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ABSTRACT: More than a quarter of anthropogenic global warming has been
attributed to methane growth in the atmosphere. Landfills account for 17% of

5)‘

T ~
estimated methane emissions in the United States of America (USA), according to 5 % o
the Environmental Protection Agency (EPA), but studies show that many landfills £ ¥ { E { e/
emit more than reported. We developed a novel method to calculate monthly 2 E}i ; : EE 5
methane emissions from an active landfill using atmospheric methane mixing ratios g

observed from a single tower in New Jersey, USA. The tower method provides two Jan e Dec

and a half years of semicontinuous measurements and therefore observes more of
the variability of methane emissions and lacks the sampling bias present in other
methods. Time-specific comparison of tower-based methane emissions against
those observed from summertime aircraft sampling and year-round mobile ground- :
based platforms showed good agreement. Estimated methane emissions for 2023 oy i

were five times greater than those reported to the EPA. We observed a strong

seasonality in methane emissions, with a peak in the winter and a minimum in the summer. This seasonal cycle was driven by a
strong negative dependence on air temperature and the change in atmospheric pressure. Our results highlight the importance of
observations in nonideal weather conditions (such as declining pressure and near-freezing temperatures) when methane emissions
are largest. We suggest that this methodology could be applied to other suitable landfills to improve estimates of methane emissions.
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B INTRODUCTION

Methane (CH,) is the second most important anthropogenic
greenhouse gas, behind carbon dioxide (CO,), with a global
warming potential 80 times that of CO, over 20 years." CH,
has contributed 26% of global warming since the 1850s.” The
largest source of methane globally is from freshwater wetlands,
with anthropogenic sources such as fossil fuels, agriculture, and
waste also emitting at least 10% of global methane emissions
each.’ The Environmental Protection Agency (EPA) estimates

methanotrophs in the soil cover, extracted by gas capture
systems, or emitted into the atmosphere. The rate of
production of methane peaks at internal temperatures of
about 30 °C."" The emission of landfill gas into the
atmosphere is subject to both subdaily and seasonal variability.
Methane emissions can range over 2 orders of magnitude
within a day, where emissions increase due to faster wind

12 . 13-20 . .
speeds, ~ lower atmospheric pressures, and optimal soil

. 13,21,22 .

moisture. On a seasonal scale, methane emissions

that landfills emit 17% of total methane emissions in the
United States of America (USA)," but several studies indicate
that this percentage may be an underestimate.’”” Landfill
methane emissions reported to the EPA Greenhouse Gas
Reporting Program (GHGRP) have decreased by 40% since
1990, with this reduction attributed to the adoption of gas
capture technology and better management.4 However,
satellite observations since 2010 have not observed this
reported decline.” Instead, these studies have suggested that
much of the decline may reflect changes in the methodology
used to calculate methane emissions; from a method based on
the amount of waste-in-place to a method based on the
amount of gas captured, assuming a constant capture rate.'’
Within landfills, methanogenic archaea break down organic
waste, producing methane that is either consumed by
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through the surface soil decrease with soil oxidation
rates >° that peak at warmer soil temperatures,*~*° and
increase with the frequency of low-pressure systems,' %>

To mitigate the emission of untreated landfill gas into the
atmosphere, large landfills employ gas capture systems on
capped cells within the landfill. These systems extract landfill
gas from the interior of the landfill to a collection point where
the methane is burned. They also use cap landfills with soils
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Figure 1. Map of the area surrounding the Middlesex County landfill complex in northern New Jersey, with the area of the landfill highlighted in
white and the approximate site of the open face in orange. Approximate location of the tower is shown, as is the routes of three example mobile
transects, colored by the methane enhancement (background in green, high enhancements in red). Imagery from Copernicus Sentinel data [2025].
Retrieved from Copernicus SciHub [3 September 2025], processed by ESA.*®

that encourage the growth of methanotrophs. Active landfills
cannot use gas capture systems over the open face while it
accumulates waste, and only cover the waste each day with a
thin layer of daily cover. As a result, open faces of landfills
(and, to a lesser extent, intermediate cover areas) typically emit
far more methane than closed areas of landfills.”'~**

Methods for estimating methane emissions from landfills
vary widely. Two methods (EPA Method 21 and OTM 51),
which are often required by the EPA to identify leaks, entails
walking or flying a drone around the landfill with a detector to
identify hot spots of methane emission, but do not quantify
whole-landfill emissions.”* Other methods used in research
include field chambers,”>***>*¢ fence-line analyzers,”’ = lon§
path spectrometers, L4041 tracer—tracer correlations, 10,42,33
spectral- ima%mg drones,*>** vehicle measurements,zg’45
flights,****>*’ or satellites.” 67394830 One important difference
between these methods is the distance from the emission
source.

