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Key Points:13

• Fifteen years of CLARS-FTS show no significant trend in the column ∆XCH4/∆XCO2 ratio14

over Los Angeles (−0.005± 0.006 yr−1, p = 0.84).15

• Basin methane co-varies most strongly with residential natural-gas use, implicating the dis-16

tribution network and landfills.17

• The ratio requires no emission inventory, giving an observation-only test that shows no de-18

tectable effect of methane-targeted policy.19

Abstract20

We extend the column-averaged CH4 and CO2 (XCH4, XCO2) record from the California21

Laboratory for Atmospheric Remote Sensing (CLARS) through July 2025, spanning 15 years22

over the Los Angeles megacity. CLARS retrievals show persistent enhancements of both gases23

above the free-tropospheric background, with a strong excess correlation (R = 0.93) and an24

emission ratio ∆XCH4/∆XCO2 ≈ 5.1 ppb ppm−1 that has no significant trend over 2011–202525

(−0.005± 0.006 yr−1, p = 0.84). Because the ratio is self-normalizing and requires no emission26

inventory, it provides an observation-only metric that is robust to transport and boundary-layer27

variability. The ratio peaks in winter and is lowest in summer, and the relative pattern of28

methane hotspots in the retrieved field is essentially unchanged, co-located with landfills and29

energy infrastructure. Methane co-varies most strongly with residential natural-gas consumption30

(R2 up to 0.43) and negligibly with other sectors. The stable ratio does not imply that absolute31

methane emissions were constant: the basin CH4 and CO2 signals declined by comparable32

relative amounts and largely cancel in the ratio. What 15 years of observations do show is that33

methane has fallen no faster than CO2-correlated activity, so methane-targeted regulation has34

left no detectable signature on the basin’s CH4-to-CO2 balance, and mitigation aimed specifically35

at fugitive gas and landfill sources remains necessary.36

1Deceased.
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Plain Language Summary37

Methane is a powerful greenhouse gas, and in big cities like Los Angeles most of it leaks from the38

natural-gas system and from landfills. For 15 years, an instrument on Mt. Wilson called CLARS39

has measured methane and carbon dioxide over the city using reflected sunlight. We use these40

measurements to track how much methane the city releases compared with carbon dioxide. This41

comparison is more reliable than either gas alone, because winds and weather affect both in the42

same way and largely cancel out. We find that this balance has stayed remarkably steady from 201143

to 2025: it rises every winter and falls every summer, but its long-term level has not changed. Both44

signals declined together, so the steady balance does not mean methane stopped being released; it45

means methane fell no faster than carbon dioxide did. The places emitting the most methane are46

the same year after year: landfills and the industrial east side of the basin, and methane rises and47

falls with how much natural gas homes use for heating. Even though California has passed laws to48

cut methane, we see no sign of a reduction beyond the general decline in the city’s energy use.49

1 Introduction50

Methane (CH4) is the second most important anthropogenic greenhouse gas after carbon dioxide,51

with a 20-year global warming potential roughly 80 times that of CO2 (IPCC, 2021). Because of52

its short atmospheric lifetime and high radiative efficiency, rapid reductions in methane emissions53

offer one of the most effective near-term levers for slowing the rate of global warming (Ocko et al.,54

2021), and methane has consequently become a focus of both international pledges and sub-national55

regulation. Reliable quantification of urban methane sources, where emissions are dense, hetero-56

geneous, and policy-relevant, remains a central challenge for the global methane budget (Saunois57

et al., 2020).58

Los Angeles (LA) is among the most intensively studied methane “hotspot” megacities. Mul-59

tiple independent lines of evidence indicate that fugitive losses from the natural-gas system, sup-60

plemented by landfills and other waste sources, dominate the urban methane budget (Wennberg61

et al., 2012; Hsu et al., 2010; Hopkins et al., 2016). Isotopic and ethane–methane tracer studies62

attribute the majority of the excess methane to fossil (natural-gas) sources rather than biogenic63

activity (Townsend-Small et al., 2012; Wunch et al., 2016), while aircraft and surface networks64

have repeatedly found top-down emissions exceeding bottom-up inventories (Wunch et al., 2009;65

Cui et al., 2015; Yadav et al., 2019). Discrete super-emitters, including individual landfills and66

the 2015 Aliso Canyon blowout, can contribute disproportionately to the basin total (Duren et al.,67

