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Abstract


Municipal solid waste landfills are significant sources of atmospheric methane, the second most important greenhouse gas after carbon dioxide. Large emissions of methane from landfills contribute not only to global climate change, but also to local ozone formation due to the enhancement of radical chain lengths in atmospheric reactions of volatile organic compounds and nitrogen oxides. Several advanced techniques were deployed to measure methane emissions from two landfills in the Southeast Michigan ozone nonattainment area during the Michigan–Ontario Ozone Source Experiment (MOOSE). These techniques included mobile infrared cavity ringdown spectrometry, drone-mounted meteorological sensors and tunable diode laser spectrometry, estimation of total landfill emissions of methane based on flux plane measurements, and Gaussian plume inverse modeling of distributed methane emissions in the presence of complex landfill terrain. The total methane emissions measured at the two landfills were of the order of 500 kg/h, with an uncertainty of around 50%. The results indicate that both landfill active faces and leaking gas collection systems are important sources of methane emissions.
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1. Introduction


Methane is the second most important greenhouse gas (GHG) after carbon dioxide [1,2]. According to the US Environmental Protection Agency (USEPA), Washington, DC, USA, municipal solid waste (MSW) landfills are the third-largest source of anthropogenic methane emissions in the United States, accounting for approximately 15.1 percent of these emissions in 2018 [3].



In addition to being a major GHG, methane is a tropospheric ozone precursor. Because of its low reactivity and long atmospheric lifetime compared to other organic precursors of ozone, the USEPA does not classify methane as a Volatile Organic Compound (VOC). However, recent studies by the State of California have shown that some landfills are “super-emitters” that may release up to 3000 kg/h of methane to the atmosphere [4,5]. Such releases of methane may significantly enhance radical chain lengths in atmospheric reactions of VOCs and nitrogen oxides that lead to local ozone formation. Olaguer [6] has shown, using an advanced microscale chemical transport model, that a large leak of landfill gas can create a significant addition to ambient ozone over large distances downwind. This additional ozone is of the order of a few tenths of a part per billion (ppb) and is therefore non-negligible from the perspective of attaining the US National Ambient Air Quality Standard (NAAQS) for ozone, particularly in borderline ozone nonattainment areas such as Southeast Michigan (SEMI), where ozone design values (the three-year average of the annual fourth highest daily maximum eight-hour average ozone concentration measured at every monitoring station) for the three-year period of 2018–2020 exceeded the NAAQS by 1–2 ppb [7].



The State of Michigan has set a goal of achieving a 28 percent reduction below 1990 levels in GHG emissions by 2025 [8]. To achieve this goal, it is necessary to quantify current GHG emissions to better prioritize sources for controls, including MSW landfills. In addition, control of emissions of landfill gas may contribute to ozone attainment in SEMI. Assessment of the impacts of these controls may require more rigorous methods of landfill emissions estimation than the current practice of using the USEPA’s LandGEM model [9].



The quantity of methane emitted by a landfill depends on the amount of organic waste that undergoes anaerobic microbial decomposition [10,11]. Other factors include the distribution and type of landfill cover [12], site-specific design features of the gas collection system, working practices, and daily/seasonal weather, including precipitation and especially barometric pressure [13]. Landfill temperature is also an important factor. Much attention has recently been devoted to Elevated Temperature Landfills (ETLFs), in which sub-surface temperatures rise beyond normal range due to biological and chemical reactions among waste products and the trapping of heat by liquids [14,15]. While this may suppress the methane content of landfill gas by exceeding the optimal range of temperatures for methane generation [16], physical deterioration of the gas collection system due to elevated temperatures may lead to fugitive emissions of methane.



Monster et al. [17] reviewed methodologies for measuring fugitive methane emissions from landfills. These methodologies included tracer gas dispersion, differential absorption LiDAR (DIAL), aerial measurements from aircraft, eddy covariance; static mass balance, and surface flux chambers. Shah et al. [18] summarized prior attempts to perform methane measurements by using Unmanned Aerial Vehicles (UAVs) and a variety of measurement techniques, including small, inexpensive sensors; tethered and on-board sampling; and fast, higher-precision instruments.