On-site methods are best suited for source identification and
location, while off-site methods perform best at quantifying
whole-landfill emissions. On-site methods, due to their
proximity to the sources, provide much higher resolution
spatial information that can easily identify leaks or other issues.
However, these methods typically struggle to quantify methane
emissions due to high variability in methane concentrations
from small-scale wind eddies or emission hot spots.'”*"** On-
site methods may also give incomplete results, as they typically
require extrapolating results from the sampled section to the
entire landfill and may miss emission hot-spots.””** Many of
these methods also have a low sampling frequency as they
typically require researchers onsite to perform measurements.
Other methods, such as soil chambers and fence-line
measurements, can be conducted semicontinuously with
infrequent personnel visits for maintenance. Off-site methods
capture integrated plumes of methane emissions, thereby
observing all emissions from the site and more accurately
quantifying emissions. However, these off-site methods have
smaller enhancements and typically require much more
accurate measurements of methane (and therefore more
expensive instruments), are unlikely to identify individual
sources within the landfill, and rely on accurate measurement

of meteorological parameters. While most of these methods,
such as satellites or vehicle measurements, are not continuous,
tower-based instruments can sample semicontinuously, de-
pending on the wind direction.

In this study, we combined long-term, high-time resolution
tower-based observations of methane mixing ratios with
ground-based mobile in situ and airborne remote sensing
observations to quantify the methane emissions from an active
landfill. We evaluated the various methods used and quantified
the uncertainties in the fluxes. We also considered the
influence of meteorological drivers on methane emissions
and the importance of understanding the seasonality of
emissions when interpreting our semicontinuous observations
from a single landfill.

B METHODOLOGY

Site Description

The landfill complex studied in this paper is located in
northern New Jersey (40.4726° N, 74.3870° W). An active
landfill, Middlesex County Landfill, started operations in 1992.
It has since expanded over the site of Edgeboro landfill, which
closed on this site in 1994 but continues to separately report
emissions to the EPA. Middlesex County Landfill currently has
over 16 million metric tons of waste and accepts another
500,000 t of waste each year. The two landfills have an
extensive gas capture system.

Other potential methane sources in the area include two old,
smaller, landfills, which closed in the 1970s, that are located to
the north of the site but contain mostly industrial waste. These
landfills are too small and old to report methane emissions to
the EPA. The landfills are also located near a tidal wetland
along the Raritan River, a composting facility located two
kilometers to the north of the landfill complex, and a
wastewater treatment plant approximately six kilometers
northeast of the landfill complex. We attempted to quantify
methane emissions from the composting facility and waste-
water treatment plant through mobile measurements (de-
scribed below). However, enhancements were small enough
that we were only able to quantify upper bounds of 150 and
200 kg/h for the composting and wastewater treatment
facilities, respectively. The MethaneAIR flight (described
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below) also identified enhancements above the instrumental
noise for only the Middlesex landfill complex in this area.

Reported Methane Emissions Estimates

Edgeboro and Middlesex County landfills calculate methane
emissions using one of the two methods approved by the EPA
GreenHouse Gas Reporting Program (GHGRP). The
“captured” method is calculated by measuring the volume of
captured landfill gas and assuming a gas capture efficiency
determined by the landfill cover characteristics. This method-
ology requires a gas capture system, which both landfills have.
The waste-in-place (“WIP”) method estimates methane
production from the organic fraction and age of the waste
within the landfill and then subtracts off captured methane.

Edgeboro, the closed landfill, reported an estimated methane
emission of 26 kg/h using the captured method and 577 kg/h
using the WIP method (20 times higher than the captured
method) for 2023.”° Middlesex County reports 510 kg/h for
the captured method and 403 kg/h for the WIP method for
2023. Both landfills have chosen to report the estimate based
on the captured method to the GHGRP to give a combined
emission of 536 kg/h for 2023. Edgeboro switched to the
captured method, which has consistently estimated methane
emissions much lower than the WIP method, in 2019.
Middlesex County has consistently used the captured method,
even when it was an order of magnitude larger than the WIP
estimate in 2010. The captured method at Middlesex County
shows a consistent decreasing trend from 2010 to 2023, while
the amount of waste onsite (and therefore the WIP estimate)
has continued to increase across this time period.

