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Abstract. Global atmospheric methane growth rate has increased dramatically since 2007, peaking in 2021, yet the relative 

roles of emissions and atmospheric oxidation remain uncertain. Accurate attribution is essential for climate mitigation because 

emissions-driven and chemistry-driven changes imply fundamentally different policy responses. Here we investigate global 

methane production and loss from 2018 to 2024 using an ensemble Kalman filter coupled to the GEOS-Chem chemical 30 

transport model. We employ two methane inversion configurations: assuming climatological monthly OH distributions or 

jointly optimizing zonal mean OH with methane. The joint inversion reveals substantial interannual variability in OH, 

including an ~18% decline in 2020 followed by a recovery in subsequent years. Accounting for this variability reduces the 

inferred 2019–2020 emission increase by ~63% (14±6 Tg/yr versus 37±5.5 Tg/yr with fixed OH), demonstrating that changes 

in OH strongly influences source attribution. The total increased methane loss, 2024 minus 2019, is about 31±6 Tg/yr, 35 

including a temperature-driven increase of the OH+methane reaction rate that represents more than 40% (~14 Tg/yr) of the 

total sink increase. Most of the sink variations originate from the tropics, where the largest shifts in emission occur.  Despite 

year-to-year variations, emissions remain the primary driver of changes in the methane growth rate change, except in 2020.  

Both inversions identify significant emission reductions over tropical South America in 2023–2024, likely linked to regional 
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drought. Broadly, our results underscore the necessity of jointly estimating methane sources and sinks to interpret recent 40 

atmospheric methane trends so that appropriate policy interventions can be identified. 

1 Introduction 

Atmospheric methane is undergoing a surge unlike anything in the recent geologic record. In 2024, the global annual mean 

methane level reached 1945.47±0.61 ppbv – 17% higher than when systematic measurements began in 1984, more than 2.5 

times preindustrial levels (WMO, 2025; Lan et al., 2026), and unmatched for at least 800,000 years  (Loulergue et al., 2008). 45 

Despite it being approximately 200 times more dilute in the atmosphere than CO2, methane is responsible for about a third of 

a current warming (IPCC AR6, Calvin et al., 2023). Because methane warms the planet 80 times more strongly than CO2 over 

a 20-year period, even small changes have significant climate impacts. Its growth rate climbed to an unprecedented peak of 

17.68±0.36 ppb/yr in 2021 before declining in subsequent years to 7.23±0.56 ppb/yr in 2024 (NOAA GML, 

https://gml.noaa.gov/ccgg/trends_ch4/). This abrupt sequence of extremes exposes fundamental gaps in our understanding of 50 

the atmospheric methane budget. 

Methane is emitted from a diverse range of anthropogenic, biological, and geologic sources, many of which have large 

uncertainties, e.g.,  Kirschke et al., (2013); Lin et al., (2024); Saunois et al., (2025). The main loss of atmospheric methane is 

oxidation by the hydroxyl radical (OH). The resulting atmospheric chemistry lifetime of methane is approximately nine years. 

Because this loss term follows Arrhenius behaviour, even modest warming will increase reaction rates and reduce the global 55 

methane lifetime. It is because this lifetime is much shorter than CO2, for example, that scientists and policymakers view 

reducing methane emissions as an effective short-term mitigation strategy (Folberth et al., 2024; Shindell et al., 2024). 

Top-down Bayesian inversions, which integrate surface and satellite observations, provide quantitative constraints on methane 

emissions (e.g., Bergamaschi et al., (2013); Fraser et al., (2013); Lunt et al., (2019, 2021); Palmer et al., (2021); East et al., 

(2025)). However, their accuracy is fundamentally limited by uncertainties in the prescribed OH field, which is sensitive to 60 

changes in NOx (=NO+NO2) emissions, ozone photochemistry, water vapour, temperature, and broader climate-driven shifts 

in atmospheric composition (Murray et al., 2014; Stevenson et al., 2022). As a result, changes in methane’s atmospheric growth 

rate can plausibly arise from variability in either emissions or the sink, but current frameworks struggle to disentangle their 

contributions (Patra et al., 2011; Rigby et al., 2017; Qu et al., 2022; Jackson et al., 2024; Penn et al., 2025; Belikov et al., 

