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This study investigates the feasibility of detecting nighttime methane (CH₄) plumes in the lower troposphere using operational 10 

thermal infrared (TIR) imagery from the VIIRS sensor M12 midwave IR (MWIR) channel (3.7 µm), through a comprehensive 

radiative transfer sensitivity analysis using MODTRAN6 anchored to a real atmospheric profile. Simulations indicate that the 

atmosphere in the M12 band is optically thick (τ_eff ≈ 6.81) at background methane concentrations, and the detectable signal 

is therefore driven by the plume's thermal emission (path radiance) rather than surface absorption. We find that while plumes 

confined to the shallow nocturnal boundary layer produce a negligible signal regardless of concentration, plumes extending 15 

into the deeper residual layer yield substantially larger brightness temperature perturbations. At the native pixel scale, 

theoretical simulations indicate that detection (SNR ≥ 2) is probable only under an extreme super-emitter scenario at a 9× 

baseline concentration (~800% enhancement). Incorporating observationally constrained surface emissivity retrievals from the 

Combined ASTER and MODIS Emissivity over Land (CAMEL) dataset at 3.6 µm into the uncertainty budget propagated a 

surface-derived brightness temperature uncertainty of 𝜎𝑒𝑚𝑖𝑠 = 0.217 K, exceeding the instrument noise-equivalent temperature 20 

difference (NEΔT) and establishing an irreducible noise floor independent of window size. Thus, surface emissivity 

heterogeneity, rather than instrument noise, is the dominant limitation on detectability, and spatial averaging provides only 

limited benefit in mixed-covered scenes.  

Introduction 

Satellite measurements of nighttime methane (CH4) concentrations in the lower troposphere face significant challenges in top-25 

down measurements due to gaps in satellite sensitivity and retrieval capabilities. Within the lower atmosphere, methane 

concentrations are strongly modulated by the diurnal cycle of the boundary layer (Elum et al., 2026; Tran et al., 2025). During 

the day, convective mixing leads to a hypothetical uniform profile; however, at night, the formation of a shallow, stable 

nocturnal boundary layer (NBL) traps emissions, leading to surface accumulation followed by a sharp decrease into the residual 

layer (RL) and free troposphere above (Botía et al., 2020). Daytime retrievals are typically measured in the shortwave infrared 30 
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(SWIR) region, because reflected sunlight provides sensitivity across the entire atmospheric column, enabling retrievals of the 

column-averaged dry-air mole fraction of methane (XCH₄) (Hu et al., 2018; Lorente et al., 2021; Zheng et al., 2026). Nighttime 

observations must rely on thermal infrared (TIR) energy emitted from Earth’s surface and atmosphere. This is accomplished 

using sensors that operate in the midwave, longwave, and thermal infrared (MWIR, LWIR, and TIR) regions of the 

electromagnetic spectrum (Neinavaz et al., 2021; Webber and Kerekes, 2020).  35 

 

The MWIR region, particularly the 3.0–3.8µm range, offers the potential for methane detection due to its strong sensitivity to 

thermal emissions. At these wavelengths, an optically active gas plume creates a thermal contrast signal by absorbing upwelling 

radiation from the surface and emitting at the temperature of the surrounding atmosphere, thereby reducing interference from 

reflected solar radiation during nighttime observations (Xu et al., 2024). Methane’s absorption feature in MWIR is valuable 40 

for nighttime TIR analysis because of its strong signal and favourable signal-to-noise ratio (SNR) relative to water vapor, 

compared to LWIR. The MWIR region serves as an atmospheric window where water vapor absorption is minimal, leading to 

less uncertainty in retrievals, especially in the lower troposphere, where water vapor is abundant (Lechevallier et al., 2018).  

 

These characteristics highlight MWIR as a promising yet underutilized region for satellite-based nighttime methane retrieval, 45 

particularly compared with existing SWIR and LWIR approaches. Previous satellite-based analyses of GOSAT and TROPOMI 

found near-surface sensitivity in SWIR retrievals, whereas hyperspectral TIR sensors such as CrIS, IASI, and AIRS exhibit 

higher sensitivity in the mid-upper troposphere (Ni et al., 2023; Xiong et al., 2008; Zhou et al., 2023), but suffer from lower 

spatial resolution. However, many of these studies have primarily focused on daytime measurements (SWIR) or TIR retrievals 

in the LWIR range and have not assessed MWIR sensitivity to nighttime enhancements. Consequently, a significant 50 

observational gap exists in monitoring near-surface concentrations during nighttime hours, when SWIR sensors cannot operate 

due to the lack of reflected sunlight. While LWIR sensors can operate at night, their weighting functions typically peak in the 

mid-troposphere (De Lange and Landgraf, 2018; Siddans et al., 2017), limiting their ability to see emissions trapped in the 

boundary layer, in addition to interference from water vapor. This necessitates exploring MWIR as a potential solution. 

 55 

Specifically, the Visible Infrared Imaging Radiometer Suite (VIIRS) M12 (3.7µm) band provides an opportunity to explore 

this phenomenon in the lower troposphere under nighttime conditions. VIIRS, aboard the Suomi NPP, NOAA–20, and NOAA–

21 satellites, collects imagery and radiometric data of Earth and atmospheric features across 22 spectral bands ranging from 

the visible to the infrared spectrum (Hillger et al., 2013). The M12 band is a moderate-resolution Thermal Emissive Band 

(TEB) designed for high-temperature sensitivity (Cao et al., 2023). Its utility is highlighted in applications such as fire detection 60 

and characterization, sea surface temperature, and nighttime cloud detection.  For example, the VIIRS Nightfire (VNF) 

algorithm (Zhizhin et al., 2023) detects and characterizes subpixel infrared radiation from pyrometric methane sources such as 

burning biomass and natural gas flaring using the M12 and M13 TEBs.  However, the success of the VNF algorithm relies on 

the intense radiance of high-temperature combustion. An unanswered question is whether the M12 band retains sufficient 
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sensitivity to detect the more subtle thermal contrast generated by non-combusted, ambient-temperature methane plumes, and 65 

can be distinguished from background noise and other cofounding environmental factors.  

 

This research aims to determine the feasibility of detecting non-combusted, ambient-temperature methane plumes using VIIRS 

M12-band radiance and to quantify the atmospheric and surface conditions under which such detections are possible. To 

achieve this, we conduct a sensitivity analysis by modelling radiative transfer across a range of methane concentrations in both 70 

the NBL and extending to the RL. According to the work of Kapland (1959), observations at the wing of an absorbance 

spectrum permeate deeper into the atmosphere, whereas observations at the absorbance peak are optically deep and only 

observed from the top of the atmosphere (Menzel, 2001). Based on this, we hypothesize that the M12 band’s position on the 

wing of methane’s MWIR absorption feature may allow the sensor to detect thermal anomalies from plumes in the lower 

troposphere. This study explicitly tests this hypothesis by quantifying the change in at-sensor brightness temperature (ΔBT) 75 

resulting from the plume’s presence and calculating the corresponding Signal-to-Noise ratio (SNR) relative to both instrument 

and background noise. Addressing these questions will not only improve our understanding of MWIR sensitivity to methane 

but also contribute to advancing satellite-based nighttime monitoring capabilities and potentially inform future sensors to 

include channels better suited for this purpose.  