An international air-quality field study known as the Michigan–Ontario Ozone Source Experiment (MOOSE) [19] was conducted from May to September 2021, and one of its major sub-experiments was entitled Methane Releases from Landfills and Gas Lines (MERLIN). In this sub-experiment, the Michigan Department of Environment, Great Lakes, and Energy (EGLE) conducted a project to develop and test new methods for estimating landfill emissions of methane involving the operation of UAVs, otherwise known as drones. The main objectives of this project were (1) to demonstrate the feasibility of quantifying leaks of methane by using increasingly available drone-mounted sensors and other advanced instrumentation techniques and (2) to measure total and spatially distributed emissions of methane at two landfills in SEMI.



The larger of the two participating landfills is referred to here as Facility A, while the smaller landfill is referred to as Facility B. Part 115 of Michigan’s Natural Resources and Environmental Protection Act (PA 451 of 1994 as amended) requires all landfills to report the amount of solid waste received annually [20]. In 2021, Facility A handled approximately 3 million cubic yards of municipal commercial and residential waste (MCW) and just under 1 million cubic yards of industrial (IW), construction and demolition (CD), and alternate daily cover (ADC) waste. (ADC is waste that may be used in lieu of soil as daily landfill cover.) Facility B processed around 800,000 cubic yards of MCW and 500,000 cubic yards of IW, CD, and ADC waste. Both Facility A and Facility B agreed to participate in MOOSE by allowing drone measurements to be conducted within and outside landfill boundaries.




2. Methodology


2.1. Measurement Platforms


The Scentroid DR1000 (Scentroid, 70 Innovator Ave Unit 7, Whitchurch-Stouffville, ON L4A 0Y2, Canada) is a UAV-mountable Flying Laboratory that contains up to five chemical sensors. When flown on a drone, the DR1000 can sample and analyze ambient air at heights of up to 150 m above ground level. For this project, a DR1000 was equipped with an LGD Compact-A (Axetris AG, Schwarzenbergstrasse 10, 6056 Kägiswil, Switzerland) Tunable Diode Laser Spectrometer (TDLS) with a methane lower detection limit of 0.4 ppm, at a sampling frequency of 2 Hz and a resolution of 10 ppb. In addition, the DR1000 carried a Global Positioning System (GPS) that was capable of concurrent reception of data from up to 3 Global Navigation Satellite Systems and an onboard pressure sensor to measure altitude. The DR1000 was mounted on a DJI M600 heavy lift drone. While in flight, the DR1000 recorded position, altitude, temperature, humidity, and ambient methane concentration. A Ground Station consisting of a specialized laptop with a high-gain WIFI antenna and Drone Information Management Software (DRIMS) allowed the user to control the Flying Laboratory and log all acquired data.



The quantification of landfill gas emissions requires measurements not only of ambient methane concentrations, but also of meteorological parameters such as the prevailing wind speed and direction, temperature, and pressure. A second drone was deployed to obtain these measurements, using a miniaturized anemometer. This was an Aegis IEV2 drone equipped with a BlueHalo WP-V2 UAS Weather Payload (BlueHalo, LLC, 410 Jan Davis Dr NW, Huntsville, AL 35806, USA), which measured and recorded the tilt, heading, and position of the drone in addition to meteorological parameters.



Fieldwork was conducted in the late summer of 2021, coinciding with the MOOSE campaign. This enabled drone measurements to be coordinated with ground-based mobile measurements based on infrared cavity ringdown (CRD) spectrometry by the University of Michigan, using the Michigan Pollution Assessment Laboratory (MPAL) [21]. The MPAL deployed two different CRD spectrometers (Picarro, 3105 Patrick Henry Dr., Santa Clara, CA 95054, USA), a Picarro G2401 and a Picarro G2204, which were mounted on the roof and at the front of the mobile lab, respectively. The MPAL was also equipped with meteorological instruments to measure wind speed, wind direction, temperature, and relative humidity in real time, as well as a GPS to mark locations of measurements.




