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Abstract

Methane (CH4) is a potent greenhouse gas with high radiative forcing and a relatively short atmospheric lifetime of around
a decade. We used a decade-long dataset (2011-2022) from the Fourier transform spectrometer at the California Laboratory
for Atmospheric Remote Sensing (CLARS-FTS) to quantify a dramatic increase in methane observed in 2020. We report an
increase of 1.13 ppb/month starting in 2020 until the end of 2021, compared to a growth rate of 0.345 ppb/month from 2016 to
2019. The observed increase in methane concentrations in 2020 is of significant concern due to its potential contribution to global
warming. The Total Carbon Column Observing Network (TCCON) is then used to examine the global geospatial variability



of the increase in methane. The results suggest an approximately uniform rise in methane globally. Finally, results from a
two-box model used to simulate atmospheric chemical processes of methane production and loss indicate that changes in OH
alone are insufficient to explain the rise in atmospheric methane. Encouragingly, recent data from 2022 suggest a deceleration

in the methane growth rate, indicating a potential slowdown in the methane increase observed in 2020.
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Key Points:

e Global atmospheric methane increased sharply in 2020; California shows a rise in
methane at four times the rate of previous years.

e TCCON data shows that the methane rise is approximately uniform globally.

e The latest data from 2022 suggest a deceleration in the methane growth rate to the pre-
2020 growth rate.
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Abstract

Methane (CH,) is a potent greenhouse gas with high radiative forcing and a relatively short
atmospheric lifetime of around a decade. We used a decade-long dataset (2011-2022) from the
Fourier transform spectrometer at the California Laboratory for Atmospheric Remote Sensing
(CLARS-FTS) to quantify a dramatic increase in methane observed in 2020. We report an
increase of 1.13 ppb/month starting in 2020 until the end of 2021, compared to a growth rate of
0.345 ppb/month from 2016 to 2019. The observed increase in methane concentrations in 2020 is
of significant concern due to its potential contribution to global warming. The Total Carbon
Column Observing Network (TCCON) is then used to examine the global geospatial variability
of the increase in methane. The results suggest an approximately uniform rise in methane
globally. Finally, results from a two-box model used to simulate atmospheric chemical processes
of methane production and loss indicate that changes in OH alone are insufficient to explain the
rise in atmospheric methane. Encouragingly, recent data from 2022 suggest a deceleration in the
methane growth rate, indicating a potential slowdown in the methane increase observed in 2020.

Plain Language Summary

In 2020, there was a significant increase in methane, a powerful greenhouse gas. We studied data
from 2011 to 2022, specifically using the California Laboratory for Atmospheric Remote
Sensing. The methane levels rose sharply in 2020, increasing by 1.13 parts per billion per month,
compared to a lower rate from 2016 to 2019. This rise is concerning for global warming. Our
global analysis using the Total Carbon Column Observing Network shows a widespread increase
in methane. Additionally, our box model results indicate that changes in OH alone can’t explain
the surge in methane. But there’s some good news: the latest data from 2022 shows that the
increase in methane might be slowing down.

1 Introduction

Atmospheric methane (CHy,) is a potent greenhouse gas with approximately 80 times the
global warming potential of carbon dioxide (CO,) over a 20-year timeframe (IPCC, 2021). Due
to its relatively short atmospheric lifetime of around ten years, reducing methane emissions can
have an immediate effect on slowing global warming. Urban regions, such as the Los Angeles
(LA) Basin, have been shown to be major emitters of methane primarily due to leaky natural gas
infrastructure (Wennberg et al., 2012; Wunch et al., 2016). In addition to leakage from urban
infrastructure, other sources like oil and natural gas production also contribute to atmospheric
methane increases (Hausmann et al., 2016). In an effort to slow down global warming, California
implemented Senate Bill 1383 in 2016, mandating a 40 % reduction in CH4 emissions below
2013 levels by 2030.

The year 2020 presented a unique opportunity to study the impact of human activity on
atmospheric CH4. The global COVID-19 pandemic triggered widespread lockdowns,
significantly altering human behavior and reducing emissions of various pollutants, including
nitrogen oxides (NOx), CO,, and CH4 (e.g., Laughner et al., 2021). However, NOAA’s
preliminary analysis revealed a surprising outcome: a record-breaking annual increase of 15 ppb
in atmospheric CH,4 (Kiest, 2021).