Observations

Tower Observations. We measured atmospheric dry mole
fractions of methane (hereafter referred to as mixing ratios)
from the 20 m tower (agl, above ground level) at an EPA
Photochemical Assessment Monitoring Station (PAMS) on
the campus of Rutgers University in New Brunswick, New
Jersey (40.4623° N, 74.4293° W, Figure 1).*° The closest part
of the landfill was 3.3 km to the East and the tallest part of the
landfill was 3.85 km away (Figure 1). For the flux calculations
below, we have assumed a point source emission 3.85 km away
from the tower. The landfill covers wind directions between 65
and 80 degrees, to the east of the tower. However, observed
methane enhancements typically centered on the north end of
the landfill (where the open face is) so we used 66 degrees as
the center point for all calculations. Imaging from the
MethaneAIR flight (described below) also indicated methane
emissions predominantly from the north end of the landfill. We
measured mixing ratios of methane, carbon dioxide (CO,),
carbon monoxide (CO), and water vapor (H,O) using a
Picarro G2401 from January 2023—July 2025. To characterize
the sources of methane, we also deployed an Aeris MIRA Ultra
Natural Gas analyzer (CH, and ethane (C,Hy)), and an Aeris
MIRA Ultra nitrous oxide (N,O/CO) analyzer (see Support-
ing Information S1) for May—August 2024. We aggregated the
trace gas data to a uniform 10 s temporal resolution during our
initial data processing. All reported mixing ratios were
corrected for humidity based on testing completed on each
instrument prior to deployment following the method in
Commane et al.”’

Two calibration cylinders with mixing ratios above and
below ambient mixing ratios for each of the measured gases,
were each sampled once per day. These cylinders were
calibrated prior to deployment using an Aerodyne SuperDUAL

spectrometer and Picarro G2401 using standards calibrated by
the Central Calibration Laboratory at the National Oceanic
and Atmospheric Administration (NOAA) Global Monitoring
Laboratory in Boulder, CO. CCL maintains the World
Meteorological Organization (WMO) CH, scale (WMO
X2004A) and CO, scale (WMO X2019).

For each day, we calculated a slope and intercept from the
two tank calibration, which we then interpolated and applied
to the humidity-corrected 10 s trace gas data. We evaluated
other methods of applying the calibration, including a
smoothing spline rather than interpolation, and found that
the different methods resulted in a less than 1 ppbv methane
change at near-ambient mixing ratios. After accounting for
analyzer time drift and the observed 9 s delay from the inlet to
the analyzer, the mean of the calibrated mixing ratio was
calculated for every 30-s period, matching the resolution of the
meteorological data collected onsite.

Tower-Based Meteorology. At the landfill complex, the
New Jersey Mesonet meteorological network measures wind
speed and direction with a R. M. Young Company 05103 Wind
Monitor, barometric pressure with a Vaisala PTB110
Barometer, and air temperature with a Campbell Scientific
EE181 Thermometer & Hygrometer. We used these measure-
ments to analyze the drivers of methane emissions at the
landfill site.

At the PAMS tower, mean wind speed and direction at two
heights on the tower (20 and 10 m agl) were reported every 30
s from two Gill Windmaster HS 3-D Sonic Anemometers;
temperature and relative humidity were recorded every S min
on a Campbell Scientific HygroVue 10; pressure was recorded
every 5 min from an RM Young 61402 V; and solar irradiance
was reported every 30 s using a Kipp & Zonen CMP-22. For
times when the temperature and pressure sensors at the PAMS
site were offline, we used the equivalent data measured at the
landfill site, correcting for differences between the two
instruments (see Supporting Information S2). During our
analysis, we identified a problem with the logged wind
direction that was fixed in February 2025, which reduced the
availability of data before the fix was implemented. However,
this mainly affected wind directions around due north and had
little effect on our results (see Supporting Information S3 for
details).

To ensure that the wind direction we used was
representative of the larger-scale wind patterns, we calculated
the mean 20 m agl wind speed and direction over a variable
time window corresponding to the travel time between the
landfill and the site rather than the instantaneous wind speed
and direction. We only included observations where the
estimated mean wind direction at the PAMS site was within
15° different from the observed wind direction at the Mesonet
station. Approximately half of the data passed this filter.

Ground-Based Mobile Observations. Over 3 days in
2025 (one in February, two in May), we estimated methane
emissions from the landfill complex with the New York
Atmospheric composition and Air Quality (NYAAQ) Mobile
Laboratory to complement the ongoing tower measurements
(Figure 1). The mobile laboratory was instrumented with a LI-
COR LI-7810 Trace Gas Analyzer (CH,, CO,, and H,0)
logging to the same computer as a GPS receiver. Ambient air
was sampled from an inlet mounted on top of the vehicle, 1.8
m above the ground. The analyzer was calibrated within a day
of the deployment with tanks on the same calibration scales as
the tower measurements. We previously tested the stability of
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the calibration when turning the analyzers on and off and
found that the uncertainty in the methane mixing ratios around
ambient level was about 5 ppbv. We also used an Aeris MIRA
Ultra LDS (CH,, C,Hy, and H,0) to identify and remove
natural gas-related methane peaks.

