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Abstract. The next and current generation of methane retrieving satellites are reliant on the Total Carbon Column Observing
Network (TCCON) and other similar systems for validation, and understanding the biases between satellite and TCCON
methane retrievals is as important as when TCCON started in 20462004, In this study we highlight possible biases between
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different methane products by assessing the retrievals of the

12CH yand13CH 1 For-thi

Using the TCCON GGG2014 retrieval environment, retrievals are performed using feurfive separate spectroscopic databases

and-a-set-of-speetral-fit-windows—Databases—used-from four separate TCCON sites (namely, Ascension Island, N _Alesund

Darwin and Tsukuba). The Spectroscopic databases include the TCCON speetroseopie-databaseGGG2014 and GGG2020
spectroscopic databases; the HIgh-resolution TRANsmission molecular absorption database 2016 (HITRAN2016); the Ges-

tion et Etude des Informations Spectroscopiques Atmosphériques 2045(GEISA20452020 (GEISA2020) database; and the
ESA Scientific Exploitation of Operational Missions - Improved Atmospheric Spectroscopy Patabases-(SEOM-IAS) database.

We report-the biases between-the retrievals using standard ON-methane windows and specific-windows based on

sensitivity-of-the-instraments-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 Instrument (TROPOMI) presenton-Copernictis

at-for each of the different spectroscopic
databases. The-We further assess the sensitivity of these biases (across-windews-and-databases)-to locally changing atmospheric
conditions and-uneertainties-in-the-a-priori-and-parameterinformation-speetfically pressuretemperaturemethane-and-wate

vapourprofiles-are-alse-quantifiedsuch as water vapour and temperature.
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the-introdueed-errorwith-methane profile shape-when compared to standard TCCON retrievals, in some cases up to__x3 the
retrieval noise limit depending on the window and database. We also find strong evidence that different windows in different
spectroscopic databases exhibit different levels of sensitivity to changing local conditions such as light path length and water
vapourprofile-tneertainty-causing-significant-differenees—Retrievals-using-the-. Such that inter-comparisons between different

instruments using different retrieval windows should take these sensitivities into account. Based on cross-comparison studies
with the standard TCCON methane windows, retrievals using the SSP/TROPOMI spectral range show the—results—with-the

least-vartation-between-spectroscopic-databases;-and-we-results as reliable as the operational TCCON products. We therefore
recommend that this band-TROPOMI methane window should be considered in future TCCON methane retrievals.

Copyright statementTEXT

1 Introduction

Methane is widely acknowledged to have a significant impact on the global climate (IPCC, 2014), but the processes via
which it enters and is removed from the atmosphere are still not-as-wel-understoodas-is-the-ease-forearbon-dioxide;poorly
understood, with bottom up (scaled up in-situ measurements) estimations of the global methane budget not agreeing with top
down estimations (models) (Kirschke et al., 2013; Saunois et al., 2019). This disconnect is one of many reasons which-that has
led to the development of multiple satellite missions, with the aim of improving the knowledge of the global methane budget.
The reeent-launch of the S5P satellite, with the TROPOMI instrument (Veefkind et al., 2012), and the future S5 mission
with its Ultra-Violet Near infrared Shortwave infrared (UVNS) instrument (Ingmann et al., 2012), represent a significant
advancement in space-based Greenhouse Gas (GHG) remote sensing-
GOSAT, TROPOMI and UVNS exploit the 4190 — 4340 cm ! spectral range, which has not been explored in detail from
previous space-based instruments for methane retrievals. The Scanning Imaging Absorption spectrometer for Atmospheric
CartograpHY (SCIAMACHY) (Bovensmann et al., 1999) onboard the ENVIronmental SATellite (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
issues 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 currently on-going. In addition, the wide spectral sensitivity of the limb viewing
Canadian Atmospheric Chemistry Experiment (ACE)- Fourier Transform Spectrometer (FTS) (Bernath et al., 2005) includes
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this spectral window, but again the methane products of ACE-FTS do not include retrievals in this window. SSP/TROPOMI
and S5/UVNS will therefore be relying on spectroscopic parameters for which only limited experience is available in their
application to space-based-space-based methane retrieval instruments (Checa-Garcia et al., 2015; Galli et al., 2012). Fhis
extends-to-FCECON;-whieh-TCCON, although sensitive to this spectral range, has primarily provided its methane abundances
retrieved from the 6000 cm ! spectral range, allowing for direct comparisons with SCTAMACHY and GOSAT.