This unexpected surge has ignited debate about the underlying causes. While Stevenson
et al. (2021) attributed it to reductions in NOx emissions and subsequent increase in CH,4
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lifetime, Qu et al. (2022) and Peng et al. (2022) highlighted the role of increased wetland
emissions. Feng et al. (2022) further proposed a dominant contribution from tropical sources.
Despite these valuable insights, the lack of consensus on the dominant driver for the 2020
anomaly reflects the complexity of methane dynamics (e.g., Sussmann et al., 2012).

This study contributes to the ongoing discussion by utilizing a unique approach for
analyzing the 2020 CH, surge and its spatial variability. We leverage two critical datasets: (1)
The California Laboratory for Atmospheric Remote Sensing Fourier Transform Spectrometer
(CLARS-FTS) data: Beginning in 2011, CLARS-FTS provides long-term, continuous
measurements of CH, capturing the background troposphere above the planetary boundary layer
(PBL). This unique perspective allows us to isolate and analyze changes independent of local
surface influences. (2) The Total Carbon Column Observing Network (TCCON) data: TCCON
offers comprehensive CH4 measurements across multiple global sites, enabling us to investigate
the spatial distribution of the 2020 surge and identify potential cobtributing regions.

By analyzing these datasets and utilizing a box model used to simulate atmospheric
chemical processes of methane production and loss, we aim to (1) precisely quantify the
spatiotemporal dynamics of the 2020 CH, increase, and (2) identify potential contributing factors
to the increase.

Our novel approach and detailed analysis will provide valuable insights into the complex
factors influencing contemporary CH4 dynamics. This knowledge is crucial for informing
effective emission reduction strategies and ultimately mitigating the harmful impacts of
atmospheric CH,4 on our planet's climate.

2 Materials and Methods

2.1 CLARS-FTS Dataset

This study utilizes a unique dataset from the California Laboratory for Atmospheric
Remote Sensing Fourier transform Spectrometer (CLARS-FTS), an instrument operated by
NASA’s Jet Propulsion Laboratory. Located atop Mt. Wilson, California, at an altitude of 1673
m, CLARS-FTS offers a vantage point overlooking the LA Basin. It captures near-infrared solar
absorption spectra by pointing toward 33 different surface reflection points. These spectra are
then converted into column-averaged dry-air mole fractions of various greenhouse gases
(XGHG), including carbon dioxide (XCO;), methane (XCHy), carbon monoxide (XCO), and
nitrous oxide (XN,O). The measurements have been acquired multiple times daily for each target
location since September 2011. For detailed information on the algorithm used for converting
slant column densities to dry-air column mixing ratios and instrument specifications, refer to Fu
et al. (2014).

CLARS-FTS operates in two measurement modes: the Spectralon Viewing Observations
(SVO) and the Los Angeles Basin Surveys (LABS). The former records the background
greenhouse gas concentrations of the free troposphere above the instrument by pointing at a
Spectralon target on the rooftop of the observatory, while the latter records scattered infrared
radiation from target locations across the viewing area, which spans from the San Fernando
Valley (western Los Angeles County) in the west to the Inland Empire (San Bernardino and
Riverside Counties) in the east and Orange County in the south. The names and locations of the
reflection points are given in Wong et al. (2015). This study utilizes methane data obtained using
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the SVO mode because PBL emissions captured by the LABS measurements confound the
interpretation of the free tropospheric variability.

CLARS-FTS boasts a high degree of precision and resolution for its CH, measurements.
Under ideal conditions, it can achieve a precision of 0.3 to 0.5 ppb for dry mixing ratios of CH,.
Additionally, its spectral resolution of 0.12 cm™ allows for accurate and detailed identification of
spectral features related to atmospheric CH, (Fu et al., 2014).

2.2 TCCON Dataset

This study also examines methane data from the Total Carbon Column Observing
Network (TCCON), which is a global network of ground-based Fourier transform spectrometers
that measure spectra of direct sunlight in the short-wave infrared region of the spectrum.
Measurements cannot be taken during conditions of limited sunlight, such as at night or under
heavy cloud cover. This limitation is similar to that of the CLARS-FTS, which relies on reflected
sunlight.