 80 

To achieve this, this study utilized the MODerate resolution atmospheric TRANsmission (MODTRAN) 6 model to perform a 

comprehensive sensitivity analysis of VIIRS M12 nighttime at-sensor radiance. A matrix of simulation ensembles was 

designed to systematically quantify the influence of three key variables: (1) Plume Vertical Extent (NBL vs. RL); (2) Methane 

Concentration (moderate vs. super-emitter); and (3) Surface Properties (emissivity from 0.99 to 0.89). The resulting at-sensor 

radiance and brightness temperature data from these ensembles were then used to quantify detectability and potential 85 

measurement biases for each scenario. 

Methodology 

1.1 Radiative Transfer Model and Simulation Setup  

Nighttime TIR radiative transfer simulations were performed in MODTRAN6 using the correlated-k algorithm to determine 

spectral absorption and the Discrete Ordinate Radiative Transfer (DISORT) algorithm to determine radiation propagation 90 

through the atmospheric layers. Viewing geometry was set using the VIIRS pixel coincident with the location of Howard 

University’s Beltsville Campus (HUBC) (Lat/Lon ≈ 39.048°, −76.874°) on October 19th, 2023, including the satellite zenith 

angle (5.31°), satellite azimuth (98.27°), and the sensor altitude of 830 km. This overpass coincides with a previous campaign 

at HUBC that assessed surface-level spatiotemporal variability in ambient methane from September 2023 to October 2024. 

During the 2023-2024 campaign, ground-level, UAV, and radiosonde (RAOB) deployments were conducted to identify diurnal 95 

and vertical characteristics of methane concentration in an urban setting (Elum et al., 2026). 
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Spectral integration was performed using the VIIRS M12 spectral response function (SRF). Accordingly, the simulated spectral 

window was set to 3500–3930 nm to span the SRF bandwidth. Following MODTRAN6 recommendation to satisfy the 

CHKRES constraint (runtime warning), a compliant slit-function spectral resolution (full-width, half-maximum, FWHM) and 100 

Nyquist-consistent spectral sampling (Δν) were used (Δν ≤ FWHM/2) to ensure adequate sampling of the instrument line shape 

during SRF-weighted integration.  Surface-air thermal contrast was prescribed by setting the pixel skin temperature (TPTEMP) 

to 3 K warmer than the near-surface atmospheric temperature, consistent with TIR plume detection thresholds requiring 3−5 

K gradients for realistic plume concentrations (Caico et al., 2017; Webber and Kerekes, 2020). In contrast, the area-averaged 

boundary temperature (AATEMP) was held at the near-surface value. This modest contrast represents typical nocturnal 105 

conditions while enabling measurable BT differences between surface emission and plume absorption/emission. 

1.2 Atmospheric Profile Construction 

Meteorological inputs (pressure, temperature, and water vapor) were obtained from an RS41-SGP RAOB launched during the 

VIIRS overpass on October 19, 2023, at HUBC, and used to define a 60-layer MODTRAN6 atmosphere input. The high-

resolution data were binned into 60 non-uniform vertical layers: 0.1 km spacing from 0−3 km to capture boundary layer 110 

structure, and 0.9 km spacing from 3−30 km for the free troposphere. Within each bin, temperature, pressure, and water vapor 

were averaged. Water vapor volume mixing ratio (VMR) was derived from the RAOB water vapor mixing ratio (MR) (g kg-

1) using the relation in Equation (1): 

 

𝑉𝑀𝑅 =
𝑀𝑅

𝜀
× 103 ,           (1) 115 

 

Where 𝜀  is the ratio of the molar masses of water vapor to dry air (𝜀 = 0.622). The background methane profile was derived 

from the Copernicus Atmosphere Monitoring Service (CAMS) global greenhouse gas reanalysis (EGG4) dataset. The 60 

methane layers of data were converted from mass mixing ratio (kg kg⁻¹) to ppmv and interpolated onto the RAOB pressure 

grid to create a co-registered CH₄−altitude profile, as depicted in Figure 1.  120 
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Figure 1: Atmospheric profile construction for MODTRAN6 at HUBC (39.048°N, −76.874°W). (a) The raw radiosonde (RAOB) 

temperature profile (~5000 samples at 1-s resolution) is shown with altitude. (b) The RAOB profile binned to 60 non-uniform altitude 

layers used in MODTRAN: 0.1-km spacing from 0–3 km (30 layers) to resolve boundary-layer structure and 0.9-km spacing from 

3–30 km (30 layers) for the free troposphere; within each bin, temperature, pressure, and water vapor were averaged to generate 125 
representative layer values. (c) Methane background profile from CAMS (EGG4) converted from mass mixing ratio (kg kg⁻¹) to 

ppmv and interpolated onto the RAOB pressure grid, producing a co-registered CH₄–altitude profile for radiative transfer 

simulations. 

1.3 Experimental Design: Methane Perturbation Scenarios 

To evaluate lower-tropospheric sensitivity in the VIIRS channel, four simulation ensembles were performed across two vertical 130 

regimes as seen in Figure 2. The first regime confined perturbations from the surface to 0.350 km, representing a nocturnal 

boundary layer (NBL) inferred from the low-level RAOB temperature structure at the time of the VIIRS overpass. This height 

encompasses the lowest four RAOB levels and represents the shallow, stable layer where nighttime surface emissions are 

trapped. The second regime extended perturbations through a residual-layer-like (RL) structure from the surface to a ceiling 

of 1.850 km (the 18th RAOB level), inferred from the broader profile structure. This layer is interpreted as the remnant of the 135 

previous day’s convective boundary layer, a common scenario for the vertical distribution of pollutants. For each of these two 

vertical regimes (NBL and RL), the entire CH4 column within the defined layers was scaled to both a moderate range (0.5–

1.5, i.e., ±50% from baseline) and a super-emitter range (2–9, i.e., +100–800% enhancement). Layers above the defined 

ceilings retained the unperturbed CAMS-derived background profile. The resulting CH4 concentrations in each model layer 

across all perturbation scenarios are summarized in Table 1. 140 
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Scale Factor Enhancement (%) Surface ppmv (NBL) NBL top ppmv (0.350 km) RL top ppmv (1.85 km) 

