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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 2010.
:::::
2004. In this study we highlight possible biases between

different methane products by assessing the retrievals of the two main methane isotopologues
::::
main

::::::::
methane

:::::::::::
isotopologue

12CH4and 13CH4. For this study we use measurements from two TCCON sites, namely Ascension Island in the Atlantic5

Ocean and Tsukuba, Japan, with different spectroscopic databases. .
:

Using the TCCON GGG2014 retrieval environment, retrievals are performed using four
::
five

:
separate spectroscopic databases

and a set of spectral fit windows. Databases used
::::
from

::::
four

:::::::
separate

:::::::
TCCON

::::
sites

::::::::
(namely,

:::::::::
Ascension

::::::
Island,

:::::::::::
Ny-Ålesund,

::::::
Darwin

::::
and

::::::::
Tsukuba).

::::
The

::::::::::::
Spectroscopic

:::::::::
databases

:
include the TCCON spectroscopic database

::::::::
GGG2014

::::
and

:::::::::
GGG2020

:::::::::::
spectroscopic

::::::::
databases; the HIgh-resolution TRANsmission molecular absorption database 2016 (HITRAN2016); the Ges-10

tion et Etude des Informations Spectroscopiques Atmosphériques 2015 (GEISA2015
::::
2020

:::::::::::
(GEISA2020) 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
:::::
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) present on Copernicus15

Sentinel-5P (S5P) and the future Sentinel 5 (S5) mission present on MetOp-Second Generation satellite. We assess the biases

in retrieving methane isotopologues using these different spectral windows and different
::
for

::::
each

::
of

:::
the

:::::::
different

:
spectroscopic

databases. The
:::
We

::::::
further

:::::
assess

:::
the sensitivity of these biases (across windows and databases) to locally changing atmospheric

conditions , and uncertainties in the a priori and parameter information, specifically pressure, temperature, methane and water

vapour profiles are also quantified
::::
such

::
as

:::::
water

::::::
vapour

:::
and

::::::::::
temperature.20
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We find significant biases between retrievalscalculated using differing spectroscopic databases and windows for both methane

isotopologues, with up to a 3% bias between 12CH4 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 sensitivity 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
:::::
when

::::::::
compared

::
to

::::::::
standard

:::::::
TCCON

::::::::
retrievals,

::
in
:::::
some

:::::
cases

::
up

:::
to

::::
� x3

:::
the25

:::::::
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 uncertainty causing significant differences. 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

:
S5P/TROPOMI spectral range show the results with the30

least variation 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 statement.TEXT

1 Introduction

Methane is widely acknowledged to have a significant impact on the global climate (IPCC, 2014), but the processes via35

which it enters and is removed from the atmosphere are still not as well understoodas is the case for carbon 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 recent launch of the S5P satellite, with the TROPOMI instrument (Veefkind et al., 2012), and the future S5 mission40

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.

:
,
:::::::
building

::
on

::
a

::::::
decade

::
of

:::::::
progress

:::::
from

:::
the

::::::::::
Greenhouse

:::::
Gases

:::::::::
Observing

:::::::
Satellite

:::::::::
(GOSAT)

:::::::::::::::::
(Yoshida et al., 2013)

:
.
::::::
Unlike

:::::::
GOSAT, TROPOMI and UVNS exploit the 4190 – 4340 cm� 1 spectral range, which has not been explored in detail from

previous space-based instruments for methane retrievals. The Scanning Imaging Absorption spectrometer for Atmospheric45

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 viewing50

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. S5P/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). This

extends to TCCON, which
:::::::
TCCON,

:
although sensitive to this spectral range, has primarily provided its methane abundances55

retrieved from the 6000 cm� 1 spectral range, allowing for direct comparisons with SCIAMACHY
:::
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

, the retrieval errors and the quality of the fits when retrieved from standard TCCON spectral windows, and methane spectral60

windows in the TROPOMI/UVNS spectral range. We also quantify the variations in retrieval abundances when using four

:::
five 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
::::::::
variations

::
in

:::::
water

::::::
vapour

::::::::::::
concentration

::::
and

::::
path

:::::
length

:::
are

::::::
studies, allowing for the assessment of how differing windows and spectroscopic databases are sensitive to these

errors
::::::::
variations.65

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 – 15000
:::::
11000

:
cm� 1) and records direct

solar spectra. TCCON is currently one of the key sources of reference data for the validation of satellite-based GHG re-70

trievals(Yoshida et al., 2011; Crisp et al., 2012; Parker et al., 2015).Examples include ,
::::

e.g.
:
the Orbiting Carbon Observatory

(OCO)-2and the Greenhouse Gases Observing Satellite (GOSAT ) (Kuze et al., 2009)
:
,
:::::::
GOSAT

:::
and

:::::::::
TROPOMI

:::::::::::::::::::::::::::::::::::::::::::::::::
(Yoshida et al., 2011; Crisp et al., 2012; Lorente et al., 2021)

. TCCON instruments have both high spectral resolution (0.02 cm� 1), 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.75

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 S5P/S5 and TCCON

Methane window S5P/TROPOMI S5/UVNS TCCON

5970-6289 cm� 1 N Y Y

4190-4340 cm� 1 Y Y Y

When validating methane products from TROPOMI and UVNS, retrieval products using the 4190 – 4340 cm� 1 window , will

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 –80
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4340 cm� 1 window proves to be accurate/stable
::
as

:::::::
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

will
:::::
which may use differing spectroscopic databases and are therefore subject to differing biases. The

:::::::
Building

:::
on

::::::::
examples

::
of

::::::
similar

:::
past

::::::
studies

:::::::::::::::::::::::::::::::::::::
(Checa-Garcia et al., 2015; Galli et al., 2012),

:::
the

:
high SNR and high spectral resolution makes TCCON85

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
:::
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 will inform as to the potential source of biases and
::::
local

:::::::::
conditions

::::
such

::
as

:::::
water

::::::
vapour

::::
that are relevant to ongoing90

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.95

In addition to assessing the window and spectroscopic source biases for the two main methane isotopologues, the opportunity

is taken to calculate the � 13C metric which is a ratio of these isopologues (see Eq. 2
::
2). This is a metric which

:::
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. industrial
:::::
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 accuracy100

that would be sufficient for that purpose. However, calculation of � 13C with TCCON will allow for an assessment of how far

current technology is from making a useful total column assessment. Calculation of the � 13C metric requires the concentration

of the two main methane isotopologues 12CH4 and 13CH4, which make up roughly 98
::
99% 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 this105

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 � 13C 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
:
3
::::::::
outlining

:::
the

:::::
biases

:::::::
between

:::::
sites

:::
and

:::::::::
databases,110

::::::::
including an assessment of the sensitivity of the retrievals to introduced errors in the a priori data and local condition variability.

Section 5
:
4
:
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 spectra and tools
:::
sites

:::::
used

::
in

:::::
study

We use TCCON spectra from two different sites , firstly the Ascension Island site, found in the middle of the Atlantic Ocean115

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
::::
four

:::::::
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.

