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Abstract. The next and current generation of methane retrieving satellites are reliant on the Total Carbon Column Observing
Network (TCCON) for validation, and understanding the biases between satellite and TCCON methane retrievals is as im-
portant as when TCCON started in 2010. In this study we highlight possible biases between different methane products by
assessing the retrievals of the two main methane isotopologues '2CH, and '3CH,. For this study we use measurements from
two TCCON sites, namely Ascension Island in the Atlantic Ocean and Tsukuba, Japan, with different spectroscopic databases.

Using the TCCON GGG2014 retrieval environment, retrievals are performed using four separate spectroscopic databases
and a set of spectral fit windows. Databases used include the TCCON spectroscopic database; the HIgh-resolution TRANs-
mission molecular absorption database 2016 (HITRAN2016); the Gestion et Etude des Informations Spectroscopiques Atmo-
sphériques 2015 (GEISA2015) database; and the ESA Scientific Exploitation of Operational Missions - Improved Atmospheric
Spectroscopy Databases (SEOM-IAS) database. We report the biases between the retrievals using standard TCCON methane
windows, and specific windows based on the sensitivity of the instruments TROPOspheric Ozone Monitoring (TROPOMI)
present on Copernicus Sentinel-5P (S5P) and the future Sentinel 5 (S5) mission present on MetOp-Second Generation satel-
lite. We assess the biases in retrieving methane isotopologues using these different spectral windows and different spectroscopic
databases. The sensitivity of these biases (across windows and databases) to locally changing atmospheric conditions, and un-
certainties in the a priori and parameter information, specifically pressure, temperature, methane and water vapour profiles are
also quantified.

We find significant biases between retrievals calculated using differing spectroscopic databases and windows for both
methane isotopologues, with up to a 3% bias between '2CHy retrievals. These biases depend on the conditions under which
they were captured, with specific windows showing larger biases at higher Solar Zenith Angles (SZA). In addition, the sen-
sitivity to a priori assumptions are shown to be significant and we find the biases between spectroscopic databases change
depending on the introduced error, with methane profile shape and water vapour profile uncertainty causing significant dif-
ferences. Retrievals using the SSP/TROPOMI spectral range show the results with the least variation between spectroscopic

databases, and we therefore recommend that this band should be considered in future TCCON methane retrievals.
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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 well understood as is the case for carbon dioxide; with bottom
up estimations of the global methane budget not agreeing with top down estimations (Kirschke et al., 2013; Saunois et al.,
2019). This disconnect is one of many reasons which has led to the development of multiple satellite missions, with the aim of
improving the knowledge of the global methane budget.

The recent 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.

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)
(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. In addition, the wide spectral sensitivity of the limb viewing Canadian
Atmospheric Chemistry Experiment (ACE)- Fourier Transform Spectrometer (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
will therefore be relying on spectroscopic parameters for which only limited experience is available in their application to space
based methane retrieval instruments (Checa-Garcia et al., 2015; Galli et al., 2012). This extends to TCCON, which 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 .

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 different TCCON sites and over multiple seasons, assess the impact of varying
atmospheric conditions. We assess the differences in abundances of the isotopologues, the retrieval errors 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 four separate spectroscopic databases, and
the application of non-Voigt line broadening shapes. The sensitivity of the retrievals to errors introduced into the a priori and
parameter profiles are assessed, allowing for the assessment of how differing windows and spectroscopic databases are sensitive
to these errors.

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 numer-

ous atmospheric species calibrated against aircraft profiles (Wunch et al., 2010, 2011), including methane, for validation and
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cross-calibration purposes. TCCON operates in a wide spectral range (4000 — 15000 cm ™) and records direct solar spectra.
TCCON is currently one of the key sources of reference data for the validation of satellite-based GHG retrievals (Yoshida et al.,
2011; Crisp et al., 2012; Parker et al., 2015). Examples include the Orbiting Carbon Observatory (OCO)-2 and the Greenhouse
Gases Observing Satellite (GOSAT) (Kuze et al., 2009). TCCON instruments have both high spectral resolution (0.02 cm™ 1),
and high Signal to Noise Ratios (SNR) due to direct solar viewing geometry, thus making TCCON measurements higher qual-
ity than satellite measurements. TCCON and TROPOMI/UVNS both have overlapping spectral windows in the Shortwave
Infrared (SWIR) methane absorption regions, highlighted in Table 1.

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

Methane window | SSP/TROPOMI | S5/UVNS | TCCON
5970-6289 cm ™! N Y Y
4190-4340 cm ! Y Y Y

When validating methane products from TROPOMI and UVNS, retrieval products using the 4190 — 4340 cm~! window, will
be compared with TCCON methane products generating using the standard TCCON windows (Table 2). Therefore potential
biases associated with the choice of fit windows needs to be quantified and understood. Indeed, if the 4190 — 4340 cm~!
window proves to be accurate/stable, then there is justification to integrate TCCON retrievals from this window into future
TCCON retrieval products. Numerous algorithms will be used to provide methane data products from TROPOMI/UVNS (Hu
et al., 2016; Schneising et al., 2019), all of which will may use differing spectroscopic databases and are therefore subject to
differing biases. The high SNR and high spectral resolution makes TCCON data an excellent resource to perform retrievals
of methane isotopologues, and assess any potential variations due to differences in the spectroscopic databases, building on
examples of similar past studies (Checa-Garcia et al., 2015; Galli et al., 2012). By investigating the biases present in TCCON
observations made at several sites, we can infer some of the potential spectroscopic related biases in satellite retrievals and
their dependencies on temperature and pressure. Our findings will inform as to the potential source of biases and are relevant
to ongoing TROPOMI validation, and future S5/UVNS validation. We also make recommendations on spectral windows and
databases for future methane retrievals.

TCCON methane products are the result of a standardised process where a weighted average of three retrieved values
from three TCCON fit windows (described in Table 2 below) is reported. Assessments of the biases present in between these
windows, with respect to the spectroscopic databases may help inform the future of TCCON methane products.

In addition to assessing the window and spectroscopic source biases for the two main methane isotopologues, the opportunity
is taken to calculate the §'3C metric which is a ratio of these isopologues (see Eq. 2). This is a metric which 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. industrial 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 63C with TCCON will allow for an assessment of how far current
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technology is from making a useful total column assessment. Calculation of the §'3C metric requires the concentration of the
two main methane isotopologues 2CH, and *CH,, which make up roughly 98% 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. Section 4 outlines an assessment of the sensitivity of the retrievals to
introduced errors in the a priori data and local condition variability. Section 5 discusses the results shown in sections 3 and 4,

and conclusions are shown in section 6.

2 Methods, tools, datasets and requirements
2.1 TCCON spectra and tools

We use TCCON spectra from two different sites, firstly the Ascension Island site, found in the middle of the Atlantic Ocean
near the equator. The second site is the Tsukuba site, near Tokyo in Japan, and at a higher latitude than Ascension Island.
Ascension Island has an arid climate with a little precipitation, which remains largely constant through the year and does not
have designated seasons but is subject to some variation. Tsukuba is subject to seasonal effects, with hot wet summers and
cold dry winters, these two sites represent a wide range of atmospheric conditions. The Tsukuba spectra are generally captured
in a narrow spread of SZAs, typically 35°<SZA<60°; Ascension Island spectra are captured under a much wider range of
SZA, typically 10°<SZA<90°. This means that there will be larger variations in SNR for Ascension Island than Tsukuba,
therefore leading to higher levels of radiometric noise and an increase in the random error, which could be significant for
13CH, retrievals.

In this study we use the GGG2014 environment which includes the GFIT retrieval algorithm (Wunch et al., 2010), the
standard algorithm used by the TCCON sites for processing and distributing trace gas column abundances. GFIT is summarised
briefly here; GFIT employs a nonlinear least-squares fitting scheme. A 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 on a set of
parameters known as state vector elements (typically trace gas concentrations) and model parameters (e.g. temperature and
pressure profiles). This synthetic irradiance spectra is then fit to the measured irradiance spectrum by adjusting the state vector

elements to provide a final result, normally a trace gas abundance. In the case of GFIT the state vector includes the following.
— first target gas scaling factor (desired output).
— interfering gas scaling factor.

— continuum level of the irradiance spectrum.
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continuum tilt

continuum curvature

frequency shift

zero level offset

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

fit channel fringes

Note that 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 fixed profile
shape for each trace gas, and the sub-column amount for each altitude/pressure level are not independently scaled. Unlike
in most satellite retrieval algorithms, aerosol and albedo terms are not included in the state vector, this is because 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 Oa,
retrieved from a wide window in the 7885 cm ™! spectral range multiplied by the volume mixing ratio of Oy 0.2095. DMF gas
concentrations identify retrieved concentration as mole fractions, as opposed to absolute concentrations, all retrieved 2CH,4
and 13CH, concentrations are referred to as DMF values.

Because of the high spectral resolution of the TCCON instruments (0.02 cm™1!), most 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 cm~! methane absorption window range. In this study we include the TROPOMI/UVNS
SWIR spectral windows (4190-4340 cm™!). This window along with a description of all of the windows considered in this

study are described in Table 2 below.

