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Abstract. Atmospheric methane (CH4) concentrations have been rising since 2007, resulting from an imbalance between CH4

sources and sinks. The CH4 budget is generally estimated through top-down approaches using CH4 observations as constraints.

The atmospheric isotopic CH4 signal, δ 13C(CH4), can also provide additional constraints and helps to discriminate between

emission categories. The oxidation by chlorine (Cl) likely contributes less than 5 % to the total oxidation of atmospheric CH4.

However, the Cl sink is highly fractionating, and thus strongly influences δ 13C(CH4). As inversion studies do not prescribe5

the same Cl fields to constrain CH4 budget, it can lead to discrepancies between estimates. To quantify the influence of the Cl

concentrations on CH4, δ 13C(CH4) and CH4 budget estimates, we perform multiple sensitivity simulations using three Cl fields

with concentrations that are realistic with regard to recent literature and one Cl field with concentrations that are very likely to

be overestimated. We also test removing the tropospheric and the entire Cl sink in other sensitivity simulations. We find that

the realistic Cl fields tested here are responsible for between 0.3 % and 1.8 % of the total chemical CH4 sink in the troposphere10

and between 1.0 % and 1.2 % in the stratosphere. Prescribing these different Cl amounts in surface-based inversions can lead

to differences in global CH4 source adjustments of up to 12.3 TgCH4.yr−1. We also find that the globally-averaged isotopic

signature of the CH4 sources inferred by a surface-based inversion assimilating δ 13C(CH4) observations would decrease by

0.53 ‰ for each additional percent of contribution from the tropospheric Cl sink to the total sink. Finally, our study shows that

CH4 seasonal cycle amplitude is modified by less than 1-2 % but δ 13C(CH4) seasonal cycle amplitude can be modified by up15

to 10-20 %, depending on the latitude.

1 Introduction

Methane (CH4) is a very important species for both atmospheric chemistry and climate. Its atmospheric mole fractions have

reached an average of 1879 ppb at the surface in 2020 (Dlugokencky, 2021), almost three times higher than pre-industrial

mole fractions (Etheridge et al., 1998). After a plateau between 1999 and 2006, CH4 mole fractions resumed their increase in20

2007 without showing any sign of stabilization since then. The increase has even reached an unprecedented value of +15.9 ppb
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for the year 2020. The accumulation of CH4 (∼ 8 ppb.yr−1 on average since 2007) in the atmosphere is the result of a slight

imbalance between sources that release CH4 into the atmosphere and sinks that remove it. Sinks are mostly due to oxidation

reactions in the atmosphere. Three radicals react with CH4 in the atmosphere: hydroxyl (OH), atomic oxygen (O1D), and

chlorine (Cl). These chemical reactions account for about 93 % of the total CH4 sink, with the remainder being removed by25

methanotrophic bacteria in the soil (Saunois et al., 2020). On the other hand, CH4 sources are varied and result from radically

different processes (biogenic, thermogenic and pyrogenic).

Top-down atmospheric inversions are known to be efficient approaches to estimate CH4 sources at different scales and have

become increasingly relevant over the years as observational networks have developed (Houweling et al., 2017, and references

therein). However, inversions that assimilate only total CH4 observations can only rely on variations in seasonal cycles to dif-30

ferentiate co-located emissions. To better separate these sources, assimilating observations of the 13C:12C atmospheric isotope

signal of CH4, denoted δ 13C(CH4), can be relevant. This value is based on the ratio between the isotopologue 12CH4, which

represents about 99 % of the CH4 in the atmosphere (Stolper et al., 2014) and its counterpart 13CH4. δ 13C(CH4) is commonly

defined using a deviation of the sample mole isotopic ratio relative to a specific standard ratio :

δ 13C(CH4) =
R

Rstd
−1 =

[13CH4]/[12CH4]
Rstd

−1 (1)35

[12CH4] and [13CH4] denote the 12CH4 and 13CH4 mole fractions, respectively. Rstd = 0.0112372 is here the standard

ratio of Pee Dee Belemnite (PDB) (Craig, 1957). CH4 sources exhibit specific isotopic signatures that are mainly controlled

by the process involved. Broadly summarized, most biogenic sources have an isotopic signature between −65 and −55 ‰,

thermogenic sources between −50 and −30 ‰ and pyrogenic sources between −25 ‰ and −15 ‰ (Sherwood et al., 2017),

although the distributions are very large and overlaps exist between the extreme values. The post-2007 CH4 increase is notably40

associated with a decrease in the atmospheric isotopic signal δ 13C(CH4) (Nisbet et al., 2019) and these isotopic variations

could help to better explain this renewed growth and the contribution from the different CH4 sources.

The sinks are also fractionating, as they remove 12CH4 faster than 13CH4. This effect, called the Kinetic Isotope Effect (KIE),

is quantified using the ratio of the reaction rate constants X + 12CH4 and X + 13CH4, with X the species of interest (X = OH,

O(1D) or Cl). KIEX = kX
12/kX

13 with kX
12 and kX

13 being the oxidation reaction rate constants. As a result, δ 13C(CH4) depends on45

both sources and sinks, as total CH4, but also on the isotopic fractionation and the sources isotopic signatures.

Among all CH4 sinks, the Cl sink accounts for a small part of the total CH4 oxidation. Following the discovery of the

dramatic impact of Cl on ozone in the stratosphere, many studies have first focused on the impact of stratospheric Cl on CH4

and δ 13C(CH4) using box or 2-D models (e.g., Röckmann et al., 2004; McCarthy et al., 2003; Wang et al., 2002; McCarthy

et al., 2001; Saueressig et al., 2001; Gupta et al., 1996; Müller et al., 1996). McCarthy et al. (2003) estimated that Cl was50

responsible for 20-35 % of CH4 removal in the stratosphere. Saunois et al. (2020) suggested a range of values for the total

stratospheric sink between 12 and 37 TgCH4.yr−1, leading to a plausible stratospheric Cl sink of 2-13 TgCH4.yr−1, or about

only 0.4-2.4 % of the total CH4 oxidation in the atmosphere. Although this contribution is very small, the Cl sink is particularly

important because of its large fractionation effect (KIE = 1.066 for the Cl sink against 1.0039 for the OH sink, see Sect. 2.1).