:
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Table 2.
:::::::
TCCON

:::
sites

::::
used

::
in

:::
this

:::::
study.

:::::::
TCCON

:::
Site

: :::::::
Lat/Lon

::::
Date

:::::
Range

: :::::::
Number

::
of

::::::
Spectra

: :::::::::
Conditions

:

::::::::
Ascension

::::::::::
Island,

::::::
Atlantic

::::::
ocean

::::::
7.92� S,

::::::
14.3� E

:::::::
Jan-Dec

::::
2015

: ::::
1518

::::
Arid,

::::
little

::::::::::
precipitation subject

to some variation.

Tsukuba is subject to

seasonal effects, with

hot wet summers and

:::::::
seasonal

::::::::
variation.

:

::::::
Darwin,

::::::::
Australia

: ::::::
12.5� S,

:::::::
130.9� E

: :::::::
Jan-Dec

::::
2020

: :::::
39160

: :::::::
Tropical,

:::::::::
significant

::::
water

::::::
vapour

::::::::::
background.

::::::::::
Ny-Ålesund,

:::::::::
Spitsbergen

:

:::::::
78.9� N,

::::::
11.9� E

::::::::
April-Oct

:::::
2019

::::
6315

::::
Cold,

::::
dry,

::::::
limited

:::::::::
short-term

:::::::::
variability.

:::::::
Tsukuba,

:::::
Japan

: ::::::
36.1� N,

:::::::
140.1� E

: :::::::
Jan-Dec

::::
2020

: ::::
6162

:::::::
Seasonal,

:
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 13CH4 retrievals.

::
hot

:::
wet

:::::::::
summers.
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:::
The

:::::
mean

::::::::::
background

::::::::::
conditions

:::
for

::::
each

::::
site,

::
as

:::::
well

::
as

:::
the

:::::::::
variations

::::
over

:::
the

:::::::
dataset

::::::
periods

::::::
shown

:::
in

:::::
Table

::
2

:::
are120

:::::::
indicated

::
in

:::::
Table

::
3.

::::::::::
Signi�cant

::::::::
variations

::
in

:::::::::
conditions

::::
and

::::
SZA

:::
are

:::::::
apparent

::::::::
between

:::
the

:::::::
TCCON

:::::
sites,

:::::::::
suggesting

:
a
:::::
wide

::::
range

:::
of

::::::
capture

:::::::::
conditions.

:::
We

::::
note

:::
the

:::::::::::
distributions

::
of

:::
the

:::::::::
conditions

::::::
shown

::
in

:::::
Table

:
3

::::
may

:::
not

::
be

::::::::
normally

::::::::::
distributed,

:::
but

::::
these

:::::::
statistics

:::::
serve

::
as

::
a

:::::
useful

:::::::
baseline

::
to

:::::
show

:::
the

::::::::
condition

::::::::
variations

:::::::
between

:::
the

:::::
sites.

Table 3.
:::::::
TCCON

:::
sites

:::::
water

:::::
vapour,

:::::::::
temperature

::::
and

:::
SZA

::::::
average

:::
and

::::::::
variation.

:::::::
TCCON

::::
Site

:::::
Water

::::::
Vapour

:::::
mean

:::
� �

: :::::
Temp

:::::
mean

:::
� �

::::
SZA

:::::
mean

:::
� �

:

::::::::
Ascension

:::::
Island

: ::::
4510

::::::
ppmv

::
�

:::
890

: :::
27.5

:::
� �

::
1

::::
38� �

:::
18

:::::::
Darwin,

::::::::
Australia

::::
5430

:::::
ppmv

::
�

:::::
1740

::::::
30.9� �

:
3

: ::::
45� �

:::
18

:::::::::::
Ny-Ålesund,

:::::::::
Spitsbergen

: ::::
1440

::::::
ppmv

::
�

:::
600

: :::::
1.7� �

::
6

:::::
69� �

:
8

:

::::::::
Tsukuba,

:::::
Japan

::::
3200

:::::
ppmv

::
�

:::::
2470

::::::
22.9� �

:
9

: ::::
50� �

:::
18

2.2
::::
GFIT

:::::::::
Retrieval

:::::::::
Algorithm

In this study we use the GGG2014 environment,
:
which includes the GFIT retrieval algorithm (Wunch et al., 2010),thestandard125

algorithmusedby theTCCONsitesfor processinganddistributingtracegascolumnabundances.GFIT
:::::
which is summarised

brie�y here; .
:
GFIT employs a nonlinear least-squares �tting 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 pro�les).This
:::::
These synthetic irradiance spectrais

::
are

:
then �t to the measured irradiancespectrum

::::::
spectra

:
by130

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

includes
:::
can

::::::
include

:
the following.

– �rst target gas scaling factor (desired output).

– interfering gas scaling factor.

– continuum level of the irradiance spectrum.135

– continuum tilt

– continuum curvature

– frequency shift

– zero level offset

– solar scaling (differences in shifts of atmospheric and solar lines)140

7



– �t channel fringes

Note that
:::
not 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-columnamount
:::::::
amounts for each altitude/pressure level are not independently145

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

O2, retrieved from a wide window in the 7885 cm� 1 spectral range multiplied by the volume mixing ratio of O2 0.2095. DMF150

gasconcentrationsidentify retrievedconcentration
:::::::
volumes

:::::::
identify

:::::::
retrieved

::::::::::
abundances

:
as mole fractions, as opposed to

absolute concentrations, all retrieved12CH4 and13CH4 concentrations
:::::::::
abundances

:
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 methane155

retrievals, all of which are in the 6000 cm� 1 methane absorption window range. In this study we include the TROPOMI/UVNS

SWIR spectral windows (4190-4340 cm� 1). This window along with a description of all of the windows considered in this

study are described in Table2
:
4
:
below.

Table 4.Spectral windows used in study.

Window Window spectral range (cm� 1) Target species Background species Window source

1 4190-4340 12CH4
13CH4, CO2, H2O, HDO, CO, HF, N2O, O3 Sentinel 5 baseline

2 5880-5996 12CH4
13CH4, CO2, H2O, N2O TCCON standard

3 5996.45-6007.55 12CH4
13CH4, CO2, H2O, N2O, HDO TCCON standard

4 6007-6145 12CH4
13CH4, CO2, H2O, N2O, HDO TCCON standard

5 4190-434013CH4
12CH4, CO2, H2O, HDO, CO,HF, N2O, O3 Sentinel5 baseline6 6007-614513CH4

12CH4, CO2, H2O, N2O, HDO TCCONstandardheight

Windows 2-4 are standard TCCON methane retrieval windows which in this study are used for12CH4, andwindows
:::::::
window

1 is based on the TROPOMI spectral window (Galli et al., 2012; Hu et al., 2016), given that no standard windows exist in this160

spectral window for TCCON.Windows5
::
In

::::::::
addition,

:::::::
TCCON

:::::::
methane

:::::::
products

:::
are

:::
the

:::::
result

::
of

::
a

::::::::::
standardised

::::::
process

::::::
where

:
a

::::::::
weighted

::::::
average

:::
of

::::
three

::::::::
retrieved

:::::
values

:::::
from

:::::::
windows

::
2,

::
3

:
and6 arerepeatsof windows1 and4 , but with 13CH4 asthe

target
:::::::
described

::
in

:::::
Table

::
4.