2019; Plant et al., 2019), complicating attribution from sparse measurements. These findings have68

motivated California regulations specifically targeting methane, including SB 1371 (natural-gas leak69

abatement) and SB 1383 (short-lived climate pollutant reductions).70

Sustained, spatially resolved observations are required to test whether such policies have altered71

urban methane. The California Laboratory for Atmospheric Remote Sensing (CLARS), located72

on Mt. Wilson overlooking the LA Basin, provides this constraint by retrieving column-averaged73

dry-air mole fractions of CH4 and CO2 (XCH4, XCO2) from reflected sunlight over 33 surface re-74

flection points several times per day (Fu et al., 2014; Wong et al., 2015; Zeng et al., 2021). Early75

CLARS analyses mapped basin CH4:CO2 ratios (Wong et al., 2015), inferred monthly emission76

trends (Wong et al., 2016), and established that the seasonal methane signal correlates with resi-77

dential and commercial natural-gas consumption (He et al., 2019). Most recently, Zeng et al. (2023)78

applied a tracer–tracer inversion to a decade of CLARS data (2011–2020) and reported that the top-79

down decline in LA methane is much smaller than bottom-up estimates, highlighting a persistent80
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discrepancy in the methane budget.81

Here we extend the CLARS record through July 2025, now spanning 15 years, and analyze82

urban methane through the column emission ratio ∆XCH4/∆XCO2. Our contribution is method-83

ological as well as empirical. Because the ratio is self-normalizing and requires neither an emission84

inventory nor a fossil/biospheric partitioning, it is far less sensitive to transport, boundary-layer85

variability, and inventory error than either absolute concentrations or inventory-scaled emissions.86

It therefore isolates the quantity that methane-targeted regulation is expected to change, and sup-87

plies an observation-only test of whether a decade and a half of such regulation has altered urban88

source behavior. We address three questions: (i) Has the observed ∆XCH4/∆XCO2 ratio changed89

over 15 years of active emission-control policy, and what does its behavior imply about absolute90

methane emissions? (ii) What governs its seasonal and diurnal variability? (iii) Can sector-resolved91

natural-gas consumption explain the spatial and temporal patterns of methane?92

2 Data and Methods93

2.1 CLARS-FTS Observations and GFIT3 Retrieval94

CLARS-FTS surveys the LA Basin every 1.5–2 h, observing 33 predefined surface reflection points95

and a local diffuse reflector (Spectralon) that samples the free-tropospheric background (Fu et al.,96

2014). We adopt the retrieval configuration of Fu et al. (2014) without modification. Column97

abundances are retrieved with the full-physics GFIT3 algorithm, which pairs an optical-property-98

based principal-component-analysis (O-PCA) radiative-transfer forward model (Natraj et al., 2007,99

2010; Spurr et al., 2013) with an optimal-estimation inverse model (Rodgers, 2000). Retrievals100

minimize the standard optimal-estimation cost function, which balances the spectral fit residual101

against the departure from the a priori state, and are iterated with the Levenberg–Marquardt102

method; the measurement vector comprises the O2, weak-CO2, CH4, and strong-CO2 bands, and103

the state vector comprises trace-gas slant columns and aerosol and surface properties (Text S1).104

Aerosol scattering is treated explicitly in the forward model, and the O2 and continuum filters105

remove the most heavily aerosol-loaded scenes; residual scattering nonetheless remains a source of106

retrieval bias that we return to in Section 3.5.107

Soundings are screened to remove cloud- and aerosol-contaminated data: O2 ratio outside 0.85–108

1.02, signal-to-noise ratio < 100, solar zenith angle > 70◦, and spectral-fit residuals exceeding 1σ109

above the mean (Figure S1).110

2.2 Excess Mole Fractions and the Emission Ratio111

Excess (enhancement) column abundances are computed by subtracting the background values112

(XCH4,BK, XCO2,BK), constructed from the Spectralon free-tropospheric retrievals and NOAA/Mt. Wil-113

son Observatory nighttime flask measurements, from the in-basin values (Zeng et al., 2023):114

∆XCO2 = XCO2,LA −XCO2,BK (1)
115

∆XCH4 = XCH4,LA −XCH4,BK (2)