The aforementioned studies showed that stratospheric Cl has a strong impact on δ 13C(CH4) not only in the stratosphere but also55
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at the surface. In particular, Wang et al. (2002) estimated that stratospheric Cl was responsible for a δ 13C(CH4) enhancement

of 0.23 ‰ at the surface between 1970 and 1992 due to stratosphere-troposphere exchanges (STE).

In the troposphere, the Cl sink likely accounts for less than 5 % of CH4 oxidation (Wang et al., 2019, 2021; Hossaini

et al., 2016; Sherwen et al., 2016; Gromov et al., 2018; Allan et al., 2007). Several studies have estimated Cl concentrations

in the troposphere and in the Marine Boundary Layer (MBL) and discussed the Cl sink. Allan et al. (2007) estimated the60

Cl sink in the troposphere to be 25 TgCH4.yr−1, representing about 5 % of the total CH4 chemical sink. More recently,

Hossaini et al. (2016), Sherwen et al. (2016), Wang et al. (2019) and Wang et al. (2021) have made important developments in

tropospheric chemistry modeling and obtained oxidation contributions of 2.6 %, 2 %, 1 % and 0.8 % respectively with mean

tropospheric Cl concentrations between 620 and 1300 molec.cm−3. However, Gromov et al. (2018) concluded that variations

in Cl concentrations above 900 molec.cm−3 in the extratropical part of the Southern Hemisphere are very unlikely ; thus65

suggesting that the high estimates from Allan et al. (2007) and Hossaini et al. (2016) are likely overestimated. These variations

in oxidation contributions may appear small but Strode et al. (2020) recently showed a high sensitivity of the tropospheric

δ 13C(CH4) distribution to variation in Cl fields by testing, among others, those of Allan et al. (2007), Sherwen et al. (2016)

and Hossaini et al. (2016), indicating that each percent increase in how much CH4 is oxidized by Cl leads to a 0.5 ‰ increase

in δ 13C(CH4), therefore larger than the global downward shift observed since 2007 (Nisbet et al., 2019).70

Forward and inverse 3-D modeling studies focusing on CH4 and δ 13C(CH4) consider the Cl sink at different level of details.

Most studies consider only the Cl sink in the stratosphere (e.g., Fujita et al., 2020; Rigby et al., 2012; Monteil et al., 2011;

Fletcher et al., 2004), and a very few account for tropospheric Cl only (e.g., Thompson et al., 2018). In single-box models,

sinks are combined and an overall fractionation coefficient is used (e.g., Schaefer et al., 2016; Schwietzke et al., 2016). In

recent studies, Cl is often prescribed in both the troposphere and stratosphere (e.g., McNorton et al., 2018; Rice et al., 2016;75

Warwick et al., 2016; Neef et al., 2010), although most studies use the Cl configuration suggested by Allan et al. (2007), which

is likely to be overestimated as mentioned above.

In the atmospheric inversions performed with the LMDz-SACS chemistry-transport model (Locatelli et al., 2015; Pison

et al., 2009), Cl sink was omitted so far, even in the stratosphere (Saunois et al., 2020; Locatelli et al., 2015; Pison et al., 2009;

Bousquet et al., 2006). For these studies assimilating only total CH4 observations, the impact of the Cl sink on the estimated80

CH4 emissions was considered negligible. However, the number and quality of isotopic observations have considerably in-

creased since the 2000s, and developments of the CIF-LMDz-SACS inversion system to use the isotopic constraint have been

made (Thanwerdas et al., 2021). Joint assimilation (CH4 and δ 13C(CH4)) is proving to be relevant and necessary in order

to reconcile the estimated CH4 budgets with the atmospheric isotope signal. Considering the large impact of the Cl sink on

δ 13C(CH4), it is necessary to include and evaluate the Cl sink and its impact on the CH4 modeling process.85

Here, we detail the influence of tropospheric and stratospheric Cl on the modeling of CH4 and δ 13C(CH4) in LMDz-SACS

by using several Cl fields. Ultimate goal being to use the isotopic signal observations to perform multi-constraint inversions

with the LMDz-SACS model, results are analyzed throughout the study under the prism of atmospheric inversion. In the first

part, we present the characteristics of the available Cl fields, model inputs and observations used for evaluation. Then, we

analyze the influence of the different Cl fields on CH4 and δ 13C(CH4) at the surface and on the CH4 vertical profile.90
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2 Methods

2.1 The chemistry-transport model

The general circulation model (GCM) LMDz is the atmospheric component of the coupled model of the Institut Pierre-Simon

Laplace (IPSL-CM) developed at the Laboratoire de Météorologie Dynamique (LMD) (Hourdin et al., 2006). The version

of LMDz used here is an "offline" version dedicated to the inversion framework created by Chevallier et al. (2005): the pre-95

calculated meteorological fields provided by the online version of LMDz are given as input to the model, which considerably

reduces the computation time. The model is built at a horizontal resolution of 3.8°× 1.9° (96 grid cells in longitude and latitude)

with 39 hybrid sigma pressure levels reaching an altitude of about 75 km. About 20 levels are dedicated to the stratosphere

and the mesosphere. The time step of the model is 30 min and the output values have a resolution of 3 hours. Horizontal

winds have been nudged towards the ECMWF meteorological analyses (ERA-Interim) in the online version of the model.100

Vertical diffusion is parameterised by a local approach of Louis (1979), and deep convection processes are parameterised by

the scheme of Tiedtke (1989). The offline model LMDz, coupled with the Simplified Atmospheric Chemistry System (SACS)

module (Pison et al., 2009), was previously used to simulate atmospheric mole fractions of trace gases such as CH4, carbon

monoxide (CO), methyl chloroform (MCF), formaldehyde (CH2O) or hydrogen (H2). This system has been recently converted

into a chemistry parsing system (Thanwerdas et al., 2021). It follows the principle of the chemical parsing system of the105

regional model CHIMERE (Mailler et al., 2017; Menut et al., 2013) and allows the user to prescribe the set of chemical

reactions to consider. Consequently, it generalizes the SACS module to any set of possible reactions. The concentration fields

of the different species are either prescribed or simulated. Prescribed species (here OH, O(1D) and Cl) are not transported in

LMDz, and their mole fractions are not updated by chemical production or destruction. These species are only used to calculate

reaction rates and update the mole fractions of transported species at each iteration of the model. In this study, the 12CH4 and110
13CH4 isotopologues are simulated as separate tracers and CH4 mole fractions are defined as a sum of mole fractions of the two

isotopologues. Oxidation by Cl + CH4 was added to complete the chemical removal of CH4, which only considered OH + CH4

and O(1D) + CH4 reactions in the original SACS chemical scheme.