One of the days involved driving along the road next to the
tower. For the other 2 days, the wind direction and geometry
of the roads meant that driving occurred in a different area in
order to intercept the landfill plume. When possible, we
performed two loops on the same day at different distances
from the landfill, which has been shown to improve estimates
of the plume dispersion.*>*>*? For each drive, we focused on
repeating downwind measurements and only sampled upwind
of the landfill once per day. The methane mixing ratios and
variability for the upwind leg were far smaller than those of the
downwind legs, making repeating the downwmd measure-
ments more important to reducing uncertainty.”” Most of the
driving occurred overnight to minimize the traffic encountered.

Aircraft-Based Observations. Two different airborne
measurement techniques were used to sample methane
emissions from this landfill complex during our measurement
period.

High-Altitude Lidar Observatory (HALO). HALO is a
NASA developed multifunction airborne lidar that provides
measurements of water vapor and aerosol/cloud profiles or
methane columns and aerosol cloud profiles and serves as a
simulator for future space-based trace gas lidar missions.’" For
the summer 2023 Synergistic TEMPO Air Quality Science
(STAQS) campaign, HALO employed the integrated path
differential absorption lidar technique to measure column
integrated methane mixing ratio (XCH,)*> and the high
spectral resolution lidar technique to obtain aerosol/cloud
profiles®® and distributions of mixed layer helghts During the
STAQS campaign in July and August 2023,°° HALO was
operated on the NASA Gulfstream-III research aircraft flying at
12 km altitude and measured XCH, with <18 ppbv precision at
approximately 100—150 m spatial resolution along a narrow
track. HALO sampled downwind of the Middlesex Landfill
complex on July 26, 2023.

MethaneAIR. MethaneAIR is an infrared imaging spec-
trometer which uses a CO, proxy retrieval to calculate column
XCH,. It is the airborne simulator for the MethaneSAT
satellite. It flew on a modified Learjet aircraft at an altitude of
12 km. Unlike the single point measurement of HALO,
MethaneAIR has a 4.5 km swath width and produces images at
10 m x 10 m resolution with 17—20 ppbv standard deviation
on a flat scene.’® The instrument’s calibration®”*® and retrieval
methods®” have been previously described. MethaneAIR
sampled the area around the Middlesex Landfill complex on
September 3, 2023.

Flux Calculation Methods

We calculated the methane flux from the landfill using two
methods. We adapted (i) two forms of the Divergence
Theorem, also known as the mass balance method, for the
aircraft data and (ii) a Gaussian Plume Dispersion method to
the observations from the tower and mobile drives.
Divergence Theorem—Mass Balance Method. The
two aircraft remote-sensing instruments calculated a methane
flux using slightly different forms of the divergence theorem.
The divergence theorem is based on the principle that the total
flux emitted into or removed from a fixed volume is equal to
the sum of the surface integral of fluxes over the sides of the

volume. We assumed that the plume did not mix across the top
and bottom of the volume and enhancements in the trace gases
were measured along the remaining sides. We defined the
bottom of the volume as the ground. The aircraft observations
used in this study measured the total column of methane, so
the height of the volume was the height of the column. We also
tested a mass balance method for the tower data, but it did not
perform as well as the Gaussian Plume Dispersion method
described below (see Supporting Information S4).
High-Altitude Lidar Observatory (HALO). A methane
emission rate from the HALO methane column differential
optical depth ( a"m&) was calculated using the plume

integration technique®’°™"* (eq 1 and 2). Meteorological
variables, including air temperature, pressure, wind speed and
wind direction were subsampled to each lidar footprint from
the NOAA HRRR 3-km model.”® For each location along the
plume track, we calculated the product of the mass of methane
in the plume times the wind vector

pCH: — /’lCH4ﬁzﬁxy )
UM is the mass of a methane molecule. 7, is the column
integrated methane number density from the surface up to
altitude z, the vertical extent of the plume, which is derived
from the HALO observations. The two-dimensional vector #,,
is the horizontal component of the wind averaged from the
ground up to z. This vector is dotted with the unit vector m;,
which is pointed in the direction normal to the line segment
between the two consecutive points. Then the flux is calculated
as the sum along the flight track