In this study, we make retrievals of the two main methane isotopologues using the TCCON GGG2014 (Toon, 2015) retrieval
environment. Spectra are taken from two-four different TCCON sites and-over-multiple-seasons;-in order to assess the impact
of varying atmospheric conditions at different global locations. We assess the differences in abundances of the isotopologues
theretrieval-errers-and the quality 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 retrieval abundances when using feur
five separate spectroscopic databases, and the application of non-Voigt line broadening shapes. The sensitivity of the retrievals

edvariations in water vapour concentration and path
length are studies, allowing for the assessment of how differing windows and spectroscopic databases are sensitive to these

TCCON is a global network of 27 ground based Fourier Transform Spectrometers (FTS) (Wunch et al., 2010), with the
primary aim of providing reference total column (an weighted average value for a nadir viewing profile) abundances of nu-
merous atmospheric species calibrated against aircraft profiles (Wunch et al., 2010, 2011), including methane, for validation
and cross-calibration purposes. TCCON operates in a wide spectral range (4000 — +5606-11000 cm ') and records direct

solar spectra. TCCON is currently one of the key sources of reference data for the validation of satellite-based GHG re-

, €.g. the Orbiting Carbon Observatory

. TCCON instruments have both high spectral resolution (0.02 cm '), and high Signal to Noise Ratios (SNR) due to direct
solar viewing geometry, and insensitivity to atmospheric scattering, thus making TCCON measurements higher quality than

satellite measurements —and excellent comparison datasets for satellite retrievals.
TCCON and TROPOMI/UVNS both have overlapping spectral windows in the Shortwave Infrared (SWIR) methane ab-

sorption regions, highlighted in Table 1.

Table 1. Methane SWIR windows commonality between SSP/S5 and TCCON

| Methane window | SSP/TROPOMI | SS/UVNS | TCCON |
| 5970-6289 cm ! | N oY |y |
| 4190-4340em ! | Y oY Y

When validating methane products from TROPOMI and UVNS, retrieval products using the 4190 —4340 cm ! window swill
be compared with TCCON methane products generating-generated using the standard TCCON windows (Table2 4). Therefore
potential biases associated with the choice of fit windows needs-to-should be quantified and understood. Indeed, if the 4190 —

, GOSAT and TROPOMI (Yoshida et al., 2011; Cris
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4340 cm ! window proves to be aceurate/stableas accurate as the standard TCCON windows, then there is justification to inte-
grate TCCON retrievals from this window into future TCCON retrieval products. Numerous-In addition, numerous algorithms
will be used to provide methane data products from TROPOMI/UVNS (Hu et al., 2016; Schneising et al., 2019), all-of-which
wit-which may use differing spectroscopic databases and are therefore subject to differing biases. Fhe-Building on examples
of similar past studies (Checa-Garcia et al., 2015; Galli et al., 2012), the high SNR and high spectral resolution makes TCCON

data an excellent resource to pe#efmemeva%%ﬂe%hafm%mepe}egtwﬁﬁéassess any potentlal variations due to differences
. By

in the spectroscopic databases;-bu
investigating the biases present in TCCON observations made at several sites ;-we-over several seasons. We can infer some
of the potential spectroscopic related biases in satellite retrievals, and their dependencies on temperature-and-pressure—Our
findings-wil-inform-as-to-the-potential-source-of biases-and-l &%@@WMM are relevant to ongoing

TROPOMI validation, and future SS/UVNS validation.