Table 2. Spectral windows used in study.

Window | Window spectral range (cm™') | Target species Background species Window source
1 4190-4340 12CcH, 13CH,, CO,, H,0, HDO, CO, HF, N5,O, O5 | Sentinel 5 baseline
2 5880-5996 12CH, 13CHy, CO4, H20, NoO TCCON standard
3 5996.45-6007.55 12CHy 13CH,, CO,, H20, N2O, HDO TCCON standard
4 6007-6145 12CH, 13CH,4, CO9, H,0, N2O, HDO TCCON standard
5 4190-4340 13CH, 12CH,, CO,, H,0, HDO, CO, HF, N,0, O3 | Sentinel 5 baseline
6 6007-6145 13CH, 12CH,, CO,, H20, N2O, HDO TCCON standard
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Windows 2-4 are standard TCCON methane retrieval windows which in this study are used for 12CHy, and windows 1 is
based on the TROPOMI spectral window (Galli et al., 2012; Hu et al., 2016), given that no standard windows exist in this
spectral window for TCCON. Windows 5 and 6 are repeats of windows 1 and 4, but with 13CH} as the target.

2.1.1 Spectroscopic Databases

The introduction of '3CHy into spectroscopic databases in the TROPOMI spectral region is relatively recent, and in the case
of HITRAN, was only introduced in the 2012 release. Indeed Gordon et al. (2017) reports that numerous new *CHy lines
were introduced into the latest HITRAN2016 release, this implies that the spectroscopic parameters of *3CHy in this region is
not yet settled. A review of the documents released with numerous spectroscopic databases (Gordon et al., 2017; Jacquinet-
Husson et al., 2016; Birk et al., 2017) suggest that 13CH, lines are not all sourced from the same laboratory studies. We
therefore decided to compare methane isotopologue retrieval from four separate spectroscopic databases, which are as fol-
lows: 1) the database included with GGG2014 (Toon, 2015), which currently assumes a Voigt line shape for all lines. 2)
HITRAN2016, HITRAN is a well-established spectroscopic database that has been used in numerous satellite based studies
previously (Galli et al., 2012). The current release HITRAN2016 (Gordon et al., 2017) has been revised from the previous
release (HITRAN2012) in terms of methane, with new lines and parameters included for both of the main isotopologues.
HITRAN2016 does include the additional parameters required to model non-Voigt lines shapes, however the current version
does not include these parameters for methane (at the time of writing). 3) The GEISA2015 database (Jacquinet-Husson et al.,
2016) is another spectroscopic database, similar in design and goals to the HITRAN databases. The GEISA database does not
currently include non-Voigt line shape parameters. 4) SEOM-IAS (Birk et al., 2017), specifically developed for the TROPOMI
spectral window and designed around non-Voigt atmospheric line shape profiles. This database only has data within the 4190-
4340 cm™! spectral range, and can therefore only contribute to windows 1 and 5 of this study.

Some work has been performed previously comparing spectroscopic databases e.g. (Jacquinet-Husson et al., 2016; Armante

et al., 2016), but this study is the first case with respect to the TROPOMI spectral window with TCCON.
2.1.2 Voigt vs non-Voigt line shape profiles

Ngo et al. (2013) states that the standard Voigt profiles used for spectral line broadening may be inadequate for trace gas
retrievals (based on laboratory studies), which can lead to errors larger than instrument precision requirements. 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 (QSDHC) 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 the SEOM-IAS
database use 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, modified to include first order Rosenkranz line mixing effects. Mendonca et al. (2017) report that

incorporating speed dependent and line mixing has a significant effect on calculated methane columns when compared against



assuming Voigt dependency. They find a 1.1% difference in total methane column abundances from 131,124 spectra. The
175 implication being that it is important to account for the additional physical parameters included in non-Voigt models, when

retrieving methane.
2.2 Metrics
Our main assessment metrics in this study are as follows.

— Averaging Kernels (AK): the AKs capture the sensitivity of the retrieved state vector to the truth, and is defined as
180 A = 0x/0x, where X is the retrieved state vector and x is the truth. AKs are typically used in satellite and ground-based

remote sensing to characterise the vertical sensitivity profile of a retrieval.
— Transmission spectra.
— Root Mean Square Error (RMSE) of the residual between the calculated transmission spectra, and the TCCON

measurement transmission spectra, expressed as the RMSE.

185 — The quality of the fit, expressed via the x? test, quantitatively defined as:

X2 = Z[Ymeasured - YCalculated]2- (1)

i
Where ymeasured refers to the measured TCCON spectrum, and Ycalculated 1S the synthetic spectrum calculated by the
forward model.

— Retrieved values.

190 — Standard deviation of the DMF for each window (0window)-
— Standard deviation of the DMF between all windows for a specific database (6, ter—window)

— Bias of the retrieved mean of the DMF for each window against the retrieved mean of the equivalent window using
the TCCON spectroscopic database, which is taken as the reference in the present study due to its pedigree in

validations for satellite missions.
195 — A posteriori error

— Total uncertainty in the retrieved abundances of the methane isotopologues, including systematic and random er-

rors. Wunch et al. (2010) states that systematic errors typically dominate for TCCON retrievals.

— §'3C: Methane isotopologues abundances are typically expressed in the form of the following metric.

5130 _ ((130H4/120H4)sample B

1 1 2
(GCH, /2CHy)y pps ) x 1000%eo, (2)
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where VPDB refers to Vienna Pee Dee Belemnite, an international reference standard for 13C assessment. Tropospheric
methane typically exhibits a §'3C value of roughly -47%o (Rigby et al., 2017), and total column measurements from TCCON
are unlikely to deviate from this value to a significant degree. Therefore this tropospheric §'3C value acts as a useful proxy,
to determine the stability and variability associated with retrievals of methane isotopologues from different spectral windows,
spectroscopic databases, location and time using the tropospheric '2C value as a baseline.

In an ideal scenario we would compare our results with some reference results, however we are currently unaware of total
column *3CHy retrieval data. We therefore perform our comparisons with respect to the TCCON spectroscopic database, under

the assumption that biases are already present, which can be assessed at a later date if there is benefit to doing so.
2.3 Analysis criteria

There are two aspects to this study, the primary aspect is an assessment of the biases between spectral windows and spectro-
scopic databases w.r.t the two main methane isotpologues. TCCON typically aims for precision of <0.3% on methane retrievals,
and has a rough estimate of 1% systematic uncertainties (dominated by in-situ calibration which vary depending on site (Wunch
et al., 2015)). Therefore it is possible to judge the variations of the *2CHy4 between windows and databases based on these bi-
ases and precisions. In order to judge inter-window/spectroscopic database biases, we often compare the relative difference of
the retrievals with respect to window 4 of the TCCON spectral database, henceforth described as the ‘reference value’. We
choose this window because it is the most commonly used in space based retrievals at this time (e.g. GOSAT), and the TCCON
spectral database as it is the most established with TCCON retrievals. The relative difference is calculated as the difference
between the retrieval and the reference value, divided by the reference value. This assessment is shown in Fig. 3.

In terms of 13CHy, there are no published precision and accuracy requirements or statistics with TCCON. Fundamentally
the final aim of retrieving '*CHy is to calculate §'3C. §'3C has been used to differentiate between methane source types
(Fisher et al., 2017; Nisbet et al., 2016; Rigby et al., 2017; Rella et al., 2015), and variations of this value has been linked
with variations in the global methane budget (Rigby et al., 2017; Mcnorton et al., 2016). How much § 13C 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 6'3C is required in order to determine
natural annual variability at the surface. However, variability in §'C can 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
that §13C can vary by up to 10%o in different air parcels (R6ckmann et al., 2011). Based on these factor, we assume a rough
total column ¢*3C variability of 1%o, which equates to a total uncertainty of <0.02 ppb on '3CH, retrievals, or roughly 0.1%
of the total column. This is clearly an unrealistic target for individual retrievals, given the uncertainty requirements for *2CHy
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 fixed 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%o §'3C.
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2.4 Sensitivity analysis

In addition to understanding any biases that may exist between spectroscopic databases and windows under nominal conditions,
it is important to assess if these biases vary with respect to errors or assumptions in retrieval conditions, this type of assessment
is known as a sensitivity analysis (Wunch et al., 2011; Hu et al., 2016). In this study we assess the impact of two key error
sources, firstly how changing retrieval conditions over a series of TCCON measurements can affect biases, and secondly if

uncertainty on the input retrieval information can impact bias magnitudes.
2.4.1 Local condition variations

Variations in the retrieval conditions throughout the course of a day of measurements 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 SZA and water vapour (retrieved by TCCON) changes through the course of a day
at both TCCON sites. These dependencies are quantified by identifying the possible existence of a linear correlation (coefficient
of determination) between the variations of water vapour and SZA against the bias of the retrieved methane isotopologue DMFs
for each window and spectroscopic database, against the DMFs from window 4 from the TCCON spectroscopic database

(otherwise known as the 'reference value’).
2.4.2 A Priori and parameter errors

An important aspect of all trace gas retrievals are the sensitivities to uncertainties in the input a priori and parameter profile
information. A priori information refers to quantities which are estimated as a part of the retrieval process (such as trace
gases), and parameters refers to quantities necessary for retrieval, but are not estimated as a part of the retrieval process
(such as temperature) (Rodgers, 2000). Here we investigate how the retrieved isotopologue DMFs vary between spectroscopic
databases and windows when errors are applied to the a priori and parameter information. These profiles are derived from
different models which carry inherent uncertainty e.g. (Wunch et al., 2011; Rahpoe et al., 2013), this can be assessed by
perturbing the input parameter profiles and comparing the output results.