2.2.1 SpectroscopicDatabases
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Theintroductionof
:::
For13CH4 into spectroscopicdatabasesin theTROPOMIspectralregionis relativelyrecent,andin thecase165

of HITRAN, wasonly introducedin the2012release.IndeedGordon et al. (2017)reportsthatnumerousnew13CH4 lineswere

introducedinto thelatestHITRAN2016release,this impliesthatthespectroscopicparametersof 13CH4 in thisregionis notyet

settled.A reviewof thedocumentsreleasedwith numerousspectroscopicdatabases(Gordon et al., 2017; Jacquinet-Husson et al., 2016; Birk et al., 2017)

suggestthat 13CH4 lines are not all sourcedfrom the samelaboratorystudies.We thereforedecidedto comparemethane

isotopologueretrievalfrom four
::::::::
retrievals,

::::::::
windows

:
1

::::
and

:
4

:::
are

:::::
used.170

2.3
:::::::::::
Spectroscopic

:::::::::
Databases

:::
We

:::
use

::::::::::
parameters

::::
from

::::
�ve

:
separate spectroscopic databases, which are as follows: 1)the

:::
The

:
database included with

GGG2014 (Toon, 2015), which currently assumes a Voigt line shape for all lines. 2)
:::
The

:::::::
database

::::::::
included

::::
with

:::
the

:::::::
updated

::::::::
GGG2020

::::::::
software,

:::::::
referred

::
to

::
in

::::
this

:::::
study

::
as

:::::::::
GGG2020,

::::::
which

:::::::
includes

:::::::::
numerous

::::::
updates

::
to

:::
the

:::::::::
GGG2014

::::::::::::
spectroscopic

:::::::::
parameters,

::::
and

:::::
some

::::::::::
application

::
of

:::::::::
non-Voigt

::::::::::
parameters.

::
3)

:
HITRAN2016, HITRAN

:::::
which

:
is a well-established spec-175

troscopic database that has been used in numerous satellite based studies previously (Galli et al., 2012).The
:::::::
Methane

::::
has

::::
been

:::::::
updated

::
in

:::
the

:
current release HITRAN2016 (Gordon et al., 2017)hasbeenrevisedfrom the previous release (HI-

TRAN2012)in termsof methane, with new lines and parameters included for both of the main isotopologues. HITRAN2016

doesinclude
::::::
includes

:
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) TheGEISA2015database(Jacquinet-Husson et al., 2016)180

::
4)

:::
The

:::::::::::
GEISA2020

:::::::
database

::::::::::::::::::::
(Delahaye et al., 2021) is another spectroscopic database, similar in design and goals to the HI-

TRAN databases. The GEISA database does not currently include non-Voigt line shape parameters.4
:
5) SEOM-IAS (Birk

et al., 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 cm� 1 spectral range, and can therefore only contribute towindows

::::::
window

:
1 and5 of this study.185

:::
For

::::::::::
clari�cation

::::::::
purposes,

::::
there

:::
are

:::
no

::::::
of�cial

:::::::
releases

::
of

:::
the

:::::::::::
spectroscopic

:::::::::
parameters

::::
used

::
in

:::
the

:::::
GGG

:::::::
TCCON

:::::::::
retrievals.

:::
We

::::
refer

::
to

:::
the

::::::::
databases

::::
used

::
in

::::
this

::::
study

::
as

:::::::::
GGG2014

::::
and

::::::::
GGG2020

:::
in

::::
order

::
to

::::::::::
differentiate

::::
with

:::::
them,

::::::
based

::
on

:::
the

:::::
GGG

:::::::
retrieval

::::::::::
environment

:::::::
releases,

::::
with

:::::::::
GGG2020

::::
due

:::
for

::::::
release

::
in

:::
the

::::
near

:::::
future

:::::::::::::::::::
(Laughner et al., 2021).

:

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

mante et al., 2016),but
:::::::
generally

:::::::::
indicating

:::
that

:::
the

:::::
need

::
to

::::::
resolve

:::::::::
differences

::::::::
between

:::::::::::
spectroscopic

::::::::
databases

::::::::
remains.

:::
Yet190

::::
none

::::
have

::::::::::
speci�cally

:::::::
targeted

:::
the

:::::::::
TROPOMI

::::::
SWIR

:::::::
spectral

::::::
region,

::::::::
therefore

:
this study is the �rst case with respect to the

TROPOMI spectral window with TCCON.

2.3.1 Voigt vsnon-Voigt line shapepro�les

Ngo et al. (2013)statesthat
::::::
Further

::
to

::::::::
exploring

:::
the

::::::
impact

::
of

:::::::
differing

::::::::::::
spectroscopic

:::::::
database

::::::::::
parameters,

:::
we

:::::::::
investigate

:::
the

:::
use

::
of

:::::::::
non-Voigt

:::::::::
broadening

::::::::::
parameters.

:::::::::::::::
Ngo et al. (2013)

:::
�nd

:
the standard Voigt pro�les used for spectral line broadening195

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, numerous models have been

9



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 induced200

line shift. Note that only the SEOM-IAS databaseuse
::::
uses 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 qSDHC 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 column205

abundances from 131,124 spectra. The implicationbeing
::
is that it is important to account for the additional physical parameters

included in non-Voigt models, when retrieving methane.

2.4 Metrics

:::
We

::::
note

:::
the

::::::::::
introduction

::
of

::::::
13CH4::::

into
::::::::::::
spectroscopic

::::::::
databases

::
in

:::
the

::::::::::
TROPOMI

::::::
spectral

::::::
region

::
is

::::::::
relatively

::::::
recent,

::::
and

::
in

::
the

::::
case

:::
of

::::::::
HITRAN,

::::
was

::::
only

:::::::::
introduced

::
in

:::
the

:::::
2012

::::::
release

::::::::::::::::
(Brown et al., 2013)

:
,
::::
thus

:::::::::
suggesting

:::
that

::::::
13CH4::::::::::::

spectroscopic210

:::::::::
parameters

::::
may

:::::
retain

::::
high

:::::
levels

::
of

::::::::::
uncertainty.

Ourmainassessmentmetrics

2.4
:::::::
Analysis

::::::::
structure

::::
and

:::::::
metrics

:::
The

::::::::
following

:::::::
section

:::::::
describes

:::
the

::::::::::
assessment

::::::
metrics

::::
used

:
in this studyareasfollows.

AveragingKernels(AK): theAKs capturethesensitivityof theretrievedstatevectorto thetruth,andisde�nedasA = @̂x=@x,215

wherex̂ is theretrievedstatevectorandx is thetruth.AKs aretypically usedin satelliteandground-basedremotesensingto

characterisetheverticalsensitivitypro�le of a retrieval.