The column emission ratio ∆XCH4/∆XCO2 (ppb ppm−1) indicates methane emissions relative116

to CO2. Because the lifetimes of both gases greatly exceed the basin mixing time, their excess117

mole fractions are highly correlated within source regions, and the ratio is insensitive to common118

transport variability. Two caveats accompany the differencing in Equations 1–2. First, the in-basin119

and background retrievals are not strictly comparable partial columns: the basin view follows a120
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long, low-elevation grazing path to Mt. Wilson that double-weights the boundary layer, whereas121

the Spectralon target is sampled along a near-vertical solar path through the free troposphere. The122

excess is therefore an operational enhancement rather than a formal partial-column difference, and123

taking the CH4-to-CO2 ratio (rather than either excess alone) is what makes the metric robust,124

because the differing air-mass weightings largely cancel between the two co-located tracers. Second,125

∆XCO2 carries a biospheric seasonal component that is not part of the fossil signal; we discuss its126

treatment and the associated uncertainty in Section 2.3 and evaluate its impact in Section 3.5.127

2.3 CO2 Inventory and Methane Emissions128

Following the tracer–tracer inversion method (He et al., 2019; Zeng et al., 2023), monthly methane129

emissions are derived by scaling a CO2 emission inventory by the observed ratio:130

ECH4 =

(︄
∆XCH4

∆XCO2,ff

)︄
× ECO2 ×

(︃
MWCH4

MWCO2

)︃
(3)

where ECO2 is the monthly CO2 emission from the inventory, ∆XCO2,ff is the fossil-fuel compo-131

nent of the CO2 excess, and MWCH4/MWCO2 = 16/44 is the molecular-weight ratio. The CO2132

inventory is a continuous 2011–2025 Basin product: ODIAC (Oda and Maksyutov, 2011) provides133

the historical fields through 2023, and the 2024–2025 fields are extrapolated from the GRACED134

near-real-time inventory (Dou et al., 2022) using the mean ODIAC/GRACED scaling factor over135

the overlapping 2019–2023 period, regridded and clipped to the basin domain (Text S2).136

The distinction between total and fossil CO2 excess in Equation 3 matters because ∆XCO2137

contains a biospheric seasonal cycle (photosynthetic drawdown in spring and summer, respiration138

in autumn and winter) that is absent from the fossil-fuel inventory. We isolate the fossil component139

∆XCO2,ff by removing the biospheric contribution estimated from the seasonal cycle of background140

(Spectralon) CO2, following Zeng et al. (2023); the residual scales the inventory. This correction is141

the largest single source of uncertainty in the absolute methane emissions: the fossil CO2 inventory142

has only a weak intrinsic seasonal cycle, so an imperfect biospheric removal maps directly onto the143

seasonal amplitude of the derived emissions. For this reason we frame the trend analysis in terms144

of the directly observed ratio ∆XCH4/∆XCO2 (Figures 1–3), which requires neither the inventory145

nor the fossil/biospheric partitioning, and treat the absolute emissions (Figure 4a) as a secondary,146

inventory-dependent product.147

2.4 Natural-Gas Consumption Data148

Monthly natural-gas consumption (therms) for 2012–2025 was obtained from Southern California149

Gas Company records, resolved by ZIP code and by customer class (residential, commercial, indus-150

trial). Consumption was aggregated to basin totals and to CLARS station footprints to evaluate151

co-variation with retrieved methane.152

3 Results and Discussion153

3.1 A Stable Emission Ratio over 15 Years154

Figure 1 summarizes the observing geometry and the core result. CLARS samples 33 reflection155

points across the basin (Figure 1a), with the densest coverage over the San Gabriel Valley and156

eastern basin where landfills cluster. The monthly ∆XCH4/∆XCO2 ratio (Figure 1b) exhibits a157

pronounced and repeatable seasonal cycle but no significant long-term trend: a deseasonalized linear158
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fit yields −0.005 ± 0.006 yr−1 (p = 0.84) over 2011–2025. The excess correlation between ∆XCH4159

and ∆XCO2 (Figure 1c) is strong (R = 0.93 at the observation level; slope ≈ 5.1 ppb ppm−1),160

consistent with earlier CLARS analyses (Wong et al., 2015; Zeng et al., 2023). The stability of161

the ratio across 15 years, despite California climate legislation (e.g., SB 1383, SB 1371) targeting162

methane, indicates that the methane-to-CO2 emission balance of the basin has not measurably163

shifted.164

3.2 Seasonal and Diurnal Structure165

The emission ratio peaks in winter and early spring and reaches a minimum in summer (Figure 2a).166