2026). 65 

This ambiguity has fuelled debate about the drivers of the rapid methane growth in 2020–2021. One explanation proposed a 

global reduction in the OH sink caused by pandemic-related declines in NOx emissions (e.g., Laughner et al., (2021); Peng et 

al., (2022); Stevenson et al., (2022); Ciais et al., (2026)). An alternative view, supported by satellite observations, identifies 

large and climate-sensitive emission anomalies in the tropics, particularly from wetlands, as major contributors to recent global 

trends (East et al., 2025; Feng et al., 2023; McNorton et al., 2022; Michel et al., 2024; Pendergrass et al., 2025; Qu et al., 70 
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2022). These competing hypotheses highlight a central scientific challenge: the methane budget is simultaneously influenced 

by evolving natural emissions, anthropogenic activities, and chemically mediated changes in the atmospheric sink, yet existing 

observational constraints cannot cleanly partition their effects. 

Here, we address this challenge using satellite retrievals from the Greenhouse Gases Observing Satellite (GOSAT) to jointly 

infer global and regional variations in methane emissions and OH concentrations from 2018 to 2024 By extending the 75 

framework developed in our previous work (Feng et al., 2023), we isolate the contributions of source and sink variability 

during this period of anomalous methane behaviour. Section 2 describes the observational datasets and inversion methodology; 

Section 3 presents the inferred global and regional budgets; and Section 4 discusses the implications for understanding recent 

methane trends and the sensitivity of the methane cycle to ongoing climate and chemical changes. 

2 Data and Methods 80 

We follow the methodology we use in a recent study (Feng et al., 2023) and for the sake of brevity only include details relevant 

to the calculation shown here.  

2.1 GOSAT methane proxy data  

We use version 9.0 of the proxy GOSAT XCH4 retrievals from the University of Leicester, including both nadir observations 

over land and glint observations over the ocean. Analyses have shown that these retrievals have a bias of 0.2%, with a single-85 

sounding precision of ~0.72% (Parker et al., 2020). We globally remove a slightly larger 0.3% bias from the GOSAT proxy 

XCH4 retrievals to improve the comparison with independent in situ observations. We assume that each single GOSAT proxy 

XCH4 retrieval has an uncertainty of 1.2% to account for possible model errors, including the errors in model CO2 

concentrations and errors in GEOS-Chem atmospheric chemistry and transport. 

2.2 In situ data  90 

We also ingest simultaneously methane mole fraction data collected at surface-based sites (Figure A1b) from the NOAA 

compilation of the multi-laboratory in situ measurements (Cox et al., 2021; Di Sarra et al., 2021, 2022; Cox et al., 2022; 

Schuldt et al., 2026). We use a similar subset of surface sites to those used in our previous studies (Feng et al., 2022) in which 

we examined, for example, year-to-year changes of methane emissions during 2010-2019.  We assume uncertainties of 8 ppb 

for these in situ observations of methane (Feng et al., 2023). This assumed uncertainty is larger than typical instrument error, 95 

to account for model errors, particularly representation errors.  

In this study, in situ observations provide anchor points and complementary constraints for the inversion experiments. Using 

different subsets of observations, for example, by including data from Integrated Carbon Observation System (ICOS) sites 

over western Europe ((ICOS RI et al., 2025) can affect regional flux estimates by up to several teragrams per year,  but has 
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only a small impact on interannual variability in a posterior global methane emissions and sinks, remaining within the reported 100 

uncertainty range. This limited global influence reflects the use of inflated observation uncertainties and filtering that excludes 

observations deviating by more than three times the total uncertainty from short-term model forecasts, as well as the broad 

coverage provided by GOSAT proxy XCH4 retrievals. Sensitivity tests further show that inversions using only GOSAT data 

reproduce the main results, including the relative contributions of emission and sink changes to the methane growth rate after 

2019. Nevertheless, selected in situ observations improve agreement with independent datasets such as TCCON (Wunch et 105 

al., 2011), and support online bias correction of the GOSAT XCH₄ retrievals. 