Transmissionspectra..
::::::
Firstly

::
we

::::::
assess

:::
the

:::::
quality

:::
of

::
the

::
�t

::
of

:::
the

::::::::
measured

::::
and

:::::::
modelled

::::::
spectra

:::
for

::::
each

:::::::
window

::::::::
indicated

::
in

::::
Table

::
4

:::
for

::::
each

:::::::::::
spectroscopic

::::::::
database

::
at

::::
each

:::::::
TCCON

::::
site.

::::
The

::::::
quality

::
of

:::
the

::
�t

::
is

::::::::
expressed

:::::::
through

:
Root Mean Square

Error (RMSE) of the residual between the calculated transmission spectra, and the TCCON measurement transmission spectra,220

expressedastheRMSE.Thequalityof the�t, expressedvia the
::
and

:::
the

:
� 2 test, quantitatively de�ned as:

� 2 =
X

i

[ymeasured � y calculated ]2: (1)

:
.

Whereymeasured refers to the measured TCCON spectrum, andy calculated is the synthetic spectrum calculated by the

forward model.225

Retrievedvalues.Standarddeviationof the DMF
:::::::
Secondly

:::
we

::::::
assess

:::
the

:::::::
variance

:::
of

:::
the

:::::::::
calculated

:::::
DMFs

:::
of

::::::
12CH4 for

each window(� window ).Standarddeviationof theDMF betweenall windows,
::::::::::::
spectroscopic

:::::::
database

::::
and

:::::::
TCCON

::::
site

::::
w.r.t

::
the

::::::::
standard

::::::::
methane

:::::::
window

::::
used

:::
in

:::::::
TCCON

::::::::
retrievals

:::::::::
currently,

:::::
which

::
is

::
a

::::::::
weighted

:::::::
average

:::
of

::::::::
windows

::
2,

::
3

:::
and

:::
4.

::::
This

:::::::
variance

::
is

::::::::
described

:::::::
through

:::
the

:::::::
RMSE

::
of

:::
the

:::::::
residual

:::::::
between

::::
the

:::::::
retrieved

:::::
DMF

:::
of

::::::
12CH4 for a speci�c database
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(� inter � window )Biasof theretrievedmeanof theDMF for eachwindow againsttheretrievedmeanof theequivalentwindow230

usingtheTCCONspectroscopicdatabase,which is takenasthereferencein thepresentstudydueto its pedigreein validations

for satellitemissions.
:::::::
window

:::
and

:::
the

::::::::
retrieved

:::::
DMF

::
of

:::
the

:::::::
standard

:::::::
TCCON

:::::::
retrieval

:::::::
window,

::::::::::
normalised

::
by

:::::::
dividing

:::
by

:::
the

:::::::
retrieval

::::
error

::
of

:::
the

::::::::
standard

:::::::
TCCON

:::::::
retrieval

:::::::
window

:::::::::
(NRMSE).

::::
The

:::::::
variance

::
is

::::
also

:::::
given

:::
by

:::
the

:::::::
absolute

:::::
mean

:::::::
residual

:::::::
between

:::
the

:::::::
retrieved

:::::
DMF

::
of

::::::
12CH4:::

for
:
a
:::::::
speci�c

:::::::
window

:::
and

:::
the

::::::::
retrieved

:::::
DMF

::
of

:::
the

:::::::
standard

:::::::
TCCON

:::::::
retrieval

::::::::
window,

:::::::::
normalised

::
by

::::::::
dividing

::
by

:::
the

:::::::
retrieval

::::
error

:::
of

:::
the

:::::::
standard

:::::::
TCCON

:::::::
retrieval

:::::::
window

::::::::::
(NAmean).235

A posteriorierror Total uncertaintyin the retrievedabundancesof the methaneisotopologues,including systematicand

randomerrors.Wunch et al. (2010)statesthatsystematicerrorstypicallydominatefor TCCONretrievals
::::::::
Following

:::
the

:::::::::
assessment

::
of

:::
the

:::::::
retrieval

:::::::
variance

:::::::
between

::::::::
windows

:::
and

:::::::::
databases,

:::
we

:::::::::
investigate

::
if

:::::
locally

::::::::
changing

:::::::::
conditions

::::::
impact

::::::
biases

:::::::
between

:::::::::::
spectroscopic

::::::::
databases

:::
and

::::::::
windows.

:::::::::
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)240

.

� 13C: Methaneisotopologuesabundancesaretypically expressedin theform of thefollowing metric.

� 13C =
�

(13CH4=12CH4)sample

(13CH4=12CH4)V P DB
� 1

�
� 1000‰;

whereVPDB refersto ViennaPeeDeeBelemnite,an internationalreferencestandardfor 13C assessment.Tropospheric

methanetypically exhibitsa � 13C valueof roughly-47‰ (Rigby et al., 2017), andtotal columnmeasurementsfrom TCCON245

areunlikely to deviatefrom this valueto a signi�cant degree.Thereforethis tropospheric� 13C valueactsasa usefulproxy,

to determinethestability andvariability associatedwith retrievalsof methaneisotopologuesfrom differentspectralwindows,

spectroscopicdatabases,locationandtimeusingthetropospheric� 13C valueasabaseline.

In an idealscenariowe would compareour resultswith somereferenceresults,howeverwe arecurrentlyunawareof total

column 13CH4 retrieval data.We thereforeperform our comparisonswith respectto the TCCON spectroscopicdatabase,250

underthe assumptionthat biasesarealreadypresent,which canbe assessedat a later dateif thereis bene�t to doing so
:::
We

:::::::
therefore

:::::::::
investigate

::
if

:::
the

:::::::
methane

:::::::
retrieval

::::::
biases

::::
vary

::::
with

::::::
respect

::
to

:::
the

::::::::
following

::::
local

::::::::::
parameters

::
1)

::::
SZA,

::::::
where

:::::::
extreme

:::::
angles

::::
can

:::::
cause

:::::
errors

:::
in

:::
the

:::::::
air-mass

:::::::::::
assumptions

::::
and

:::::
affect

::::::::::::
characteristics

:::
of

:::
the

:::::::::
Instrument

:::::::::
Lineshape

::::::::
function

:::::
(ILS)

::::::::::::::::
(Wunch et al., 2011)

:
.
::
2)

::::::
Water

::::::
vapour

::::::::
(retrieved

:::
by

::::::::
TCCON)

:::::::
through

:::
the

::::::
course

::
of

::
a

::::
day

::
at

:
a
:::::
range

:::
of

:::::::
TCCON

:::::
sites.

::::
The

::::
GFIT

::::::::
retrieval

::::::::
algorithm

::
is

::
a

::::::
scaling

:::::::
retrieval

:::::::::
algorithm

:::
for

::
all

:::::
trace

:::
gas

::::::
�tting,

::::::::
meaning

:::
that

:::
an

::::::::
incorrect

::::::
apriori

::::
trace

::::
gas255

:::::
pro�le

:::::
shape

::::
will

:::::
yield

:::::
errors

::
in

:::
the

::::::::
retrieval.