The a priori and parameter atmospheric data for the GFIT algorithm is based on two sources; the pressure, temperature and
humidity data are drawn from the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric
Research models (NCAR). The trace gas profiles are built from empirical models developed from a combination of data from
atmospheric balloon borne sensors, and from the satellite instrument ACE-FTS (Wunch et al., 2010, 2011). We investigate the

sensitivities of the retrievals to the following input parameter uncertainties.
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Table 3. A priori and parameter error magnitude.

Error Source Magnitude
Methane profile shift 2%
Methane profile shape Swap seasonal profiles
Water vapour profile shift 10%
Pressure profile shift 2%
Temperature profile shift 2K

The magnitudes identified in Table 3 mirror those used in a similar study focused on SSP/TROPOMI (Hu et al., 2016), given
that SSP/TROPOMI validation is one of the focus points of this study. Since methane is the gas under investigation in this
study, it is important to understand how shifting the input atmospheric profile affects the output. Since GFIT is a scalar retrieval
algorithm, retrievals using an incorrect methane profile (e.g. tropopause in the incorrect layer) could induce biases which vary
between windows and spectroscopic databases. Therefore the April and July Tsukuba methane profiles are swapped, and the
August and October Ascension Island profiles are swapped to induce errors. Water vapour is the main interfering trace gas in
these windows, and uncertainties in the starting knowledge of water vapour may yield different results from different windows
or spectroscopic databases. GFIT directly retrieves methane and water vapour, but pressure and temperature are not included in
the state vector and are not retrieved, meaning dependencies on pressure and temperature will not be removed in the retrieval
process. Pressure column uncertainties can affect methane retrievals in two ways. The first is through the retrieval of Oq
which is used to convert the total column concentration of methane into DMFs, the second is through pressure dependence of
spectroscopic absorption. For temperature, errors are introduced through the spectroscopic cross sections, Eq (3) describes the

temperature dependency of the line intensity (An et al., 2011).

S(T) - Q(/T()) hCE() 1 1
Sy~ em) P TE 7))

where S(T) is the line intensity at temperature T, Q(T) is the total partition function of the absorbing molecule at tempera-

3)

ture T, S(Tp) and Q(Tp) are as before but at temperature Tg, Eg is the lower state energy, and h, ¢ and k are constants. Equation
(3) suggests that if there are significant differences between the spectroscopic databases, most notably in the lower state energy
level, then the temperature and pressure dependency uncertainty of the retrievals will vary depending on the database. Thus
implying that the bias between spectroscopic databases can vary depending on spatial and temporal conditions.

To quantify the impact of these introduced errors we use two methods. Firstly the metrics described in sect 2.2 for ’retrieved
values’ are used for retrievals from April 2016 from the Tsukuba site, allowing for a direct comparison between the *nominal
cases’ and the ’perturbed’ sensitivity analysis cases. Secondly we use linear regression to compare the retrieved DMFs of
12CH, and '*CHy, from cases where parameters errors have been introduced, and the original unperturbed cases. This linear
regression is represented in two types of figure, the first qualitatively shows the correlation between perturbed and unperturbed

cases for all windows, spectroscopic databases and TCCON sites. The second figure type shows the linear regression and

10
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figure. These statistics are shown for all windows, spectroscopic databases and TCCON sites. All these results and figures are

shown in Appendix C, and a summary, highlighting the impact of retrieval parameter uncertainty is shown in sect 3.5.

3 Results

3.1 Averaging kernels

Figure 1 shows example column averaging kernels for retrievals of *2CH,4 and *CH,4 using windows 1, and 4-6 from selected

observations at both Tsukuba and Ascension Island.

T sukuba Ascension Island
0.0 ? 0.0
0.2 \ 0.2
B ,
§0.-1 0.4 /
S
n
30.6 0.6+
~
Q
0.8 —— Window1 | 08
—— Window 4
—— Window 5
1.0 —— Window 6 1.0
I I
1.0 1.5 2.0 1.0 1.5 2.0

Column — averaging kernel

Column — averaging kernel

Figure 1. Column averaging kernels for typical retrievals of ?CH,4 and **CH, from the Tsukuba TCCON site (left) and Ascension Island

TCCON site (right) using the internal TCCON spectral database. The legend indicates the spectral window, for which the averaging kernels

were calculated.

The '2CH, averaging kernels for both windows and both sites show little variation, and are similar to the CH, averaging

kernels shown in (Wunch et al., 2011). The '3CH, averaging kernels show larger variation in the upper atmosphere, especially

in the Ascension Island case, however this is not significant given the low concentration of **CHy in the upper stratosphere.

The shape of *CH, averaging kernels is very similar to the shape of averaging kernels of CO from TCCON (Wunch et al.,

2011), for all cases analysed in the present study. The similarity of the averaging kernels for the different windows shown

in Fig 1 shows that the total columns retrieved from different fit windows can be compared directly, and that biases between

windows can be attributed to other sources.
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Figure 2. Example transmission spectra calculated from retrievals of *2CH, and **CH, from the Tsukuba site in April 2016. Row 1 rep-
resents the calculated transmission of the target species (*2*CHy for first four columns, **CH, for the last two columns) using the TCCON
spectroscopy database. The first four columns represent windows 1-4 respectively, the last two represent the windows of **CH,. The second
row shows the residual transmission between the measured and calculated transmission from the SEOM-IAS database in window 1. Row 3

shows the residual transmission when the HITRAN2016 database is used, row 4 is the GEISA database and row 5 is the TCCON database.

Figure 2 shows the relative strengths of the absorption of the target trace gases in the selected spectral windows. We see
that window 1 is a complex region with a large number of absorption lines including strong lines that saturate in the centre,
and pronounced spectral overlap of lines. Windows 2-4 all show high levels of absorption but less line mixing/overlapping
lines. The absorption by 3CH, in windows 5 and 6 are weak; window 1 contains significantly larger number of spectral
lines compared to window 4. Both HITRAN2016 and GEISA2015 show significant residual transmission peaks in all of the
windows. Quantitatively, the transmission statistics listed in Table 4 indicate that the SEOM-IAS retrieval has the best fit in
window 1, with the TCCON database showing similar values. Note that the fit characteristics of window 1 are several times
worse than any of the other windows explored in this study. We must take into account here that window 1 is wide, and that
better fits could be obtained by splitting the window. Note that the column densities for all trace gases are fitted simultaneously,
therefore changing the target gas for retrieval purposes (e.g. 2?CHy or *CHy) does not change the fit residuals, hence this is

why only the transmission values for 13CH, are shown, and no residuals.
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For comparison purposes, Table Al shows the same fit parameters, as shown in Table 4, but for an example of Ascension
Island retrieval in October of 2016. The quality of fit is several times worse for the example of Ascension Island spectra, this
is explained in Appendix A.

The key point is the relative fit values between the windows and spectral databases, which are similar to those shown
in Table 4. This implies that the differences observed between the windows and databases exist, irrespective of time and
location. Suggesting site and season are not major contributors to biases in window and spectroscopic database. The example
transmission spectra shown in Fig 2 were captured with a solar zenith angle of 43°, with a similar air mass to other spectra
captured on the same day, and the Ascension Island spectra were captured with a solar zenith angle of 22°, with a similar air
mass to the Tsukuba spectra.

This analysis also shows that the GEISA database does not include any *CHy lines in window 5, meaning that there will be

no further analysis on this window w.r.t GEISA.

Table 4. Retrieval fit statistics for the case identified in Fig 1. The RMSE for each spectroscopic database is shown in row 1, with the results

for windows 1-4 indicated in columns 1-4. The x? values are shown in row 2 for each window.

Window 1 Window 2 Window 3 Window 4

TCCON: 4.438x10~" | TCCON: 3.076x10~2 | TCCON: 3.846x10~> | TCCON: 2.680x10~>
HITRAN: 6.803x10"* | HITRAN: 3.747x10~3 | HITRAN: 5.392x10~® | HITRAN: 3.578x10~3
GEISA: 5.678x10™% | GEISA:3.910x107 | GEISA: 6.01x10™® | GEISA:3.722x107?