Total column dry-air mole fractions of CO,, CO, CH,4, N,O, and other species are
retrieved from the spectra using a software suite called GGG (Wunch et al., 2011), and represent
the amount of the species of interest in the atmospheric column above the TCCON site. The
GGG open-source software package is used by every station in the network to process data,
minimizing biases between sites and ensuring easy dissemination of software improvements
throughout the network. GGG utilizes GFIT, the same retrieval algorithm as CLARS-FTS, to
derive slant column densities from absorption spectra.

As of 2023, TCCON comprises 30 sites worldwide, including at least one station on
every continent except Antarctica and Africa. The overall objectives of the TCCON include
improving the understanding of the carbon cycle and validating satellite retrievals by providing a
reliable and robust ground-based dataset that adheres to stringent precision and accuracy
requirements.

TCCON instruments also offer high precision and resolution for their methane
measurements. Under ideal conditions, they can achieve a precision of 0.1 to 0.2 ppb for column
averaged dry mole fractions of methane. Additionally, their spectral resolution of 0.02 cm™
allows for accurate and detailed retrieval of atmospheric CH,4 information.

This study analyzed the CH, time series for 20 out of the available TCCON sites because
we limited our analyses to sites for which there were at least five years of available data,
encompassing the period of interest (2020 to 2021). The 20 TCCON sites span the globe, with
clusters in Europe (Bremen, Garmisch, Karlsruhe, Ny-Alesund, Orléans, Paris, and Sodankyl4),
North America (East Trout Lake, Edwards, Park Falls, Pasadena, and Lamont), and Asia (Hefei,
Rikubetsu, Saga, and Tsukuba). These sites are primarily concentrated in the Northern
hemisphere, with three in the Southern hemisphere (Darwin, Lauder, and Wollongong). Within
these 20 sites, data gaps can be caused by lack of sunlight (including cloudy conditions or polar
night) or instrument malfunctions. On average, the XCH, time series at each TCCON site have
no data in 13% of the months since their measurements began.

2.3 Removing Seasonal and Long-Term Trends

To identify anomalies or deviations that are not accounted for by regular seasonal
patterns or long-term trends that are well-documented in literature (He et al., 2019; Zeng et al.,
2023), this study employs a methodology to remove the cyclical variations and overall trend of
XCH, from each time series. A statistical model that consists of a linear component and a



166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181

182
183

184
185
186

187

188
189
190
191
192
193
194
195
196

197

198
199

manuscript submitted to Earth and Space Science

seasonal component consisting of harmonic functions is fitted to the data in each XCH, time
series from 2016 to 2019 to model the seasonal cycle and long-term trend. The model is given
by:

M(t) = ag + a; * t + [ * sin(2nt) + B, * cos(2mt) + 5 * sin(4nt) + B, * cos(4mnt) 1)
where a,_; are the coefficients for the linear component, and S, _, are the coefficients for the
seasonal component. To ensure the accuracy and relevance of the analysis for the post-2020
period of interest, XCH, data from 2016 to 2019 are utilized to capture the conditions preceding
the target period. The predicted values based on the model, representing the seasonal cycle and
long-term trend of methane, are depicted by the red line in Figure 1.

The process of determining and removing the seasonal cycle and long-term trend of methane is
repeated for each TCCON station analyzed in this study. By removing these expected variations,
the study aims to highlight and investigate deviations from the regular patterns, enabling the
identification and examination of anomalous methane concentrations that may be indicative of
specific events or emission sources. The standard errors of the fitted model parameters are also
calculated.
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Figure 1. Comparison of original monthly mean data and fitted monthly mean of methane data
from the SVO mode of CLARS-FTS using linear trend and harmonics. The figure displays the
original monthly mean data (black line) and the fitted monthly mean obtained using a model
incorporating both linear trend and harmonics (red line).