In addition to assessing the window and spectroscopic source biases for the twe-main methane isotopologues, the opportunity
is taken to calculate the 2C metric which-is-aratio-of these-isopelogues(see Eq-—2 2). This is a metric whieh-that has been
used in numerous studies globally to differentiate methane source types (Fisher et al., 2017; Nisbet et al., 2016; Rigby et al.,

2017; Rella et al., 2015), e.g. industriat-fossil fuel burning or wetlands. Calculating total column values of this metric would be
highly beneficial for understanding the global methane budget, 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 assessment of how far
current technology is from making a useful total column assessment. Caleulation-of the- >C metric requires the concentration
of the two main methane isotopologues ?’CH, and '3CH,, which make up roughly 9899% and 1.1% of global atmospheric
methane respectively. Almost all measurements of this metric are limited to in situ studies or airborne flask measurements,
which although highly accurate, by their nature are spatially limited. Some effort has gone into satellite based retrievals of this
metric (Buzan et al., 2016; Weidmann et al., 2017; Malina et al., 2018, 2019), but the results of these studies show this to be a
challenging task. Therefore the calculation of the '3C metric is a target of secondary importance in this study.

This paper is structured as follows, section 2 outlines the methods used in this study, including details about the TCCON
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 section 3—Seetion4-outlines3 outlining the biases between sites and databases,
including an assessment of the sensitivity of the retrievals to introduced-errors-in-the-a-priori-data-and-local condition variability.

Section 54 discusses the results shown in sections 3and-4, and conclusions are shown in section 6-5.
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2 Methods, tools, datasets and requirements

2.1 TCCON speetra-and-toolssites used in study

have-designated-seasens-butisfour different sites identified in Table 2. 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.



Table 2. TCCON sites used in this study.

TCCON Site LatLon Date Range Number of Spectra Conditions
Ascension __ Island,  7.92 S, 143 E Jan-Dec 2015 1518 Arid, little

precipitation subject
to some variation:
Feukitbes b
seasonal-effectswith
hot-wet-summers-and

Atlantic ocean

water vapour

background.

April-Oct 2019 6315 Cold, dry, limited

Ny-Alesund, T8I N 119 E
short-term variability.

Spitsbergen_

Jan-Dec 2020 6162 Seasonal, cold dry
winters, these-twe
. d

range-of-atmospherie

Tsukuba, Japan 36.1 N, 140.1 E
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thesestatisticsserveasa usefulbaselineto showthe conditionvariationshetweerthe sites.

TCCONSite WaterVapourmean. . | Tempmean. SZAmean,
Asgensionsland 4510ppmv_ 890 275 1 B 18
Darwin, Australia 5430ppmv. 1740 309 3 45 18

:Ny;Alesund,§p:1tsbergen 144Qppmv_ 600 17 6 69 8

TsukubaJapan 3200ppmv. 2470 229 9 50 .18

In this study we use the GGG2014 environmevitich includes the GFIT retrieval algorithm (Wunch et al., 201®standard

hmusedby-the ONsitesforprocessingndd butingtracegascolumnabundancess which is summarised

brie y here;-. GFIT employs a nonlinear least-squares tting schema forward model (radiative transfer model which
simulates radiation transfer through an atmosphere or a body of gas) is used to calculate synthetic irradiance spectra based ©

a set of parameters known as state vector elements (typically trace gas concentrations) and model parameters (e.g. temperatu

adjusting the state vector elements to provide a nal result, normally a trace gas abundance. In the case of GFIT the state vectol
ineludescanincludethe following.

— rst 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)
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— tchannel fringes

Note thatot all of the above are not routinely included in the state vector, for example the continuum curvature especially
is not commonly included in the state vector. This option is designed to remove instrument features, but may also attempt to
remove other effects due to the spectroscopic database, as noted in the TCCON wiki (TCCON, 2020). GFIT assumes a xed
pro le shape for each trace gas, and the sub-colummtritamounts for each altitude/pressure level are not independently
scaled. Unlike in most satellite retrieval algorithms, aerosol and albedo terms are not included in the stateieectmcause
TCCON operates in direct solar viewing, where scattering is considered unimportant and surface terms are not necessary. The
retrieved trace gas column is calculated by multiplying scaling factors from the retrieved state vector by the a priori vertical
column abundances. Dry air Mole Fractions (DMF) are calculated by dividing the scaled trace gas column with the total column

0, retrieved from a wide window in the 7885 crhspectral range multiplied by the volume mixing ratio of @2095. DMF

Because of the high spectral resolution of the TCCON instruments (0.02)cmost spectral lines are resolved, 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 (see below). TCCON has a standard set of spectral windows for methane
retrievals, all of which are in the 6000 crhmethane absorption window range. In this study we include the TROPOMI/UVNS
SWIR spectral windows (4190-4340 crf). This window along with a description of all of the windows considered in this

study are described in Tak#e4 below.

