the variation in a number of conditions, which
is why each TCCON site shows different results. The key
message remains true, however, that different windows in

https://doi.org/10.5194/amt-15-2377-2022

different spectroscopic databases are sensitive to varying de-
grees to local changing conditions. Further analysis in this
topic should be assessed; for example the impact of the air-
mass factor changes or variations in the O; retrievals may
be important. We note Cygan et al. (2012) and Ngo et al.
(2013) identify Voigt broadening parameters for O, as insuf-
ficient. The release of the GGG2020 environment may allow
for the testing of the impact of non-Voigt parameters on O»
retrievals. Currently, the bias present in TCCON O retrievals
is removed by air-mass correction factors, based on results
from the O, parameters in the GGG2014 database, and mod-
ified for each TCCON site. This means the use of DMFs for
the comparisons in this study is likely to unfairly favour the
results from the GGG2014 database. Therefore a potential

Atmos. Meas. Tech., 15, 2377-2406, 2022



2396

Window 1 1.7 Window 2 ;.

1.00- . -0.0006 -3 1.00- -0.0006 -3
o 2nd o et
0.75- -10 0.75-
- s -0.0004 -2 -0.0004 -2
0.50 0.50
S o ° Y . © o5 . .
a 0.25- 3 0.0002 -1 0.25- i 0.0002 -1
} 5 }
g |
T 000 g — g 00 00 0 oo nin I -0.0 -0.0000 -0
.
| -0.25- . . . -0.25- . .
N )i - _0.5--0.0002--1 - _0.5--0.0002: -1
-0.50- 1 -0.50- £
2 000042 | --0,0004--2
. T --1.0 . --10
-1.00- --0.0006--3  -1.00- --0.0006- -3
0 s 0
SEQM&%?&@G’Z“’(:&E@\ 202 GGG'ZM G202y E\Sw_o’l
1.00- *7 o006 -3 1.00- 7 00006 -3
078 1 ooo0s -2 07 0 o000s -2
0.50- 0.50-
S oo o 05 00002 1 e ° 705 90002 -1
S o025, }
- 5 . .
g% 000~ == - - B 2= -00 -0.0000 -0 0.00- - - [y = -0.0 -0.0000 -0
o ; 025-
EQ 028 o5 000021 0% - _0.5--0.0002: -1
® 050 -0.50-
--0.0004- = --0.0004- -
8 -0.75- --1.0 2 o5 --1.0 2
(= -1.00- --0.0006--3 -1.00- --0.0006--3
2 oSt igtion 0620 6e2 TR0
©
g oo . T o006 -3 1.00- T 00006 -3
2 - -10 . ° 10
o . 7 -00004 -2 078 -0.0004 -2
£ o 05 05 0.50- = 05
S8 oz 00002 1 oo -0.0002 -1
Pt P .
g% oo -0.0000 -0 0.00- 00 -0.0000 -0
)
Q. » -025- -0.25-
=~ --0.5770-0002-~1 - —0.5°—0.0002- -1
-0.50- -0.50-
--0.0004- - --0.0004- -
-0.75- 2 o5 --10 2
--0.0006--3  -1.00- --0.0006- -3
20 20 20
seo““(\,%%%&?"%&@” GG2EEC TR R0
1.00- 7 o006 -3 1.00- T 00006 -3
° | -1.0 4 -1.0
c 07 -00004 -2 O7® -0.0004 -2
B o50- 0.50-
9 s 05 —00002 1 e o 705 00002 -1
} - }
- 53
S 000- & == mgm —- gay 0.0 10.0000 -0 0.00- - -0.0000 -0
2 ozs. CEEE
& -025 05--00002--1 0 - —0.5°—0.0002-~1
] }
3 -00- -0.50-
--0.0004- - --0.0004- -
< -ors 10 2 75 —-10 2
--0.0006--3 1.0 --0.0006- -3

-1.00-
sEoM.(\}%%qegmoa}ggg‘ﬂmc

GG‘-‘#“ 52002

E. Malina et al.: Consistency of TCCON methane retrievals

Window 3 1e-7 Window 4 1e-7

1.00- -0.0006 -3 1.00- -0.0006 -3
0.75- s -10 0.75- -1.0

-0.0004 -2 -0.0004 -2
050- © 0.50-

-0.0002 -1 05 -0.0002 -1

5 Ty
o ! = . HEl
5 5
- == B 00 00000 -0 0.00- —3 -00 -0.0000 -0

000 - 00,0000 - 00~ —8—
025 . . 5 000021 0% .