2.4 Estimating the Post-2020 Methane Growth Rate Using Linear Regression

In order to investigate the methane trends beyond the year 2020, a weighted linear
regression analysis was conducted, using the standard deviations of each monthly mean as the
weights. The methane time series data from 2020 to the end of 2021 were utilized for this
analysis, and the slopes obtained from the linear regression analyses were used to represent the
methane growth rate in ppb/month in each location. The availability of data past 2020 varies for
each site, with some sites having more recent updates than others. For consistency, a fixed time
period of the beginning of 2020 to the end of 2021 was used to compute the linear regression for
all TCCON sites and CLARS-FTS. The uncertainties of the linear regression parameters were
also calculated.

2.5 Box Model

A two-box model (Turner et al., 2019) with the inclusion of a coupled methane—carbon
monoxide—hydroxyl radical (CH;-CO-OH) system (Prather, 1994) was employed here to
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complement the impacts of changes in OH level on methane. This two-box model incorporates
northern and southern hemispheres and simulates annual hemispheric concentrations of target
species with a 1-year timescale for inter-hemispheric transport. Associated details of this two-
box model, including target species, inversion methods and chemical reactions, can be found in
Turner et al. (2017) and Nguyen et al. (2020). Even though some impacts of atmospheric
processes cannot be accurately described in the box model, the well-reproduced methane
stabilization and renewed growth periods in Turner et al. (2017) still present the advantages of
this box model in simulating decadal trends of atmospheric methane and hydroxyl.

Thus, in response to the OH level changes resulting from COVID-19 lockdowns, a series
of sensitivity tests were conducted using the box model, involving reductions in OH ranging
from 2% to 5%. Furthermore, in order to assess additional impacts of methane emissions, other
three tests involving changes in emissions under a 3% reduction in OH are also performed
(Miyazaki et al., 2021). Note that all tests were made only for one year from 2020 to 2021,
coinciding with the major COVID-19 lockdown periods.

3 Results
3.1 CLARS-FTS

Figure 2 depicts the raw monthly means of XCH, as captured by CLARS-FTS in the SVO mode.
The raw data shows a clear seasonal cycle, with peak concentrations in winter and minimums in
summer. An upward trend in XCHy is also evident throughout the time series. These observed
trends and variability form the basis for the deseasonalized and detrended time series analysis
presented in Figure 3.
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Figure 2. Monthly means of XCH4 measured by CLARS-FTS in the SVO mode from 2016 to
mid-2023. The figure provides a visual representation of the raw data, capturing the natural
variability and trends in CH,4 concentrations before any deseasonalization and detrending
procedures are applied.
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Figure 3. The deseasonalized and detrended time series of methane as measured by CLARS-FTS
in the SVO mode. Error bars represent one standard deviation of the mean. The blue line
represents the linear regression line.

The deseasonalized and detrended XCH, time series recorded by CLARS-FTS in the
SVO mode is depicted in Figure 3. The linear regression analysis conducted on the 2020 to 2021
time period yielded a slope of 1.13+0.26 ppb/month, indicating a significant positive trend with a
correlation coefficient of 0.69. This growth rate is consistent with the 1.16+0.21 ppb/month
growth rate observed at the nearby TCCON site in Pasadena, falling within the error bars of both
measurements. While this consistency indicates strong agreement between the two datasets, it is
important to note that TCCON and CLARS-FTS have different viewing geometries. TCCON
measures the total atmospheric column above the instrument, encompassing the planetary
boundary layer (PBL), while the CLARS-FTS SVO mode measures only the portion above the
PBL. This difference could potentially influence the comparison due to varying sensitivities to
emission sources within the PBL. The 2020-2021 XCH, growth rate observed by CLARS-FTS in
the SVO mode approximately 3 times higher than the 0.345+0.087 ppb/month rate observed
during 2016-2019 based on the Fourier regression analysis in Section 2.3. It is worth noting that
the rate of increase appears to decrease after 2022.

3.2 TCCON

This section explores the global footprint of the post-2020 XCH, surge observed in
Figure 3. The full deseasonalized and detrended CH,4 time series for the 20 TCCON sites are
included in Appendix A. Figure 4 depicts one of these time series after deseasonalizing and
detrending for the TCCON station in Pasadena, California. Figure 5 presents a world map
showcasing the spatial variation of the XCHj, increase. Visually, the XCH, time series in
Appendix A appear to show a potential stabilization or slight decrease in the rate of increase
following 2022. However, further analysis and continued monitoring are needed to confirm this
observation and determine if this represents a sustained change in the long-term trend.
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Figure 4. The deseasonalized and detrended time series of CH, measured by the TCCON station
at Pasadena, California. Error bars represent one standard deviation of the mean. The blue line is
derived by linear regression of the data from 2020 to 2021.