2.3 GEOS-Chem atmospheric chemistry transport model  

We use the GEOS-Chem at a horizontal resolution of 2° (latitude) × 2.5° (longitude), driven by the MERRA2 meteorological 

reanalyses from the Global Modeling and Assimilation Office Global Circulation Model based at NASA Goddard Space Flight 

Center.  110 

Our model calculations closely follow Feng et al., (2023). Our a priori natural methane fluxes include monthly wetland 

emissions, including rice paddies (Bloom et al., 2017); monthly fire methane emissions (van der Werf et al., 2017); and termite 

emissions (Fung et al., 1991). We include emissions from geological macroseeps (Kvenvolden and Rogers, 2005; Etiope, 

2015). For a priori anthropogenic methane emissions we use the EDGAR v4.41 global emission inventory (Janssens-Maenhout 

et al., 2019) that includes various sources related to human activities (e.g., oil and gas industry, coal mining, livestock, and 115 

waste). We use monthly 3-D fields of OH as a priori, which consistent with observed values for the lifetime of methyl 

chloroform, from the GEOS-Chem full chemistry simulation (Mao et al., 2013; Turner et al., 2015) to describe the main 

oxidation sink of methane. Using pre-computed fields of OH greatly simplifies our calculations but they are unable to reflect 

any variations driven by short-term emission changes and long-term climate changes.  So as described below, we also include 

the adjustment of OH fields into our joint assimilation of the ground-based and space-borne observations of atmospheric 120 

methane concentrations simultaneously.  

2.4 Ensemble Kalman filter inverse method  

We use an ensemble Kalman Filter (EnKF) framework to estimate simultaneously methane fluxes and OH field from satellite 

measurements of the atmospheric methane (Feng et al., 2023). Our state vector includes monthly scaling factors for 620 

regional pulse-like basis functions (Error! Reference source not found.) that describe temporal and spatial patterns of 125 

methane fluxes.  We define our land sub-regions by dividing the 11 TransCom–3 land regions (Gurney et al., 2004)) into 49 

nearly equal-area sub-regions, with the exception for temperate Eurasia that has been divided into 130 sub-regions due to its 

large landmass. We use a 4-month moving lag window to reduce the computational costs for projecting the flux perturbation 

ensemble into observation space long after (>4 months) their emissions, beyond which time it is difficult to distinguish between 

the emitted signal from variations in the ambient background atmosphere (Fraser et al., 2014; Feng et al., 2017). Our a priori 130 
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fluxes are described above. For simplicity we assume a fixed uncertainty of 40% for coefficients corresponding to the a priori 

methane fluxes over each sub-region. We also assume that a priori errors for methane regional sources are correlated with a 

spatial correlation length of 300 km and with a temporal correlation of one month.   

We include the monthly adjustment (or increasing) factors for OH fields over 6 latitude bands of width 25°, from -75° to 75° 

as part of state vector to be estimated together with monthly regional emissions by assimilating methane concentration 135 

observations. We adopt this configuration because the constraints on OH are derived from the methane decaying in the free 

troposphere, which is in turn only small part of observed XCH4 variations, and preclude OH estimation at higher horizontal 

and vertical resolutions.  In this study, we assume the a priori value of the six multiplicative adjustment factors to be zero, with 

a uniform uncertainty of 10%. This uncertainty is consistent with the range of interannual OH variability reported by recent 

studies (Morgenstern et al., 2025; Penn et al., 2025). Our sensitivity tests (not shown) indicate that using smaller or larger a 140 

priori uncertainties (±20%) has only minor impact (generally <3 Tg/yr) on the interannual variability of a posteriori global 

methane emissions and sinks, after the spin-up year (2018), which is the focus of this study.           

We conduct a parallel inversion experiment using the same EnKF approach and same observation datasets, but with OH fields 

being fixed to the monthly climatology (i.e., the a priori). Hereafter we refer the joint OH-surface emission inversion, and the 

inversion with fixed OH climatology as Inv-OH and Clim-OH, respectively.   145 

3 Results 

We now examine how methane emissions and atmospheric oxidation have evolved over the period 2018–2024. Using the 

complementary Clim-OH and Inv-OH inversions, we quantify the extent to which interannual changes in OH, 

temperature-dependent reaction rates, and surface emissions shape the observed atmospheric methane record. 