2.2. Inverse Modeling of Methane Emissions


In typical US air-quality permit applications, the AERMOD Gaussian plume dispersion model [22] is used to compute ambient air concentrations around a facility given specified emissions at various facility release points. This is an example of “forward modeling”. The opposite, known as “inverse modeling”, infers emissions by means of a model that uses measured ambient air concentrations. For example, Lan et al. [23] used mobile lab measurements of atmospheric methane and an inverse Gaussian dispersion model based on AERMOD to quantify fugitive methane emissions from landfills and oil and natural gas operations in the Barnett Shale region of Texas.



Inverse modeling of ethylene oxide based on the Gaussian plume approximation was previously performed by EGLE for a medical sterilization facility in Grand Rapids, Michigan [24]. In that case, there was only a single source, and it enabled facility emissions of ethylene oxide to be estimated by using simple linear regression. Measurements of ethylene oxide were obtained from Summa canister samples that were analyzed by using gas chromatography with mass spectrometry detection (USEPA Method TO-15).



For this application, relevant aspects of AERMOD were re-coded in the Python language to construct a multilinear model in which an M × N matrix of transfer functions (describing the dispersion of methane plumes from N landfill point sources to M receptors in the presence of complex terrain) was multiplied by an N-dimensional column vector of methane emissions to yield an M-dimensional column vector of methane concentrations at receptors (measured by the front CRD spectrometer on the MPAL) minus the local background concentration (see below). Measured concentrations below a global background of 1.85 ppm were excluded in determining receptor concentrations or the local background concentration.



The inverse modeling problem is to infer the unknown emissions (the N-dimensional column vector) from the known receptor measurements (the M-dimensional column vector) and M × N transfer matrix. This was achieved by employing a multilinear equation solver for non-square coefficient matrices that is a standard mathematical optimization procedure. The Scipy algorithm, lsq_linear, was used as the numerical solver for this purpose. A similar method for landfill emissions estimation was demonstrated by Figueroa et al. [25], but without accounting for complex terrain.



The mathematical details of the transfer matrix and Gaussian plume dispersion parameters under both stable (evening through early morning) and convectively unstable conditions are described in the Supplementary Materials. The structure of the atmospheric boundary layer was accounted for by using standard AERMOD formulas. The height of the boundary layer (mixing height) and other dispersion parameters were inferred from available airport or site-specific meteorological data. In both the stable and convective cases, measurements of wind speed, wind direction, air temperature, and barometric pressure were required inputs, in addition to the roughness length (set at 0.1 m) and cloud cover (based on nearby airport indications). Additional required inputs in the convective case included the surface albedo (set at 0.23) and the Bowen ratio (set at 0.55). These surface parameters were estimated for local Michigan conditions, using the USEPA’s AERSURFACE preprocessor [26].



A horizontal domain was determined for modeling purposes that included the entire landfill property and enough of the surrounding area to encompass measurements conducted during the period of interest. Figure 1 and Figure 2 show approximate model domains for the two surveyed landfills, along with contours of terrain elevation above the local background elevation. The terrain beyond landfill boundaries is very flat. Ambient air measurements and potential source locations were assigned to grid cells within the model domain. If there were multiple measurements within a receptor grid cell, then the average of the measurements was used as the receptor concentration. A horizontal grid resolution of 100 m was sufficient in the case of Facility A. In the case of Facility B, a finer resolution of 10 m was warranted. Due to this finer resolution, variations in elevation were accounted for only within the landfill in the case of Facility B. In both cases, the vertical domain had a grid resolution of 10 m with the model top at 800 m.



Among the important parameters required by the inverse model is the local background methane concentration. To compute this quantity, the model first identified the measurement receptors that were not downwind of any plausible emission sources within the landfill based on the transfer matrix. The average of all the upwind measurements was then computed and compared to the minimum downwind methane concentration. The smaller of these two values was then assigned as the local background concentration. This accommodated the possibility that the upwind concentrations were the result of landfill air recirculation, especially in the case of a stable boundary layer. It also guaranteed that the receptor column vector included only positive values.