Reactions between 12CH4 and OH, O(1D) and Cl are represented by the chemical equations below, and similar equations

apply to 13CH4 :115

12CH4 +OH → 12CH3 +H2O (R1)

12CH4 +Cl → 12CH3 +HCl (R2)

12CH4 +O(1D) → 12CH3 +OH (R3)

12CH4 +O(1D) → H2 + 12CH2O (R4)

Three-dimensional and time-dependent oxidant concentration fields (OH, O(1D) and Cl) were simulated by the GCM LMDz120

coupled to the INteraction with Chemistry and Aerosols (INCA) model (Hauglustaine et al., 2021; Folberth et al., 2006;

Hauglustaine et al., 2004). Seventeen ozone-depleting substances consisted of CFCs (CFC-12, CFC-11, CFC-113), three

HCFCs (HCFC-22, HCFC-141b, HCFC-142b), two halons (Halon-1211, Halon-1301), methyl chloroform (CH3CCl3), carbon
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tetrachloride (CCl4), methylchloride (CH3Cl), methylene chloride (CH2Cl2), chloroform (CHCl3), methyl bromide (CH3Br)

and HFC-134a, and their associated photochemical reactions, were included in the INCA chemical scheme to produce Cl rad-125

icals (Terrenoire et al., 2020). In the LMDz-INCA simulations, surface concentrations of these long-lived Cl source species

were prescribed based on historical data sets prepared by Meinshausen et al. (2017). The model was run for the 1850-2018

period (Hauglustaine et al., 2021).

Table 1. Reaction rate constants and KIEs of CH4 chemical sinks. The reaction rate constants are taken from Burkholder et al. (2015).

Oxidant KIE Reference Reaction rate constant (cm3 molec−1 s−1)

OH 1.0039 Saueressig et al. (2001) 2.45 × 10−12· exp(-1775/T)

Cl 1.043 · exp(6.455/T) Saueressig et al. (1995) 7.1 × 10−12· exp(-1280/T)

O(1D) - R3 1.013 Saueressig et al. (2001) 1.125 × 10−10

O(1D) - R4 1.013 Saueressig et al. (2001) 3.75 × 10−11

All reaction rate constants and associated values are given in Table 1. The reaction rate constants with 13CH4 are modified

based on the definition of the fractionation coefficient (KIE). Few studies have evaluated the KIEs associated with CH4 chemi-130

cal sinks (particularly for O(1D) and Cl) over a wide range of temperatures and thus large uncertainties remain. For CH4 + OH,

we adopted the value of Saueressig et al. (2001) as they indicate that this data is of considerably higher experimental precision

and reproducibility than previous studies, in particular Cantrell et al. (1990), which suggested a value of 1.0054.

2.2 Description of Cl fields

Four fields of Cl are used in this study. The first field was simulated by the LMDz-INCA model, as mentioned above. More135

details on the modeling of this field are available in the supplement. This field will be referred to as the Cl-INCA field.

At this stage, simulations performed with the LMDz-INCA model do not fully represent the chemical interactions between

Cl and other species in the troposphere. Developments are currently being made to improve these interactions. The mean

tropospheric Cl concentration (330 molec.cm−3) in the Cl-INCA field is therefore about half lower than the mean tropospheric

value (630 molec.cm−3) of Wang et al. (2021) or other studies, but in agreement with the upper limits inferred by Gromov140

et al. (2018).

Two fields were simulated using the versions of the GEOS-Chem model (http://acmg.seas.harvard.edu/geos/) of Sherwen

et al. (2016) and Wang et al. (2021) (i.e., v10 and v12.9, respectively). These fields were generously provided by the respective

authors of the two studies. They will be referred to as the Cl-Sherwen and Cl-Wang fields. Differences between the two fields

are detailed below.145

The last field was simulated by version 5.7b of the CCSR/NIES/FRCGC (Center for Climate Sytem Research/National

Institute for Environmental Studies/Frontier Research Center for Global Chance) atmospheric GCM (Takigawa et al., 1999).

This was provided by the GCP-GMB (Global Carbon Project - Global Methane Budget) team to run the inversions used in

Saunois et al. (2020), although it was not mandatory. It is referred to as the Cl-Taki field.

5
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Figure 1. Annual mean meridional cross-section (upper panels) and tropospheric Cl concentrations (lower panels) for the four 3-D fields

Cl-INCA, Cl-Wang, Cl-Sherwen and Cl-Taki.

In this study, we do not test the Cl fields from Hossaini et al. (2016) and Allan et al. (2007) because we want to carry150

out the sensitivity analysis while keeping a realistic and up-to-date range of concentrations. Their concentrations are indeed

very likely to be overestimated (Gromov et al., 2018). Although Cl concentrations in the Cl-Taki field are also very large, to

our knowledge, CH4 oxidation resulting from the prescription of this field has not been studied before. We therefore choose

to include it here in order to quantify the associated sink and to illustrate the influence of such concentrations on CH4 and

δ 13C(CH4).155

The four fields are shown in Fig. 1. We use the lapse rate (2 K/km) definition from the World Meteorological Organization

(WMO) and the meteorological fields from the online LMDz model to define the tropopause. Global mean tropospheric Cl

concentrations range between 330 (Cl-INCA) and 4730 (Cl-Taki) molec.cm−3. The latitudinal distributions of tropospheric

concentrations are similar, although Cl-Wang, Cl-Sherwen and Cl-Taki have a greater spatial variability around their mean value

than Cl-INCA, especially in the mid-latitudes (75 %, 66 % and 63 % against 36 %, respectively). Cl-Wang, Cl-Sherwen and160

Cl-INCA exhibits similar concentrations in the stratosphere (1.45 ± 0.07 × 105 molec.cm−3). The increase in concentrations

with altitude between the surface and 30 km is similar between all the fields, with a 0-30 km vertical gradient of 4.4 ± 1.0 ×
104 molec.cm−3. Stratospheric concentrations are however larger in Cl-Taki, reaching a mean value of 2.1 × 105 molec.cm−3.
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2.3 Description of simulations

Mole fractions of 12CH4 and 13CH4 are simulated over the 1998-2018 period. The distributions of OH and O(1D) have also165

been simulated with the LMDz-INCA model and are outputs of the same simulation that provided the Cl-INCA field. These

OH and O(1D) fields are used in all simulations performed here.