RMSE SEOM: 4.268x10~3 SEOM: nan SEOM: nan SEOM: nan
TCCON: 0.392 TCCON: 0.146 TCCON: 0.0218 TCCON: 0.132
HITRAN: 0.922 HITRAN: 0.216 HITRAN: 0.0414 HITRAN: 0.235
GEISA: 0.642 GEISA: 0.235 GEISA: 0.0532 GEISA: 0.254
X2 SEOM: 0.363 SEOM: nan SEOM: nan SEOM: nan

Note that the RMSE and X2 values for the 13CH, retrievals are identical to those indicated for 12CH, in the same window,

and are therefore not repeated in Table 4.
3.3 Retrieval accuracy

Figure 3 shows a time series of 40 DMFs of 12CH, from measurements made on the 1st of April 2016 at the Tsukuba TCCON
site. The top panel shows the time series over the course of the day for each spectral window and database in consideration. We
see here that the maximum bias in retrieved >CH4 DMFs is roughly 50 ppb, between the HITRAN and GEISA 6002 cm ™!
windows. The statistics in Table 5 suggest that window 3 has the largest deviation in DMFs w.r.t. spectroscopic databases,
while window 1 has the lowest deviation. In general Table 5 suggests that there are significant variations in the retrieved DMFs
in both spectral windows and spectral databases. The middle panel in Fig. 3 reveals a clear and constant bias between the
reference values and the other windows, of up to 2%.

Table 5 suggests that window 1 shows the least variation, and window 3 has the most (largely driven by the GEISA retrievals).

However, the inter-window variation suggests the least variation from the GEISA retrievals; the HITRAN retrievals show the
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most. The bias values from the equivalent TCCON windows in general show the largest biases from the GEISA retrievals.
However window 1 from the SEOM-IAS database shows the largest bias in this regard.

Retrieval uncertainties shown in the bottom panel of Fig 3 suggest a typical range of between 5 and 10 ppb, with the GEISA
and HITRAN retrievals showing the highest errors. These errors are significantly lower than the persistent differences noted
between the windows, meaning that these biases cannot be attributed to random retrieval uncertainties, and are likely due to

differences in the spectroscopic databases.
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Figure 3. Retrieval time series for *>CH4 DMFs from the Tsukuba site on 01/04/2016. The top panel indicates the retrieved DMFs of '?CH,
in ppb for differing spectral windows and spectroscopic databases. The spectral windows are differentiated by line style, as shown in the
legend in the top right corner. The databases are differentiated by colour, as indicated in the right of the middle panel. The middle panel shows
the relative difference of the retrievals with respect to retrievals from window 4 of the TCCON database in ppb, illustrating the persistent

behaviour of the spectroscopic-dependent and fit-window dependent differences. The bottom panel shows the total retrieval uncertainties in

ppb.
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Table 5. Statistics on 40 retrievals from the Tsukuba site on 01/04/2016 based on metrics identified in retrieval abundances subsection of

section 2.2. The first row indicates the standard deviation of the retrieved DMFs from each window under study in this paper, with the target

indicated for each window. The second data row indicates the standard deviation of the retrieved abundances of *2CH,4 for all windows

present in each spectroscopic database, the third data row is as the second row, but for 3CH,. The fourth to ninth data rows indicate the

retrieved mean of the DMF for each window against the retrieved mean of the equivalent window using the TCCON spectroscopic database,

with the window in question highlighted in the rows, and the spectroscopic database indicated in the columns.

Window 1 (*2CHy) | 2 (*2CHy) | 3(*2CHy) | 4 (*2CHy) | 5 (*3CHy) | 6 (*3CHy)
Owindow (PPD) 8.98 17.5 22.5 12.6 0.589 1.64
Database TCCON | HITRAN GEISA | SEOM-IAS
Ointer—window >CHy (ppb) 16.5 20.0 9.15 N/A
Tinter—window ->CHy (ppb) 1.09 0.389 N/A N/A
Database HITRAN GEISA SEOM-IAS
bias (ppb; window 1) 5.36 8.90 15.1
bias (ppb; window 2) 4.92 38.1 N/A
bias (ppb; window 3) 8.49 42.4 N/A
bias (ppb; window 4) 22.3 28.9 N/A
bias (ppb; window 5) 1.22 N/A 0.00655
bias (ppb; window 6) 0.394 3.57 N/A

Considering a different set of retrievals, in this case 79 from the Ascension Island site on 01/10/2016, the statistics of which

are highlighted in Table 6. These are shown to be similar in magnitude to those indicated in Table 5 (exemplified by the o, indow

values), but are also shown to vary i.e in some cases magnitude increases, while others decrease. The ¢, ter—window Values

show similar magnitudes in both Tables 5 and 6, with HITRAN showing the largest inter-window variation, and GEISA the

lowest. In general the bias values are similar in Table 5 and Table 6, however there are some differences. For example. there is

a significantly larger bias for window 2 in HITRAN, and lower for window 4 in HITRAN. Window 4 bias for GEISA is also

significantly lower. These results indicate that we can expect variations in retrieved methane biases depending on TCCON site

and time of year.
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Table 6. Statistics on 79 retrievals from the Ascension Island site on 01/10/2016 based on metrics identified in retrieval abundances subsection
of section 2.2. The first row indicates the standard deviation of the retrieved DMFs from each window under study in this paper, with the
target indicated for each window. The second data row indicates the standard deviation of the retrieved abundances of >CH, for all windows
present in each spectroscopic database, the third data row is as the second row, but for 3CH,. The fourth to ninth data rows indicate the
retrieved mean of the DMF for each window against the retrieved mean of the equivalent window using the TCCON spectroscopic database,

with the window in question highlighted in the rows, and the spectroscopic database indicated in the columns.

Window 1 (*2CHy) | 2 (*2CHy) | 3(*2CHy) | 4 (*2CHy) | 5 (*3CHy) | 6 (*3CHy)
Owindow (PPD) 10.6 16.6 21.2 14.8 0.981 2.79
Database TCCON | HITRAN GEISA SEOM-IAS
Ointer—window >CHy (ppb) 16.3 19.4 11.1 N/A
Tinter—window ->CHy (ppb) 1.83 2.30 N/A N/A
Database HITRAN GEISA SEOM-IAS
bias (ppb; window 1) 7.76 8.47 19.2
bias (ppb; window 2) 9.15 354 N/A
bias (ppb; window 3) 7.41 37.6 N/A
bias (ppb; window 4) 10.6 16.7 N/A
bias (ppb; window 5) 1.45 N/A 0.414
bias (ppb; window 6) 2.45 3.38 N/A

For further analysis on the biases presented in Fig 3 and Tables 5 and 6, we also show additional retrieval statistics for
40 retrievals from Tsukuba on 07/07/2016 (Table B1), and 243 retrievals from Ascension Island on 23/08/2016 (Table B2).
Comparing the statistics from Fig. 3 and Tables 5, 6, B1 and B2, we note similar magnitudes in all of the presented statistics,
and similar magnitudes in the differences when comparing the results from different windows or spectroscopic database. For
example the 0.indow Value in window 1 is between 8.98 and 10.6 ppb depending on TCCON site and time of year of retrievals,
but for window 3 it is between 21.2 and 23.7 ppb. In the cases shown in this study, oyindow 1S at @ minimum in window 1,
and at a maximum in window 3, with window 3 showing up to roughly x2.5 larger deviation than window 1. Windows 2
and 4 show more variation, and often show similar magnitudes. The implications of these results are that windows 1 and
3 are more consistent across the databases, and windows 2 and 4 are less 0. Ojnter—window results consistently show the
GEISA2015 database has the lowest deviation in 2CH, DMFs across all bands, but also show the most variation across
sites and season (4.25 ppb). HITRAN2016 shows the highest 0, ter —window results, and the TCCON database is in between,
but shows almost no variation in values across sites and seasons. Considering the biases of each spectral window from each
spectroscopic database against the equivalent window from the TCCON spectroscopic database, there is evidence of some
patterns emerging. For example, the HITRAN2016 database shows the lowest bias in each window w.r.t. the TCCON database,
while the GEISA2015 database shows the highest and window 1 for all spectroscopic databases consistently shows largely
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constant values across all TCCON sites and seasons. However, there is also significant evidence of changing behaviours,
window 4 especially varies by as much as 300% between sites and seasons. The results from this analysis suggest that window
1 is the most consistent and is less sensitive to changing conditions, while other windows show much more variation with
differing conditions.

For '3CH4 DMFs we see similar results to '2CH, DMFs, window 5 typically shows the least variation, and the GEISA2015

database shows the largest differences.
3.4 Calculation of 513C values

Based on Eq 2, we can calculate the §'2C values for both Tsukuba and Ascension Island TCCON sites for the days shown in
this study, this allows to quickly determine how accurate any retrievals of *CH4 DMFs from TCCON are. Here we used the
same spectral windows to calculate these values, i.e. windows 1 and 5, and windows 4 and 6. For the 513C values we calculate

an averaged value for the whole day.

Table 7. Daily averaged values of §3C from both TCCON sites for two *>CHy and *3*CH, window combinations for each spectral database.