If unconstrained, the inverse model described above can assign emissions to various grid cells within the landfill in such a way as to grossly overestimate the total emissions of methane. This may be related to the degree to which the linear system is underdetermined due to the mismatch between the number of release points and the number of receptors. To avoid this problem, total emissions were specified as a model constraint, implemented by adding a row to the transfer matrix with each element assigned a value of 1, and adding a row to the receptor column vector with a single element set equal to the constrained total emissions. The total methane emission rate was therefore treated as a parameter that could be inferred from the performance statistics of various emission scenarios. A linear regression of measured versus simulated methane concentrations at the receptor grid cells was computed for each emission scenario. The inferred total methane emission rate was obtained from the scenario that yielded values of the regression slope and correlation coefficient closest to 1.




2.3. Model Inversions of Mobile Laboratory Data


During the early phase of MOOSE, prior to the deployment of the EGLE drone systems, the MPAL visited various landfills in SEMI to perform methane characterization experiments. What follows is a demonstration of the inverse model technique at 100 m cell resolution based on mobile lab data collected at Facility A on 5 June 2021, during which cloud cover was estimated at 50% throughout the morning.



Figure 3 shows MPAL measurements of methane concentration outside the landfill from 7:10 a.m. to 7:27 a.m. that day. The inferred local background concentration was 2.0 ppm. Based on MPAL meteorological measurements, the vector-averaged wind during that period was 1.8 m/s from a direction of 246° (southwesterly). The average temperature and barometric pressure were 294.5 K and 979 mb, respectively. The inferred mixing height under stable conditions was 136 m.



The best model performance was obtained when total emissions were set to 500 kg/h. This is illustrated by Figure 4, which plots measured concentrations versus concentrations at the receptor sites predicted by the forward model based on emissions inferred by the inverse model. Figure 4 also shows the slope and correlation coefficient (R) obtained from linear regression, both of which are close to 1.



Figure 5 shows the spatial distribution of landfill emissions of methane inferred by the inverse model from the MPAL measurements. The inferred emissions arise mainly from areas around gas wells located at the northern end of the landfill. The presence of these leaks was confirmed by Surface Emission Monitoring (SEM) conducted by EGLE inspectors, using a handheld Non-Dispersive Infrared (NDIR) methane sensor. Leaks on the northeastern side were due to the removal of gas wells in preparation for a new waste cell, while those in the northwest were due to flooded wells and insufficient cover in an area of high methane production associated with relatively new waste.



Figure 6, Figure 7 and Figure 8 display similar information as Figure 3, Figure 4 and Figure 5 but using MPAL measurements conducted at Facility A from 10:24 a.m. to 10:39 a.m. on 5 June 2021. The corresponding local background methane concentration was 1.98 ppm. The vector-averaged wind during that period was 3.1 m/s from a direction of 246° (southwesterly). The average temperature and pressure were 299 K and 980 mb, respectively. The inferred mixing height under convective conditions was 431 m. The inferred emissions for the late morning were also 500 kg/h, which is consistent with the median methane emissions reported in the California Methane Study, but below the high end (>1000 kg/h) of super-emitting landfills [4,5]. Note that the inferred emissions are again at the northern edge of the landfill, rather than in the landfill interior.



A portion of landfill methane emissions may come from the active face and associated side slopes of the landfill that are often significantly elevated in height compared to gas wells near the facility fence line. Plumes from this part of the landfill may not have been sensed by the MPAL, owing to their elevation. Moreover, the inverse model is very sensitive to the assumed total emissions of methane. A direct measurement of total emissions is therefore highly desirable to increase confidence in the inverse model results.




2.4. Drone Measurement Strategy


The limitations described in the previous paragraph were a strong motivation to deploy drone-mounted sensors. The drone measurement strategy consisted of two parts: (1) estimation of the total landfill emissions by measuring horizontal methane fluxes through a vertical plane (flux plane) and (2) raster grid measurements directly above interior landfill sources.