::::
The

:::::
GFIT

:::::
water

::::::
vapour

::::::
apriori

::
is

:::::
based

:::
on

:
a

::::::
pro�le

:::::
taken

::
at

::::::
midday

:::
for

:::::
each

::::::
speci�c

::::::::
retrieval,

::::::::
meaning

:::
that

::::
any

:::::::::
signi�cant

:::::::::
variations

::::
from

::::
this

:::::
daily

::::::
pro�le

::::
will

::::
yield

::::::
errors

::
in

:::
the

::::::::
retrieval,

::::
that

::::
will

::::
vary

:::::::::
depending

::
on

:::
the

::::::
impact

:::
of

:::::
water

::::::
vapour

:::
on

:
a
:::::::
speci�c

:::::::
spectral

:::::::
window.

:::
3)

:::::::::::
Temperature,

::::::
which

::
is

:::
not

:::::::
included

:::
in

:::
the

:::::::
retrieval

::::
state

::::::
vector

:::
and

::::::::::::
dependencies

::
on

::::::::::
temperature

::::
will

::::
not

::
be

::::::::
removed

::
in

:::
the

:::::::
retrieval

:::::::
process.

:::::::::::
Temperature

::::::
errors

:::
are

:::::::::
introduced

::::::
through

:::
the

::::::::::::
spectroscopic

:::::
cross

:::::::
sections

::::::::::::::
(An et al., 2011),

::::::::
therefore

::::
poor

::::::::::
knowledge

::
of

:::::::::::
spectroscopic

::::::::::
parameters260

:::
will

:::::::::
potentially

::::
lead

::
to

::::::::::
temperature

:::::
based

:::::
errors.
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2.5 Analysis criteria

:::::
These

:::::::::::
dependencies

::::
are

::::::::
quanti�ed

:::
by

::::::::::
identifying

:::
the

:::::::
possible

::::::::
existence

:::
of

::
a

:::::
linear

:::::::::
correlation

::::::
(using

:::::::
Pearson

::::::::::
correlation

::::::::
coef�cient

::::
and

:::::
linear

:::
�t

::::::::
gradient)

:::::::
between

:::
the

:::::::::
variations

::
of

:::::
water

:::::::
vapour,

::::
SZA

::::
and

::::::::
measured

::::::::::
temperature

:::::::
against

:::
the

::::
bias

:::::::
between

:::
the

:::::::
retrieved

::::::::
methane

:::::::::::
isotopologue

:::::
DMFs

:::
for

::::
each

:::::::
window

::::
and

:::::::::::
spectroscopic

::::::::
database,

:::::::
against

:::
the

:::::
DMFs

:::::
from

:::
the265

:::::::
standard

:::::::
TCCON

:::::::
methane

:::::::
retrieval

:::::::
window

::::::::::
normalised

::
by

:::
the

:::::
noise

::::
from

:::
the

:::::::
standard

::::::::
TCCON

:::::::
methane

:::::::
retrieval

:::::::
window.

:

Thereare two aspectsto this study, the primary aspectis an assessmentof the biasesbetweenspectralwindows and

spectroscopicdatabasesw.r.t the two main methaneisotpologues.TCCON
:::
The

::::::::::
magnitude

::
of

:::
the

::::::
metrics

:::::::
de�ned

:::::
above

::::
can

::
be

:::
put

::::
into

::::::
context

::
by

:::::::::::
comparisons

::::
with

:::
the

:::::::
TCCON

:::::
error

::::::
budget.

:::::::
TCCON

:
typically aims for precision of <0.3% on methane

retrievals, and has a rough estimate of 1% systematic uncertainties (dominated by in-situ calibration whichvary dependingon270

site
:::
can

:::::
affect

::::
sites

:::::::::
differently

:
(Wunch et al., 2015)). Therefore it is possible to judge thevariationsof the

:::::::
variation

::
of 12CH4

:::::
DMFs

:
between windows and databases based on these biases andprecisions.In order to judge inter-window/spectroscopic

databasebiases,we often comparethe relativedifferenceof the retrievalswith respectto window 4 of the TCCON spectral

database,henceforthdescribedas the `referencevalue'. We choosethis window becauseit is the most commonlyusedin

spacebasedretrievalsat this time (e.g.GOSAT),andtheTCCONspectraldatabaseasit is themostestablishedwith TCCON275

retrievals.Therelativedifferenceis calculatedasthedifferencebetweentheretrievalandthereferencevalue,dividedby the

referencevalue.Thisassessmentis shownin Fig. 3.
::::::::
precision.

In termsof
::::::
Finally,

::::::::
although

:::
the

::::::
quality

:::
of

:::
the

:
13CH4 , thereare no publishedprecisionand accuracyrequirementsor

statisticswith
:
�t

:::::::
metrics

::
in

::::
this

:::::
study

:::
are

:::
not

:::::::
covered

::
in

::::::
detail,

:::
we

::::::
instead

::::::::
calculate

:::
the

::::
� 13C

::::::
metric

::
in

:::::
order

::
to

::::::::::
understand

::
the

::::::::::
plausibility

:::
and

::::::::
variation

::
of

::::::::
retrieving

::::::
13CH4 ::::

from TCCON. Fundamentally the �nal aim of retrieving13CH4 is to calculate280

� 13C.� 13Chasbeenusedtodifferentiatebetweenmethanesourcetypes(Fisher et al., 2017; Nisbet et al., 2016; Rigby et al., 2017; Rella et al., 2015)

, andvariationsof thisvaluehasbeenlinkedwith variationsin theglobalmethanebudget(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‰ in

� 13C is required in order to determine natural annual variability at the surface. However, variability in� 13C can be higher in285

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

Buzan et al., 2016), with evidence that� 13C can vary by up to 10‰ in different air parcels (Röckmann et al., 2011). Based on

thesefactor
::::::
factors, we assume a rough total column� 13C variability of 1‰, which equates to a total uncertainty of <0.02 ppb

on 13CH4 retrievals, or roughly 0.1% of the total column. This is clearly an unrealistic target for individual retrievals, given the

uncertainty requirements for12CH4 described above. Nevertheless precision errors will be low due to the nature of TCCON,290

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‰� 13C.
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2.5 Sensitivity analysis

� 13C =
�

(13CH4=12CH4)sample

(13CH4=12CH4)V P DB
� 1
::

�
� 1000‰;

:::::::::::::::::::::::::::::::::::::::::

(2)295

In additiontounderstandinganybiasesthatmayexistbetweenspectroscopicdatabasesandwindowsundernominalconditions,

it is importantto assessif thesebiasesvarywith respectto errorsor assumptionsin retrievalconditions,this typeof assessment

is known asa sensitivityanalysis(Wunch et al., 2011; Hu et al., 2016). In this studywe assessthe impactof two key error

sources,�rstly how changingretrievalconditionsover a seriesof TCCON measurementscanaffect biases,andsecondlyif

uncertaintyon the input retrievalinformationcanimpactbiasmagnitudes
:::::
where

:::::
VPDB

::::::
refers

::
to

::::::
Vienna

::::
Pee

:::
Dee

::::::::::
Belemnite,300

::
an

::::::::::
international

::::::::
reference

::::::::
standard

::
for

::::
13C

::::::::::
assessment.