TCCON TCCON HITRAN HITRAN GEISA SEOM

53¢ windows 1 & 5 ‘ windows 4 & 6 ‘ windows 1 & 5 ‘ windows 4 & 6 ‘ windows 4 & 6 ‘ windows 1 & 5 ‘
Tsukuba

01/04/2016 6% | 1S5 | 590% | 330% | -193% | -109% |
Tsukuba

07/07/2016 AT3% | T4S%e | 159% | 296% | 202% | -143% |

Ascension Island

23/08/2016 ~108%o \ -92.4% \ ~104%e \ -8.47%o \ -297% \ -95.0%o

Ascension Island

01/10/2016 -115%o 43.6%0 -46.7%o 160%o -134%o -84.2%o

Table 7 shows that the 6'3C values calculated from the windows 1 and 5 combination are partially consistent across sites and
dates (with the exception of the July retrievals from Tsukuba), while the values calculated from windows 4 and 6 show much
more variation. However, there is still significant variation across all cases that cannot be accounted for purely by precision
errors. We therefore assert that in the case of TCCON retrievals, the dominant error in 6 3C retrievals are spectroscopic errors. It
is also clear that there is still not possible to make useful retrievals of §'3C at this time, with both improvements in spectroscopic

parameters and retrieval accuracy necessary.
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380 3.5 Sensitivity analysis
3.5.1 Local condition variations

Here we investigate if locally changing conditions impact biases between spectroscopic databases and windows, as described

in sect 2.4.1. Firstly sensitivity to variations in water vapour concentrations are considered in Table 8 below.

Table 8. Linear relationship expressed at the coefficient of determination (R?) between daily variations of water vapour for each TCCON

site and day considered in this study, and the bias of 2CH4 DMFs against the 'reference value’.

Database/Window | Tsukuba April 2016 | Tsukuba July 2016 | Ascension August 2016 | Ascension October 2016
TCCON Window 1 0.03 0.2 0.0 0.07
TCCON Window 2 0.3 0.2 0.2 0.6
TCCON Window 3 0.03 0.01 0.002 0.1
HITRAN Window 1 0.01 0.3 0.009 0.003
HITRAN Window 2 0.3 0.2 0.1 0.5
HITRAN Window 3 0.1 0.01 0.03 0.5
HITRAN Window 4 0.6 0.09 0.2 0.7

GEISA Window 1 0.01 0.3 0.002 0.03

GEISA Window 2 0.3 0.2 0.2 0.7

GEISA Window 3 0.2 0.04 0.07 0.6

GEISA Window 4 0.5 0.1 0.2 0.7

SEOM Window 1 0.03 0.002 0.05 0.2

The coefficients of determination shown in Table 8 generally indicate that there is limited or no relationship between the

385 variability of water vapour content in the atmosphere and the bias between retrieved DMFs of '2CH, from differing windows
and spectroscopic databases. Yet, some of the results shown for the Ascension Island October 2016 case suggests otherwise,

with TCCON window 2, HITRAN window 4 and GEISA windows 2-4 all showing some indication of a linear relationship. In
addition, window 4 for all spectroscopic databases shows stronger linear relationships than any other of the windows presented

in Table 8, although this is not consistent for all of the cases indicated here. However, it is difficult to explain these relationships

390 purely due to water variability. Table D1 outlines some of the conditions prevalent at each site on the days in question, with
both Ascension Island cases showing roughly similar average water vapour content, and similar variability, meaning that the
relationships shown in Table 8 are unlikely to be purely down in water vapour. To investigate further, we identify the linear

relationship between SZA and retrievals biases in Table 9 below.
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Table 9. Linear relationship expressed at the coefficient of determination (R?) between daily variations of SZA for each TCCON site and

day considered in this study, and the bias of *2*CH, DMFs against the ’reference value’.

Database/Window | Tsukuba April 2016 | Tsukuba July 2016 | Ascension August 2016 | Ascension October 2016
TCCON Window 1 0.01 0.2 0.05 0.09
TCCON Window 2 0.2 0.3 0.3 0.7
TCCON Window 3 0.03 0.0 0.0 0.08
HITRAN Window 1 0.0 0.2 0.1 0.0
HITRAN Window 2 0.2 0.2 0.2 0.6
HITRAN Window 3 0.1 0.0 0.1 0.5
HITRAN Window 4 0.9 0.8 0.9 0.8

GEISA Window 1 0.0 0.2 0.1 0.03

GEISA Window 2 0.3 0.3 0.5 0.8

GEISA Window 3 0.2 0.02 0.5 0.7

GEISA Window 4 0.9 0.9 0.9 0.8

SEOM Window 1 0.07 0.02 0.01 0.1

The results shown in Table 9 closely align with those shown in Table 8, in that the Ascension Island October 2016 case shows
a number of cases with strong linear correlation, while the majority of the Tsukuba retrievals largely indicate no relationship
(except in window 4). As with Table 8, the results from window 1 show the weakest relationships, but the results from window
4 from all spectroscopic databases show strong indication of bias sensitivity to SZA. Therefore these results suggest that biases
between spectroscopic databases and windows can vary with changing SZA in specific windows. It is likely not a coincidence
that the strongest linear correlations in Tables 8 and 9 occur in the same cases. Table D1 indicates the range of SZAs where
spectra were captured for each TCCON site, it clearly shows Ascension Island spectra are captured under a wider range of
SZAs than Tsukuba, in addition the October retrievals from Ascension Island have a mean SZA of 50°, and the retrievals from
Tsukuba and Ascension Island from other seasons have mean SZA of <50°. The implication is that variations in water vapour

have more effect on biases between windows and spectroscopic databases when higher SZAs are involved.
3.5.2 A priori and parameter errors

The analysis for the a priori and parameter errors discussed in sect 2.4.2 is shown in Appendix C, split into results for each of
the cases described in Table 3. A summery of these results is presented here.

The effect of adding a 2% profile shift to the a priori methane profiles is shown in Appendix C1. Comparing the results
from Table 5 and Table C1, only minor differences are shown, implying that for the case of April 2016 in Tsukuba, adding
a 2% bias to the methane profile has minimal impact. Figures C1 and C2 build on this by showing close linear relationships

between the unperturbed perturbed retrieved DMFs for all windows, spectroscopic databases and TCCON sites considered in
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this study, suggesting that biases in the a priori methane profile have minimal effect on window and spectroscopic database
biases. When methane profile shapes were switched (Appendix C2), we can see through a comparison of Tables 5 and C2 that
there is an impact. For example there is a 9.7% difference in the 0,540, Of Window 2, and a 7.2% difference in the TCCON
Cinter—window for 2CHy. Figures C3 and C4 elaborate on this impact, showing variation in the responses for each window
and database, as well as a lower impact in results from Ascension Island. Appendix C3 shows how uncertainty in the a priori
knowledge of water vapour affects retrieval biases; comparisons between Tables 5 and C3 show minimal differences, with only
windows 2 and 4 showing notable change. However, Table D1 does show the April 2016 Tsukuba case as having low water
vapour concentration and minor variation. Figures C5 and C6 indicate the higher water vapour concentrations and variability
in the other cases have more impact, especially in Tsukuba in July. Indicating that uncertainty in the water vapour column
affects inter-window/spectroscopic database biases more significantly in high humidity atmospheres. Figures C5 and C6 also
show that windows 2 and 4 are the most affected by uncertainty in the a priori water vapour column. The effects of pressure
profile uncertainty are shown in Appendix C4; Table C4 indicates significant changes due to this perturbation, with o indow
for window 4 showing a 2.4% difference and a 7.5% difference when considering oy, ¢er—window for HITRAN. Bias values
range between databases and windows, with window 3 showing the most change (1.5% in the case of HITRAN). Building
on these results, the linear correlation plots of Figs C7 and C8 show that each site and season have different sensitivities
to perturbations in the pressure profile, with window 2 generally indicating the most sensitivity. Finally, the effects of a 2
K temperature perturbation are investigated in Appendix C5, where again differing bands and spectroscopic databases show
different sensitivities. For example, the difference between Table 5 and CS5 in the g indow for window 4 is 4.5%, while there
is no change in window 3. The 0;pter—window Values show variation, with the TCCON database showing a 6% difference
between perturbed and non-perturbed cases. For the biases w.r.t. the TCCON database, window 2 shows the most sensitivity,
with a 16% and 2.6% difference for HITRAN and GEISA. In summary the results from this analysis suggest the inter-window
and inter-database biases identified in section 3.3 are variable depending on the uncertainty associated with the a priori and
parameter information. Methane profile shape and pressure profile errors are especially significant, but in all cases the errors
effect different bands in different databases differently, with windows 2 and 4 being particularly sensitive to errors. In addition
the local conditions have an impact, with biases varying depending on the TCCON site and season.

An assessment of the sensitivity of 13CHy to errors in the a priori and parameter profiles is also included in Appendix C, gen-
erally indicating high sensitivity to all error sources. Windows 5 and 6 vary in their sensitivity, with the different spectroscopic

databases showing similar sensitivity in window 5, but very different ones in window 6.

4 Discussion

We find significant variations in retrieved DMFs across all of the considered windows and spectroscopic databases in this study,
are most likely due to imperfections in the spectroscopic parameters. The results identify that each database reacts differently

to a priori and parameter uncertainty, as well as variability in local conditions. It is difficult to attribute the biases we have

20



445

450

455

460

465

470

identified to specific spectroscopic parameters errors, due to the range of parameters used, and it is beyond the scope of this
paper to do so.