A Python code was developed to enable methane fluxes to be calculated. The algorithm divided the flight interval of a drone into vertical bins (typical width of ~10 m) for which the bin averages of various parameters were computed, including the vector wind, the excess methane concentration above a global background of 1.85 ppm, and the atmospheric density. The assumption in the calculation is that sources within the landfill predominantly contribute to the excess methane over background. (The global background was used as a threshold rather than the local background to maintain independence from other measurements.) Moreover, only the flux component perpendicular to the chosen flux plane was counted, so that the total methane flux for the landfill was the sum of positive fluxes minus the sum of negative fluxes for all distinct flux planes.



The flux plane method described above differs from the near-field Gaussian plume inversion flux quantification method of Shah et al. [18,27] in that the former method is applied downwind of an entire collection of landfill sources. The method of Shah et al., however, focuses on upwind and downwind flux measurements, using drones flying very near single point sources.



The two participating landfills provided staff to assist EGLE personnel in the planning and implementation of the drone flights during the project. As part of the standard pre-flight procedures, the Pilot in Command (PiC) checked the ground wind directions on multiple flight applications and coordinated with landfill staff to find the optimal locations for perpendicular flux plane and raster grid patterns. Minimizing the interference from truck traffic, as well as staying away from the actual working area of the landfill, sometimes resulted in less-than-optimal flight patterns or locations.



The typical flux plane flight was downwind from the active face of the landfill. The take-off/landing area was located so as not to interfere with landfill operations and yield the longest straight flight path. The DR1000 would climb to 10 m above ground level after takeoff, fly until it reached the end of the straight line or reached an obstruction, ascend 10 m, and then fly back. This pattern would be repeated until methane levels fell to back down to background levels or the carrying drone reached the US Federal Aviation Administration (Washington, DC, USA) maximum ceiling (allowed height), after which the drone returned to the landing area. The heights of many flights peaked at around 40 m above ground level.



The typical raster flight started from the same takeoff/landing site as the flux plane flight and was oriented perpendicular to the wind. The PiC and the landfill team would estimate the flight altitude needed to cover the raster area. This ranged from 20 to 50 m above perimeter elevation depending on any obstructions. Once the DR1000 was at the correct altitude, the PiC would fly the drone to the far end of the area of interest. The drone would be kept at the same altitude, but it would be flown 10 m toward the landfill surface and then start its return trip. This would be repeated until the drone reached a height of 10 m above the surface. From there, the PiC would start flying segments that were as close to perpendicular to the previous flight paths, again maintaining a constant altitude and 10 m spacing between flight segments. The drone would return to the landing area as soon as it reached the end of the area or an obstruction that prevented it from completing the ideal pattern.



The Aegis meteorological platform was flown primarily in a vertical pattern at a location that best represented the vertical wind profile pertaining to the Scentroid DR1000 flight plan of interest. Flight segments for both drone platforms were based on visual observations due to the day-to-day changes at the landfills. Because the Aegis did not always fly with the compass pointed in the direction of magnetic north, a correction factor was applied to the measured wind direction. The ground course readings from the flight logs were verified with the actual flight recording showing the compass direction and then averaged to produce the appropriate correction factor.





3. Results of Drone Monitoring


3.1. Facility A on 14 September 2021


An example of the potential effectiveness of drone measurements is provided by an analysis of data collected at Facility A on 14 September 2021, from 9:04 a.m. to 9:23 a.m. (The MPAL was not present at the landfill that day.) Unfortunately, an electrical problem with the meteorological platform wiped out all the data on the Secure Digital (SD) card, so instead of direct wind measurements, this analysis makes use of nearby airport data supplemented by vertical extrapolations of the wind measurement at anemometer level to other heights based on standard AERMOD formulas. The airport anemometer level wind speed and wind direction were 5.36 m/s and 200°, respectively, while the air temperature was 295 K. Cloud cover was estimated at 70%. The resulting inferred mixing height was 790 m.