Our SimREF reference simulation uses the Cl-Wang field as it is the most recent field and is taken from the most comprehen-

sive study to date. In addition, we want our reference simulation to infer realistic CH4 and δ 13C(CH4) distributions with a good

model-observation agreement. The fluxes and isotopic signatures of five emission categories used in this study therefore result170

from an atmospheric inversion over 1998-2018 based on a joint assimilation of CH4 and δ 13C(CH4) in the CIF-LMDz-SACS

system designed by Thanwerdas et al. (2021). The inversion assimilates observations introduced in Sect. 2.4. The Cl-Wang

field was not available when this inversion was launched. Therefore, we instead prescribed the Cl-INCA field and scaled the

tropospheric mean Cl concentration (330 molec.cm−3) to that of Wang et al. (2019) (620 molec.cm−3), very similar to that

of Wang et al. (2021) (630 molec.cm−3). We acknowledge the small difference between the inversion setup and the reference175

scenario setup, due to small differences in Cl concentrations. However, using the optimized fluxes and signatures together with

the prescribed sinks, a model-observation agreement (Root Mean Square Error) of 3.6 ppb for CH4 and 0.04 ‰ for δ 13C(CH4)

is obtained on global averages, and is considered sufficient to validate the conclusions of this study. More information about

the inversion is given in the supplement (Text S1). Emissions and source isotopic signatures are given in Table 2. Both vary

over time and space and are prescribed as monthly fields at the horizontal resolution of the model.180

The Cl-Sherwen, Cl-Taki and Cl-INCA fields presented in Sect. 2.2 are used in the SimSherwen, SimTaki and SimINCA

simulations, respectively. In Saunois et al. (2020), the majority of inversions are performed without a tropospheric Cl sink;

thus, we tested this with the SimNoTropo simulation where the Cl-Wang is used but with no Cl in the troposphere. Moreover,

as LMDz-SACS completely omitted the Cl sink in previous studies, we estimate the errors generated by this omission running

the SimNoCl simulation, which has no Cl sink. A summary of the simulations and their characteristics is provided in Table 3.185

Table 2. Global CH4 emissions and associated flux-weighted isotopic signatures by source category. Given values are averages over 1998-

2018. Numbers in brackets are minimum and maximum over this period of time [min/max].

Categories
CH4 emissions Isotopic signature

(TgCH4.yr−1) (‰ - VPDB)

Biofuels-Biomass Burning (BB) 28 [23 / 44] -21.5 [-22.2 / -21.3]

Agriculture and Waste (AGW) 221 [197 / 241] -58.3 [-59.4 / -57.0]

Fossil Fuels and Geological sources (FFG) 124 [101 / 142] -43.5 [-44.8 / -42.1]

Natural sources apart from wetlands (NAT) 23 [23 / 23] -50.8 [-50.8 / -50.8]

Wetlands (WET) 192 [184 / 202] -56.6 [-56.6 / -56.5]

Total 588 [530 / 639] -52.6 [-53.3 / -52.0]
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Table 3. Nomenclature and description of the sensitivity tests.

Sensitivity test Chemistry model Field name Modification

SimNoCl None None None

SimNoTropo
GEOS-Chem v12.09
Wang et al. (2021) Cl-Wang No Cl in the troposphere

SimREF
GEOS-Chem v12.09
Wang et al. (2021) Cl-Wang None

SimINCA LMDz-INCA Cl-INCA None

SimSherwen
GEOS-Chem v10

Sherwen et al. (2016) Cl-Sherwen None

SimTaki
CCSR/NIES/FRCGC AGCM v5.7b

Takigawa et al. (1999) Cl-Taki None

2.4 Observations

Different datasets of observations are used to evaluate our simulations and to estimate the impact of the Cl field. These obser-

vations are of several types and could be assimilated in atmospheric inversions: surface measurements of CH4 and δ 13C(CH4)

as well as in situ vertical profiles of CH4.

CH4 observations measured at 79 surface stations of the Global Greenhouse Gas Reference Network (GGGRN), part of190

the NOAA-ESRL’s Global Monitoring Laboratory (NOAA GML), were used to perform the inversion introduced in Sect. 2.3.

Reported uncertainties are generally below 5 ppb. δ 13C(CH4) measurements provided by the Institute of Arctic and Alpine

Research (INSTAAR) by analyzing air samples collected at 22 stations on an approximately weekly basis were also assimilated

(White et al., 2021). Reported uncertainties are generally below 0.15 ‰.

A total of 11 MBL sites (i.e., the site samples consist mainly of well-mixed MBL air) among those that recorded δ 13C(CH4)195

values over the 1998-2018 period were selected to sample simulated values at the time and locations of available observations.

The station locations and additional information can be found in the supplementary Figure S3, Tables S5 and S6.