N-1

aircraft CH,
Qs )t _ Z AP 4 p +1>] ; o
i=1

The length Al; is the physical distance between two
consecutive points on the ground (i and i + 1). Because
HALO measures column XCH,, the true vertical distribution
of the methane in the landfill's plume is unknown and it is
therefore uncertain to which exact altitude the wind vector
should be averaged. In this study, the two logical extremes are
used: the altitude just above the laser spot on the ground
surface and the mixing layer height measured by HALO
(MLHg,). The ground surface elevation is measured from the
HALQO’s time-of-flight capability while the MLH,, is
calculated using gradients in the aerosol measurements derlved
from the High Spectral Resolution Lidar (HSRL) channels.®*

MethaneAIR. MethaneAIR used the flux divergence
method, which combines principles of the divergence theorem
described above for each swath (10 m X 10 m plxel across 4.5
km width) to calculate a methane emission rate.’® A series of
boxes were drawn around the source, with the size of the box
growing sequentially in each direction by one MethaneAIR
pixel (10 m), and the downwind side of the box extending
across the length of the plume. The total landfill flux is
estimated by averaging the flux divergence from that set of
boxes to calculate the mean methane flux. Because the set of
boxes cover multiple eddy scales, the method averages out the
impact of local eddies, which are not captured in the large scale
HRRR winds. This flux divergence method was validated in
blind controlled-release experiments, which showed excellent
agreement between the method and known methane emissions
ranging from 200—1300 kg/h. 76
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Figure 2. Methodological overview for the stationary tower site showing the Gaussian Plume Dispersion method. (A) shows each 30-s observation,
while (B) compares the mean methane enhancement by 1° wind direction bin against the mean from the GPD method. The GPD method
estimates the flux using a Monte Carlo draw from the ratio of the observed enhancements to the modeled GPD enhancements using eq 4. The
wind directions for the landfill (green; 65—85 degrees) and background (purple; 120—180 deg) are shaded for reference.

Gaussian Plume Dispersion (GPD). The Gaussian Plume
Dispersion (GPD) method was used to calculate monthly
methane fluxes for the tower and individual drive dates for the
mobile measurements. We approximated the dispersion of a
gas downwind of its source as Gaussian in the crosswind and
vertical directions, with a reflection at the ground. The method
estimates the methane enhancement at any given downwind
point as

Initial 2
CH,
Ac(x, y,2) = ———-exp| =" |-
27wyozu Zay

. _(z-my e _(z+H)
P 2522 R 2022
(3)

where Ac is the enhancement of methane (in g m™) observed
at a specific location (x = downwind, y = crosswind, z =
vertical), # is the mean wind speed along the plume, Z is the
vertical measurement height (20 m tower or 2 m vehicle), H is
the emission height (assumed to be the top of the landfill at S0
m) and 6, and o, are the dispersion parameters represented by
the standard deviations of the plume distance in the crosswind
and vertical directions and are a function of atmospheric
stability (wind speed and insolation).”” We estimated the

sensitivity of the chosen emissions height on the estimated
fluxes to be around 5%. We used the GHGRP estimate of 536
kg/h for our initial estimate of the methane emissions Qlé‘ﬁ:al

Methane enhancements were calculated against a three-day
centered running mean of methane mixing ratios in the
background wind direction (see Supporting Info S5 for more
detail).

We calculated o, from the observed enhancements across
the plume. For the mobile drives, we estimated o, from a
Gaussian fit to the observed width of the plume for each
individual loop. Using all the stationary tower data, we grouped
the observations by insolation and wind speed, averaged over a
variable time window corresponding to the transport time from
the landfill to the tower, and estimated o, from a Gaussian fit of
observed enhancements against wind direction by group. We
then parametrized a function for o, as a function of insolation

Y
and wind speed. Here we used a lower-bound estimate of the

ratio of Z of 0.25, the value for the most stable conditions. For
%

a more detailed sensitivity study of this choice, see Supporting

Information S6. This choice had minimal effect on the results

of the mobile drive sampling as most of the driving occurred

overnight when Z s expected to be around 0.25.
O,
b4
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Figure 3. Monthly mean methane emissions estimated for the Middlesex County landfill complex (circles; light red for 2023, red for 2024, dark red
for 2025), the flight campaigns (blue triangles), and the mobile estimates (green squares). The May 2025 mobile estimate is the mean of 2 days of
measurements. Error bars represent the 95% confidence interval of the Monte Carlo-simulated emissions for that month. The range of values
reported to the EPA GHGRP (429—1087 kg/h) for the entire landfill complex in 2023 (including both the WIP and captured methods) is shown