0.5 -50% 0.947 0.9424 0.925 

0.6 -40% 1.1365 1.1309 1.1099 

0.7 -30% 1.3259 1.3194 1.2949 

0.8 -19% 1.5153 1.5078 1.4799 

0.9 -9% 1.7047 1.6963 1.6649 

1 +0% 1.8941 1.8848 1.8499 

1.1 +10% 2.0835 2.0733 2.0349 

1.2 +19% 2.2729 2.2618 2.2199 

1.3 +30% 2.4623 2.4502 2.4049 

1.4 +39% 2.6517 2.6387 2.5899 

1.5 +50% 2.8411 2.8272 2.7749 

2 +100% 3.7882 3.7696 3.6998 

3 +200% 5.6823 5.6544 5.5497 

4 +300% 7.5764 7.5392 7.3996 

5 +400% 9.4705 9.424 9.2495 

6 +500% 11.3646 11.3088 11.0994 

7 +600% 13.2587 13.1936 12.9493 

8 +700% 15.1528 15.0784 14.7992 

9 +800% 17.0469 16.9632 16.6491 

Table 1: Simulated CH4 concentration profiles (ppmv) at the surface, NBL top (0.350 km), and the RL top (1.850 km) for each 

perturbation scale factor applied within the NBL-only and RL-inclusive regimes at the HUBC site. Baseline (1.0×) represents the 

unperturbed CAMS-derived profile. 

 

 145 
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Figure 2: Boundary-layer detail and perturbation layer definitions used to evaluate nighttime lower-tropospheric methane 

sensitivity. The lower 0–3 km portion of the (a) raw and (b) binned RAOB temperature profiles and (c) the CAMS-derived CH₄ 

profile are shown with the defined perturbation ceilings. The nocturnal boundary layer (NBL) top was set to 0.350 km to represent 

nighttime trapping of near-surface emissions during the VIIRS overpass (06:54 UTC / 02:54 local time). The residual layer (RL) top 150 
was defined at 1.850 km as the remnant of the prior daytime mixed layer. Simulations applied CH₄ perturbations either within the 

NBL only or across the full nocturnal column, including the RL, to bracket detectability under different vertical distribution 

scenarios. 

The ±50% moderate perturbation range reflects the realistic variability of boundary-layer CH4 observed at the HUBC site. 

During the 2023-2024 campaign, field intercomparison between ground-based analyzers at the site over a two-week 155 

deployment yielded ambient concentrations ranging from 2.05 to 2.20 ppm, representing a natural variability of roughly ±7% 

around the campaign mean (Elum et al., 2026). The 0.5×–1.5× scaling range deliberately brackets this observed variability, 

ensuring that the moderate-perturbation regime encompasses both instrument-level uncertainty and the full range of plausible 

ambient enhancement scenarios above background. Scale factors below 1.0× (depletion scenarios) also characterize the 

sensitivity floor of the VIIRS M12 sensor by establishing the lower bound of detectable signal change relative to the 160 

unperturbed CAMS baseline profile. The 100–800% super-emitter enhancement range is an idealized representation of a 

substantial increase in the full CH4 column within the affected layer. The EPA defines a methane super-emitter event 

operationally as a remote-detected source emitting 100 kg/hr or more (U.S Environmental Protection Agency, 2025). 

Accordingly, the selected perturbations are intended to approximate super-emitter-like conditions, rather than to convert the 

EPA threshold directly into a column scaling factor.  165 

1.4 Surface Property Simulation 

To account for variability in ground conditions, all simulation ensembles were run across a surface reflectance (ρ) sweep of 

0.01–0.11 in the MWIR. For opaque surfaces, this corresponds approximately to a surface emissivity (ε) range of 0.99–0.89 
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using Kirchhoff’s approximation (ε ≈1−ρ). Because VIIRS’ 750 m pixel integrates a mixture of built and natural land-cover 

types, the modeled sweep was intended to span plausible effective pixel-scale surface properties rather than represent a single 170 

uniform material.  

1.5 Data Analysis and Metrics 

To determine the radiometric impact of the methane perturbation, we first computed the differential channel brightness 

temperature (ΔBT). For each simulated case, ΔBT was calculated by subtracting the brightness temperature of the 

corresponding baseline case (methane scale factor = 1.0) at the same surface emissivity, as shown in Equation (2): 175 

 

∆𝐵𝑇 =  𝐵𝑇(𝑠) − 𝐵𝑇(𝑠 = 1.0),          (2) 

 

Where BT(s) is the band-averaged brightness temperature for a given methane scale factor(s). Next, to quantify the overall 

sensitivity of the M12 band to methane changes, we performed an Ordinary Least Squares (OLS) linear regression of brightness 180 

temperature against the methane scale factor for each scenario. The sensitivity is defined as the slope of this regression (𝛽1), 

as described by the model in Equation (3):   

 

𝐵𝑇(𝑠) = 𝛽0 + 𝛽1𝑠 + 𝜀 ,            (3) 

 185 

Where (𝛽1 ≡ ∆𝐵𝑇/∆𝑠) represents the change in brightness temperature per unit change in the methane scale factor (K per unit 

scale). Finally, to assess detectability, we normalized the absolute value of ΔBT by the published NOAA-21 VIIRS M12 band-

averaged noise-equivalent temperature difference (NEΔT) of 0.158 K (Wang et al., 2024) to obtain the SNR for each case by 

Equation (4): 

 190 

𝑆𝑁𝑅 =
|∆𝐵𝑇|

𝑁𝐸∆𝑇
 .            (4) 

 

For this study, we assumed an SNR ≥ 2 as the practical minimum threshold for probable methane detection above instrument 

noise. 

Results 195 

2.1 NBL-Confined Plumes 

Methane perturbations confined to the NBL, under both moderate (0.5–1.5) and super-emitter (2–9) scale factors, produce a 

thermal signal that is overwhelmingly dominated by surface emissivity. As shown in Figure 3, for the super-emitter case, the 
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M12 band-equivalent ΔBT increases linearly with CH4 scaling but remains negligible across all scale factors, with 

emissivity driving the variation. 200 

 

 

Figure 3. Nocturnal boundary layer (NBL) super-emitter methane perturbation response in the VIIRS M12 channel shown as 

brightness temperature anomaly (ΔBT) versus CH₄ scale factor (2–9×; +100% to +800%) for surface emissivities (ε = 0.89–0.99). 

ΔBT is computed relative to the baseline methane case (scale factor = 1.0) at each emissivity. ΔBT increases approximately linearly 205 

with methane scaling and reaches a maximum of ~+0.011 K under the strongest enhancement. 

 

Table 2 summarizes and compares the key metrics across the two NBL scenarios. In the moderate case, the maximum ΔBT 

is only ±0.001 K. While the super-emitter case is stronger, its maximum ΔBT is 0.011 K, corresponding to a maximum SNR 
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of just 0.070 compared to the NEΔT (0.158 K), which is also an order of magnitude below single-pixel detection thresholds 210 

(SNR ≪ 1).  