3.1 Changes in OH and the corresponding atmospheric methane loss 150 

Figure 1a shows monthly OH adjustment factors corresponding to Inv-OH.  The retrieved scaling factors for the mid- to high-

latitude regions of both hemispheres show much larger relative variations than those in the low-latitude bands.  In particular, 

the scaling factors over the mid-Southern Hemisphere band (25°S–50°S) show pronounced seasonal variability. This behaviour 

is likely driven by a combination of seasonal variations of satellite observation coverage and the reduced sensitivity of XCH4 

to scaling factors in these regions, due to the relatively low background OH concentrations. Such large variations also slow 155 

the numerical convergence of the optimization procedure. To manage computation time, we therefore use a fixed number of 

five iterations, which is sufficient for stabilizing both the regional flux estimates and the adjustment factors for the low-latitude 

bands. Figure 1b shows the resulting global mean OH column density. In 2020, OH declined by approximately 18%, reflecting 

the effects of COVID-19 lockdowns and broadly consistent with previous analyses (Peng et al., 2022; Stevenson et al., 2022; 

https://doi.org/10.5194/egusphere-2026-2662
Preprint. Discussion started: 29 May 2026
c© Author(s) 2026. CC BY 4.0 License.



6 

 

Feng et al., 2023).  Since then, we find that OH levels have largely recovered. Except for 2020, all estimated OH values 160 

between 2018 and 2024 lie between 1% and 15% above our a priori value. 

Figure 2 shows the chemical OH loss of methane inferred from Inv-OH and from Clim-OH integrated over four large latitude 

bands: 90oS-90oN, 90oS-30oS, 30oS-30oN, and 30oN-90oN. For Clim-OH and Inv-OH, we find that the tropics (Figure 2c) 

account for about 60-70% of the global chemical sinks (Figure 2a), while the southern and northern extra tropics (Figure 2b,d) 

contribute less than 30-40% of the global values due to comparatively low atmospheric values of OH and methane. The Inv-165 

OH experiment shows that global and regional OH sinks fluctuate from year to year, while the inversion using fixed OH 

climatology shows a steady increase. On a global scale, the Inv-OH methane loss due to OH is due mainly to changes from 

the northern extratropics (Figure 2d), with only a small change originating from the tropics since 2020 (Figure 2c). In contrast 

for Clim-OH, the year-to-year change in the methane loss is dominated by rapid increase over the tropics. Figure 3 shows the 

corresponding spatial distributions of methane loss due to OH oxidation, described as the difference between 2024 and 2019.  170 

When we use a monthly climatological OH field, we find a global a posteriori increases in methane sinks (Figure 3a), driven 

by the rise in a posteriori methane concentrations and the chemical reaction rates (as explained below). In contrast, when we 

allow for year-by-year OH changes (Figure 3b), we find that the methane sink increases moderately over the northern low 

latitudes (0–25°N), while decreasing across the other latitude bands. 

For Clim-OH, even though our OH concentrations are not affected by the inversion, we do find year to year changes in methane 175 

loss because of the change in atmospheric methane and the change in the OH+methane reaction rate that is described as a 

temperature-dependent Arrhenius equation. We find that combined the methane loss increasing due to higher temperature and 

high methane number densities is about 31±6 Tg/yr, equivalent to a 5.6% increase between 2024 and 2019 from GEOS-Chem 

simulations forced by posterior emission estimates. 

Using a 1-D model, we can attribute these year-to-year changes in the methane loss L to changes in the reaction rate k and 180 

mass M changes in OH and methane using this expression:  

𝐿2
𝐶𝐻4

𝐿1
𝐶𝐻4 =  

𝑘2
𝑂𝐻+𝐶𝐻4

𝑘1
𝑂𝐻+𝐶𝐻4 ×

𝑀2
𝑂𝐻

𝑀1
𝑂𝐻 ×

𝑀2
𝐶𝐻4

𝑀1
𝐶𝐻4 ≈ 1 + (

𝑘2
𝑂𝐻+𝐶𝐻4− 𝑘1

𝑂𝐻+𝐶𝐻4

𝑘1
𝑂𝐻+𝐶𝐻4 ) + (

𝑀2
𝑂𝐻− 𝑀1

𝑂𝐻

𝑀1
𝑂𝐻 ) + (

𝑀2
𝐶𝐻4− 𝑀1

𝐶𝐻4

𝑀1
𝐶𝐻4 ), (1) 

where the subscript denotes year 2019 and 2024, respectively. The r.h.s. expression is derived using b/a = 1 + (b-a)/a. When 

year to year changes in any of these three quantities is very small, we can ignore the corresponding bracketed expression. For 

example, when the mass of OH does not change between years, as with our Clim-OH inversion, the change of methane loss 185 

can be approximated by the sum of the percentage change in atmospheric methane and the percentage changes in the 

temperature-dependent reaction rate.  