Finally, an analysis of the impact of Cl on CH4 vertical profiles is conducted using a set of 115 AirCore profiles recovered

from 11 different sites over the 2012-2018 period. A total of 80 profiles are provided by the NOAA GML aircraft programme

(Baier et al., 2021; Karion et al., 2010) and 35 others by the French AirCore programme (Membrive et al., 2017). The balloon-200

borne AirCore technique (Karion et al., 2010) allows air samples to be taken from the stratosphere (up to approximately

30 km) to the ground, upon a parachute-based descent. Figure S4 and Table S4, in the supplement, provide information about

the provider, location and number of profiles collected. Reported uncertainties generally increase with altitude due to end-

member mixing within the AirCore samples. They are below 2 ppb in the troposphere and can reach 10 ppb in the lower

stratosphere.205
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3 Results

3.1 Quantification of the Cl sink

The simulated chemical sink of CH4 due to Cl oxidation varies depending on the prescribed Cl field. We therefore obtain

different sink intensities depending on the simulation. Table 4 summarizes the intensities of these sinks averaged over the

simulation period in both the troposphere and stratosphere. Also included in the comparison are the tropospheric Cl sinks210

from Hossaini et al. (2016) and Allan et al. (2007), and the stratospheric Cl sink from Patra et al. (2011). All of them are

used in many inversions. The Cl sink used in Patra et al. (2011), which is exclusively stratospheric, is the sum of O(1D) and

Cl sinks. Contributions of O(1D) and Cl sinks to the stratospheric sink were previously estimated to be 20-40 % and 20-35

%, respectively (McCarthy et al., 2003; Rice et al., 2003). Using these estimates, the Cl sink from Patra et al. (2011) should

contribute between 1.3 % and 2.6 % of the total sink. Using our own estimates of O(1D) concentrations, we obtain a Cl215

contribution of 2.6 %.

From our simulations, contributions from the tropospheric Cl sink with Cl-Wang (0.6 %) and Cl-Sherwen (1.8 %) are slightly

lower than those given in the associated papers (i.e., 0.8 % and 2 %, respectively). This discrepancy is likely due to a slight

difference in the definition of the tropopause level or/and in the prescribed OH sink that is used to calculate the total chemical

sink.220

The tropospheric sink provided by Allan et al. (2007) is well above the other recent values. The tropospheric value from

Hossaini et al. (2016), used in recent studies (Saunois et al., 2020; McNorton et al., 2018), is also slightly above that of Cl-

Sherwen (Table 4: 1.4 times higher) but well above that of Cl-Wang and Cl-INCA (4 and 8.5 times higher). In the troposphere,

the sink induced by Cl-Taki is much larger than the other sinks (up to 28 times larger) and therefore even larger than the value

suggested by Allan et al. (2007) which is very likely to be overestimated (Gromov et al., 2018). In the stratosphere, the sink is225

also slightly larger (1.3 times that of Cl-Sherwen).

Apart from the Cl-Taki field, we selected here only the fields that provided a realistic range of concentrations when applying

the conclusions of Gromov et al. (2018). We therefore consider only the Cl fields that give a CH4 tropospheric oxidation below

2 % as realistic. These fields happen to be the most recent and up-to-date estimations. In the stratosphere, all tested fields are

considered realistic because they provide an oxidation between 1.1 and 1.6 %, therefore in agreement with Saunois et al. (2020)230

and McCarthy et al. (2003) (0.4-2.4 %). In the following analysis, results from SimTaki are presented only to illustrate why a

Cl field should be rigorously analyzed (concentration, oxidation) before prescribing it in a forward or inverse simulation.

3.2 CH4 surface concentrations

The impact of the Cl sink on CH4 mole fractions is analyzed by comparing the simulations against SimREF at MBL station

locations providing δ 13C(CH4) data. Since the Cl fields vary mainly as a function of latitude, the comparisons are made by235

averaging values over bands of latitude. Here, the bias b is defined as :

bX ,i,l = Xi,s−XSimREF,s
l (2)
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Table 4. Percentage of contribution from Cl oxidation to total chemical oxidation (Cl, O(1D) and OH) and sink intensity. Values are given

for the tropospheric, stratospheric and total (tropospheric + stratospheric) Cl sinks for several fields, either used in the simulations or in other

studies. * Values taken from literature. H16 : Hossaini et al. (2016) ; A07 : Allan et al. (2007) ; P11 : Patra et al. (2011)

Troposphere Stratosphere Total

Field
Oxidation Sink Conc. Oxidation Sink Conc. Oxidation Sink

(%) (TgCH4.yr−1) (molec.cm−3) (%) (TgCH4.yr−1) (molec.cm−3) (%) (TgCH4.yr−1)

SimNoCl 0 0 0 0 0 0 0 0

SimNoTropo 0 0 0 1.1 6.1 1.5 × 105 1.1 6.1

SimINCA 0.3 1.5 3.3 × 102 1.0 5.2 1.4 × 105 1.2 6.7

SimREF 0.6 3.2 6.1 × 102 1.1 6.1 1.5 × 105 1.7 9.3

SimSherwen 1.8 9.9 1.1 × 103 1.2 6.4 1.6 × 105 3.0 16.3

H16* 2.6 12-13 1.3 × 103 N/A N/A N/A N/A N/A

A07* 5 25 N/A N/A N/A N/A N/A N/A

SimTaki 8.5 47.0 4.7 × 103 1.6 9.0 2.1 × 105 10.1 56.0

P11* N/A N/A N/A 1.3-2.6 6.8-13.7 N/A N/A N/A

where bX ,i,l is the bias for a specific quantity X (i.e., CH4 or δ 13C(CH4)), a specific simulation i, and a specific band of

latitude l. Xi,s denotes the CH4 or δ 13C(CH4) values simulated by a simulation i and at a station s. The (.)
l

symbol indicates

the mean over all the stations whose location is inside the band of latitude l.240

In a box model, the temporal evolution of the CH4 budget for a simulation i is described by the equation below :

dBi

dt
= S− Bi

τi
(3)

where Bi is the mass of CH4 in the atmosphere in TgCH4, S is the source in TgCH4.yr−1 and τi is the chemical lifetime of

CH4 in the atmosphere in yr. Note that the same sources are prescribed for all simulations. The temporal evolution of the CH4

budget is not linear, because the sink is proportional to CH4 mole fractions. CH4 decrease/increase induces a negative feedback245

on the magnitude of the sink, leading to a stabilization of the mass of CH4 after several decades if S and τi are constant over

time. Here, the bias between two simulations is caused by a change in τ because we modify the Cl field. The evolution of the

bias b can therefore be described by the equation :

db
dt

=
d(B2−B1)

dt
=−B1

τ1
+

B2

τ2
(4)

However, in a surface-based inversion (i.e., an inversion assimilating observations from surface stations) without sink optimiza-250

tion, the bias is compensated by a correction of the CH4 global surface flux S + ∆S. The inversion system therefore answers

the question : "What is the value of ∆S that will offset the bias caused by a change in the prescribed sink ?". The temporal

evolution of the bias between a simulation and the reference simulation can therefore be described by the equation :

db
dt

= ∆S− b
τre f

(5)
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Figure 2. CH4 and δ 13C(CH4) biases averaged over bands of latitude. Solid lines are the monthly simulated values and dashed lines are the

extended values following the methods from Sect. 3.2.