Methane Scenario Max Absolute ΔBT (K) Max SNR Average SNR CH4 Sensitivity (K per scale unit) 

Moderate (0.5–1.5×) 0.001 0.006 ~0.002 ~0.0019 

Super-Emitter (2–9×) 0.011 0.070 ~0.029 ~0.0010 

Table 2. Comparison of summary metrics for VIIRS M12 sensitivity to methane perturbations confined to the Nocturnal 

Boundary Layer (NBL). Metrics are shown for both a Moderate (0.5–1.5) and a Super-Emitter (2–9) concentration range. 

Reported values include the maximum absolute brightness temperature anomaly (Max |ΔBT|) observed across all emissivities, the 

corresponding maximum Signal-to-Noise Ratio (Max SNR), the approximate average SNR across all cases, and the average 215 

sensitivity derived from OLS regression (K per unit scale). The data show that even for a super-emitter, the maximum SNR 

remains an order of magnitude below detection thresholds, and the thermal sensitivity decreases with concentration scale, 

consistent with absorption band saturation. 

 

The OLS regression analysis confirms this observation. The analysis yielded a regression coefficient of 1.5382 for 220 

emissivity, compared to 0.0019 for the CH₄ scale factor in the moderate case, confirming that the influence of surface 

emissivity on the observed BT is stronger than that of the moderate perturbation scenario. Surface emissivity also produced a 

much larger BT gradient of ~0.15 K compared to concentrations alone. Intriguingly, the methane sensitivity coefficient 

marginally decreases for the super-emitter (0.0010 vs. 0.0019), suggesting the onset of absorption band saturation. Similar 

behavior has been reported in TIR methane plume simulations and detection studies, which show that brightness temperature 225 

differences quickly become insensitive to further increases in CH₄ enhancement once the effective absorption path is 

optically thick in the relevant bands (Jongaramrungruang et al., 2021). Although the spectral channel has theoretical 

sensitivity to the surface layer, there is not enough thermal contrast in the NBL scenario, given the shallowness of the layer 

and negligible surface-air temperature difference. 

2.2 RL Extended Plumes 230 

Because the BT values presented here are derived from MODTRAN6 forward simulation, instrument noise is not included in 

the modeled signal; detectability is instead evaluated by comparing simulated ΔBT against the VIIRS NEΔT (0.158 K), 

yielding the SNR metrics reported throughout. Extending methane perturbations into the RL dramatically amplifies the thermal 

signal. As shown in Figure 4, ΔBT increases substantially with CH4 scaling across all emissivities, with individual emissivity 

values producing a consistent vertical offset. This demonstrates that plume depth is a critical factor for thermal detection, with 235 

surface emissivity producing a small spread between emissivity cases relative to the CH₄-driven signal. 
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Figure 4. Residual-layer (RL) super-emitter methane perturbation response in the VIIRS M12 channel shown as brightness 

temperature anomaly (ΔBT) versus CH₄ scale factor (2–9×; +100% to +800%) for surface emissivities (ε = 0.89–0.99). ΔBT is 240 

computed relative to the baseline methane case (scale factor = 1.0) at each emissivity. ΔBT increases approximately linearly with 

methane scaling and reaches a maximum of ~+0.345 K under the strongest enhancement. 

 

Table 3 summarizes the key metrics, confirming that extending the plume into the RL is critical for signal amplification. 

Under moderate enhancements in the RL, the maximum ΔBT reaches ±0.033 K—a 30-fold increase over the NBL-only case. 245 

This is mirrored in the OLS regression, where the methane sensitivity coefficient increased from 0.0019 to 0.0644. In the 

super-emitter scenario, extending the plume into the RL produces a detectable thermal signal. The ΔBT reaches +0.345 

K under the strongest enhancement (9× scale, ε = 0.89). This corresponds to a maximum single-pixel SNR of 2.184 and is 
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the only scenario in our study in which the signal is strong enough to exceed the probable detection threshold of SNR ≥ 2. 

Furthermore, the data indicate that this threshold is met or exceeded for all enhancements of 800% (9× scale) across nearly 250 

the entire range of simulated surface emissivities (0.89 to 0.98), confirming that single-pixel detection is feasible under these 

specific, extreme conditions. 

Methane Scenario Max Absolute ΔBT (K) Max SNR Average SNR CH4 Sensitivity (K per scale unit) 

Moderate (0.5–1.5×) 0.033 0.228 ~0.111 ~0.0644 

Super-Emitter (2–9×) 0.345 2.184 ~1.299 ~0.0387 

Table 3. Comparison of summary metrics for VIIRS M12 sensitivity to methane perturbations extending into the Residual Layer 

(RL). Metrics are shown for both a Moderate (0.5–1.5) and a Super-Emitter (2–9) concentration range. The super-emitter scenario 

is the only case where the maximum SNR surpasses the detection threshold of 2, indicating a marginally detectable single-pixel 255 

signal under extreme conditions. 

2.3 Optical Depth Analysis 

To observe how M12’s channel-equivalent BT responds to methane perturbations, how the response differs between boundary 

layer structures (NBL vs RL), and methane scaling versus surface emissivity responses, we analyzed the band-effective optical 

depth (τ_eff) and transmittance for each perturbation scenario. Band-effective quantities were computed by integrating the 260 

MODTRAN6 channel output over the M12 SRF, following the standard formula for finite-bandwidth radiometers in Equation 

(4): 

 

𝑦̅ =
∫ 𝑤(𝑣)𝑦(𝑣)𝑑𝑣

∫ 𝑤(𝑣)𝑑𝑣
 ,            (4) 

 265 

where y(v) is the SRF-weighted mean of a spectral quantity in wavenumber space and w(v) is the NOAA-21 VIIRS SRF. 

This follows the standard VIIRS band-averaging and SRF convolution approach used in the VIIRS SDR user’s guide and in 

NOAA-21 VIIRS radiometric calibration analyses (Choi et al., 2024). Optical depth was computed from the band-integrated 

MODTRAN transmittance as 𝜏eff = −ln(𝑇band), and channel brightness temperature was taken directly from the 

MODTRAN channel-equivalent brightness temperature output. For super-emitter perturbations, cases were matched to the 270 

baseline (1.0 methane scale factor) by emissivity value before differencing.  