For Clim‑OH, the OH mass change is zero, while the methane mass increases by 2.9%. Consequently, the reaction rate 

increases by 2.7%, corresponding to ~14 Tg/yr, which is significant, nearly the same amount of increase due to higher 
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atmospheric methane. This magnitude of change is consistent with the expected enhancement in OH oxidation associated with 190 

an atmospheric temperature increase of approximately 1.1 K. Due to the heterogeneous nature of the OH loss of methane (Fig. 

3), Eq.1 can only be applied to Inv-OH on a global basis.   

To isolate the temperature-driven component of the methane sink change, we compare methane loss across three forward 

GEOS-Chem simulations. The 2019 baseline uses a posteriori OH fields, a posteriori methane emissions for 2019, and the a 

posteriori methane initial condition at the start of 2019. Its 2024 counterpart uses the corresponding a posteriori OH, methane 195 

emissions, and initial concentrations for 2024. 

In the first 2024 swapping experiment, we replace the a posteriori OH field, methane emissions, and initial methane 

concentrations with their 2019 values. The only remaining differences relative to the 2019 baseline are the 2024 meteorology 

(temperature and transport).  The resulting 7.8 Tg/yr increase in methane sink is therefore attributed to the temperature increase 

between 2019 and 2024. A second 2024 swapping experiment, in which only the a posteriori emissions and initial methane 200 

concentrations are replaced with 2019 values, isolates the effect of the increasing atmospheric methane burden. This yields an 

estimated sink decrease of   about 19.2 Tg/yr relative to the standard 2024 run. Finally, a third 2024 simulation in which only 

the a posteriori OH field is replaced with its 2019 counterpart produces a -23.2 Tg/yr change in sink, relative to the standard 

2023 run, reflecting the impact of declining OH. 

Combining these contributions gives a net 2019-20124 sink change of 3.8 Tg/yr (= 19.2 + 7.8 – 23.2), despite the substantial 205 

OH-driven sink reduction. This estimate is higher than the sink difference of -1 Tg/yr obtained directly from the two standard 

simulations, likely reflecting differences in methane transport between the swapping experiments and the baseline runs. 

3.2 Changes in methane emissions 

Figure 4 compares the a posteriori methane emission by Clim-OH and Inv-OH, aggregated over 4 latitude bands.  Both 

inversions show a large global methane emission increase between 2019 and 2020.  However, with OH being allowed to adjust, 210 

the emission increase in Inv-OH becomes ~63% percent lower than the Clim-OH with fixed OH field, 14 Tg/yr vs 37 Tg/yr.  

This result is largely consistent with previous study (Feng et al., 2023), but with larger reduction in emission increase (-23 

Tg/yr vs -10 Tg/yr). We attribute the difference between the result reported here and that published by Feng et al, (2023) to 

the bias in proxy XCH4 data as result of the possible bias in applied model XCO2 data. Our previous work used directly the 

ratio without assuming a priori information about XCO2, which showed an increase of ~27 Tg/yr even when we assumed for 215 

2020 the climatological OH field. We find with our current inversion, our XCH4 columns corresponding to our a posteriori 

methane emissions are up to 6 ppb higher than collocated TCCON observations at Park Fall USA (not shown).    We find 

similar biases for some northern hemisphere sites. Such biases do not significantly affect the interannual variations of the 

inferred atmospheric methane growth rate.  
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We further assess the impacts of potential retrieval biases by implementing an on-line bias-correction scheme (Bergamaschi 220 

et al., 2013; Fraser et al., 2013). We assume that the monthly bias in the proxy GOSAT XCH4 retrievals can be represented by 

a piecewise linear function with five evenly spaced latitude nodes at 60°S, 30°S, 0°, 30°N, and 60°N. The bias values at these 

nodes are estimated as part of the inversion, jointly constrained by satellite and in situ observations. We assume a zero a priori 

bias is assumed to zero with an uncertainty of 5 ppb. Figure A4 shows the inversion results. Compared with the control 

experiment (Inv-OH), the inversion with on-line bias correction (Inv-OH_BC; Figure A4c) suggests a substantially larger 225 

contribution from emission increases (~31±6 Tg/yr), compared to a much smaller contribution from sink reductions (~3.0 

Tg/yr).  Although Inv-OH_BC shows better global agreement with TCCON, we treat these results with caution due to potential 

interference between OH and bias estimates. To some extent, they represent a scenario that strongly favours the dominance of 

emission changes. 