Figure 4 shows a strong increase in XCH,4 during the 2020-2021 period observed by the
TCCON station at Pasadena, California. There is a notable gap in the data record at the end of
2017. The absence of data at the end of 2017 may impact the deseasonalization and detrending
analysis because data from 2016-2019 are used to perform the fitting. The optimal parameters
derived from the Fourier fitting and their associated 1-sigma uncertainties are reported in Table
S1. The same deceleration of the methane surge seen in CLARS-FTS’s data starting in 2022 is

seen in Figure 4.
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Figure 5. Global distribution of XCH,4 growth rates. The figure displays a world map with color-
coded markers representing the methane growth rates derived by the slopes of the linear
regression lines fit to data from 2020 to 2021. The colorbar on the right side of the map indicates
the range of slope values, ranging from 0 to 1.5 ppb/month.
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The methane growth rates reported in Table 1 are all positive, indicating that the increase
in methane was widespread across the globe and not limited to a single region. Overall, the
narrow range of methane growth rates from 0.27 to 1.17 ppb/month suggests that the increase of
methane in 2020 to 2021 was approximately uniform across the globe. The TCCON site at
Bremen, Germany reports an unusually low methane growth rate of 0.27 ppb/month. However,
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examination of the time series in Figure Al reveals a high degree of data unavailability, which
can significantly impact the reliability of the growth rate estimate. Consequently, this low growth
rate might not be representative of the actual methane trends at Bremen, Germany.

Table 1. XCH,4 Growth Rates Estimated by Linear Regression of 2020-2021 Data at each

TCCON Site
Site Location Growth Rate  Uncertainty Data Reference

(Lat, Lon) (ppb/month)  (ppb/month)
Karlsruhe 49.1,8.44 0.58 0.13 Hase et al. (2023)
Izafa 28.3,-16.48 0.65 0.14 Garcia et al. (2023)
Hefei 31.91, 117.17 0.85 0.15 Liu et al. (2023)
Paris 48.85, 2.36 0.93 0.16 Té etal. (2023)
Edwards 34.96, -117.88 0.84 0.17 Iraci et al. (2023)
Garmisch 47.48,11.06 1.08 0.17 Sussman and Rettinger (2023)
Bremen 53.1,8.85 0.27 0.19 Notholt et al. (2023)
Park Falls 45.94, -90.27 0.80 0.19 Wennberg et al. (2023)
Lauder -45.05, 169.68 0.75 0.20 Pollard et al. (2024)
Lamont 36.5, -108.48 0.75 0.20 Wennberg et al. (2022)
Sodankyla 67.37, 26.63 0.57 0.20 Kivi et al. (2023)
Pasadena 34.14,-118.13 1.16 0.21 Wennberg et al. (2022)
Saga 33.24,130.29 1.17 0.21 Shiomi et al. (2023)
East Trout 54.35, -104.99 0.77 0.22 Wunch et al. (2023)
Lake
Darwin -12.43,130.29 0.92 0.23 Deutscher et al. (2024)
Orléans 47.97,2.11 0.44 0.24 Warneke et al. (2024)
Wollongong -34.41, 150.88 0.84 0.25 Deutscher et al. (2023)
Ny Alesund 78.9,11.9 0.57 0.28 Buschmann et al. (2023)
Rikubetsu 43.46, 143.77 0.48 0.35 Morino et al. (2023a)
Tsukuba 36.05, 140.12 0.40 0.49 Morino et al. (2023b)
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3.3 Box Model

In comparison to the deseasonalized and detrended methane data obtained from CLARS-FTS,
seasonal trends of the box model results were also removed. This was accomplished using the
same Linear Trend and Harmonics approach, also with corresponding data from 2016 to 2019
serving as the conditions preceding the target period. As shown in Figure 6, overall, increases in
methane concentrations are quite noticeable across all sensitivity tests. However, the growth
rates vary in different tests. Methane emissions play the dominant role as the greatest increase in
emission leads to the highest growth rate in methane. Since the primary removal process for
methane is oxidation by hydroxyl radicals (OH), a scenario excluding emissions changes implies
that higher methane growth rates would directly correspond to larger decreases in OH levels.