 

The baseline band-effective optical depth across all scenarios was 𝜏eff = 6.81, corresponding to an effective transmittance of 

approximately 0.0011, indicating that the VIIRS M12 band was largely opaque before and after methane perturbations were 

applied. Across both moderate (Scale 0.5–1.5) and super-emitter (Scale 2–9) scenarios, the standard deviation of Δτ across 275 

the emissivity sweep was zero at all scale factors. This indicates that the M12 band was saturated prior to any methane 

perturbation, consistent with the diminishing sensitivity coefficients observed in the OLS regression.  
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2.4 Spatial Averaging 

Given that only super-emitter plumes extending to the RL at 800% enhancement produced a marginally detectable single-

pixel signal, we assessed the feasibility of enhancing this signal through spatial averaging. The framework uses spatial 280 

average sampling to first improve the NEΔT from 0.158K. VIIRS’ M12 brightness temperature data were extracted from the 

HDF5-formatted SDR (Sensor Data Record) file, along with corresponding geolocation information. Raw brightness 

temperature values were converted to Kelvin using appropriate scaling factors derived from the dataset metadata. To identify 

the analysis location, we calculated the Euclidean distance from each pixel coordinate to the target location, selecting the 

pixel with the minimum distance as the center point. We used the nearest pixel to our target coordinates at HUBC to extract 285 

a 3×3 window centered on the center pixel, then calculated statistical values such as the mean and standard deviation. We 

next calculated the spatially averaged NEΔT by dividing the original value by the square root of the number of pixels within 

our window (√9 = 3). 

 

Figure 5 shows the histogram of brightness temperatures across the window, with the spatial mean and central pixel overlaid. 290 

The distribution indicated relatively low spatial variability within the window. The mean brightness temperature was 298.68 

K, while the central pixel value was 300.30 K, yielding a difference of ~1.6 K. The standard deviation was 2.33 K, 

corresponding to a coefficient of variation (CV) of 0.78%, indicating a thermally homogeneous scene at the scale of the 

averaging window. The total range across the window was 9.05 K, suggesting some localized thermal contrast (e.g., surface 

heterogeneity or sub-pixel variability), but not extreme fragmentation. 295 
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Figure 5. Histogram of VIIRS M12 brightness temperatures within the selected spatial averaging window centered on the M12 

pixel nearest to the HUBC RAOB launch site. The red dashed line denotes the spatial mean brightness temperature (298.68 K), 

and the orange dashed line denotes the central pixel value (300.30 K). The distribution indicates modest spatial variability (σ = 

2.33 K; range = 9.05 K; CV = 0.78%), with the central pixel slightly warmer than the scene mean but within the overall thermal 300 

variability of the window. 

 

Spatial averaging analysis shows that the nominal NEΔT of 0.158 K is reduced to 0.053 K under a 3×3-pixel window. This 

is consistent with the expected √N reduction in random noise and represents a three-fold improvement in radiometric 

sensitivity (cf. Table 3). This averaging increases the effective ground sampling distance from ~750 m to ~2.25 km. Further 305 

expansion to 5×5 and 7×7 windows decreases the effective NEΔT to 0.0316K and 0.0226K, corresponding to 5× and 7× 

improvement factors, respectively. However, this instrument-only noise reduction does not fully characterize the 

detectability limit, as it neglects spatial variability from surface emissivity. 

To account for this, we incorporated surface emissivity retrievals from the CAMEL (Combined ASTER and MODIS 

Emissivity over Land) V002 dataset at 3.6 μm, the closest available wavelength to the VIIRS M12 center wavelength of 3.70 310 
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μm. The CAMEL retrieval at the target location yielded a center-pixel emissivity of approximately 0.916. Since the product 

does not provide per-pixel retrieval uncertainty, the spatial standard deviation of emissivity across a 5×5 window of 

neighboring pixels (~25 km × 25 km) was used as a proxy for local surface emissivity variability, yielding a standard 

deviation of 0.0093. This window size was selected to balance spatial proximity to the target location with the need for a 

sufficient number of pixels to compute a stable standard deviation, given CAMEL’s native resolution of ~0.05° (~5 km).  At 315 

3.70 μm and a scene temperature of 300 K, the Planck sensitivity of 23.2 K per unit emissivity propagates this variability 

into an equivalent BT uncertainty of 𝜎𝑒𝑚𝑖𝑠 = 0.217 K. This term represents surface-emissivity heterogeneity and cannot be 

reduced through spatial averaging, as it reflects real variation in surface properties across the scene. The combined 

uncertainty is computed in quadrature as 𝜎𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 = √𝑁𝐸∆𝑇_𝑒𝑓𝑓2 + 𝜎𝑒𝑚𝑖𝑠
2. For the 3×3 VIIRS window, 𝜎𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 =

√0.0532 + 0.2172 = 0.223 𝐾. This quantity serves as the operational NEΔT, replacing the instrument-only NEΔT of 0.158 320 

K and representing the minimal BT difference detectable under realistic surface conditions at this location. Critically,  𝜎𝑒𝑚𝑖𝑠  

dominates this sum, and the instrument noise contribution becomes negligible regardless of window size. Expanding from 

3×3 to 7×7 VIIRS pixels reduces 𝜎𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑  marginally, from 0.223 to 0.218 K, because the emissivity floor remains fixed at 

0.217 K across all window sizes.  

 325 

Therefore, no enhancement scenario in our MODTRAN6 simulation set achieved a detectable SNR when compared to the 

operational NEΔT (𝜎𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 =  0.223 𝐾), which incorporates both instrument noise and CAMEL-derived emissivity 

uncertainty. This represents a direct comparison between the modeled methane signal (ΔBT from MODTRAN6 simulations) 

and the observationally constrained noise floor (𝜎𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑  from CAMEL retrievals). At the CAMEL-matched emissivity of ε 

= 0.92, the maximum simulated ΔBT of 0.336 K (9× scale factor, RL) yields a combined SNR of only 1.507. Across all 330 

emissivity values (0.89–0.99) and all scale factors (2×–9×), the maximum achievable SNR is 1.547, occurring at ε = 0.89 

and 9× enhancement. Table 4 reflects this revised uncertainty budget, with σ_combined remaining effectively constant 

across window sizes despite NEΔT_eff decreasing by up to 7×.  

 

Window 

Size 

Pixels Spatial 

Res 

(km) 

Mean 

BT (K) 

Std 

Dev 

(K) 

Range 

(K) 

Original 

NEΔT 

(K) 

Effective 

NEΔT (K) 

Improvement 𝜎𝑒𝑚𝑖𝑠 

(K) 

𝜎𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑  

(K) 

3x3 9 2.25 298.68 2.331 9.05 0.158 0.0527 3.0 0.217 0.223 

5x5 25 3.75 298.62 2.6933 10.46 0.158 0.0316 5.0 0.217 0.219 

7x7 49 5.25 298.81 2.885 10.98 0.158 0.0226 7.0 0.217 0.218 
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Table 4. Effect of spatial averaging window size on brightness temperature statistics and radiometric sensitivity for VIIRS M12 335 

(19 October 2023). Increasing the averaging window from 3×3 (2.25 km) to 7×7 (5.25 km) reduces the effective NEΔT according to 

√N scaling, improving theoretical temperature sensitivity by up to 7×. However, when surface emissivity heterogeneity is 

incorporated via CAMEL retrievals at 3.6 μm, using a 5×5 CAMEL pixel sampling window (~25 × 25 km) as a proxy for local 

emissivity variability, the resulting BT uncertainty of 𝝈𝒆𝒎𝒊𝒔 = 0.217 K dominates the combined noise budget. The operational 

NEΔT (𝝈𝒄𝒐𝒎𝒃𝒊𝒏𝒆𝒅) remains effectively constant across all VIIRS window sizes (0.223–0.218 K) despite NEΔT_eff decreasing from 340 

0.053 K to 0.023 K. Larger VIIRS averaging windows also exhibit greater spatial heterogeneity, as reflected in increased standard 

deviation and brightness temperature range, illustrating the trade-off between radiometric precision and spatial resolution. 