Figure 9 shows flux plane data collected at the downwind edge of the landfill. Note that, despite the very high mixing height, the fence line methane concentrations are often well above 10 ppm. The calculated outgoing methane flux in this case was 555 kg/h.



Figure 10 shows raster measurements in the interior of Facility A. The local background methane concentration inferred from the raster measurements was 2.05 ppm. Figure 11 shows the solution quality of an inverse model run with only drone raster data as input, at a 100 m cell resolution, and with total methane emissions of 555 kg/h. The solution quality is acceptable (R2 > 0.5) without any tuning of model parameters.



Figure 12 shows the distribution of landfill emissions of methane obtained from the drone measurements, which now include elevated emissions on the active face of the landfill, as well as emissions from sources further downwind until the edge of the landfill. The leak locations inferred from the drone measurements were once more verified by SEM measurements conducted by EGLE inspectors, using a handheld NDIR methane sensor.




3.2. Facility B on 28 September 2021


The only day on which the Aegis meteorological platform was successfully deployed to enable a flux plane evaluation to be conducted with local wind measurements, as well as the DR1000′s methane sensor, was 28 September 2021. The MPAL was also present on September 28 and was able to conduct mobile CRD measurements around the perimeter of Facility B, as shown in Figure 13.



The wind measured by the MPAL during the period of interest was close to calm (~1 m/s), and so the MPAL could not be relied on to provide a stable wind direction. The nearest airport reported anemometer-level winds of 10 mph (=4.47 m/s) from the direction of north northeast (NNE).



Facility B is a heavily screened landfill, with buildings, power lines, main roads, and other obstacles to drone flights located on its perimeter. This made it very difficult to conduct flux plane measurements immediately outside the landfill. Interference of built structures with the wind flow may also explain why the MPAL measured relatively calm winds at ground level around the landfill. Based on the prevailing northeasterly wind direction and ongoing landfill activities, the project team decided to conduct flux plane measurements at an elevated area in the vicinity of the active face of the landfill.



Figure 14 and Figure 15 show two sets of flux plane measurements with the DR1000. The first set, referred to as the Western Flux Plane, consists of a relatively shallow flight plane that is supplemented by a deeper flight plane at the summit of the active face above the first flight plane. The total depth of the Western Flux Plane was about 36 m. The second set, referred to as the Southern Flux Plane, was conducted at the southern edge of the active face with a total flight depth of 23 m. A vertical meteorological profile was conducted separately for each DR1000 flux plane set. The computed methane fluxes were 233.9 kg/h for the Western Flux Plane, and 203.5 kg/h for the Southern Flux Plane. The total estimated methane emissions from the landfill were, thus, 437 kg/h.



Note that the Carbon Mapper Global Observatory [28] made aircraft measurements on a separate date for Facility B, which indicated a 227 kg/h plume from the active face of the landfill. Although day-to-day variability is only one component of uncertainty in fugitive emissions of methane, the difference between the Carbon Mapper measurement and the drone-based measurement suggests an uncertainty of about 48%.



In addition to the flux plane measurements, the DR1000 was flown in a raster pattern directly over the active face of the landfill, as illustrated in Figure 16. The local background methane concentration inferred from the combination of DR1000 and MPAL measurements was 2.0 ppm.



The MPAL and drone (both flux plane and raster) measurements were fed to the Gaussian plume inverse model constrained by total methane emissions of 437 kg/h. The model anemometer wind speed was set at the lowest value measured by the Aegis platform, namely 3 m/s. The corresponding wind direction was set at 36 degrees, which was the closest direction to NNE measured by the Aegis platform. Both the wind speed and wind direction selected for the inverse model were associated with the lowest layer in the Southern Flux Plane. These parameter choices were made to be as consistent as possible with the anemometer wind speed and direction reported at the nearest airport, while still reflecting local wind measurements. Additional model input parameters included surface temperature and pressure values of 290 K and 990 mb inferred from MPAL measurements, and a cloud cover of 30% based on airport conditions. A convective boundary layer height of 385 m was inferred for this case.