In 2024, the global emissions estimated by Clim-OH are about 31 Tg/yr higher than 2019, wheras Inv-OH shows only a small 230 

difference of about 1 Tg/yr between these two years. Over the tropics, both inversions show similar interannual variability 

with peak emissions in 2021, consistent with recent studies (Pendergrass et al., 2025; Ciais et al., 2026) and supported by our 

sensitivity analyses (Figures A3 and A4).  However, we find significant differences over the southern and northern 

hemispheres. Figure 5 describes the spatial pattern of emission change between 2024 and 2019 for these two inversions, 

respectively. Figure 6 shows substantial emission reduction over Tropical South America in 2024, which is further confirmed 235 

by Figure 7 that is discussed below. This reduction is likely to be caused by the extensive drought across the tropical South 

America in 2023 and 2024 (see Feng et al., (2025)), but further study is needed. Emissions from Tropical Asia also shows a 

decrease from a peak in 2021-2022 to 2023-2024 (Figure A2). In contrast, we find that North Africa shows a stable or slightly 

increased emissions, albeit with a large baseline value (Figure A2).  

3.3 Changes in the global atmospheric growth rate of methane  240 

We convert the net atmospheric methane mass increase (production minus loss) into an annual methane growth rate using a 

global scaling factor: a 2.78 Tg/year increase in global methane burden corresponds to 1 ppb/year rise in global methane 

mixing ratio. Figure 7a compared the a posteriori methane growth rates with NOAA observations. The two inversions 

reproduce the main feature of the interannual variation of the observed growth rates, such as peak values around 18.5 ppb/yr, 

shouldered by lower values in 2019 and 2024.  Inv-OH is closer to values reported by NOAA with differences ranging from -245 

1.0±2.1 ppb/yr (-12% % in 2019) to 2.5 ±2.1ppb/yr (+15% in 2020). Our growth rates are consistent with satellite observation 

and model simulation (Hachmeister et al., 2024).  Figure 7b diagnoses the change of the Clim-OH atmospheric methane growth 

rate, relative to the 2019 value. When the OH field is fixed, the growth rate change is dominated by emission change. The 

increasing atmospheric methane loss rate is also due to larger atmospheric methane due to increased emissions and to faster 

reaction rate due to warmer temperatures. This acts as a growing but relatively small drag on the methane growth. Figure 7c 250 

shows the same analysis but for Inv-OH for which we infer a posteriori changes in OH and methane emissions. We find there 
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are substantial changes in OH throughout our study period, with a peak value in 2020, as previously reported, decreasing 

through to 2023 followed by a modest increase in 2024. This change in the loss of methane typically plays a small role in the 

a posteriori atmospheric methane growth rate estimate, except for 2020. For example, the ratio between the absolute 

growth‑rate change driven by sinks and that driven by emissions is approximately 1.5 (6.1/4.0) in 2020, favouring changes in 255 

chemical loss, but rapidly declines to approximately 0.25 (2.5/10.2) by 2022, favouring changes in emissions. This pattern 

reflects the post‑COVID recovery and stabilization of OH concentrations from 2020 to 2023, prior to the pronounced decrease 

observed in 2024 (Figure 1b). Our sensitivity studies (e.g., Figures A3) highlight the varying contributions of emissions and 

sinks in driving the global mean growth of atmospheric methane. 

4. Concluding Remarks 260 

We investigated the drivers of recent variability in atmospheric methane using an ensemble Kalman filter framework coupled 

to the GEOS-Chem chemical transport model. By jointly optimizing methane emissions and atmospheric OH concentrations 

for 2018–2024, we quantified how changes in surface sources and atmospheric oxidation have contributed to the observed 

evolution of atmospheric methane. 