Because basin CO2 emissions have weak seasonality, this cycle is driven primarily by methane: a167

shallow winter boundary layer concentrates surface emissions, heating demand raises natural-gas168

throughput, and summer mixing and biospheric uptake dilute the signal. Seasonal emission maps169

(Figure 2b) show the highest methane over the eastern and San Fernando Valley sectors in all170

seasons. The diurnal composite (Figure 2c) reveals a morning rise to a mid-day plateau, with171

the highest ratios in winter (DJF) throughout the day, consistent with a persistent fugitive source172

modulated by boundary-layer evolution.173

3.3 Persistence of the Spatial Pattern174

Station-level methane emissions are derived only for the subset of targets that can be matched to175

a collocated CO2 inventory grid cell and that carry a continuous record; of the 33 reflection points176

(Figure 1a), 9 satisfy both criteria (at least eight years of quality-screened retrievals within the177

inventory domain) and enter the persistence analysis, while the remaining targets are used for the178

basin-mean quantities. This is why Figures 3 and 4 show 9 stations rather than 33. To test whether179

the spatial distribution of methane has changed, we normalize each year’s station emissions by the180

basin mean, isolating the relative pattern from the basin-wide magnitude (which tracks the declining181

CO2 inventory). The station×year “barcode” (Figure 3a) shows near-constant horizontal banding:182

stations that are hotspots remain hotspots throughout 2011–2025, and the lowest-emitting sites183

remain lowest. Per-station trends in relative emission (Figure 3b) are small (<∼1% of the basin184

mean per year), with most confidence intervals spanning zero. The relative pattern of the retrieved185

methane field is therefore stationary, with its maxima co-located with landfills and the eastern186

industrial corridor (Figure 1a). We treat this as supporting rather than primary evidence, for the187

reason given next.188

We caution that the CLARS slant-column geometry complicates a purely spatial reading of189

these maps. Each target enhancement integrates absorption along the entire grazing path from190

Mt. Wilson to the reflection point, so more distant targets sample not only their own footprint but191

also the intervening basin air; the maps are thus path-integrated rather than point measurements.192

Because this viewing geometry is fixed from year to year, part of the apparent interannual persistence193

could reflect the invariant sampling footprint rather than genuinely stationary emissions. We regard194

the persistence as a robust statement about the retrieved field, but note that disentangling the true195

surface-emission pattern from the fixed-geometry fingerprint would require multi-angle or trajectory-196

resolved sampling beyond the scope of this study.197

3.4 Source Attribution via Natural-Gas Co-variance198

Basin methane co-varies with total natural-gas consumption, both peaking each winter (Figure 4a;199

Pearson r = 0.64, p < 0.001). Much of this is the shared seasonal cycle; after removing the monthly200

climatology, the de-seasonalized CH4 and natural-gas anomalies remain positively but more weakly201
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Figure 1: (a) The 33 CLARS-FTS target reflection points (blue) and the Mt. Wilson observing site
(star) over the LA Basin; red triangles mark LA County landfills. (b) Monthly ∆XCH4/∆XCO2

emission ratio (2011–2025), colored by season, with the deseasonalized trend (dashed). (c) Excess
correlation between monthly-mean ∆XCH4 and ∆XCO2.
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Figure 2: (a) Monthly climatology of the ∆XCH4/∆XCO2 ratio (box plots). (b) Seasonal CH4

emission maps (DJF/MAM/JJA/SON) on a common color scale. (c) Diurnal cycle of the emission
ratio by season; shading is ±1 standard error.
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Figure 3: (a) Relative annual-mean CH4 emission by station (basin mean = 1); horizontal banding
indicates a fixed spatial pattern. (b) Per-station linear trend in relative emission (2012–2025) with
95% confidence intervals (grey whiskers). Dot color encodes statistical significance: red dots mark
stations whose confidence interval lies entirely on one side of zero (a statistically significant trend
at the 95% level), whereas blue dots mark stations whose confidence interval spans the dashed zero
line (no significant trend). Even where significant, the trend magnitudes are small (below about 1%
of the basin mean per year), so the relative spatial pattern remains effectively stationary.