In addition to differences between the spectroscopic databases, we have shown that there are significant differences between
the spectral windows used for retrieving methane isotopologues. This would not be not a significant problem if the systematic
biases between the windows were constant. However, we have shown that retrieval results from each window responds dif-
ferently to uncertainty in the a priori and parameter profiles. We conclude that there is likely to be an underlying bias in all
TCCON data that varies from retrieval to retrieval, and day to day.

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 allows for profile retrievals and would therefore not be subject to the methane
profile errors investigated in this study. The next generation of GGG2014, the so called "GGG2020" has also recently been
released. This update includes an improved spectroscopic database and the ability to use non-Voigt line shapes for methane.
Therefore the updates to GGG and the use of other algorithms in this study could yield improved results. However, it is likely
that the bias problems identified in this study may remain to some degree.

In addition to understanding the biases associated with retrieving *2CH, DMFs from TCCON spectra with differing spec-
troscopic databases, this study touches a question that is of some interest to the community, “can we calculate realistic and
constant §'3C values from TCCON”. The results from this study suggest not this is not yet possible, based on the results shown
in Table 7 and given that the tropospheric average 6'3C value is assumed to be -47%¢ (Sherwood et al., 2016), and our results
are significantly different from this. We expect that large deviations from this value is unlikely, given that TCCON retrieves
total column estimates, and not in-situ samples. This assumption of -47%o is a little unfair, since this is an assumption based on
lower tropospheric averages, and does not take into account sink processes that occur further up into the atmosphere. For exam-
ple 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 (R6ckmann et al., 2011). However, it can be argued here that the priority in
calculating an accurate value of §'C from TCCON is a full assessment of all of the systematic biases present in the retrievals,

most notably the spectroscopic biases, before discussion of the true §2C value of the total column.

5 Conclusions

In this study, using the GGG2014 retrieval environment we retrieve 12CH, DMFs from two TCCON sites, with the aim of
understanding the biases associated with retrieving methane isotopologues in the TROPOMI spectral region as opposed to
standard TCCON methane windows. Four different windows covering the spectral range of the future S5/UVNS instrument
and the current SSP/TROPOMI instrument are used. Three of the windows are routinely used in TCCON products, but the
TROPOMI window in the 4190-4340 cm~! range is not. We use four sources of spectroscopic parameters, the HITRAN2016,
GEISA2015, SEOM-IAS and internal TCCON database in order to assess the impact of spectroscopic database uncertainties.

Measurements are taken from two TCCON sites (Tsukuba, and Ascension island) to provide a range in atmospheric conditions.
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We found that the SEOM-IAS and internal TCCON spectroscopy databases (with the SEOM-IAS database limited to win-
dow 1/4190-4340 cm™! spectral range) showed the lowest biases and errors. The SEOM-IAS database shows the best fit
metrics, the most consistent retrievals, and the lowest sensitivity to a priori and parameter errors.

We find significant levels of bias between the retrieved >?CH, DMFs both in terms of spectral window and spectroscopic
database. In some cases, similar windows from different spectroscopic databases differ by as much as 50 ppb, which is much
larger than the precision and accuracy requirements of TROPOMI. These biases remain consistent between TCCON sites,
implying systematic errors in the spectroscopic parameters. Window 1 (4190-4340 cm~1) shows the lowest variation between
the databases, typically < 10 ppb, and the short window 3 (6002 cm~!) shows the most variation, typically > 20 ppb.

The sensitivity of the retrieved *2CH4 DMFs to locally changing conditions such as water vapour and to uncertainty in the
a priori and parameter profiles is investigated. We find that Window 1 from the SEOM-IAS database is the most insensitive to
these errors, while windows 2 and 4 are the most sensitive.

The analysis in this study led to two key conclusions, firstly we recommend including the TROPOMI SWIR spectral region
(in this study, window 1) into future TCCON methane retrievals, due to the consistency of the retrievals presented in this study,
and the consistency of the retrievals in the face of sensitivity errors. Secondly, based on major deviations between retrievals
from different spectroscopic databases, and the differing sensitivities of spectroscopic databases and windows to sensitivity
errors, we call for further investigation into how to incorporate these errors into future satellite and TCCON retrievals.

13CH, DMFs are also retrieved in parallel to 12CH,, but are found to be too in-accurate for the communities needs. It was
argued that the static nature of TCCON sites could reduce the high precision errors over a long period, however fundamental

accuracy issues in the spectroscopic databases must be overcome first.

Code and data availability. The GGG2014 retrieval environment is available at https://tccon-wiki.caltech.edu, and TCCON L1b spectra are

available upon discussion with the relevent site PI

Appendix A: Transmission

Example transmission for Ascension Island.
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Table Al. Retrieval fit statistics for example Ascension Island retrieval in October 2016. The RMSE for each spectroscopic database is

shown in row 1, with the results for windows 1-4 indicated in columns 1-4. The x? values are shown in row 2 for each window.

Window 1 Window 2 Window 3 Window 4

TCCON: 8.748x10™% | TCCON: 6.488x10~3 | TCCON: 6.482x10~3 | TCCON: 6.253x10~3
HITRAN: 1.061x10" | HITRAN: 7.035x10~3 | HITRAN: 8.738x10~3 | HITRAN: 6.723x10~3
GEISA: 9.880x10~3 GEISA: 7.296x10~3 GEISA: 8.887x10~3 GEISA: 6.906x10~3

RMSE SEOM: 8.508x103 SEOM: nan SEOM: nan SEOM: nan
TCCON: 1.524 TCCON: 0.648 TCCON: 0.0670 TCCON: 0.716
HITRAN: 2.241 HITRAN: 0.762 HITRAN: 0.112 HITRAN: 0.828
GEISA: 1.944 GEISA: 0.820 GEISA: 0.116 GEISA: 0.874
X2 SEOM: 1.441 SEOM: nan SEOM: nan SEOM: nan

Concerning the differences in fit quality between the Tsukuba and the Ascension Island TCCON instruments: both instru-
ments run according to TCCON specifications but their respective configurations are not exactly the same. This is normal and
necessary as different sites need local adjustments 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 CO5 and CHy DMF
retrievals but will affect individual spectra.

In the case of Tsukuba and Ascension, the configuration effects cannot be compared directly except for detector noise, which
turned out to be comparable. However, the signal on the detector of the Ascension Island instrument is at least 50% lower than
that of the Tsukuba instrument.

Likely reasons are:

1) The Ascension FTS runs on a higher spectral resolution (0.014 cm™! vs. 0.02 cm™') and a faster scanner speed (10 kHz
vs. 7.5 kHz). Both reduce integration time per spectral pixel.

2) The illumination of the InGaAS detector on Ascension is kept low on purpose to avoid saturation. This setting cannot be
readjusted in between site visits and has to last for months.

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 buildup on the solar tracker mirrors reduces the reflectivity of the mirrors quickly. They are cleaned weekly but

a signal loss in the order of 20% over a few days is not uncommon.
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Appendix B: Retrieval statistics

Table B1. Statistics for 40 retrievals from Tsukuba on 07/07/2016 based on metrics identified in retrieval abundances subsection of section
2.2. The first row indicates the standard deviation of the retrieved DMFs from each window under study in this paper (Gwindow), With the
target indicated for each window. The second data row indicates the standard deviation of the retrieved abundances of *2CH, for all windows
present in each spectroscopic database (Ginter—window), the third data row is as the second row, but for 13CH4. The fourth to ninth data
rows indicate the retrieved mean of the DMF for each window against the retrieved mean of the equivalent window using the TCCON

spectroscopic database (bias), with the window in question indicated in the rows, and the spectroscopic database indicated in the columns.

Window 1 (*2CHy) | 2 (*2CHy) | 3 (*2CHy) | 4 (*3CHy) | 5(*3CHy) | 6 (13CHy)
Owindow (PPD) 9.42 15.7 23.7 18.5 0.26 4.14
Database TCCON | HITRAN GEISA | SEOM-IAS
Tinter—window ~2CHy (ppb) 16.4 18.1 10.5 N/A
Tinter—window >CHy (ppb) 2.40 4.63 N/A N/A
Database HITRAN GEISA SEOM-IAS
bias (ppb; window 1) 6.54 9.74 17.2
bias (ppb; window 2) 8.87 36.4 N/A
bias (ppb; window 3) 1.23 49.4 N/A
bias (ppb; window 4) 34.6 41.9 N/A
bias (ppb; window 5) 0.338 N/A 0.307
bias (ppb; window 6) 4.88 5.10 N/A
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Table B2. Statistics for 243 retrievals from Ascension Island on 23/08/2016 based on metrics identified in retrieval abundances subsection
of section 2.2. The first row indicates the standard deviation of the retrieved DMFs from each window under study in this paper (Gwindow)s
with the target indicated for each window. The second data row indicates the standard deviation of the retrieved abundances of *>CH, for all
windows present in each spectroscopic database (Gsnter—window), the third data row is as the second row, but for **CH,. The fourth to ninth
data rows indicate the retrieved mean of the DMF for each window against the retrieved mean of the equivalent window using the TCCON

spectroscopic database (bias), with the window in question highlighted in the rows, and the spectroscopic database indicated in the columns.