Our results highlight the critical importance of representing interannual variability in OH when interpreting methane trends. 265 

Allowing OH to adjust within the inversion substantially alters inferred emissions, particularly during 2019–2021. Although 

both the fixed-OH (Clim-OH) and variable-OH (Inv-OH) inversions reproduce the sharp increase in methane emissions 

between 2019 and 2020, the magnitude of the inferred increase is ~63% smaller in Inv-OH. Neglecting OH variability therefore 

leads to an exaggerated attribution of methane growth to emissions alone. At the same time, our analysis reinforces that changes 

in OH can mask—but not eliminate—the long-term upward pressure from anthropogenic and natural methane sources. 270 

We also find that OH experienced a pronounced global decline in 2020, consistent with atmospheric disruptions associated 

with COVID-19 lockdowns but largely recovered thereafter. Interannual changes in OH exert only modest influence on the 

methane growth rate outside of 2020, yet they meaningfully reshape the inferred source-sink balance. This underscores that 

trend-attribution studies based on climatological OH fields risk conflating chemical and emission-driven contributions to 

methane growth. 275 

A key finding is the significant sensitivity of the methane sink to warmer atmospheric temperatures. Through the 

Arrhenius-type response of the OH+methane reaction, we estimate that higher global temperatures and methane concentrations 

strengthened the methane loss rate by ~31±6 Tg/yr in 2024 under the climatological-OH configuration (∼5.6%). The 

temperature-driven changes alone contribute nearly half of the extra methane sink (~14 Tg/yr) and will occur even when 

methane and OH concentrations remain constant, revealing that climate-driven acceleration of atmospheric chemistry is an 280 

increasingly important component of the methane mass balance. Nevertheless, variations in emissions remain the dominant 

driver of the methane growth rate in most years, especially outside 2020 when OH declined sharply. 

https://doi.org/10.5194/egusphere-2026-2662
Preprint. Discussion started: 29 May 2026
c© Author(s) 2026. CC BY 4.0 License.



10 

 

A mass-balance perspective is essential for interpreting changes in atmospheric methane. Even when OH anomalies are large 

in relative terms, the absolute changes in global methane loss remain smaller than corresponding changes in methane emissions. 

This helps explain why the atmospheric methane burden continued to rise after 2020 despite the partial recovery of OH, and 285 

why regional emission anomalies, such as the substantial reductions over tropical South America during the 2023–2024 

drought, remain clearly detectable. 

Finally, our results emphasize the need for improved observational constraints on methane, particularly for satellite-derived 

XCH4. Biases of several ppb can propagate through the inversion and materially affect inferred emissions. Although 

bias-correction schemes exist, their reliance on sparse validation data limits their robustness. Future work will therefore 290 

prioritize direct assimilation of XCH4:XCO2 proxy ratios, which avoids dependence on model XCO2 fields and reduces 

systematic uncertainty, albeit with higher computational cost. 

Overall, this study demonstrates that a balanced representation of both methane emissions and atmospheric chemistry is 

essential for understanding recent methane trends. Accurate attribution requires high-quality observations and a dynamic 

treatment of OH – without both, the true partitioning of methane sources and sinks cannot be reliably inferred. 295 
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Figures 

 

Figure 1: (a) Top panel show the a posteriori OH adjustment factor (positive means increase) for 6 bands with an uniform width of 25° 

spanning from -75° to 75°. (b) Lower panel shows a posteriori global mean OH column density. The dashed line in panel a denotes zero 

change line, and the blue line in panel b denotes the climatological a priori value for OH. 590 
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Figure 2: Annual mean values for the chemical loss of methane, 2018-2024, due to oxidation by OH for Clim-OH (blue) and Inv-OH (red) 

inversions. Panels show results for the (a) globe, (b) southern extratropics, (c) tropics, and (d) northern extratropics. The blue and red 

horizontal dashed lines denote a priori values for the Clim-OH and Inv-OH inversions in 2019, respectively. 595 
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Figure 3: Annual mean spatial distribution of the difference in methane loss due to oxidation by OH, 2024 minus 2019 for (a) Clim-OH; 600 
and (b) Inv-OH inversions.  
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 605 

Figure 4: Annual mean a posteriori values for the emission of methane, 2018-2024, for Clim-OH (blue) and Inv-OH (red) inversions. Panels 

show results for the (a) globe, (b) southern extratropics, (c) tropics, and (d) northern extratropics. The blue and red horizontal dashed lines 

denote a priori values for the Clim-OH and Inv-OH inversions in 2019, respectively. 
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Figure 5: A posteriori annual mean spatial distribution of the difference in methane emissions due to oxidation by OH, 2024 minus 2019 

for (a) Clim-OH and (b) Inv-OH inversions.  615 
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 620 