Figure 17 displays the scatter plot for the case of 28 September 2021 at Facility B. Once more, the solution quality is acceptable (R2 > 0.5), without any tuning of model parameters. The lower correlation coefficient relative to the cases of 5 June probably reflects the wind variability observed by the MPAL during the morning of 28 September.



Figure 18 shows the locations of highest emissions within the landfill deduced from the inverse model. These emissions were clustered in the active face, as confirmed by SEM monitoring by EGLE inspectors on the same day. The maximum localized (point source) emission rate inferred by the inverse model was 10.5 g/s.





4. Discussion and Conclusions


This project successfully deployed several advanced techniques to measure methane and estimate emissions from two landfills in the SEMI ozone nonattainment area during the MOOSE field study. These techniques included the following:




	
Mobile infrared cavity ringdown spectrometry;



	
Drone-mounted tunable diode laser spectrometry;



	
Drone-mounted meteorological sensors;



	
Estimation of total emissions of methane based on flux plane measurements;



	
Gaussian plume inverse modeling of distributed methane emissions.








The results indicated that emissions from both the active face of the landfill and leaking gas collection systems are important sources of landfill emissions. This is an important finding because reported methane emissions from landfills typically do not account for contributions from the active face. Consequently, GHG-emission inventories may significantly understate the role that landfills play in climate change.



The total methane emissions measured at the two participating landfills were of the order of 500 kg/h, significantly lower than the upper range of emissions reported in the California Methane Study. In the case of Facility A, the lower emission rate is likely due to significant improvement in work practices resulting from a change in ownership before the MOOSE campaign, as noted by EGLE inspectors.



The results of this study may be compared to the landfill total methane emission rates measured by Lan et al. [23] for four landfills in the Barnett Shale region, which ranged from 86 to 2087 kg/h, with an average total emission rate of 738 kg/h. Comparing this average value with the MOOSE drone measurements suggests that the uncertainty in the drone-based estimates is of the order of 50%, similar to the uncertainty estimate derived from a comparison with Carbon Mapper. This is within the lower and upper uncertainty bounds of 17% and 227% estimated by Shah et al. [27] for their drone flux measurements. Galfalk et al. [29] also used drones to perform multiple methane flux plane measurements surrounding a sludge pile at a wastewater treatment plant with higher resolution wind measurements than in this study. Their reported uncertainties were around 6%, suggesting that spatial and temporal variability are larger sources of emissions uncertainty than measurement error. More recently, Corbett and Smith [30] employed a tunable diode laser on both fixed-wing and multi-rotor UAVs to estimate the uncertainty of methane emissions measurements based on controlled release experiments, as well as real field data. For their quadcopter rotary drone surveys, they estimated errors of less than 32% absolute difference and 24.8% average difference when flying downwind flux planes.



The limited scenarios considered here only partially address the considerable variability in landfill emissions indicated by mobile lab data from the entire MOOSE campaign, which will be the subject of a separate paper. Because of limited success in the deployment of the Aegis drone measurement platform and other technical problems that arose during the project, a larger set of directly measured total methane fluxes using the drone technique could not be provided. More studies are warranted to better characterize and quantify the variability of landfill gas emissions and the factors that contribute to it.



The novelty of this research is that this is the first application of drone measurements and an inverse model to infer both total and distributed emissions of methane from an entire landfill in the presence of complex terrain, in contrast to the prior studies of Figueroa et al. [25] and Shah et al. [27]. Ali et al. [31] applied a Gaussian plume model and the stochastic optimization technique of Kormi et al. [32] to perform inverse modeling of methane emissions from a landfill in Georgia based on a combination of SEM, drone, and downwind mobile lab measurements. However, their inverse model did not account for complex terrain and employed simpler estimates of dispersion based on the Briggs method [33]. The technique described in this study is highly efficient and can provide results in near-real time, that is within a few hours after measurements are completed. Possible future extensions of this research may involve drone-enabled tomographic measurements based on open-path optical instruments, such as the ground-based tomographic network demonstrated by Olaguer et al. [34].