Discussion 

The simulations in this experiment are theoretical, not observationally validated, and make deliberate assumptions about 

plume geometry and atmospheric state to isolate radiative roles of plume vertical extent and emissivity. Plumes are treated as 345 

horizontally homogeneous within the VIIRS footprint and either entirely confined to the NBL or fully extended to the RL, 

whereas real plumes exhibit complex three-dimensional structures, shear-induced tilting, and partial pixel filling (Jacob et 

al., 2016; Worden et al., 2025). Additionally, the radiosonde launch notes indicated partial cloud cover with stratus present in 

the locale, while the simulations did not explicitly represent clouds. Therefore, the reported sensitivity thresholds should be 

interpreted most directly as clear-sky idealizations. Likewise, the temperature and water vapor profiles are representative of a 350 

mid-latitude fall condition. In practice, nocturnal inversions and lower-tropospheric moisture vary substantially by synoptic 

regime, surface type, and season, thereby shifting both the background optical depth and the vertical distribution of thermal 

contrast. As a result, the specific SNR thresholds and scaling coefficients reported apply to conditions with similar 

atmospheric conditions, and additional work is needed to map performance across the full range of atmospheric profiles.  

 355 

For example, in arid or semi-arid regions, where many major oil and gas basins and associated methane super-emitters are 

located, low humidity reduces competing water vapor interference, and strong diurnal surface-air temperature cycles can 

enhance thermal contrast, potentially improving relative methane sensitivity for TIR sensors (Irakulis-Loitxate et al., 2022; 

Simpson et al., 2024). However, highly heterogeneous surfaces such as bare soil, rock, and sparse vegetation introduce large 

emissivity-driven BT gradients that our MODTRAN6 simulations show can dominate the M12 signal. This finding is further 360 

quantified operationally through the CAMEL emissivity analysis, in which surface heterogeneity alone yields a BT 

uncertainty of 0.217 K, exceeding the maximum simulated methane signal across all enhancement levels tested. Over snow 

and ice, extremely shallow and persistent nocturnal inversions could also confine emissions to layers that are effectively 

invisible to optically thick TIR channels (Cox et al., 2016; Vihma et al., 2014) unless vertical mixing penetrates the RL. In 

humid or cloudy boundary layers, additional water vapor and low-cloud emission further increase the scene's optical 365 

thickness and reduce sensitivity to near-surface methane, favoring detection only when enhancements extend deeper into the 
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column (Panditharatne et al., 2025; Zhou et al., 2025). Collectively, these regime-dependent behaviors suggest that surface 

emissivity characterization represents the most critical operational constraint on nighttime MWIR methane detection. 

 

The findings of this study motivate consideration of what sensor modifications or algorithmic approaches would be required 370 

for an MWIR instrument to achieve operational nighttime methane detection. Although the VIIRS M12 bandpass was 

positioned on the tail of methane’s primary absorption feature to exploit reduced optical thickness relative to the 3.3 μm 

peak, our results demonstrate that this spectral positioning alone is insufficient, and the emissivity noise floor dominates the 

combined uncertainty budget.  A purpose-built MWIR methane sensor would likely benefit from a narrow band centered 

near 3.3 μm to isolate the methane absorption feature from adjacent water vapor interference, paired with high-fidelity 375 

surface emissivity characterization to reduce the noise floor this study identifies as the binding detection constraint. Many 

methane-imaging systems use a dual-filter or dual-band approach, with one channel centered near  3.3 μm for methane 

absorption and a second comparison channel to support contrast-based detection (Sinfrared and Zimmermann, 2014). 

Algorithmic approaches such as matched-filter retrievals could further enhance signal isolation, but their effectiveness would 

still depend on accurate emissivity characterization and stable scene conditions (Roger et al., 2024).  380 

 

Conclusion 

Our initial hypothesis was that the VIIRS M12 band, which has a small overlap with the wing of methane's MWIR 

absorption feature, might detect methane plumes by observing changes in upwelling surface radiance. Our results do not 

support this mechanism. The observed thermal anomalies are therefore not caused by the absorption of surface radiance, but 385 

by the sensor detecting the path radiance (thermal emission) from the plume itself. Our NBL simulations show that within a 

strong inversion, even extreme near-surface enhancements produce negligible changes in VIIRS M12 brightness temperature 

because the additional methane resides in air that is nearly isothermal with the surface and contributes marginally. 

A quantitative comparison across four simulated scenarios reveals a clear hierarchy of factors governing the strength of this 

emission signal. For plumes confined to the NBL, the thermal signal is negligible, with a maximum ΔBT of only +0.011 K 390 

even for a super-emitter. In contrast, extending a moderate plume into the RL amplifies its thermal signal to +0.033 K. This 

amplification effect is confirmed by an OLS regression, which shows the sensitivity coefficient for the CH₄ scale factor 

surging from 0.0010 in the NBL to 0.0644 in the RL—an amplification of over 30 times. This demonstrates that plume depth 

and thermal contrast are more critical factors for signal strength than near-surface concentration. 

 395 

However, surface emissivity introduces a critical secondary effect that influences detectability. While higher emissive 

surfaces produce a warmer absolute brightness temperature, they also create a brighter thermal background that reduces the 

contrast of the plume’s emission signal. Our results consistently show that the methane-driven ΔBT and its corresponding 
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SNR are highest over lower-emissivity surfaces and decrease as emissivity increases. Furthermore, the relationship between 

concentration and thermal signal is fundamentally non-linear. The regression analysis shows that the sensitivity coefficient 400 

for a super-emitter in the deep residual layer (0.0387) is notably lower than that of a moderate plume in the same layer 

(0.0644). This diminishing return provides definitive evidence of gaseous absorption saturation, which limits the potential 

signal from even the most extreme events.  