Window 1 (*2CHy) | 2 (*2CHy) | 3(*2CHy) | 4 (*2CHy) | 5 (*3CHy) | 6 (*3CHy)
Owindow (PPD) 10.0 18.3 23.2 17.9 1.02 3.22
Database TCCON | HITRAN GEISA | SEOM-IAS
Ointer—window >CHy (ppb) 16.4 18.1 134 N/A
Tinter—window ->CHy (ppb) 1.69 1.99 N/A N/A
Database HITRAN GEISA SEOM-IAS
bias (ppb; window 1) 6.30 8.99 17.0
bias (ppb; window 2) 7.16 37.5 N/A
bias (ppb; window 3) 5.71 42.8 N/A
bias (ppb; window 4) 21.0 27.4 N/A
bias (ppb; window 5) 0.368 N/A 0.307
bias (ppb; window 6) 1.90 3.87 N/A

515 Appendix C: Sensitivity errors
C1 Methane Profile shift

An analysis on the impact of inserting a 2% methane profile shift error into the a priori information is included in this sub-

appendix. Table C1 below allows for direct comparison with Table 5 of the impact of this shift.
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Table C1. Statistics as Table 5 for the methane profile shift case identified in sect. 2.4. Data is for April 2016 Tsukuba retrievals.

Window 1 (*2CHy) | 2 (*2CHy) | 3 (*2CHy) | 4 (*?CHy) | 5(*3CHy) | 6 (**CHy)
Owindow (PPD) 9.03 17.6 22.5 12.9 0.591 1.65
Database TCCON | HITRAN GEISA SEOM-IAS
Tinter—window ~>CHy (ppb) 16.5 19.9 9.32 N/A
Cinter—window °CHy (ppb) 1.09 0.388 N/A N/A
Database HITRAN GEISA SEOM-IAS
bias (ppb; window 1) 5.36 9.26 15.1
bias (ppb; window 2) 5.15 38.4 N/A
bias (ppb; window 3) 8.21 42.5 N/A
bias (ppb; window 4) 22.4 28.9 N/A
bias (ppb; window 5) 1.22 N/A 0.00313
bias (ppb; window 6) 0.395 3.58 N/A

Further analysis is below, showing the linear relationship between the original standard retrievals, and the perturbed re-

520 trievals. All Tsukuba and Ascension island retrievals considered in this study are included in these figures.
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Figure C1. Series of scatter plots showing unperturbed retrieved DMFs 12CH, and '*CH, from the cases indicated in sect. 3.3 and Appendix
B, against these cases when perturbed by a 2% shift to the a priori methane profile. Each column indicates the window under consideration,
the top row is for Tsukuba data (TK), and the bottom row is for Ascension Island data (AI). The colours in the plots are consistent with the

rest of this paper in indicating the spectroscopic database. The units for all axes are indicated in the titles.
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Figure C1 qualitatively indicates some sensitivity to methane profile perturbation, the linear regression statistics of Fig. C1

are shown in Fig C2, including slope, intercept, coefficient of determination and standard deviation.
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Figure C2. Plot indicating the linear statistical relationship between the perturbed and unperturbed *2CH,4 and '*CH, DMFs indicated in
Fig C1. The x-axis for all plots indicates the retrieval window under consideration. The first column shows the values for the linear slope, the
second column is the linear intercept, the third column is the coefficient of determination and the fourth column is the standard deviation. The
first row indicates retrievals from Tsukuba and the second row shows retrievals from Ascension island. The colours in the plots are consistent

with the rest of this paper in indicating the spectroscopic database.

Figure C2 builds on the quantification in Table C1, and shows low dependency on errors in a methane profile shift, with no

clear patterns between windows and spectroscopic databases.
C2 Methane Profile Shape

An analysis on the impact of inserting a methane profile shape error into the a priori information is included in this sub-
appendix. The retrievals from Tsukuba April 2016 use the methane profile of Tsukuba July 2016 and vice versa, and the
retrievals from Ascension island August 2016 use the methane profile of Ascension island October 2016 and vice versa. Table

C2 below allows for direct comparison with Table 5 of the impact of this shift.
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Table C2. Statistics as Table 5 for the methane profile shape change case identified in sect. 2.4. Data is for April 2016 Tsukuba retrievals.

Window 1 (*2CHy) | 2 (*2CHy) | 3 (*2CHy) | 4 (*?CHy) | 5(*3CHy) | 6 (**CHy)
Owindow (PPD) 8.98 19.12 23.6 13.02 0.569 1.63
Database TCCON | HITRAN GEISA SEOM-IAS
Tinter—window ~>CHy (ppb) 17.7 21.1 9.15 N/A
Cinter—window °CHy (ppb) 1.11 0.409 N/A N/A
Database HITRAN GEISA SEOM-IAS
bias (ppb; window 1) 5.46 8.33 15.2
bias (ppb; window 2) 4.77 41.6 N/A
bias (ppb; window 3) 8.33 449 N/A
bias (ppb; window 4) 22.1 29.5 N/A
bias (ppb; window 5) 1.18 N/A 0.0256
bias (ppb; window 6) 0.39 3.53 N/A

530 Further analysis is below, showing the linear relationship between the original standard retrievals, and the perturbed re-

trievals. All Tsukuba and Ascension island retrievals considered in this study are included in these figures.
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Figure C3. Series of scatter plots showing unperturbed retrieved DMFs '2CH, and '*CH, from the cases indicated in sect. 3.3 and Appendix
B, against these cases when perturbed by a change to the a priori methane profile. Each column indicates the window under consideration,
the top row is for Tsukuba data (TK), and the bottom row is for Ascension Island data (AI). The colours in the plots are consistent with the

rest of this paper in indicating the spectroscopic database. The units for all axes are indicated in the titles.
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Fig C3 qualitatively indicates significant sensitivity to a methane profile shape perturbation, the linear regression statistics

of Fig. C3 are shown in Fig C4, including slope, intercept, coefficient of determination and standard deviation.
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Figure C4. Plot indicating the linear statistical relationship between the perturbed and unperturbed *2CH,4 and '*CH, DMFs indicated in
Fig C3 for the methane profile shape case. The x-axis for all plots indicates the retrieval window under consideration. The first column shows
the values for the linear slope, the second column is the linear intercept, the third column is the coefficient of determination and the fourth
column is the standard deviation. The first row indicates retrievals from Tsukuba and the second row shows retrievals from Ascension island.

The colours in the plots are consistent with the rest of this paper in indicating the spectroscopic database.

Figure C4 indicates that Tsukuba retrievals were more sensitive to a change in profile shape than Ascension island, most
likely because there is a more significant shift in the Tsukuba spring-summer profile, as opposed to the summer-autumn profile
for Ascension island, where there are no seasons. Interestingly the HITRAN2016 retrievals are the most affected in the Tsukuba
case, but there is no such clear pattern in Ascension island. Based on the results in Fig C4, we can assume that the magnitude
of the biases specified in Table C2 will be as large (if not larger) for the Tsukuba July 2016 case, but no more significant than

the results shown in Table C1 for the Ascension island cases.
C3 Water Vapour

An analysis on the impact of inserting a 10% water vapour profile shift error into the a priori information is included in this

sub-appendix. Table C3 below allows for direct comparison with Table 5 of the impact of this shift.
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Table C3. Statistics as Table 5 for the water profile profile shift case identified in sect. 2.4. Data is for April 2016 Tsukuba retrievals.

Window 1 (*2CHy) | 2 (*2CHy) | 3 (*2CHy) | 4 (*?CHy) | 5(*3CHy) | 6 (**CHy)
Owindow (PPD) 9.02 17.4 22.5 12.9 0.556 1.65
Database TCCON | HITRAN GEISA SEOM-IAS
Tinter—window ~>CHy (ppb) 16.5 20.0 9.15 N/A
Cinter—window °CHy (ppb) 1.09 0.406 N/A N/A
Database HITRAN GEISA SEOM-IAS
bias (ppb; window 1) 5.36 8.92 15.1
bias (ppb; window 2) 4.67 37.9 N/A
bias (ppb; window 3) 8.41 424 N/A
bias (ppb; window 4) 22.4 28.9 N/A
bias (ppb; window 5) 1.15 N/A 0.0191
bias (ppb; window 6) 0.410 3.59 N/A

Further analysis is below, showing the linear relationship between the original standard retrievals, and the perturbed re-

trievals. All Tsukuba and Ascension island retrievals considered in this study are included in these figures.
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Figure C5. Series of scatter plots showing unperturbed retrieved DMFs 12CH, and '*CH, from the cases indicated in sect. 3.3 and Appendix
B, against these cases when perturbed by a change to the a priori water vapour profile. Each column indicates the window under consideration,
the top row is for Tsukuba data (TK), and the bottom row is for Ascension Island data (AI). The colours in the plots are consistent with the

rest of this paper in indicating the spectroscopic database. The units for all axes are indicated in the titles.
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Figure C5 shows that Tsukuba is far more sensitive to errors in the a priori water vapour column in some spectral windows
than Ascension island. We note that the conditions for Tsukuba site in July of 2016 (indicated in Table D1) show very high
levels of water vapour, which is a possible cause for this apparent sensitivity. The linear regression statistics shown in Fig. C6

below explore these differences in more detail.
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Figure C6. Plot indicating the linear statistical relationship between the perturbed and unperturbed '2CH, and **CH, DMFs indicated in
Fig C3 for the water vapour profile shift case. The x-axis for all plots indicates the retrieval window under consideration. The first column
shows the values for the linear slope, the second column is the linear intercept, the third column is the coefficient of determination and the
fourth column is the standard deviation. The first row indicates retrievals from Tsukuba and the second row shows retrievals from Ascension

island. The colours in the plots are consistent with the rest of this paper in indicating the spectroscopic database.