The benefits of this research include an increased ability to locate and quantify methane emissions, not only from landfills, but from other sources as well, such as oil and gas exploration and production and waste management facilities. Improved methane emission inventories will enable countries to better identify appropriate emission control strategies and live up to their agreement under the Glasgow Conference of Parties in November 2021 (COP26) to reduce methane emissions by 30 per cent by 2030 compared to 2020 levels [35]. Moreover, it will enable national, state, and local regulators to reduce exposure to ground-level ozone by reducing emissions of methane, as well as accompanying VOCs, especially through real-time leak detection and repair (LDAR).
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Figure 1. Model domain and terrain elevation above local background for Facility A. Blue line is approximate border of the landfill. 
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Figure 2. Model domain and terrain elevation above local background for Facility B. Blue line is approximate border of the landfill. 
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Figure 3. CH4 concentrations (ppm) measured by MPAL on 5 June 2021, 7:10 a.m. to 7:27 a.m. 
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Figure 4. Scatter plot of measured methane concentrations versus modeled concentrations for 5 June 2021, 7:10 a.m. to 7:27 a.m. R denotes the correlation coefficient. The (orange) regression and (blue) 1:1 lines are also displayed. 
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Figure 5. Inferred distribution of landfill emissions of methane for 5 June 2021, 7:10 a.m. to 7:27 a.m., based on MPAL measurements. Contours are drawn for 1, 3, 5, and 10 g/s. Blue line is approximate border of the landfill. 
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Figure 6. CH4 concentrations (ppm) measured by MPAL on 5 June 2021, 10:24 a.m. to 10:39 a.m. 
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Figure 7. Scatter plot of measured methane concentrations versus modeled concentrations for 5 June 2021, 10:24 a.m. to 10:39 a.m. R denotes the correlation coefficient. The (orange) regression and (blue) 1:1 lines are also displayed. 
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Figure 8. Inferred distribution of landfill emissions of methane for 5 June 2021, 10:24 a.m. to 10:39 a.m., based on MPAL measurements. Contours are drawn for 1, 3, 5, 10, 30, and 50 g/s. Blue line is approximate border of the landfill. 
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Figure 9. Methane concentrations measured at the downwind edge of Facility A on 14 September 2021, 9:04 a.m. to 9:23 a.m. The height of the flux plane was 35 m. 
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Figure 10. Methane concentrations measured in the interior of Facility A on 14 September 2021, 9:04 a.m. to 9:23 a.m. The maximum altitude of measurements was roughly 40 m above the set point. 
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Figure 11. Scatter plot of measured methane concentrations versus modeled concentrations for 14 September 2021, 9:04 a.m. to 9:23 a.m. R denotes the correlation coefficient. The (orange) regression and (blue) 1:1 lines are also displayed. 
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Figure 12. Inferred distribution of landfill emissions of methane on 14 September 2021, 9:04 a.m. to 9:23 a.m., based on drone measurements. Contours are drawn for 1, 3, 5, 10, 30, and 50 g/s. Blue line is approximate border of the landfill. 
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Figure 13. CH4 concentrations (ppm) measured by MPAL on 28 September 2021, 9:01 a.m. to 9:22 a.m. 
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Figure 14. DR1000 measurements of methane for the Western Flux Plane at Facility B on 28 September 2021. 
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Figure 15. DR1000 measurements of methane for the Southern Flux Plane at Facility B on 28 September 2021. 
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Figure 16. DR1000 raster measurements of methane at Facility B on 28 September 2021. The maximum altitude of the measurements was roughly 28 m above the set point. 
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Figure 17. Scatter plot of measured methane concentrations versus modeled concentrations for 28 September 2021, 9:01 a.m. to 9:54 a.m. R denotes the correlation coefficient. The (orange) regression and (blue) 1:1 lines are also displayed. 
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Figure 18. Inferred distribution of landfill emissions of methane on 28 September 2021, 9:01 a.m. to 9:54 a.m., based on drone and MPAL measurements. Contours are drawn for 1, 3, 5, and 10 g/s. Blue line is approximate border of the landfill. 
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