as a shaded gray rectangle.
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For the mobile lab sampling, we integrated the observed and
expected enhancements with respect to distance along the
route and used the ratio to calculate the flux for that transect.
This method has been shown elsewhere to perform better than
alternative methods, such as using the peak height, inverting eq
3, or a line of best fit between the modeled and observed
enhancements.*””® We adapted this method to estimate the
flux for the stationary tower, using a Monte Carlo simulation to
estimate the mean emission for each month. We drew 1000
random observed methane enhancements (c,,,) and predicted
GPD enhancements (cgpp, sampled with replacement) for each
wind direction. We then used these 1000 simulated
observation sets with eq 4 and calculated 1000 emissions
estimates (Figure 2). We report the mean of these estimates as
our estimate for a given month. As this method requires
observations that cover the wind directions corresponding to
the landfill and works best when averaging multiple data points
for each wind direction, we include all observations from a
given month for our draw of Ac ,(wd) and Acgpp(wd) at each
wind direction and estimate a single flux for that month.

We estimated the uncertainty of the monthly emissions from
the 95% confidence interval of the Monte Carlo simulations.
This does not account for any systematic uncertainty in the
methodology, but does account for uncertainty in the
meteorology and variability in emissions across the month.
Using eq 3, we estimated that methane emissions of 50 kg/h
produce enhancements of similar magnitude to the back-
ground variability observed at this site. Therefore, we
estimated the limit of detection for our specific site,
surrounding area, and instrumentation to be around 150 kg/
h, assuming a 3¢ limit of detection (Supporting Information
S7).

While the tower method provides a more continuous record
than sampling on individual days, it is not perfectly continuous.
We only sampled the landfill complex during the approx-
imately 20% of the deployment when winds were from the

east. While there was not a significant difference in insolation
or air temperature between easterly and westerly winds, times
with easterly winds were slightly more likely to have decreasing
pressure than times with westerly winds, with a mean pressure
change of —0.2 hPa/h when winds were from the east.

As part of our mobile sampling, we identified small
enhancements in microbial methane from the wastewater
treatment plant to the east of the landfill, which, according to a
high-resolution inventory from Pitt et al,, is estimated to emit
about 180 kg/h, far smaller than the observed emissions of
methane from the landfill.”’ Seen from the stationary tower,
this source would appear in the same wind direction as the
landfill, but mobile sampling with winds from another
directions allowed us to separate the various methane sources.
The observed methane fluxes were below 200 kg/h using the
GPD method and thus likely had very little effect on the
estimated emission for the landfill at the tower. We also
attempted to quantify methane emissions from the composting
facility to the north of the landfill and estimated an upper
bound of emissions at 150 kg/h.

Emissions Drivers

To test the effect of different drivers on methane emissions, we
calculated a single flux (covering multiple years) for variables
of interest, such as the air temperature or the change in
atmospheric pressure over the preceding 6 h. For example, we
selected the observed methane enhancements and predicted
Ac(x,,z) from eq 3 for all times when the air temperature was
between 15 and 16 °C. We then, following eq 4, binned the
data by wind direction, and calculated the ratio of sum of the
observed enhancements to the sum of the predicted enhance-
ments in 1000 Monte Carlo draws of the observed and
modeled enhancements at each wind direction. We report the
mean of these 1000 simulations as a single flux estimate for all
of the data with a given temperature. This required grouping
data from multiple years to provide enough data to calculate a
flux for the variable of interest. While we expect that methane
emissions changed from year to year as the landfill grew and
aged, the magnitude of these changes was likely far smaller
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than the variability within a given month or temperature range
and we do not expect the annual trend to significantly effect
our results.

We calculated a flux for temperature or pressure bins that
included observations in at least 70 of the 1° wind direction
bins within 45° of the center of the plume, which typically
required around 1000 30-s intervals to fulfill. To have enough
data in each bin, the highest and lowest bin contain all data
above or below that threshold (e.g, all temperatures below —3
°C) were binned together. The temperature ranges are not
evenly spaced to ensure sufficient wind direction coverage
within each range.

B RESULTS AND DISCUSSION

The tower was downwind of the landfill during approximately
20% of the deployment, providing semicontinuous measure-
ments that allow us to assess the variability of methane
emissions and decrease the likelihood of sampling bias in the
results. We observed a strong seasonality in methane
emissions, with a peak in the winter and a minimum in the
summer, driven by a strong dependence on the change in
atmospheric pressure and air temperature (Figures 3—S5).
Methane emissions were largest when pressure was declining
quickly or when air temperatures were below 0 °C. The yearly
mean estimate of methane emissions from the tower method
was 2700 + 300 kg/h in 2023 and 2,900 + 400 kg/h in 2024.
The flight campaigns estimated methane emissions at 2000 +
300 and 1300 + 700 kg/h for STAQS and MethaneAlR,
respectively, in summer 2023. Work elsewhere has shown that
active airborne methods, such as the HALO used on STAQS,
and passive airborne methods, used for MethaneAIR, agree
within 13%, indicating that the difference between the airborne
estimates is not solely methodological."’