:::::::::::
Tropospheric

:::::::
methane

:::::::
typically

:::::::
exhibits

::
a

::::
� 13C

:::::
value

::
of

:::::::
roughly

:::::
-47‰

::::::::::::::::
(Rigby et al., 2017),

::::
and

::::
total

::::::
column

::::::::::::
measurements

:::::
from

:::::::
TCCON

::::::
should

:::
not

::::::
deviate

:::::
from

:::
this

:::::
value

::
to

:
a
:::::::::
signi�cant

:::::::
degree.

::::::::
Therefore

:::
this

:::::::::::
tropospheric

::::
� 13C

:::::
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

::::
� 13C

:::::
value

::
as

::
a

::::::::
baseline.

::
In

:::::
terms

::
of

:::::::
13CH4,

:::::
there

:::
are

:::
no

::::::::
published

::::::::
precision

::::
and

:::::::
accuracy

::::::::::::
requirements

::
or

:::::::
statistics

:::::
with305

:::::::
TCCON.

2.4.1 Local condition variations

3
::::::
Results

Variationsin

3.1
::::::
Quality

::
of

:::::::
spectral

::::::
�tting310

::
An

::::::::
example

::
of

:::::::
residual

:::::::::::
transmission

::::::
spectra

:::::
from

:::
the

:::::::::::
Ny-Ålesund

:::
site

::
is

::::::
shown

::
in

::::
Fig

::
1,

::::
with

:::
the

::::::::
standard

::::::::
deviation

::
of

::
a

:::::::
selection

:::
of

::::::::
retrievals

:::::
within

::::
the

::::
same

:::::
time

::::::
period

::::::::
indicated

::
by

:
the retrieval conditionsthroughoutthe courseof a day of

measurementsareincludedin TCCONerrorbudgets,for exampleartefactscanappearin TCCONretrievalsat extremeSZA

values(Wunch et al., 2011). Wethereforeinvestigateif themethaneretrievalbiasesvarywith respectto SZA andwatervapour

(retrievedby TCCON) changesthroughthe courseof a day at both TCCON sites.Thesedependenciesare quanti�ed by315

identifying thepossibleexistenceof a linearcorrelation(coef�cient of determination)betweenthevariationsof watervapour

andSZA againstthebiasof the retrievedmethaneisotopologueDMFs for eachwindow andspectroscopicdatabase,against

the DMFs from window 4 from the TCCON spectroscopicdatabase(otherwiseknown as the 'referencevalue')
:::
red

:::::
lines.

::::::::::
Qualitatively

:::
we

::::
note

:::::
clear

:::::::::
differences

::
in

:::
the

:::::::
quality

::
of

:::
the

:::
�ts

:::::::
between

::::::::
windows

::::
and

::::::::
databases,

:::
for

::::::::
example

::::
there

:::
are

:::::
clear

::::::::
deviations

::::::::
apparent,

:::::::::
especially

::
in

:::::::
window

:
1

:::
for

::::::::
HITRAN

:::
and

:::::::
GEISA.320
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3.1.1 A Priori and parameter errors

Figure 1.
::::::
Example

::::::
residual

::::::::::
transmission

:::::
spectra

::::::::
calculated

::::
from

::::::::
measured

:::
and

::::
�tted

::::::
spectra

::::
from

:::
the

:::::::::
Ny-Ålesund

::
in

::::
2019.

::::
The

:::
blue

::::
line

::::::
indicates

:::
an

:::::::
example

::
of

:::
the

::
�t

::::::
residual

:::::::
between

:::
the

::::::::
calculated

:::::::::
transmission

::::
and

::
the

::::::::
measured

::::::::::
transmission.

::::
The

:::
red

::::
lines

:::::::
indicates

:::
the

::::::
standard

:::::::
deviation

::
of

:::
the

:::::::
residual,

::::
based

:::
on

::
all

::::::
spectra

::::
taken

::::
over

:::
the

::::
entire

::::::
dataset.

::::
The

::::::
columns

:::
of

:::
this

::::
�gure

:::::::
identify

::
the

:::::::
residuals

::
of

::
a

:::::
speci�c

:::::::
window,

:::
and

:::
the

::::
rows

:
a

::::::
speci�c

:::::::
database,

::
as

:::::::
identi�ed

::
in

:::
the

:::
axis

:::::
labels.

An importantaspectof all tracegasretrievalsarethe sensitivitiesto uncertaintiesin the input a priori andparameterpro�le

information.A priori informationrefersto quantitieswhichareestimatedasapartof theretrievalprocess(suchastracegases),

andparametersrefersto quantitiesnecessaryfor retrieval,but arenot estimatedas a part of the retrieval process(suchas

temperature)(Rodgers, 2000). HereweinvestigatehowtheretrievedisotopologueDMFsvarybetweenspectroscopicdatabases325

andwindowswhenerrorsareappliedto theapriori andparameterinformation.Thesepro�les arederivedfrom differentmodels

which carry inherentuncertaintye. g. (Wunch et al., 2011; Rahpoe et al., 2013), this canbe assessedby perturbingthe input

parameterpro�les andcomparingtheoutputresults.
:::
The

:::::::
analysis

:::::::
statistics

:::
for

:::
the

:::::::
residual

::::::::::
transmission

:::::::
spectra

:::
(as

::::::::
discussed
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::
in

::::
sect.

:::
2.4)

::::::
shown

::
in

:::
Fig

::
1

:::
are

:::::
shown

::
in

:::
Fig

::
2,

::
as

::::
well

:::
as

::
the

:::::::::
associated

::::::::
statistics

::
for

:::
the

:::::
other

:::::::
TCCON

::::
sites

:::::::::
considered

::
in

::::
this

:::::
study.

:::::
What

::
is

::::
clear

:::::
from

:::
Fig

::
2

::
is

:::
the

::
�t

:::::::
statistics

:::
for

:::::
each

:::::::::::
spectroscopic

::::::::
database,

::::::::::
irrespective

::
of

::::::::
TCCON

:::
site

::::
and

:::::::
window330

:::::::
generally

:::::
have

:::
the

::::
same

:::::::
pattern

::
in

:::::
terms

::
of

::::::
quality.

::::
For

:::::::
window

:
1

::::::::::
SEOM-IAS

:::::::
usually

:::
has

:::
the

::::
best

::
�t

::::::
metrics

::::
(i.e.

:::
the

::::::
lowest

::::::::::
magnitudes),

::::::::
followed

:::
by

:::::::::
GGG2020,

:::::::::
GGG2014,

::::::::
HITRAN

::::
and

::::
then

:::::::
GEISA.

::
In

::::::::
windows

:::
2-4

::::::
where

::::::::::
SEOM-IAS

:::
has

::
no

:::::
data,

::::::::
GGG2020

::::::::
typically

:::::
shows

:::
the

::::::
highest

::::::
quality

::::
�ts,

:::::::::
suggesting

:::
the

::::
latest

:::::::
iteration

::
of

:::
the

:::::::::
GGG2020

:::::::::::
spectroscopic

::::::::::
parameters

:::
has

:::::::
superior

::::::::::
performance

::
to

:::
the

:::::
older

:::::::
version.