--05 - -0.5°~0.0002-~1

-050- -0.50-

--0.0004- - --0.0004- -

075 g 0002 o oy 000042

-1.00- --0.0006--3 -1.00- . . --0.0006--3
0G2Ye22 TR p020 caO2YEe22 TR p020

1.00- T 0006 -3 1.00- e o006 -3

0.75- -10 0.75- -1.0

-0.0004 -2 -0.0004 -2

0.50- 0.50-

° 705 00002 -1 e ° 705 00002 -1

0.25- - 0.25- :

0.00- wj B 0 0000 0 0o —a N NN 0000 -
025 05 000021 0 - -0.5°=0.0002-~1
-0.50- -050-

--0.0004- - --0.0004- -
~075- —10 2 o5 -0 2
-1.00- --0.0006--3  -1.00 --0.0006--3
R R e 66(320666207- QrRiiena02®
1.00- T 00006 3 1.00- 7 00006 -3
d
. 10 . ° 10

075 -00004 -2 O7® ° -0.0004 -2
0.50- 0.50-

-05 . -05 . .

025- 00002 <1 (o0 0.0002 -1

s

0.00- 00000 -0 0.00- = -0.0 -0.0000 -0
~0.25- . . --0.57-0.0002--1 0.5 - _0.5°~0.0002--1
-0.50- -0.50-

--0.0004- - --0.0004- -
-075- 10 2 o5 —-10 2
-1.00- --0.0006--3  -1.00- --0.0006--3

GG2045c20% v\\“‘e@\‘ 2020 GGG Hﬁ%ﬁé‘\‘ 2020

1.00- T 00006 3 1.00- 7 00006 -3
- -1.0 - -1.0

075 -00004 -2 O7® -0.0004 -2

0.50- o5 0.50- T
. i

025- - . . 1 00002 1 (e e e -0.0002 -1

0.00- Ol B e () 00000 -0 0o MM NN -0.0 -0.0000 -0
b

-0.25- -025- °

. -—05-0.0002--1 - _0.5°-0.0002- 1
-0.50- -0.50- -

--0.0004--2 . --0.0004--2

-0.75- --1.0 -0.75- --1.0
10 --0.0006--3 1.0 --0.0006--3

GGG'N 4620 \,\\TRPSS}\’)-WN GGG')_O G202 \,\\TRPé‘\\‘Sp(LM()

Figure 11. As Fig. 10 but showing the sensitivities to water vapour variations.

option for comparison purposes would be to calculate vol-
ume mixing ratios (VMRs) based on dividing the retrieved
methane quantity by the column of dry air calculated using
the surface pressure and water vapour column, as opposed to
the Oy column. While this method would remove the biases
associated with the GGG2014 O,, it would introduce biases
associated with the measured surface pressure and the wa-
ter vapour column which are more significant than the biases
associated with O, (Wunch et al., 2011). Further, one of the
key reasons for using DMFs as opposed to VMRs is that O,
is well known and a constant and can be used as a standard
between all of the sites. Therefore, while the use of DMFs
introduces biases, the use of VMRs would make the different
sites less comparable.

We have also not considered errors in the instruments
themselves; for example variations in the instrument line
shape function between different TCCON instruments could
cause additional biases.

Atmos. Meas. Tech., 15, 2377-2406, 2022

We note that advancements are currently being tested on
retrievals of methane from TCCON spectra, for example
with the SFIT4 algorithm (Zhou et al., 2019), which al-
lows for profile retrievals and would therefore be less sub-
ject to the methane profile errors that can occur in GGG
retrievals (Wunch et al., 2011). In addition to profile re-
trievals, this study used the GGG2014 retrieval software,
while the more recent version of this software GGG2020 has
also recently been announced. This update includes an im-
proved spectroscopic database (this database was used in this
study, wrapped in the GGG2014 software), which includes
non-Voigt line shapes for methane and possibly other gases.
However, the GGG2014 software used in this study cannot
leverage the non-Voigt parameters currently embedded in the
GGG2020 spectroscopic database. Therefore further analysis
using the GGG2020 software instead of GGG2014 and the
use of other algorithms in this study could yield improved or
different results. However, it is likely that the bias problems
identified in this study would remain to some degree.

https://doi.org/10.5194/amt-15-2377-2022
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Figure 12. As Fig. 10 but showing the

In addition to understanding the biases associated with re-
trieving '2CH4 DMFs from TCCON spectra with differing
spectroscopic databases, this study touches on a question that
is of some interest to the community, namely whether it is
possible to calculate realistic and constant §'3C values from
TCCON. The results shown in Tables 4 and 5 suggest this
is not yet possible since they are often significantly differ-
ent from the tropospheric average §'3C value which is as-
sumed to be —47 %o (Sherwood et al., 2016) and variable
between databases and windows. There are some interest-
ing cases where results close to the expected 8'3C value are
calculated (e.g. windows 1 and 1 for HITRAN at Tsukuba);
however given that the same database in the same windows
yields a completely inaccurate result at another TCCON site,
it is challenging to draw any conclusions without further
analysis. What is clear, however, is that the 813C values cal-
culated using '*CHy retrievals from window 1 tend to have
fewer biases than those calculated using window 4 and show
less variation between windows and TCCON sites, as well as
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more consistent results between the spectroscopic databases.
The implication of these results is that window 1 is superior
to window 4 for retrieving 13CH4 DMF; however whether
this is due to superior information content or more accurate
knowledge of spectroscopic parameters requires further re-

search.