correlated (r = 0.22, p = 0.006), indicating that gas demand explains part of the interannual and202

month-to-month methane variability beyond the common seasonal forcing. Resolving the correlation203

by station and sector (Figure 4b) shows that methane correlates most strongly with the residential204

sector (R2 up to 0.43) and negligibly with the commercial and industrial sectors, in agreement with205

He et al. (2019), who reported R2 = 0.58 for the combined residential–commercial signal. The206

strongest station correlations occur at sites overlooking the eastern industrial corridor (60Industry,207

Downey). Together with the fixed spatial pattern, this isolates the residential and distribution-level208

natural-gas system, rather than large industrial point sources, as the dominant fugitive pathway209

sustaining the basin methane signal.210

3.5 Discussion211

Three lines of evidence, a flat 15-year ratio (Figure 1), a stationary relative hotspot pattern (Fig-212

ure 3), and a residential natural-gas signature (Figure 4), converge on a picture of methane sources213

that are structurally embedded in the urban gas-distribution and waste infrastructure of the basin.214

The three are not fully independent, since all derive from the same retrieved field, but they have215

different sensitivities to transport, retrieval bias, and inventory error, so their agreement strength-216

ens confidence that the persistence reflects source behavior rather than measurement artifact. We217

weight them accordingly below: the ratio trend is the primary result, while the spatial stationarity218

is supporting evidence subject to the geometric caveat of Section 3.3.219

Our findings both extend and refine the decadal picture of Zeng et al. (2023). Whereas that220

study emphasized that the absolute top-down methane decline (2011–2020) is much smaller than221

bottom-up inventories predict, our extended record shows that the emission ratio itself carries no222
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Figure 4: (a) Basin-mean CLARS CH4 (blue, ±1 SE) and total natural-gas consumption (orange),
2012–2025 (Pearson r = 0.64, p < 0.001). (b) Correlation (R2) between station-level CH4 and
natural-gas consumption by sector.

significant trend through 2025. It is important to state precisely what this does and does not223

imply. A flat ratio is not evidence that absolute methane emissions were constant: the CLARS224

∆XCH4 signal does decline over the record, but ∆XCO2 declines by a comparable relative amount,225

so the two changes largely cancel in the ratio. Consistently, the inventory-scaled emissions of226

Equation 3 also decline, driven by the falling CO2 inventory used in the tracer–tracer conversion,227

including the sharp 2020 COVID-19 reduction. The correct reading is therefore relative rather than228

absolute: methane has fallen no faster than the CO2-correlated activity of the basin, so there is no229

observational signature of methane-specific abatement over and above the general decline in fossil230

energy use. This distinction matters for policy evaluation, because a decrease in absolute emissions231

that simply tracks declining CO2 activity should not be counted as successful methane mitigation.232

It also motivates our emphasis on the ratio rather than on the derived emissions: the ratio isolates233

precisely the quantity that methane-targeted regulation is designed to move, and it does so without234

depending on an inventory.235

The dominance of the residential sector in the natural-gas correlation (Figure 4b; Figure S3)236

is consistent with the leakage-rate framework of He et al. (2019), who attributed roughly 1.4%237

of residential and commercial gas consumption to fugitive loss, and with ethane-based loss-rate238

estimates of 2.5–6% for the South Coast Air Basin (Wunch et al., 2016). The weak commercial and239

negligible industrial correlations argue against large industrial point sources as the primary driver240

of the basin-wide seasonal signal, instead implicating distributed, beyond-the-meter losses across241

the residential distribution network. The co-location of the fixed hotspots with LA County landfills242

(Figure 1a) further indicates a substantial, persistent biogenic contribution superimposed on the243

gas-distribution signal, consistent with prior source-attribution work in the basin (Hopkins et al.,244

2016; Townsend-Small et al., 2012).245

Several limitations temper these conclusions. First, although GFIT3 treats aerosol scatter-246

ing explicitly, residual scattering that is not fully accounted for can bias retrieved XCH4 and247

XCO2 and, because the two bands respond differently to aerosol, could in principle alias into the248