Thea priori andparameteratmosphericdatafortheGFIT algorithmis basedon two sources;thepressure,temperatureand335

humidity dataaredrawnfrom the NationalCentersfor EnvironmentalPrediction(NCEP)/NationalCenterfor Atmospheric

Researchmodels(NCAR). Thetracegaspro�les arebuilt from empiricalmodelsdevelopedfrom a combinationof datafrom

atmosphericballoonbornesensors,andfrom thesatelliteinstrumentACE-FTS(Wunch et al., 2010, 2011). We investigatethe

sensitivitiesof the retrievalsto the following input parameteruncertainties
::::::
Window

::
1

::::::::
typically

:::::
shows

:::
the

:::::::
poorest

::
�t

:::::::
metrics

::
of

::
all

:::::::::
windows,

:::::::
possibly

:::::::
because

:
it
::
is

:::
the

::::::
largest

::::::::
window,

:::
but

::::
also

:::::::
because

:
it

::
is

:::::
more

:::::::
complex

::::::
region

::
in

:::::
terms

:::
of

:::::::::
absorption340

:::::::::::::::::
(Brown et al., 2013)

:::
than

:::
the

:::::
other

::::::::
windows.

:::::::
Window

::
4

:::
for

:::::::
example

::
is

::::
also

:::::
wide,

:::
but

:::::::
typically

::::::
shows

::::::
higher

::::::
quality

:::
�ts

::::
than

:::
any

::
of

:::
the

:::::
other

:::::::
windows

:::
in

:::
this

:::::
study.

::::
The

::::::::::
implication

:::::
being

:::
that

:::
the

:::::::::
knowledge

:::
of

:::::::::::
spectroscopic

:::::::::
parameters

::
in

:::::::
window

::
1

::
is

:::
still

::::::
lacking

::
in

::::::::::
comparison

::
to

:::
the

::::::::
traditional

::::::::
TCCON

:::::::
windows.

:::::
There

:::
are

:::::::::
differences

::
in

:::
the

::::::
metrics

:::::::
between

:::::::
TCCON

:::::
sites,

::::
with

::::::::
Ascension

::::::
Island

:::::::
showing

::::::
poorer

:::
�ts

::::
than

:::
any

::
of

:::
the

:::::
other

::::
sites,

::::::
similar

::
to

:::::::
Darwin.

::::
This

::
is

::
to

:::
be

:::::::
expected

::::::::
however

::::
since

:::::
these

:::::::::
instruments

:::
are

:::
not

::::::::
identical,

::::
and

::::::
capture

::::::
spectra

:::::
under

::::::::
differing

:::::::::
conditions.

:::
We

::::
note

::::
that

::
all

::::::::::
instruments

:::
are

:::
run

:::::::::
according

::
to345

:::::::
TCCON

:::::::::::
speci�cations

:::
but

:::::
their

::::::::
respective

::::::::::::
con�gurations

:::
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

::::::::::::
con�gurations

:::
are

:::::::
removed

:::
by

:::
the

:::::::::
differential

::::
CO2::::and

::::
CH4:::::

DMF
::::::::
retrievals

:::
but

::::
will

:::::
affect

::::::::
individual

:::::::
spectra.

:::
For

::::::::
example,

::
in

:::
the

::::
case

::
of

::::::::
Tsukuba

:::
and

:::::::::
Ascension,

:::
the

::::::::::::
con�guration

:::::
effects

::::::
cannot

:::
be

::::::::
compared

:::::::
directly

:::::
except

:::
for

:::::::
detector

::::::
noise,

:::::
which

::::::
turned

:::
out

:::
to

::
be

:::::::::::
comparable.

::::::::
However,

:::
the

::::::
signal

::
on

:::
the

::::::::
detector

::
of

:::
the

:::::::::
Ascension

::::::
Island350

:::::::::
instrument

:
is

::
at

::::
least

:::::
50%

:::::
lower

::::
than

:::
that

::
of

:::
the

::::::::
Tsukuba

:::::::::
instrument.

:

A priori andparametererror magnitude.Error SourceMagnitudeMethanepro�le shift 2% Methanepro�le shapeSwap

seasonalpro�les Watervapourpro�le shift
:::::
Likely

:::::::
reasons

::::
are:

::
1)

::::
The

:::::::::
Ascension

::::
FTS

::::
runs

:::
on

:
a
::::::
higher

:::::::
spectral

:::::::::
resolution

:::::
(0.014

:::::
cm� 1

:::
vs.

::::
0.02

::::::
cm� 1)

:::
and

::
a

:::::
faster

::::::
scanner

:::::
speed

:
(10 % Pressurepro�le shift

::::
kHz

::
vs.

:::
7.5

:::::
kHz).

:::::
Both

::::::
reduce

:::::::::
integration

::::
time

:::
per

::::::
spectral

:::::
pixel.

:
2% Temperaturepro�le shift 2 K355

The magnitudesidenti�ed in Table 3 mirror thoseusedin a similar study focusedon S5P/TROPOMI(Hu et al., 2016),

given thatS5P/TROPOMIvalidationis oneof the focuspointsof this study.Sincemethaneis thegasunderinvestigationin

this study,it is importantto understandhow shifting the input atmosphericpro�le affectsthe output.SinceGFIT is a scalar

retrievalalgorithm,retrievalsusingan incorrectmethanepro�le (e. g. tropopausein the incorrectlayer) could inducebiases

whichvarybetweenwindowsandspectroscopicdatabases.ThereforetheApril andJulyTsukubamethanepro�les areswapped,360

andtheAugustandOctoberAscensionIslandpro�les areswappedto induceerrors.Watervapouris themaininterferingtrace

gasin thesewindows,anduncertaintiesin the startingknowledgeof watervapourmay yield different resultsfrom different

windowsor spectroscopicdatabases.GFIT directly retrievesmethaneandwatervapour,but pressureandtemperaturearenot
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includedin thestatevectorandarenotretrieved,meaningdependenciesonpressureandtemperaturewill notberemovedin the

retrievalprocess.Pressurecolumnuncertaintiescanaffectmethaneretrievalsin two ways.The�rst is throughtheretrievalof365

O2 which is usedto convertthetotal columnconcentrationof methaneinto DMFs, thesecondis throughpressuredependence

of spectroscopicabsorption.For temperature,errorsareintroducedthroughthespectroscopiccrosssections,Eq (3) describes

thetemperaturedependencyof theline intensity(An et al., 2011).

S(T)
S(T0)

=
Q(T0)
Q(T)

exp(�
hcE0

k
(

1
T

�
1
T0

));

whereS(T) is theline intensityattemperatureT, Q(T) is thetotalpartitionfunctionof theabsorbingmoleculeattemperature370

T, S(T0)
:
)
::::
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.