Given that TCCON retrieves total column estimates and
not in situ samples as assumed by Sherwood et al. (2016),
this assumption of —47 %o is a little unfair, since this is based
on lower tropospheric averages and does not take into ac-
count sink processes that occur further up into the atmo-
sphere. For example Rigby et al. (2017) assume a —2.6 %o
fractionation due to the chlorine sink in the stratosphere, and
significant fractionation does occur in the troposphere with
the OH sink (Rockmann et al., 2011). However, it can be ar-
gued here that the priority in calculating an accurate value of
813C from TCCON is a full assessment of all of the system-
atic biases present in the retrievals, most notably the spectro-
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Table 4. Averaged values of 813C from all TCCON sites for all possible combinations of 12CH4 with window 1 of 13CH4 for each spectral
database.

Site Database Windows 1 & 1 Windows2 & 1  Windows3 & 1 Windows 4 & 1
GGG2014 —102 %o —77.3 %o —89.5 %o —93.0 %0
GGG2020 —90.6 %o —66.1 %o —73.0%0 —77.1%o0
Ny-Alesund HITRAN 8.98 %o 38.4%o 37.3 %o 37.3 %0
GEISA —66.4 %o —60.1 %o —67.6 %0 —59.2 %o
SEOM —91.3%0
GGG2014 —126 %o —107 %o —113 %o —63.0 %0
GGG2020 —78.1%0 —59.4 %0 —60.8 %o —77.1%o0
Darwin HITRAN —60.1 %o —39.9 %o —37.4%o0 —52.1%o0
GEISA —72.1%0 —76.5 %o —82.8 %0 —80.2 %o
SEOM —88.3%0
GGG2014 —125 %o —105 %o —109 %o —114 %o
GGG2020 —101 %o —81.8 %0 —81.8 %o —86.1%o0
Tsukuba HITRAN —52.7 %0 —31.3%0 —26.3 %0 —41.2 %o
GEISA —71.1%0 —73.4 %0 —76.7 %o —74.2 %o
SEOM —77.3 %o
GGG2014 —130 %o —113 %o —117 %o —120 %o
GGG2020 —89.3 %0 —72.0%0 —72.6 %0 —75.3%0
Ascension Island HITRAN —94.2 %o —76.1 %o —73.9 %o —90.5 %o
GEISA —70.6 %o —77.1%0 —83.8 %0 —82.1%o0
SEOM —104 %o

Table 5. Averaged values of § 13C from all TCCON sites for all possible combinations of 12CH4 with window 4 of 13CH4 for each spectral
database.

Site Database Windows 1 &4 Windows 2 &4 Windows 3 &4 Windows 4 & 4
GGG2014 2.46 %o 29.7 %o 16.1 %o 12.2 %0
Ny—/f\lesund GGG2020 9.08 %o 36.3 %o 28.6 %o 24.1 %o
HITRAN —49.1 %o —21.3%o0 —22.4%o0 —27.2%o0
GEISA —26.6 %o —20.0 %o —27.9 %o —19.1 %0
GGG2014 —117 %o —97.4 %o —103 %o —105 %o
Darwin GGG2020 —131 %o —114 %o —115 %o —117 %o
HITRAN 65.3 %o 88.1 %o 91.0 %o 74.3 %o
GEISA 134 %o 129 %o 121 %o 124 %o
GGG2014 —21.8 %0 0.953 %o —4.12 %o —9.03 %o
Tsukuba GGG2020 —26.7 %o —5.62 %o —5.66 %o —10.3 %0
HITRAN 14.5 %o 37.5%0 42.9 %o 26.9 %o
GEISA 56.4 %o 53.8 %o 50.1 %o 52.9 %o
GGG2014 —125 %o —107 %o —112 %o —115 %o
Ascension Island  GGG2020 —140 %o —124 %o —124 %o —127 %o
HITRAN 11.5 %0 31.8 %0 34.3 %0 15.6 %o
GEISA 87.4 %o 79.9 %o 72.0 %o 74.0 %o

scopic biases, before discussion of the true §'3C value of the the impacts on the biases exhibited in the results shown in
total column. this paper.
The results in this study have also shown the impact of wa-
ter vapour is significant when considering inter-window and
spectroscopic database retrievals, as identified by Figs. 11
and 9. Therefore further work is necessary to characterise

Atmos. Meas. Tech., 15, 2377-2406, 2022 https://doi.org/10.5194/amt-15-2377-2022
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5 Conclusions

In this study, using the GGG2014 retrieval environment
we retrieve 2CH4 DMFs from four TCCON sites over the
course of a year, with the aim of understanding the biases as-
sociated with retrieving methane in the TROPOMI spectral
region as opposed to standard TCCON methane windows.
Four different windows covering the spectral range of the fu-
ture S5—UVNS instrument and the current SSP-TROPOMI
instrument are used. Three of the windows are routinely used
in TCCON products, but the TROPOMI-UVNS window in
the 41904340 cm™! range is not. We use five sources of
spectroscopic parameters, the HITRAN2016, GEISA2020,
SEOM-IAS and internal TCCON databases (GGG2014 and
GGG2020), in order to assess the impact of spectroscopic
database uncertainties.