60

— CLARS fitted
504 — OH -2%

—— OH-3%

OH -4%

OH 5%

OH -3% & CH4 +10Tg
301 — OH -3% & CH4 +20Tg
—— OH -3% & CH4 +30Tg

ol : i \

40 -

0

.

_20 il
2016 2017 2018 2019 2020 2021 2022 2023

Figure 6. The deseasonalized and detrended time series of methane concentrations from
sensitivity tests based on the box model, along with the methane measured by CLARS-FTS in
the SVO mode and corresponding linear regression line in black.

XCH4 monthly anomalies (ppb)

It is important to note that these simulations were conducted for the period 2020-2021 to
specifically investigate the impact of COVID-19 lockdowns on XCHy,. This limited timeframe
likely explains why the model shows a decrease in XCH, after 2021, whereas the CLARS-FTS
data shows a continued increase.

Additionally, when compared with CLARS-FTS where its growth rate is represented with
the fitted line through linear regression analysis, it is evident that the growth rates of methane
from the box model are consistently lower. More importantly, the growth of methane in the box
model ceases after 2021 without the continuous jump of methane as observed in CLARS-FTS
after 2021. Therefore, in addition to reductions in OH levels, there should exist other factors
contributing to the sustained rise in methane for the post-lockdown periods.

10
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4 Conclusions

We used ground-based observations, CLARS-FTS and TCCON, to investigate the 2020
surge in atmospheric CH,4 concentrations. CLARS-FTS recorded a strong increase in XCHy,4
above the planetary boundary layer of 1.13+0.26 ppb/month from 2020 to the end of 2021.
Analyses of the CH,4 time series from twenty TCCON sites suggest that the increase in
atmospheric XCH, was approximately uniform globally. The dramatic rise in XCH,4 was global
in scale and not limited to a single region.

Notably, recent data from 2022 suggest a deceleration in this growth rate. This emerging
trend highlights the need for continued monitoring to understand the long-term dynamics of
atmospheric methane.

Though reductions in OH due to COVID-19 lockdowns may have contributed to the rise
in methane during 2020 and beyond, they do not appear to be the sole drivers, as methane
concentrations continue to rise even after the lockdown periods in some cases. Our box model
results support this idea as decreases in OH alone are not enough to match the rise in methane
observed by CLARS-FTS.

In conclusion, further work needs to be done to untangle the causes behind the dramatic
increase in methane. Continued monitoring, integrating more datasets, and utilizing models can
add clarity to the factors contributing to the 2020 surge in methane. The response of atmospheric
methane to the COVID-19 lockdowns emphasizes the need to consider complex atmospheric
chemistry feedbacks when developing and implementing climate change policies.

11
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Appendix A

This appendix includes the full deseasonalized and detrended methane time series for each
TCCON station.
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Figure Al. The deseasonalized and detrended time series of CH,4 concentrations for 10 TCCON
sites. Each panel depicts data for an individual site, labeled accordingly. The superimposed red
lines represent linear regressions for the 2020-2021 period, highlighting the upward trends in
CH, concentrations. The slopes and their respective uncertainties are reported in Table 1.
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Figure A2. The deseasonalized and detrended time series of CH,4 concentrations for 10
additional TCCON sites. Each panel depicts data for an individual site, labeled accordingly. The
superimposed red lines represent linear regressions for the 2020-2021 period, highlighting the
upward trends in CH,4 concentrations. The slopes and their respective uncertainties are reported
in Table 1.
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Introduction

This file contains the supplementary figures and table for The Post-2020 Surge in Global
Atmospheric Methane Observed in Ground-based Observations. Table S1 contains the
optimal parameters derived from the Fourier series regression of 2016-2019 data for both
CLARS-FTS and the 20 TCCON sites analyzed in this study. Figures S1 to S4
supplementary information that is not essential for the main text flow but may be of
interest to readers. Detailed explanations for each figure are provided in their respective
captions.