Seasonality of Methane Emissions

In each year, we observed a consistent cycle with a maximum
of methane emissions in the winter and a minimum in the
summer, a pattern that is consistent with other landfills in
similar climates.””*””" There is strong agreement between the
magnitude of emissions from the tower method and the
established mobile and aircraft methods (Figure 3). The tower
method reduces potential sampling bias and provides more
robust estimates of total monthly methane emissions, rather
than snapshots in time from individual days of mobile or
chamber measurements.

Emissions Drivers

Two commonly identified drivers of methane emissions are
changes in atmospheric pressure and temperature-driven
methane oxidation, both of which impact emissions here.
Decreasing pressure allows methane produced inside the
landfill to escape into the atmosphere. Previous work found
that the slope of the 6-h atmospheric pressure change (referred
to as the 6-h slope) was the best predictor of pressure-based
methane emissions.'®”'” We observed that methane emissions
leveled off below a 6-h slope of —1 hPa/h and were not a clear
function of pressure change for 6-h slopes below this threshold
(Figure 4). This threshold is comparable to around —1 hPa/h
at an open landfill and —1.5 hPa/h at a closed landfill in
Denmark.'*>° We also observed methane emissions that were
not significantly different from 0 when the slope of the pressure
change was above 0.75 hP/h, while work at the closed Danish
landfill found emissions near 0 at about 0.25 hPa/h. Methane
emissions at open-faced landfills have a lower barrier to escape
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Figure 4. Mean estimated methane emissions from the tower (purple
diamonds) binned by 6-h mean pressure change at the landfill. The x-
coordinate represents the midpoint of the range (ie., the point at
—0.125 hPa/h includes all data between —0.25 and 0 hPa/h). Results
from the aircraft (blue triangles) and drives (green squares) are also
shown.

into the atmosphere than at closed faces due to the smaller,
less compact cover layer. This may allow more methane to
escape at smaller pressure declines or even as pressure
increases at open-faced landfills. Gillespie et al. found a linear
relationship with pressure change over a significantly larger
range of pressure changes, with methane emissions only
reaching 0 around 3 hPa/h for pressure change estimated over
a 19-h window rather than 6-h.”” Our results generally agree
with Gillespie et al. (2024) and the results from Denmark
despite three distinct measurement strategies. Gillespie et al.
(2024) and estimates from the Danish landfill see a larger
range of pressure changes but have fewer data points in each
pressure bin. We have two and a half years of observations,
which ensures that each pressure bin has sufficient data to
minimize the impact of other drivers.

Temperature affects methane emissions through changes in
the rates of methane production within the landfill and
methane oxidation in the cover soil. Oxidation occurs in the
top 40 cm of soil, where available oxygen allows methano-
trophs to grow and remove methane, while methane
production occurs deeper in the landfill.'"' The optimal
temperature for both processes is around 30 °C."" However,
the soil near the surface exhibits much larger seasonal
temperature changes than in the interior of the landfill,
which is insulated from the air. In temperate climates where air
temperatures in the winter fall below freezing, methane
emissions are typically highest during the winter.””~>>> This
has been observed at open and closed landfills with modern
management.zz’27’29’30 In warm, arid climates, studies have
found the opposite trend, with open and closed landfills both
emitting more methane during the summer.”***~** Studies of
California landfills form the basis for models of methane
emissions used by the US Department of Agriculture, but
warm, arid climates may not represent all landfills in the US.*’

Our observed trend of methane emissions with temperature
matches previous results in colder climates. Czepiel et al. found
no relationship between temperature and methane emissions at
high temperatures but a strong negative relationship overall."*
We observed this same trend, as methane emissions did not
change with temperature above 15 °C but increased with
decreasing temperature below 15 °C (Figure S5). At low
temperatures, Maurice et al. found that temperatures below 0
°C are associated with sharp increases in methane emissions
due to soil freezing.”® This contrasts with the results of
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Figure S. Mean estimated methane emissions from the tower (purple
diamonds) binned by air temperature at the landfill. Results from the
aircraft (blue triangles) and drives (green squares) are also shown.

Gillespie et al., who found that methane emissions decreased
for air temperatures below 0 °C.”” Our results indicate that
methane emissions increased by over 50% for air temperatures
between —3 and 0 °C relative to emissions for air temperatures
between 0 and 3 °C. However, methane emissions when the
air temperature was below —3 °C were the lowest of any bin.