Table 4. Spectral windows used in study.

Window
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TRAN databases. The GEISA database does not currently include non-Voigt line shape para®e®EOM-IAS (Birk

etal., 2017), speci cally developed for the TROPOMI spectral window and designed around non-Voigt atmospheric line shape
pro les. This database only has data within the 4190-4340%spectral range, and can therefore only contributeiteows

window 1 and5-of this study.

Forclari cation purposesthereareno of cial releasegf the

TROPOMI spectral window with TCCON.

2.3.1 Veigtvshen-Veigtlineshapeproles

may be inadequate for trace gas retrievals (based on laboratory studies), which can lead to errors larger than instrument preci
sion requirements. In order to calculate more accurate line shapes for remote sensing purposes, humerous models have be
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proposed. In this paper we use the quadratic Speed Dependent Hard Collision (qSDHC) model (Ngo et al., 2013; Tran et al.,
2013). This model includes additional parameters based on speed dependence of collisional broadening and velocity change
of molecules due to collisions, on top of the standard parameters of pressure-induced air broadening, and pressure induce:
line shift. Note that only the SEOM-IAS databasgeuses these additional parameters, the remaining spectroscopic databases
do not include these parameters for methane at the time of this paper. We use the FORTRAN routines provided with Ngo
et al. (2013) to implement the gSDHC model into the GFIT algorithm, modi ed to include rst order Rosenkranz line mixing
effects. Mendonca et al. (2017) report that incorporating speed dependent and line mixing has a signi cant effect on calculated
methane columns when compared against assuming Voigt dependency. They nd a 1.1% difference in total methane column
abundances from 131,124 spectra. The implicatieigis that it is important to account for the additional physical parameters
included in non-Voigt models, when retrieving methane.

2.4 Metries

X

2= [y measured Y calculated ]2: (1)

Wherey measured  refers to the measured TCCON spectrum, gggkbuated 1S the synthetic spectrum calculated by the
forward model.




235 normalisedoy dividing by theretrievalerror of the standardl CCON retrievalwindow (NAmean).

240 includedin TCCONerrorbudgetsfor exampleartefactcanappeain TCCONTretrievalsatextremeSZA valueg(Wunch et al., 2011)
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2.5 Analysiseriteria

—How much *2C varies in the total varies in the total column is a complex issue (Weidmann et al., 2017; Malina et al.,

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
13C is required in order to determine natural annual variability at the surface. However, variabili§drcan be higher in

the troposphere and stratosphere due to variability of the OH sink and the fractionation caused by OH (Réckmann et al., 2011;

Buzan et al., 2016), with evidence thafC can vary by up to 10%o. in different air parcels (Réckmann et al., 2011). Based on

on13CH, retrievals, or roughly 0.1% of the total column. This is clearly an unrealistic target for individual retrievals, given the
uncertainty requirements féfCH, described above. Nevertheless precision errors will be low due to the nature of TCCON,
and through the fact that TCCON sites are situated in a xed position, allowing for long term averaging to reach a required
precision target. Therefore one of the minor aims of this study is to identify how far away TCCON uncertainty (including
systematic errors) is from the desired uncertainty of <1%%¢.

12



2.5 Sensitivity-analysis
(13CH4=120H4)sampIe

1 100Q%; @)

(B8CH4=2CHy)vros

305 _13C valueasa baselinen_termsof 3CH;,, thereare no publishedprecisionand accuracyrequirementsr statisticswith

310 3.1 Quality of spectral. tting

An_exampleof residualtransmissiorspectrafrom_the Ny-Alesundsite is shownin_Fig
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3.1.1 A-Prieri-andparametererrors
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resultsfrom eachof the TCCON sites indicatedby the row fitle. Eachcolumnshowshe resuitsfrom eachwindow,indicatedby the fitle

of eacheolumn. Eachsubplotshowsthe RMSE and. * valuesfor eachspectroscopigatabaséng
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fromcasesvhereparametergrrorshavebeenintroducedin this studyis t in windows1 andtheeriginatunperturbedases.
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390 3.2 Quanti cation of variance betweenwindows and databases
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4 Results
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