τre f denotes the chemical lifetime in the reference simulation. We consider that ∆S is constant over time as the inter-annual255

variability of the Cl sink is below 0.4 TgCH4.yr−1. In that case, the solution of this equation is :

b(t) = ∆S× τre f × (1− e
− t

τre f ) (6)

The value of ∆S can be obtained by analyzing the temporal evolution of the bias and, in particular, by looking at the value of

the bias when it is stabilized (steady state). Here, after 21 years of simulation, the stabilization is not reached yet (see Fig. 2,

top row). Therefore, we choose to extend our results by applying a curve fitting function to our simulated values :260

bX ,i,l(t) = AX ,i,l×BX ,i,l× (1− e
− t

BX ,i,l ) (7)

AX ,i,l and BX ,i,l are two constants that the curve fitting algorithm returns in order to maximize the agreement between the simu-

lated values and the curve fitting function. Using this function, the results are extended until 2070 to reach a clear stabilization

of simulated biases (see Fig. 2, top row).

At steady state, the bias of CH4 at the surface varies between -20.0 ppb for SimSherwen and 24.5 ppb for SimNoCl (Table265

5, second column). An estimation of ∆S is given by the coefficient AX ,i,l . It provides a result in ppb.yr−1. To convert this value
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in TgCH4.yr−1, we use a conversion factor of 2.767 Tg.ppb−1 (Lassey et al., 2000) and show the final estimates in Table 5,

fourth column. For SimNoCl and SimSherwen, these estimations are very close (difference of less than 0.2 TgCH4.yr−1) to

the tropospheric Cl sink discrepancies from Table 4. Indeed, as the stratospheric Cl sinks in SimREF, SimINCA, SimNoTropo

and SimSherwen are almost identical, the biases induced by tropospheric Cl sink discrepancies will be logically compensated270

by a source adjustment of the same intensity as the sink discrepancy. For SimNoCl, the biases at the surface are also influenced

by large stratospheric sink discrepancies. Therefore, the inferred adjustment values cannot be so simply related to the sink

discrepancies. Also, latitude has a very low influence on biases and adjustment values, causing a variation of less than 5 %

around the mean value (see Fig. 2).

We conclude that a source adjustment of 12.3 TgCH4.yr−1 would be necessary between a surface-based inversion without Cl275

sink, such as the inversions carried out with LMDz-SACS up to now, and a surface-based inversion adopting the Cl-Sherwen

field. Saunois et al. (2020) obtained an uncertainty on the total CH4 fluxes of about 40 TgCH4.yr−1 (maximum - minimum

difference) across the different top-down inversions reported. The difference in the Cl configuration between the multiple

inversions of Saunois et al. (2020) may have contributed to the uncertainty they estimated. Although the adjustment value we

obtain here thus remains lower than the uncertainty generated by the different configurations used in Saunois et al. (2020), it280

is not negligible as we make the point that this source adjustment could be much larger if an unrealistic Cl field was used. For

example, prescribing the Cl-Taki field instead of the Cl-Wang field would result in an adjustment value of 48.1 TgCH4.yr−1.

If a single Cl configuration for all inversions could be agreed upon, this would likely lead to a reduction of the uncertainty on

emission fluxes.

Table 5. Global adjustment values of CH4 source and isotopic signatures inferred from CH4 and δ 13C(CH4) biases at the surface. Second

column is the global CH4 bias at the surface and at steady state. Third column is the global δ 13C(CH4) bias at the surface and at steady

state. Fourth column is the global CH4 source adjustment value estimated using the methods described in Sect. 3.2. Fifth column is the

δ 13C(CH4)source adjustment value estimated using the methods described in Sect. 3.3. Latitudinal dependency is reported as a minimum-

maximum range [min/max] for all values.

Bias Source adjustment

Simulation
CH4 δ 13C(CH4) Flux Signature

(ppb) (‰) (TgCH4.yr−1) (‰)

SimNoCl 24.5 [24.4 / 24.8] −0.66 [−0.70 / −0.63] −5.7 [−5.7 / −5.7] 0.66 [0.63 / 0.70]

SimNoTropo 10.0 [10.0 / 10.0] −0.30 [−0.31 / −0.28] −3.2 [−3.2 / −3.2] 0.30 [0.28 / 0.31]

SimINCA 8.6 [8.6 / 8.8] −0.25 [−0.26 / −0.24] −1.9 [−2.0 / −1.9] 0.25 [0.24 / 0.26]

SimSherwen −20.0 [−21.2 / −20.5] 0.60 [0.59 / 0.62] 6.6 [6.5 / 6.8] −0.60 [−0.62 / −0.59]

SimTaki −140.1 [−142.2 / −138.2] 4.13 [4.01 / 4.24] 48.1 [46.9 / 49.2] −4.13 [−4.24 / −4.01]
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3.3 δ 13C(CH4) signal at the surface285

In contrast with the CH4 biases, the δ 13C(CH4) biases between the simulations are much larger than recent δ 13C(CH4)

observed downward shifts (∼ 0.3 ‰ since 2007). We use the same curve fitting method as before to propagate the time-series

until 2070 in order to reach a steady state (see Fig. 2, bottom row).