Comparison of Methods

Methane emissions calculated using the tower, mobile, and
aircraft methods show good agreement, but the semi-
continuous tower method adds important context of season-
ality and pressure dependence. In months with aircraft
observations, we observed similar methane emissions for the
month at the tower as observed by the aircraft. However, our
aircraft measurements cannot reproduce the seasonality with
just two observations, potentially leading to biased methane
emissions estimates. Aircraft campaigns, by their nature, make
limited numbers of observations, typically within a small time
window and often during the summer, when flying conditions
are most favorable. Other papers based entirely on aircraft data
have similar biases toward observations in the summer months
(e.g, Cusworth et al;® Scarpelli et al.®). Furthermore, aircraft,
like satellites, typically cannot retrieve plumes through clouds.
Since clouds are associated with low-pressure systems, aircraft
and satellites may miss the highest methane emissions
associated with low-pressure events. Aircraft and satellites
therefore may not observe the largest methane emissions in the
winter in cold climates and may underestimate yearly
emissions everywhere due to the clear-sky bias.”” This is
reflected in our results, as the mean of the summertime aircraft
estimates was 37% lower than the yearly tower-estimated
methane emissions for 2023.

Our 2023 estimate of methane emissions (2700 + 300 kg/
h) is approximately S times greater (95% CI: 4.5, 5.5) than
reported emissions to the EPA’s GHGRP (536 kg/h).
Cusworth et al. estimated a 170% underestimate of methane
emissions across hundreds of landfills using aircraft measure-
ments,” while Balasus et al. found a mean underestimate of
500% at four landfills in the southeastern US using four years
of TROPOMI satellite observations.'’ Since landfills select
which method to report to the GHGRP, this choice can
influence the magnitude of the underestimate. We estimate the
waste-in-place method underestimates methane emissions by
175% (95% CI: 144%, 203% ), similar to the value in Cusworth
et al. (2024).

B POTENTIAL IMPACTS AND FUTURE WORK

The methane emission rate from the NYC metro area has been
estimated at 33,000 and 37,000 kg/h based on tower network
observations in January to June of 2023 and 2024.°* The
Middlesex landfill complex therefore accounts for approx-
imately 8% of methane emissions in the NYC metro area in the
first half of both 2023 and 2024. Other work prior to 2023
found similar estimates for methane emissions in the entire
NYC metro area.”””**™% If Middlesex landfill emitted a
similar amount of methane from 2018 to 2022, it would
account for 7—9% of emissions in those years as well.

Our results provide insight into potential strategies for
reducing landfill methane emissions. Operators may be able to
design strategies to maximize the efficiency of active gas
capture during times when methane emissions are largest, such
as for very low temperatures or immediately preceding low
pressure events. Leak detection should be scheduled for times
when the pressure is declining or days below freezing to best
identify and mitigate emission hotspots. Operators of open
landfills could also add additional daily soil cover during the
winter or when low pressure systems are in the forecast.

Our results are also relevant to the design of future airborne
and mobile drive measurement campaigns. Current inventories
indicate that landfills emit an estimated 17% of anthropogenic
methane emissions in the US, though results from satellites
and aircraft campaigns indicate that this is an underestimate.
Our results emphasize the importance of observing methane
throughout the seasonal cycle. Aircraft campaigns and satellites
cannot measure through clouds, which are more common on
low-pressure days, and aircraft campaigns often occur during
the summer months, rather than capturing the full seasonal
cycle of methane emissions. The aircraft campaigns at this
landfill complex underestimated year-round methane emissions
by 37% relative to the tower-based emissions due to the
observed seasonal trends. Therefore, estimates of sector-wide
methane emissions based on aircraft and satellite measure-
ments may underestimate emissions. Ground-based measure-
ments without a clear sampling bias can help improve overall
estimates of methane emissions.

Long-term measurements of methane emissions allow
policymakers to target climate mitigation efforts and track
the efficacy of these policies. Active landfills, with their large
but uncertain methane emissions, are a perfect target for long-
term measurements. The tower methodology developed here
could be applied to other sites effectively with a few
considerations. First, these sites must have a point source
emission much larger than emissions from all sources in the
surrounding area. Large landfills, which in the US are often
located in rural areas, may fit this description, but areas with
many nearby point sources likely would not. In this case,
mobile surveys should be conducted around the landfill to
quantify any other potential methane sources. Second, the
method relies on a reasonable estimate of the background
methane upwind of the point source. The best method would
involve measurement sites on two opposite sides of the point
source. If this is not possible, confirming that the background
upwind of the point source matches the tower observations
from a different wind direction can be done with mobile
measurements. Third, methane observations must be far
enough away (typically at least 2—3 km) from the point
source for the Gaussian plume approximation to hold.
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