Figure 6:  Comparison of monthly a posteriori methane emissions for tropical South America as defined in TransCom-3 for Clim-OH (blue) 

and Inv-OH (red) inversions. A priori values are shown by the black line 
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 630 

Figure 7: (a) Annual mean atmospheric growth rates inferred from NOAA data (cyan) and from a posteriori estimates from the Clim-OH 

(dashed) and Inv-OH (black) inversions. Contributions to the a posteriori growth rate estimates due to changes in surface emissions and 

changes in the chemical loss from the (b) Clim-OH (blue) and (c) Inv-OH a posteriori estimates (red). Vertical lines denote the 1-sigma 

uncertainty.  
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Appendix A: Supplementary figures 

 

Figure A1: (a) Definition of sub-regions. Different colours are applied to separate neighbouring sub-regions. (b) Locations of the subset of 640 
in situ methane observation network 
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Figure A2: Same as Figure 6 but for TransCom-3 regions (a) Tropical North Africa and (b) Tropical Asia.  
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Figure A3: Same as Figure 7 but for inversions assimilating GOSAT XCH4 retrievals only.   650 
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Figure A4: Same as Figure 7, but for inversions that simultaneously estimate the latitude-dependent bias by assimilating GOSAT XCH₄ 

and in situ observations. 655 

 

  

https://doi.org/10.5194/egusphere-2026-2662
Preprint. Discussion started: 29 May 2026
c© Author(s) 2026. CC BY 4.0 License.



28 

 

Appendix B: Elevated loss of atmospheric methane from OH oxidation due to higher temperature  

In GEOS-Chem model, and similar off-line chemical transport models, the loss rate L of OH oxidation of methane is calculated 

by L = [OH][methane]k(T), where OH and methane denote number densities (molec/cm2) and k denotes the temperature T 660 

(kelvin) dependent reaction rate (cm3/molec/s).   

The temperature dependent rate constant for a bimolecular reaction can be expressed using a two-parameter Arrhenius 

expression: k(T) = A exp(-E/RT), where A is the pre-exponential factor that describes how often reactive collisions occur, E 

denotes the activation energy that describes the minimum energy barrier that must be overcome for the reaction to proceed, 

and R is the universal gas constant (8.312 J/mol/K) that converts the activation energy into a temperature-scaled form so the 665 

exponent is dimensionless. 

If we perturb the temperature by a small increment T, we can describe this as: 

𝑒𝑥𝑝 (−
𝐸/𝑅

𝑇
) = exp (−

𝐸/𝑅

𝑇0+𝛿𝑇
) ≈ exp [(−

𝐸/𝑅

𝑇0
) (1 −

𝛿𝑇

𝑇0
)] = exp (−

𝐸/𝑅

𝑇0
) exp (

𝐸/𝑅

𝑇0
𝛿𝑇

𝑇0
),     (B1) 

where T0 is the reference temperature. For example, the global mean surface temperature from the MERRA2 re-analysis was 

about 279 K in 2019. If this temperature was 1.1K higher, (i.e. T is about ~1.1 K) in 2024,  the reaction rate , relative to 2019, 670 

k(T) increases by exp((1775/279)*(1.1/279)) ~ 2.5%, which is close to the 2.5% increase of the methane  sink due to increased 

temperatures we report in Section 3.1. However, because the atmospheric methane OH sink is highly inhomogeneous, the 

1.1 K global-mean temperature increase should be interpreted only as an effective reaction-temperature change for the whole 

troposphere. MERRA-2 reanalysis shows strong spatial gradients, with surface temperatures rising by 0-4 K across most 

mid- and low-latitude land regions but decreasing by –4-0 K over parts of the high-latitude land and ocean (Figure B1a), where 675 

both OH and methane concentrations are lower than over mid-latitude and tropical land. These spatially varying temperature 

changes translate into reaction-rate changes of roughly –10% to +10% (Figure B1b), underscoring the substantial 

temperature-driven enhancement of methane loss over several key source regions. 
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Figure B1: (a) MERRA2 surface temperature difference (K) between 2024 and 2019; (b) percentage change of the methane+OH reaction 

rate due to surface temperature changes, estimated using Eq. B1.   685 
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