SimNoTropo, SimINCA, SimREF and SimSherwen have very similar stratospheric Cl sinks (Table 4). Therefore, biases

for SimNoCl, SimNoTropo, and SimSherwen are mostly generated by discrepancies in tropospheric Cl sink intensity. We can290

estimate that each percent increase in how much CH4 is oxidized by Cl leads to an additional 0.53 ‰ increase in δ 13C(CH4),

therefore larger than the global downward shift observed since 2007. After 14 years of simulation, we obtain a value of 0.46 ‰,

very close to the value of 0.5 ‰ inferred by Strode et al. (2020) after the same number of years.

Stratospheric Cl also influences δ 13C(CH4) at the surface through STE. We estimate this influence using the bias between

SimNoCl and SimNoTropo. Intrusions of stratospheric air are therefore responsible of an enrichment at the surface stations of295

0.30 ± 0.01 ‰ (depending on the latitude) after 21 years of simulation, larger than the value of Wang et al. (2002) inferred

between 1970 and 1992 (0.23 ‰).

To reduce these biases to zero, an inversion system would adjust the globally-averaged isotopic signature of the CH4 sources,

denoted by δ 13C(CH4)source. This adjustment factor would be roughly equal to the opposite of the bias at steady state (see

demonstration in the supplementary Text S2). It would therefore oscillate between −0.60 ‰ (SimSherwen) and +0.66 ‰300

(SimNoCl) around the mean isotopic signature of the global CH4 source prescribed in SimREF. We would therefore obtain,

after the inversion process, a mean global signature between −53.20 ‰ (SimSherwen) and −51.94 ‰ (SimNoCl).

The system would modify δ 13C(CH4)source by changing the source mixture and/or the isotopic signatures of the multiple

emission categories, with a weight depending on uncertainties associated to both. For instance, an adjustment of −0.60 ‰

could be made by increasing the wetlands share from 32 % to 43 % or by shifting the mean isotopic signature of wetlands from305

−56.6 to −58.5 ‰, more in agreement with recent estimates (Ganesan et al., 2018; Sherwood et al., 2017) than our inverted

value (see Table 2). However, the system would likely change not only wetlands but all emission categories, possibly limiting

an unlikely large change in wetlands emissions only. Nevertheless, the configuration used to represent the Cl sink could largely

influence the result of an inversion assimilating both CH4 and δ 13C(CH4).

3.4 CH4 and δ 13C(CH4) seasonal cycles310

To investigate the seasonal cycle, the simulations are compared against SimREF by averaging values over latitudinal bands

(see Fig. 3) as in Sect. 3.2 and 3.3.

With the realistic Cl fields tested here, the influence on the CH4 seasonal cycle is negligible regardless of the latitudinal band

analyzed. The variation in the seasonal cycle amplitude due to Cl is about 0.4 ppb whereas the seasonal cycle amplitude is

about 20 ppb in the Southern Hemisphere and 30 ppb in the Northern Hemisphere. The variation therefore accounts for 1-2 %315

of the seasonal cycle amplitude.
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Figure 3. Seasonal cycles of CH4 and δ 13C(CH4) biases between the surface values simulated by the various simulations (see Sect. 2.3) and

those simulated by SimREF. The biases are averaged over four bands of latitude.

The impact is more important for the δ 13C(CH4) seasonal cycle and is dependent on latitude. In the Southern Hemisphere,

the variation in amplitude between SimREF and SimSherwen is about 0.02 ‰, which represents 20 % of the total seasonal

cycle amplitude. In the Northern Hemisphere, the variation can exceed 0.03 ‰, which represents 10 % of the seasonal cycle

amplitude.320

SimTaki (not shown on Fig. 3 for clarity reason) causes a much larger variation in seasonal cycle for both CH4 and

δ 13C(CH4). For CH4, variations reach 5 % in the Southern Hemisphere and 10 % in the Northern Hemisphere. As for

δ 13C(CH4), variations go up to 99 % in the Southern Hemisphere and 58 % in the Northern Hemisphere.

The influence of Cl on δ 13C(CH4) seasonal cycle must be considered as it will impact the results of an inversion with

δ 13C(CH4) data assimilation. A misrepresentation of the seasonal cycle forces the system to adjust the intensity of sources that325

actively participate in the seasonal cycle, such as wetlands or biomass burning emissions. This influence is negligible for CH4

and noticeable for δ 13C(CH4) when keeping realistic Cl concentrations but becomes very large when using other Cl fields,

such as the Cl-Taki field.
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3.5 CH4 vertical profiles

Vertical profile measurements of CH4 are too scarce to be considered as a stand-alone constraint in inversion systems, and330

so are rather used as evaluation data. Nevertheless, as their accuracy, spatial coverage and number increase, their assimilation

will become increasingly relevant. It is, however, necessary to increase the model-observation agreement, especially in the

stratosphere, before considering their assimilation. We analyze here the influence of the Cl configuration on these profiles. We

also compare the simulated vertical profiles to observations to investigate whether modifying the Cl configuration can help to

reduce the model-observation discrepancies.335

Simulated vertical profiles are sampled at the same locations and time as the observations available. The bias bX ,y,p,d1,d2

between two vertical profiles d1 and d2 (simulated or observed) for a specific profile p, a specific quantity X (i.e., CH4) and a

specific layer y (troposphere, stratosphere or total) is given by:

bX ,y,p,d1,d2 = Xd1,p−Xd2,p
y (8)

The (.)
y

symbol indicates the mean over all the vertical levels in the layer y. We also define the mean bias as the bias averaged340

over all available vertical profiles :

bX ,y,d1,d2 = bX ,y,p,d1,d2

p
(9)

Table 6. Mean bias relative to SimREF for CH4 vertical profiles in the troposphere and stratosphere as well as in the Northern and Southern

Hemisphere.