 

When spatial averaging is applied to improve instrument sensitivity, an additional operationally critical constraint arises. 405 

Incorporating surface emissivity retrievals from the CAMEL dataset at 3.6 μm reveals that real surface heterogeneity at the 

target location introduces a brightness temperature uncertainty of 𝜎𝑒𝑚𝑖𝑠  = 0.217 K, a noise floor that is independent of pixel 

size and cannot be reduced through averaging. When this emissivity-derived uncertainty is combined with the instrument 

NEdT in quadrature, the resulting 𝜎𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑  of 0.223 K exceeds the maximum simulated methane signal of 0.336 K at 9x 

super-emitter enhancement, yielding a combined SNR of 1.507, which is below the threshold under all window 410 

configurations tested. The theoretical improvement from spatial averaging is therefore only realizable over surfaces where 

emissivity is spatially uniform and retrievable with sufficient accuracy.  

 

Ultimately, this study finds that detection under purely instrument-noise-limited conditions is only marginally feasible for 

the most extreme super-emitter scenario: a single-pixel analysis yields a maximum SNR of approximately 2.18 at 9x 415 

enhancement (800%) at ε = 0.89. Once real surface emissivity heterogeneity is accounted for operationally, this marginal 

detectability is eliminated entirely. For an MWIR sensor with similar specifications to become operationally viable for 

nighttime methane screening, several conditions would need to be satisfied: 1) the target scene would require spectrally 

uniform, well-characterized, surface emissivity where the noise floor is minimized; 2) the plume would need sufficient 

vertical extent to penetrate the residual layer; and 3) surface emissivity data of sufficient spatial and spectral resolution 420 

would need to be available a priori for uncertainty characterization. Without these conditions, the emissivity noise floor 

renders the methane signal undetectable, regardless of instrument sensitivity or averaging strategy. Nighttime detectability in 

the MWIR is therefore governed not only by plume vertical extent and thermal contrast but also by surface emissivity 

characterization; a constraint that is often overlooked in instrument-noise-limited sensitivity analyses and identified here as 

the primary barrier to operational methane detection at 3.7 μm. 425 

Appendix A: Supplementary Figures  
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Figure A1:  Nocturnal Boundary-layer (NBL) VIIRS M12 band-equivalent brightness temperature (BT) heatmap for moderate 

methane perturbations (CH₄ scale factor = 0.5–1.5×) shows a strong emissivity-controlled BT gradient (≈0.17 K across ε=0.89–430 

0.99), while BT remains nearly invariant with CH₄ scaling (0.5–1.5×), indicating the methane perturbation produces changes at or 

below the rounding precision (~10⁻³ K). Values annotated in-cell are rounded to 0.01 K; methane-driven ΔBT occurs at ~0.001 K 

scale and is therefore not visually apparent at this rounding. 
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Figure A2. Nocturnal boundary layer (NBL) VIIRS M12 band-equivalent brightness temperature (BT) heatmap for super-emitter 435 

methane perturbations (CH₄ scale factor = 2–9; +100% to +800%) under surface emissivities (ε = 0.89–0.99). BT values are shown 

for each emissivity–scale-factor combination. The dominant BT structure is controlled by emissivity (strong horizontal gradient), 

while methane scaling within the NBL produces only weak within-emissivity BT changes (vertical variation), indicating limited 

nighttime CH₄ sensitivity for NBL-confined enhancements in M12. 

 440 
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Figure A3. Brightness temperature perturbations (ΔBT) in the VIIRS M12 channel for moderate methane scaling (0.5–1.5×) 

confined to the nocturnal boundary layer, shown for surface emissivities (ε = 0.89–0.99). ΔBT is computed relative to the baseline 

case (CH₄ scale factor = 1.0; dashed line) at each emissivity. Across all emissivities, ΔBT remains tightly bounded near ±0.001 K, 445 

indicating a radiometrically negligible M12 response to moderate NBL methane variability relative to the instrument noise floor 

(NEΔT = 0.158 K). 
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Figure A4. Residual-layer (RL) VIIRS M12 band-equivalent brightness temperature (BT) heatmap for moderate methane 

perturbations (CH₄ scale factor = 0.5–1.5×) under surface emissivities (ε = 0.89–0.99). BT values are shown for each combination of 450 

emissivity and CH₄ scaling, illustrating that emissivity primarily controls the absolute BT (strong horizontal gradient), while 

methane scaling introduces a smaller but coherent BT increase within each emissivity column (vertical gradient) when perturbations 

extend through the RL. 
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Figure A5. Residual-layer (RL) VIIRS M12 band-equivalent brightness temperature (BT) heatmap for super-emitter methane 455 

enhancements (CH₄ scale factor = 2–9; +100% to +800%) under surface emissivities (ε = 0.89–0.99). BT values are shown for each 

emissivity–scale-factor combination. BT increases with methane scaling when enhancements extend through the RL (vertical 

gradient), while emissivity continues to impose a strong horizontal BT offset across the surface range. 
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 460 

 

Figure A6. Residual-layer (RL) ΔBT response in the VIIRS M12 channel for moderate methane perturbations (CH₄ scale factor = 

0.5–1.5×) under surface emissivities (ε = 0.89–0.99). ΔBT is computed relative to the baseline case (scale factor = 1.0; dashed line) at 

each emissivity. Compared to NBL-only perturbations, RL-inclusive scaling produces a larger and more coherent methane-

dependent signal, with ΔBT increasing approximately linearly with CH₄ scale factor and reaching ~±0.02 K across emissivities. 465 

 

https://doi.org/10.5194/egusphere-2026-4225
Preprint. Discussion started: 27 August 2026
c© Author(s) 2026. CC BY 4.0 License.



25 

Appendix B: Supplementary Tables  

Emissivity (ɛ) Max Absolute ΔBT (K) Average SNR CH4 Sensitivity (K per scale unit) 

0.89 0.001 0.0035 0.0018 

0.90 0.001 0.0035 0.0021 

0.91 0.001 0.0028 0.0019 

0.92 0 0.0023 0.0012 

0.93 0.001 0.0029 0.0014 

0.94 0.001 0.0017 0.0013 

0.95 0 0.0023 0.0013 

0.96 0.001 0.0023 0.0013 

0.97 0 0.0001 0.0005 

0.98 0.001 0.0029 0.0014 

0.99 0 0 0 

Table B1. Summary metrics for moderate CH₄ perturbations (0.5–1.5×) confined to the nocturnal boundary layer across surface 

emissivities (ε = 0.89–0.99) in the VIIRS M12 channel. Reported values include the maximum absolute brightness temperature 

anomaly (max |ΔBT|) relative to the baseline case (scale factor = 1.0), the average signal-to-noise ratio (SNR = |ΔBT|/NEΔT; NEΔT 470 

= 0.158 K), and the linear sensitivity of BT to CH₄ scaling (slope of BT vs scale factor; K per unit scale). 