∆XCH4/∆XCO2 slope. We mitigate this with the O2-ratio and continuum screening (Section 2.1),249

and the stability of the slope across 15 years of varying aerosol loading argues against a large time-250
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varying scattering artifact, but a residual constant bias in the absolute slope cannot be excluded251

from the CLARS data alone. Second, the in-basin and background views are not comparable partial252

columns (Section 2.2): the long grazing basin path double-weights the boundary layer relative to253

the near-vertical Spectralon path. To test both issues we compare CLARS against the Total Carbon254

Column Observing Network (TCCON) site in Pasadena (Wunch et al., 2011), whose near-vertical255

solar columns are far better defined and much less sensitive to aerosols. Over the overlapping 2012–256

2025 period, CLARS-FTS and TCCON XCH4 are positively correlated (r = 0.55; Figure S5a), and257

both records exhibit consistent positive long-term trends, with CLARS higher and slightly steeper258

as expected for an in-basin, boundary-layer-weighted view relative to a free-tropospheric vertical259

column (Figure S5b). This agreement supports the fidelity of the CLARS methane retrieval; full260

quantitative closure of the absolute ∆XCH4/∆XCO2 slope additionally requires the corresponding261

XCO2 comparison, which we leave to dedicated future work. We therefore report the ratio trend262

and spatial persistence as robust while not claiming closure of the absolute slope here.263

Additional limitations concern the derived emissions and maps. The methane emissions in264

Equation 3 inherit uncertainty from the CO2 inventory, dominated by the biospheric correction to265

∆XCO2 (Section 2.3) and the GRACED-based extrapolation of ODIAC for 2024–2025 (Text S2);266

these affect absolute magnitudes but not the ratio-based trend, which is independent of the inventory.267

The spatial maps rest on only 9 collocated stations and a fixed slant-column geometry, so the268

persistence they show is a robust property of the retrieved field but may partly encode the invariant269

viewing footprint (Section 3.3). Finally, the tracer–tracer method assumes co-located CH4 and CO2270

sources well mixed within the boundary layer; localized super-emitters decoupled from CO2 (e.g., a271

single venting landfill) would not be captured by the ratio and warrant complementary point-source272

observations such as those from imaging spectrometers (Duren et al., 2019).273

From a monitoring and policy standpoint, the column emission ratio offers a practical, inventory-274

independent indicator of urban methane that is robust to meteorological variability and can be275

sustained at low cost from a fixed vantage. Its 15-year stability implies that, to date, methane-276

targeted regulation in California has not produced a detectable reduction in the basin’s top-down277

methane-to-CO2 balance. As CO2 emissions continue to fall under decarbonization, the relative278

importance of methane to the basin’s greenhouse forcing will grow, reinforcing the case for mitigation279

aimed specifically at the residential gas-distribution network and landfills rather than at CO2-280

correlated activity alone.281

4 Conclusions282

Fifteen years of CLARS-FTS observations show that the column ∆XCH4/∆XCO2 emission ratio283

over Los Angeles has not significantly changed (−0.005 ± 0.006 yr−1, p = 0.84), that the relative284

spatial pattern of methane in the retrieved field is essentially stationary, and that methane co-285

varies most strongly with residential natural-gas consumption. Because the basin CH4 and CO2286

signals declined together over the period, the stable ratio should be read as an absence of methane-287

specific abatement rather than as an absence of change in methane itself. That is the quantity288

methane-targeted regulation is designed to move, and it has not moved. We therefore recommend289

the self-normalizing, inventory-independent column ratio as a robust metric for long-term urban290

methane monitoring, and note that the results underscore the need for targeted, sector-specific291

mitigation of fugitive natural-gas and landfill emissions.292
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CLARS-FTS retrievals were produced with the GFIT3 algorithm (Zeng et al., 2021); NOAA/Mt. Wil-294

son Observatory flask data are available from the NOAA Global Monitoring Laboratory. The295

ODIAC fossil-fuel CO2 inventory (Oda and Maksyutov, 2011) is distributed by the National In-296

stitute for Environmental Studies, and the GRACED near-real-time inventory (Dou et al., 2022).297

Monthly natural-gas consumption records were provided by Southern California Gas Company un-298

der a data-use agreement and are proprietary; they cannot be redistributed by the authors and may299

be requested directly from Southern California Gas Company.300
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