Troposphere Stratosphere

Northern Hemisphere Southern Hemisphere Northern Hemisphere Southern Hemisphere

Simulation ppb

SimNoCl 19.3 19.1 50.8 38.9

SimNoTropo 10.9 10.8 15.2 12.9

SimINCA 6.8 6.7 11.8 9.2

SimSherwen −18.7 −18.2 −18.1 −17.9

SimTaki −129.7 −125.0 −118.5 −121.4

The mean bias relative to SimREF is given for all simulations and observations in Table 6. A change in the Cl field (and

keeping it realistic) induces a maximum mean bias of 51 ppb in the stratosphere (SimNoCl). For all simulations besides

SimNoCl, the bias is roughly constant over the entire column (see Fig. 4), because the Cl concentrations in the stratosphere345

are very similar. Also, a change in the tropospheric Cl sink influences tropospheric and stratospheric values to the same

magnitude. For SimNoCl, the bias is constant in the troposphere but starts increasing above 15 km at 7.5 ppb.km−1 in the

Northern Hemisphere and 7 ppb.km−1 in the Southern Hemisphere. At 25 km, the bias therefore reaches 130 ppb in the

Northern Hemisphere for this simulation.
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Model-observation discrepancies reaches 250 ppb (around 20 and 25 km) in both Hemispheres. Root Mean Square Error350

(RMSE) in the stratosphere is 102 ± 21 ppb in the Northern Hemisphere and 84 ± 15 ppb in the Southern Hemisphere for

SimREF. For all simulations, inflections of mole fractions observed at 15 and 20 km in the Northern Hemisphere are simulated

5 km higher (∼ 20 and 25 km) than observed. These misrepresentations lead to simulated vertical gradients between 15 and

25 km much stronger than observed (900 ppb against 650 ppb in the Northern Hemisphere). Unfortunately, modifying the

prescribed Cl field does not correct these errors.355
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Figure 4. Observed and simulated CH4 vertical profiles for the Northern Hemisphere (left panel) and Southern Hemisphere (right panel). All

available vertical profiles have been averaged.

Although modifying the prescribed Cl field can induce local differences in stratospheric mole fractions of the same order of

magnitude as the model errors, none of the tested Cl sink really improves our model-observation agreement in the stratosphere

as the inflections of mole fractions are not properly represented. Patra et al. (2011) already mentioned that strong vertical

gradients of CH4 around the tropopause may be caused by a too slow Brewer-Dobson circulation so these discrepancies are

possibly due to transport errors rather than errors in removal rates. Further investigating the discrepancy in the stratosphere is360

however beyond the scope of this study.
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Ostler et al. (2016) showed that model errors in simulating stratospheric CH4 contribute to model biases when compared to

observed column-averaged CH4 dry-air mole fractions (XCH4) from the Total Carbon Column Observing Network (TCCON).

XCH4 obtained by remote sensing techniques are now massively assimilated in inversions because satellite observations offer a

much larger spatial coverage than in situ measurements. Rigorously estimating the influence of Cl concentrations on a satellite-365

based inversion would require more than an one-box model approximation. We therefore include only a simple analysis using

data from the GOSAT satellite in the supplementary Text S3.

4 Conclusions

In this study, we tested multiple Cl fields suggested by recent studies to investigate the influence of the Cl configuration on CH4

and δ 13C(CH4), and to estimate its potential impact on the estimation of CH4 sources and isotopic signatures with top-down370

approaches.

We tested a realistic range of Cl concentrations, i.e., resulting in Cl tropospheric and stratospheric oxidations that are in

agreement with recently published studies. We also included a Cl field suggested by the GCP 2018 protocol to be prescribed in

inverse simulations in order to investigate its influence on CH4 and δ 13C(CH4) values in comparison with more realistic and

recent Cl fields. The realistic Cl fields tested here are responsible for between 0.3 % and 1.8 % of the total CH4 sink in the375

troposphere and between 1.0 % and 1.2 % in the stratosphere.

At the surface, the change in the Cl field and thus in the associated CH4 sink results in a bias in CH4 mole fractions that

reaches a maximum value of 44.5 ppb at steady state. An inversion system would adjust the CH4 surface fluxes by a value of

12.3 TgCH4.yr−1 to compensate for these biases. This adjustment remains small in comparison to the uncertainties inferred by

Saunois et al. (2020). However, the use of perhaps more unrealistic Cl fields (as suggested by recent literature) can generate380

much larger biases.

δ 13C(CH4) values at the surface are also shifted by a change in the prescribed Cl field. In particular, we find an increase in the

δ 13C(CH4) global mean at the surface of 0.53 ‰ at the surface for each additional percent of contribution from the tropospheric

Cl sink to the total CH4 sink. In an inversion, this additional percent of contribution would reduce the inferred globally-averaged

isotopic signature by 0.53 ‰. Also, we find that intrusions of stratospheric air are responsible for an enrichment of δ 13C(CH4)385

by 0.30 ‰ at the surface between 1998 and 2018. Neglecting the influence of stratospheric Cl on δ 13C(CH4) surface values

could therefore increase the global mean isotopic signature estimated by an inversion by 0.30 ‰.

CH4 seasonal cycles are only slightly influenced by a modification of the Cl sink (1-2 % change in the seasonal cycle

amplitude). Changing the Cl field can nevertheless modify the amplitudes of δ 13C(CH4) seasonal cycle by up to 10-20 %,

depending on the latitude.390

We also investigate the influence of Cl concentrations on the modeling of vertical profiles. We find that statospheric model-

observation discrepancies in LMDz-SACS are unlikely to be caused by a misrepresentation of the Cl sink, although a change in

Cl concentrations can shift CH4 mole fractions at 25 km by up to 130 ppb. Also, a change in the tropospheric Cl sink influences

tropospheric and stratospheric CH4 mole fractions to the same magnitude.
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It is difficult to conclude which Cl field provides the most realistic representation of the Cl sink among those tested here.395

Recent developments and efforts have nevertheless narrowed the range of uncertainties regarding the Cl concentrations (less

than 1.1 × 103 molec.cm−3 in the troposphere and 1.4-1.6 × 105 molec.cm−3 in the stratosphere). Our study shows that the

impact of a change in Cl field on top-down CH4 flux estimates should be small compared to current uncertainties in Saunois

et al. (2020) if this change is made within a realistic range of Cl concentrations both in the troposphere and the stratosphere. A

Cl configuration for all inversions agreed upon in multi-model studies such as Saunois et al. (2020) should however reduce the400

spread in estimated CH4 emission fluxes. We show that the choice of the Cl field is however critical (both in the troposphere

and the stratosphere) for the global estimates of an inversion assimilating δ 13C(CH4) observations and can lead to radically

different source mixtures and/or source signatures.
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