Firstly we analysed the quality of fit of each of the win-
dows for each of the spectroscopic databases. For each win-
dow we find the GGG2020 spectroscopic database shows the
best-fit metrics, except in window 1, where SEOM-IAS have
the best quality of fit. We note that while each TCCON site
shows different fit statistics for each window, the order of
the spectroscopic databases in terms of quality of fit remains
the same in all cases, with GGG2020 showing the best fol-
lowed by GGG2014, HITRAN2016 and GEISA2020. Win-
dow 1 shows the poorest-quality fit of all of the windows,
indicating room to improve the spectroscopic parameters for
window 1.

Using metrics based on bias with respect to the stan-
dard TCCON methane retrieval window (a weighted aver-
age of three windows), we found that each of the TCCON
sites, the GGG2014 and GGG2020 databases, exhibited nor-
malised biases < 1 in the standard TCCON windows, mean-
ing that these biases were below the retrieval noise limit and
were therefore not significant. However in window 1, both
GGG2014 and GGG2020 indicated biases > 1 for most of
the TCCON sites, suggesting that TCCON retrievals in win-
dow 1 have a significant bias with respect to the standard TC-
CON window. Similarly the HITRAN and GEISA databases
showed significant biases (in some cases > 2) with respect to
the standard in windows 1 and 4, indicating significant dis-
agreement between the standard TCCON retrievals and the
HITRAN and GEISA databases in these windows. Only the
GEISA database showed significant disagreement with the
standard in windows 2 and 3, which, based on the other re-
sults shown in this paper, suggests that the GEISA database
has the largest differences of all of the databases considered
in this study.

The sensitivity of the retrieved '>CH; DMFs to locally
changing conditions such as water vapour, SZA and tempera-
ture is investigated. We find significant levels of dependence
on these variations that are not necessarily mirrored across
all of the TCCON sites. We conclude that some retrieval win-
dows and spectroscopic databases are more sensitive to vari-
able conditions than others. This sensitivity is exacerbated at
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TCCON locations with highly variable and challenging local
conditions.

The 8'3C metric calculated in this study shows signifi-
cant bias with respect to the expected total column value
of —47%o. However, the use of the 4265cm~! window
shows significant benefit over the 6076 cm™! window and
more consistent results across spectroscopic databases. Yet,
the high levels of differences between the spectroscopic
databases suggest high levels of uncertainty in '>CH4 param-
eters, and further work must be done to reduce these uncer-
tainties.

The analysis in this study led to two key conclusions:
firstly we recommend including the TROPOMI SWIR spec-
tral region (in this study, window 1) in future TCCON
methane retrievals. This is based on comparable fit statistics
with the original TCCON methane windows, and the signifi-
cant bias with respect to the standard TCCON retrieval prod-
uct. Secondly, the different spectral windows used to gener-
ate the TCCON methane products are affected by variabil-
ity in local conditions to varying degrees, suggesting that
the weightings normally used to generate TCCON methane
products should depend on the TCCON site and season.
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Appendix A: Spectral fits
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Figure A1. Example residual transmission spectra calculated from measured and fitted spectra from the Darwin site in 2020.
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Figure A2. Example residual transmission spectra calculated from measured and fitted spectra from the Tsukuba site in 2019.
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Figure A3. Example residual transmission spectra calculated from measured and fitted spectra from the Ascension Island site in 2015.

Code and data availability. The GGG2014 retrieval environment
was developed at the California institute of Technology (Cal-
tech) and is available at https://tccon-wiki.caltech.edu (last ac-
cess: 16 April 2022, TCCON Wiki, 2022), and TCCON L1b spec-
tra are available upon discussion with the relevant site PI. HI-
TRAN2016 is available at https://hitran.org/ (last access: 16 April
2022, Gordon et al., 2017); GEISA2020 is available from http://
ara.abct.Imd.polytechnique.fr/index.php?page=geisa-2 (last access:
16 April 2022, Delahaye et al., 2021). SEOM-IAS are available
at https://doi.org/10.5281/zenodo.1009126 (Birk et al., 2017). The
TCCON line lists are described in the GGG documentation.
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