 

 

Emissivity (ɛ) Max Absolute ΔBT (K) Average SNR CH4 Sensitivity (K per scale unit) 

0.89 0.021 0.0754 0.0437 

0.90 0.020 0.0748 0.0434 

0.91 0.020 0.0731 0.0425 

0.92 0.019 0.0725 0.0409 
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Emissivity (ɛ) Max Absolute ΔBT (K) Average SNR CH4 Sensitivity (K per scale unit) 

0.93 0.020 0.0708 0.0413 

0.94 0.019 0.0702 0.0408 

0.95 0.018 0.0647 0.0398 

0.96 0.019 0.0685 0.0396 

0.97 0.018 0.0667 0.0387 

0.98 0.018 0.0644 0.0375 

0.99 0.018 0.0656 0.0379 

Table B2. Summary detectability metrics for moderate methane perturbations (CH₄ scale factor = 0.5–1.5×) extending through the 

residual layer (RL) under surface emissivities (ε = 0.89–0.99) in the VIIRS M12 channel. Reported values include the maximum 475 

absolute brightness temperature anomaly (max |ΔBT|) relative to the baseline case (scale factor = 1.0), the average signal-to-noise 

ratio (SNR = |ΔBT|/NEΔT; NEΔT = 0.158 K), and the methane sensitivity estimated from the slope of BT versus CH₄ scale factor (K 

per unit scale). 

 

Emissivity (ɛ) Max Absolute ΔBT (K) Average SNR CH4 Sensitivity (K per scale unit) 

0.89 0.012 0.0468 0.0014 

0.90 0.011 0.0419 0.0013 

0.91 0.011 0.0387 0.0013 

0.92 0.01 0.0340 0.0012 

0.93 0.01 0.0340 0.0012 

0.94 0.009 0.0372 0.0011 

0.95 0.008 0.0285 0.0010 

0.96 0.008 0.0285 0.0010 

0.97 0.007 0.0245 0.0001 
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Emissivity (ɛ) Max Absolute ΔBT (K) Average SNR CH4 Sensitivity (K per scale unit) 

0.98 0.007 0.0253 0.0001 

0.99 0.005 0.0198 0.0001 

Table B3. Nocturnal boundary layer (NBL) ΔBT response in the VIIRS M12 channel for super-emitter methane perturbations (CH₄ 480 

scale factor = 2–9×; +100% to +800%) across surface emissivities (ε = 0.89–0.99). ΔBT is computed relative to the baseline case (scale 

factor = 1.0) at each emissivity. ΔBT increases monotonically with CH₄ scaling but remains ≤0.012 K, and the methane-driven signal 

weakens as emissivity increases (e.g., maximum ΔBT decreases from ~0.012 K at ε = 0.89 to ~0.005 K at ε = 0.99). 

 

Emissivity (ɛ) Max Absolute ΔBT (K) Max SNR CH4 Sensitivity (K per scale unit) 

0.89 0.345 2.1835 0.0404 

0.90 0.342 2.1646 0.0401 

0.91 0.339 2.1456 0.0398 

0.92 0.336 2.1266 0.0394 

0.93 0.334 2.1139 0.0391 

0.94 0.330 2.0886 0.0387 

0.95 0.327 2.0696 0.0387 

0.96 0.324 2.0506 0.0380 

0.97 0.322 2.0380 0.0377 

0.98 0.318 2.0127 0.3729 

0.99 0.315 1.9937 0.0369 

Table B4. Summary metrics for residual-layer (0–1.85 km) super-emitter methane enhancements (CH₄ scale factor 2–9×) across 485 

surface emissivities (ε = 0.89–0.99). For each emissivity, the maximum absolute ΔBT, corresponding maximum SNR 

(max|ΔBT|/NEΔT; NEΔT = 0.158 K), and methane sensitivity (slope of ΔBT versus CH₄ scale factor) are reported. 
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Appendix C: OLS Regression Results  

Components Coefficient Std Error t p > | t | 0.025 0.975 

Intercept 265.7669 0.001 3.06e+05 0.000 265.765 265.769 

Emissivity 1.5745 0.001 1714.467 0.000 1.573 1.576 

Scale Factor 0.0012 9.18e-05 13.229 0.000 0.001 0.001 

Table C1. Ordinary Least Squares Regression analysis results for moderate perturbations in the nocturnal boundary layer.  

 490 

Components Coefficient Std Error t p > | t | 0.025 0.975 

Intercept 265.8015 0.002 1.39e+05 0.000 265.798 265.805 

Emissivity 1.5382 0.002 759.453 0.000 1.534 1.542 

Scale Factor 0.0010 2.8e-05 34.342 0.000 0.001 0.001 

Table C2. Ordinary Least Squares Regression analysis results for super-emitter perturbations in the nocturnal boundary layer.  

 

Components Coefficient Std Error t p > | t | 0.025 0.975 

Intercept 265.7014 0.003 1.01e+05 0.000 265.696 265.707 

Emissivity 1.5760 0.003 569.203 0.000 1.570 1.581 

Scale Factor 0.0644 0.000 232.469 0.000 0.064 0.065 

Table C3. Ordinary Least Squares Regression analysis results for moderate perturbations in the residual layer.  

 

Components Coefficient Std Error t p > | t | 0.025 0.975 

Intercept 265.9288 0.026 1.02e+04 0.000 265.877 265.980 

Emissivity 1.3952 0.028 50.652 0.000 1.340 1.450 

Scale Factor 0.0387 0.000 101.853 0.000 0.038 0.039 

Table C4. Ordinary Least Squares Regression analysis results for super-emitter perturbations in the residual layer.  495 

Code, data, or code and data availability 

VIIRS M12 (3.7 µm) Level-1B calibrated radiances were obtained from the VNP02MOD product, Collection 2 (VIIRS 

Calibration Support Team, 2022; https://doi.org/10.5067/VIIRS/VNP02MOD.002), distributed via NASA LAADS DAAC  

(Lin et al., 2022). Viewing geometry was obtained from the corresponding NOAA-21 (JPSS-2) GMODO geolocation granule, 

distributed via the NOAA Comprehensive Large Array-data Stewardship System (CLASS) (Cao et al., 2012). The VIIRS M12 500 

relative spectral response function used in MODTRAN6 simulations was obtained from the NOAA National Calibration 

Center (NOAA National Calibration Center, 2026). Atmospheric methane profiles used to configure MODTRAN6 simulations 
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were derived from the CAMS global greenhouse gas reanalysis (EGG4), produced by ECMWF and distributed via the 

Copernicus Atmosphere Data Store (Copernicus Atmosphere Monitoring Service, 2021; https://doi.org/10.24381/cda4ed31). 

Radiosonde profile measurements were obtained from the Howard University Beltsville Campus (HUBC) station of the GCOS 505 

Reference Upper-Air Network (GRUAN). MODTRAN6 (Spectral Sciences, Inc.) is proprietary radiative transfer software 

licensed on a commercial basis and is not publicly redistributable (Berk et al., 2014). 

Supplement link 

The link to the supplement will be included by Copernicus, if applicable. 
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