:::::
Other

::::
sites

::::
may

:::
use

::::::
similar

::::::::::
techniques, andQ(T0) areasbefore

but at temperatureT0, E0 is thelower stateenergy,andh, c andk areconstants.Equation(
:::
may

::::
vary

:::::::::
depending

:::::
upon

:::::
need. 3)

suggeststhat if therearesigni�cant differencesbetweenthe spectroscopicdatabases,mostnotablyin the lower stateenergy

level, thenthe temperatureandpressuredependencyuncertaintyof the retrievalswill vary dependingon the database.Thus375

implying that the bias betweenspectroscopicdatabasescan vary dependingon spatialand temporalconditions.
:::
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

::::::::::
re�ectively

::
of

:::
the

:::::::
mirrors

::::::
quickly.

:::::
They

:::
are

:::::::
cleaned

::::::
weekly

:::
but

::
a

:::::
signal

::::
loss

::
in

:::
the

:::::
order

::
of

:::::
20%

::::
over

:
a

:::
few

:::::
days

:
is

:::
not

::::::::::
uncommon.

:

To quantifytheimpactof theseintroducederrorsweusetwo methods.Firstly themetricsdescribedin sect2.2for 'retrieved380

values'areusedfor retrievalsfrom April 2016from theTsukubasite,allowing for a directcomparisonbetweenthe'nominal

cases'andthe'perturbed'sensitivityanalysiscases.Secondlyweuselinearregressionto comparetheretrievedDMFs of 12
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Figure 2.
::
Bar

::::
chart

::::::::
indicating

:::
the

::
�t

:::::::
statistics

::
for

::
a

:::::::
selection

::
of

:::::::
retrievals

::::
from

::::
each

::
of

:::
the

::::::
TCCON

::::
site.

::::
Each

:::
row

:::
of

::
the

:::::
�gure

:::::
refers

::
to

:::::
results

::::
from

::::
each

::
of

::
the

:::::::
TCCON

::::
sites,

:::::::
indicated

:::
by

::
the

::::
row

::::
title.

::::
Each

::::::
column

:::::
shows

::
the

::::::
results

::::
from

::::
each

::::::
window,

:::::::
indicated

:::
by

::
the

::::
title

:
of

::::
each

:::::::
column.

::::
Each

::::::
subplot

:::::
shows

:::
the

:::::
RMSE

:::
and

:::
� 2

:::::
values

:::
for

:::
each

:::::::::::
spectroscopic

:::::::
database

:::::::
indicated

::
in

:::
the

:::::
x-axis,

::::
with

::
the

::::
blue

::::
bars

::::::
referring

::
to

:::
the

:::::
RMSE

::::::
values,

::::
with

:::::::::
magnitudes

:::::
shown

::
on

:::
the

:::::::
left-hand

:::::
y-axis.

::::
The

::::
black

::::
bars

::::
refer

::
to

::
the

:::
� 2

:::::
values,

::::
with

:::
the

:::::::::
magnitudes

:::::::
indicated

::
on

::
the

::::::::
right-hand

::::::
y-axis.
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::::
Since

:::
all

::::
trace

:::::
gases

:::
are

::
�t

::::::::::::
simultaneously

::
in

:::
all

::
of

:::
the

::::::::
windows,

::::
there

:::
no

::::::
speci�c

:::::::
metrics

::::::::
associated

::::
with

::
13CH4and

:
. 13CH4

from caseswhereparameterserrorshavebeenintroduced,
::
in

:::
this

:::::
study

::
is

::
�t

::
in

::::::::
windows

:
1

:
andtheoriginal unperturbedcases.

This linear regressionis representedin two typesof �gure, the �rst qualitatively showsthe correlationbetweenperturbed385

andunperturbedcasesfor all windows, spectroscopicdatabasesandTCCONsites.Thesecond�gure typeshowsthe linear

regressionandcorrelationstatistics(slope,intercept,coef�cient of determinationandstandarddeviation)for the correlation

plotsin the�rst �gure. Thesestatisticsareshownfor all windows,spectroscopicdatabasesandTCCONsites.All theseresults

and
::
4.

3.2
::::::::::::
Quanti�cation

::
of

::::::::
variance

:::::::
between

::::::::
windows

::::
and

:::::::::
databases390

:::
The

:::::
entire

::::
time

:::::
series

::::::::
available

:::
for

::::
this

::::
study

:::
for

:::::
each

:::::::
TCCON

:::
site

:::
are

::::::
shown

::
in

:::::
Figs.

::
3,

::
4,

::
5
::::
and

:::
6.

:::::::::
Qualitative

:::::::::
inspection

::
of

::::
these

::::::
�gures

::::::
shows

:::::
scatter

:::::::
between

:::
all

::::::::
windows

::
for

:::::
each

:::::::
database,

::::::
further

:::
the

:::::::::
HITRAN,

::::::
GESIA

::::
and

::::::::::
SEOM-IAS

::::::::
databases

::::
show

:::::::::
signi�cant

:::::::
positive

::::
bias

:::::
w.r.t.

:::
the

:::::::
standard

::::::::
deviation

::
of

::::
the

::::::::
reference

:::::::
TCCON

::::::::
retrieval,

::::::::
indicated

::
by

::::
the

::::::
dashed

:::::
black

::::
lines.

:::::::::::
Quantitative

::::::
metrics

:::
for

:::::
these

:
�gures are shown inAppendixC, anda summary,highlighting the impactof retrieval

parameteruncertaintyis shownin sect3.5
::
Fig

::
7.395

18



4 Results

Figure 3.
::::::
Retrieval

::::
time

:::::
series

:::
for

:::::
12 CH4::::::

DMFs
::::
from

:::
the

:::::::::
Ny-Ålesund

::::
site.

::::
Each

:::::
panel

:::::::
indicates

:::::::
retrievals

::::
from

::::
each

::::::
spectral

:::::::
window

:::::::
(indicated

::
in

:::
the

::::::
legend)

::::
from

:
a

::::::
speci�c

::::::::::
spectroscopic

:::::::
database,

::::::::
indicated

::
in

::
the

:::::
panel

:::
title.

::::
Blue

::::
stars

::::
show

:::::::
retrievals

::::
from

::::
band

::
1,

::::::
yellow

::::
pluses

:::
are

::::
band

::
2,

:::::
green

::::::
triangles

:::
are

::::
band

::
3

:::
and

:::
red

:::::
circles

:::
are

::::
band

::
4.

:::
The

::::::
standard

::::::::
deviation

::::
about

:::
the

:::::::
reference

:::::::
TCCON

:::::::
retrievals

:::
are

:::::::
indicated

::
by

::
the

::::::::
horizontal

::::::
dashed

::::
lines.
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3.1 Averaging kernels

Figure 4.
::
As

::::
Fig.

:
3,

:::
but

:::
for

:::::::
retrievals

::::
from

::
the

::::::
Darwin

:::::::
TCCON.

Figure1 showsexamplecolumnaveragingkernelsfor retrievalsof 12CH4 and13CH4 usingwindows1, and4-6 from selected

observationsatbothTsukubaandAscensionIsland.
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Figure 5.
::
As

::::
Fig.

:
3,

:::
but

:::
for

:::::::
retrievals

::::
from

::
the

:::::::
Tsukuba

:::::::
TCCON.

21