Table S1. The optimized coefficients derived from the Fourier fitting process described
in Section 2.3 along with their associated standard errors. The Fourier series equation is

given by Eq. 1.
Site ao O0err 01 Olerr Bl Bl,err [52 ﬁz,err BS Ba,err [54 B4,err
CLARS-FTS 1789.67 5.75 0.340.09 3.28 1.22 -3.18 1.26 -6.371.22 1.23 1.23
Bremen 1792.63 6.28 0.690.09 13.94 2.62 -4.10 1.86 3.55 1.76-0.89 1.93
Darwin 1752.18 3.77 0.810.06 -3.46 0.83 -0.04 0.96 -1.94 0.89 -0.60 0.83

East Trout Lake

1796.33 14.220.34 0.20 -4.25

2.28 -10.24 2.22 -2.46 2.20-3.34 2.24

Edwards 1778.30 6.76 0.820.10 5.65 1.37 -1.18 1.82 -2.60 1.48-2.42 1.45
Garmisch 1791.32 4.82 0.520.07 0.23 1.13 -7.12 1.10 0.14 1.09 1.64 1.11
Hefei 1832.8410.160.52 0.15 -8.16 2.16 -14.27 2.23 -3.87 2.16 4.57 2.17
Izafa 1767.78 6.62 0.810.10 -0.54 1.27 -5.35 1.52 -3.351.39-1.431.31
Karlsruhe  1789.08 6.94 0.67 0.11 4.45 1.48 -7.42 152 -2.57 1.47 -0.26 1.49
Lamont 1795.05 4.96 0.68 0.07 5.64 1.05 -7.18 1.09 -4.56 1.05-0.05 1.06
Lauder 1710.82 5.20 0.710.08 -5.05 1.10 -2.29 1.14 -1.011.10-1.001.11
Ny-Alesund  1773.64 12.020.51 0.14 -8.33 11.38-17.29 6.87 -7.16 4.14 -3.31 5.96
Orléans 1783.65 8.47 0.710.13 8.28 1.86 -7.32 1.88 -0.68 1.86 -0.20 1.83
Paris 1786.57 8.35 0.700.13 7.87 1.87 -6.68 2.03 -3.62 1.71 0.67 1.97
Park Falls  1791.76 5.30 0.580.08 1.25 1.12 -10.14 1.16 -1.62 1.12 0.58 1.13
Pasadena 1808.84 5.77 0.510.09 591 1.32 -5.64 1.38-7.181.29-1.74 1.32
Rikubetsu  1804.65 8.29 0.46 0.13 -9.33 1.76 -14.92 1.82 1.00 1.76 0.31 1.77
Saga 1837.15 6.83 0.320.10 -3.19 1.46 -12.60 1.46 -3.43 1.45 1.14 1.45
Sodankyla  1775.84 9.87 0.57 0.15 -4.55 3.23 -11.68 2.17 -1.21 2.50 -1.98 2.39
Tsukuba 1817.98 7.49 0.500.11 -2.59 1.66 -10.69 1.80 -1.84 1.69 1.04 1.72
Wollongong 1734.21 5.57 0.66 0.09 -1.38 1.28 -0.09 1.28 1.70 1.27 0.99 1.24
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Figure S1. The monthly means of XCHya in ppb at each TCCON site analyzed from 2016
to 2019 (black dots) plotted alongside the fitted monthly mean obtained through Fourier
regression (blue line). The regression provides a smoothed representation of the
underlying seasonal cycle and long-term trends.
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Figure S2. Raw monthly means of XCH4 measured by CLARS-FTS in the SVO mode
from the beginning of the data record in August 2011 to mid-2023. The error bars
represent one standard deviation of the mean.
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Figure S3. The full deseasonalized and detrended methane time series from CLARS-FTS
(SVO mode). The seasonal cycle and a linear trend, derived from 2016-2019 data, have
been removed. Error bars represent one standard deviation of the mean.
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Figure S4. Zoom-in on the methane growth rates observed at the European TCCON sites
(Orléans, Paris, Karlsruhe, Bremen, Garmisch) from Figure 5.
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