Figure C6 shows some significant sensitivities to water vapour uncertainty, especially for retrievals from Tsukuba in window
2 for all spectroscopic databases, where the intercept value of 2.5 ppm is many times higher than any of the other cases shown
in Fig. C6. We note that the values indicated in Table C3 are not significantly different from those in Table 5, suggesting that the
majority of the errors occur in the July Tsukuba retrievals. The statistics for the Ascension island retrievals show similar values
to those for the methane profile shift sensitivities, shown in Fig. C2, indicating lower sensitivity to water vapour uncertainty.
Ascension island retains a consistent year round humidity due to its location; conversely Tsukuba has a wide range of seasons
and therefore highly variable humidity, indicated in Table D1. The implication of these results is that a priori water vapour

uncertainty only has a significant impact in high humidity environments.
C4 Pressure

An analysis on the impact of inserting a 2% pressure profile shift error into the parameter information is included in this

sub-appendix. Table C4 below allows for direct comparison with Table 5 of the impact of this shift.
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Table C4. Statistics as Table 5 for the pressure profile shift case identified in sect. 2.4. Data is for April 2016 Tsukuba retrievals.

Window 1 (*2CHy) | 2 (*2CHy) | 3 (*2CHy) | 4 (*?CHy) | 5(*3CHy) | 6 (**CHy)
Owindow (PPD) 9.02 17.64 22.7 12.9 0.593 1.69
Database TCCON | HITRAN GEISA SEOM-IAS
Tinter—window ~>CHy (ppb) 15.1 18.5 10.7 N/A
Cinter—window °CHy (ppb) 1.10 0.383 N/A N/A
Database HITRAN GEISA SEOM-IAS
bias (ppb; window 1) 5.44 8.95 15.1
bias (ppb; window 2) 4.87 38.5 N/A
bias (ppb; window 3) 8.36 429 N/A
bias (ppb; window 4) 22.5 29.1 N/A
bias (ppb; window 5) 1.23 N/A 0.0191
bias (ppb; window 6) 0.426 3.68 N/A
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for all retrievals considered in this study.
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Further analysis is below, showing the linear relationship between the original standard retrievals, and the perturbed retrievals

Figure C7. Series of scatter plots indicating the differences between retrieved values of *>CH, and '*CH4 DMFs from the standard cases

shown in sect. 3.3 and when a 2 % pressure shift is applied to the a priori atmosphere. Each column indicates the window under consideration,

the top row is for Tsukuba data (TK), and the bottom row is for Ascension Island data (AI). The colours in the plots are consistent with the

rest of this paper in indicating the spectroscopic database.
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The results shown in Fig. C7 qualitatively indicate that there is significant dependency on the accurate knowledge of the
pressure profile, which varies between the TCCON sites. Figure C8 below quantitatively explores the variations though linear

regression statistics.
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Figure C8. Plot indicating the linear statistical relationship between the standard retrievals from sect 3.3 and the perturbed pressure column
retrievals. The x-axis for all plots indicates the retrieval window under consideration. The first column shows the values for the linear slope,
the second column is the linear intercept, the third column is the coefficient of determination and the fourth column is the standard deviation.
The first row indicates retrievals from Tsukuba and the second row shows retrievals from Ascension island. The colours in the plots are

consistent with the rest of this paper in indicating the spectroscopic database.

Figure C8 shows that the sensitivity of retrieved '2CH, and '3CH, DMFs to a systematic bias in the pressure profile varies
depending on the spectroscopic database, and the window. The fact that different spectroscopic databases and different windows
react differently to pressure profile error is not surprising, the significance of the differences in all cases is. For the 2CHy cases
(windows 1-4), window 2 typically shows the most sensitivity while for the 3CH, cases (windows 5-6), window 6 shows
the most sensitivity. Interestingly, the results from Ascension island suggest greater insensitivity to the pressure error, but this
could be attributed to a greater number of measurements available for this analysis. Comparisons of Table C4 with Tables C2
and 5 suggest the pressure column error has a greater impact on the bias against TCCON database retrievals, but the overall

window and inter-window deviation is more significant with methane profile shape errors.
CS5 Temperature

An analysis on the impact of inserting a 2 K temperature profile shift error into the parameter information is included in this

sub-appendix. Table C5 below allows for direct comparison with Table 5 of the impact of this shift.
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Table CS. Statistics as Table 5 for the temperature profile shift case identified in sect. 2.4. Data is for April 2016 Tsukuba retrievals.

Window 1 (*2CHy) | 2 (*2CHy) | 3 (*2CHy) | 4 (*?CHy) | 5(*3CHy) | 6 (**CHy)
Owindow (PPD) 9.05 17.8 22.5 13.2 0.634 1.62
Database TCCON | HITRAN GEISA SEOM-IAS
Tinter—window ~>CHy (ppb) 17.5 20.8 8.4 N/A
Cinter—window °CHy (ppb) 0.539 0.442 N/A N/A
Database HITRAN GEISA SEOM-IAS
bias (ppb; window 1) 5.46 8.87 15.2
bias (ppb; window 2) 5.69 39.1 N/A
bias (ppb; window 3) 8.08 42.6 N/A
bias (ppb; window 4) 22.9 29.6 N/A
bias (ppb; window 5) 1.29 N/A 0.0464
bias (ppb; window 6) 0.260 3.46 N/A

Further analysis is below, showing the linear relationship between the original standard retrievals, and the perturbed retrievals

for all retrievals considered in this study.
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Figure C9. Series of scatter plots indicating the differences between retrieved values of *>CH, and '*CH4 DMFs from the standard cases

shown in sect. 3.3 and when a 2 K temperature shift is applied to the a priori atmosphere. Each column indicates the window under consid-

eration, the top row is for Tsukuba data (TK), and the bottom row is for Ascension Island data (AI). The colours in the plots are consistent

with the rest of this paper in indicating the spectroscopic database.
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Figure C9 qualitatively shows adding a 2 K temperature bias into the parameter profile has a notable impact on the retrievals

of 2CH, and ®*CH, DMFs, especially windows 2 and 6. This is explored quantitatively in Figure C10.
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Figure C10. Plot indicating the linear statistical relationship between the standard retrievals from sect 3.3 and the perturbed temperature
column retrievals. The x-axis for all plots indicates the retrieval window under consideration. The first column shows the values for the linear
slope, the second column is the linear intercept, the third column is the coefficient of determination and the fourth column is the standard
deviation. The first row indicates retrievals from Tsukuba and the second row shows retrievals from Ascension island. The colours in the

plots are consistent with the rest of this paper in indicating the spectroscopic database.

The statistics indicated in Fig. C10 show a significant sensitivity to temperature biases, particularly at Tsukuba. Windows 2
and 4 show the most sensitivity in '2CH, DMFs, and window 6 shows the most for '*CH, DMFs. There is limited deviation
between the spectroscopic databases in terms of sensitivity for each window, except for window 4 which shows more variability
in this regards. The scale of these statistics is not as significant as those indicated in Figs C4 and C8 for methane profile and
pressure profile errors respectively. Comparing the results from Table C5 with Table C4 and Table 5, it is possible to see that
window deviation is similar in all cases, but the inter-window deviation is larger in the pressure profile errors case, but the
biases tend to be larger in the temperature error case. Figures C7 and C8 seem to suggest larger errors for Ascension island
than in Figures C9 and C10. These results suggest that retrievals of *>CH, DMFs and especially '*CH, DMFs are sensitive to

temperature errors, and they depend on location and season significantly.
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Appendix D: Additional data

Table D1. Daily ranges of a priori and measured surface temperatures, and averaged HoO DMFs from both TCCON sites.

A priori Site measured H,O
surface temperature (°C) | temperature (°C) | HoO (average) | standard deviation | SZA range (°)
Tsukuba
(01/April/2016) 12.0 15.8-16.8 2069 ppm 47 ppm 34-43
Tsukuba
(01/July/2016) 25.1 29.2-33.2 6896 ppm 70 ppm 13-26
Ascension Island
(23/Aug/2016) 22.4 24-27.3 3752 ppm 91 ppm 19-81
Ascension Island
(01/0ct/2016) 22 24.3-25.9 4345 ppm 83 ppm 7-75

Water vapour retrievals are taken from the 4565 cm ™! spectral window.
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