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Abstract. This study evaluates the performance of a rigid
gas flux chamber equipped with a mass flow meter (MFM)
for measuring gas emissions from leaking orphan wells and
similar pressure-driven gas point sources. We conducted a se-
ries of laboratory and field experiments to evaluate the sensi-
tivity, stability, and dynamic range of an MFM chamber sys-
tem and found an optimal method for sealing the chamber to
the ground to isolate the emission source. From these results,
we estimate the effects of different soil gas permeabilities on
measurements and identify the uncertainty of environmen-
tal processes that can impact measurements. Simulations of
an MFM chamber are compared to those of a dynamic flux
chamber to contrast the data derived with both methodolo-
gies and illustrate the potential for measuring high variability
leaks with the MFM chamber. Using a low flow resistance
MFM and a chamber well-sealed to the ground, it is possi-
ble to measure leaks down to 1.08× 10−3 cubic meters per
hour (m3 h−1) (refenced to 25°/1 atm), corresponding to 0.77
grams per hour (g h−1) methane or 2.11 g h−1 carbon diox-
ide, with a mean uncertainty of 0.89 % relative standard devi-
ation. Environmental processes such as heated gas inside the
chamber from solar gain, wind blowing across the chamber
vent, and changing humidity in the chamber, can cause vari-
ation in MFM measurements. Over 11 d of continuous mon-
itoring under varying weather conditions, the standard devi-
ation of the environmentally sourced signals was found to be
7.40× 10−3 m3 h−1 (equivalent to or 5.27 g h−1 methane or
14.45 g h−1 carbon dioxide). Strategies to obtain the highest
quality data from MFM chambers include burying the edges
of the chamber below the surface sufficiently deep to seal

the chamber edges against gas flow and soaking the dirt with
water to lower the chances of escaping gases, while monitor-
ing the gas flow and adjusting the chamber seal to achieve a
maximum flow rate.

1 Introduction

Over the past few years, interest in methane emissions from
orphan and abandoned oil and gas wells has increased, pre-
senting an opportunity to examine the mechanisms of leaking
wells and, ultimately, reduce greenhouse gas emissions from
sources that do not provide any economic, social, or ecosys-
tem benefit (Alboiu and Walker, 2019; Kang et al., 2023).
Over the past decade, studies quantifying methane emis-
sions from orphan and abandoned wells have been conducted
by many researchers (Kang et al., 2014; Kang et al., 2016;
Townsend-Small et al., 2016; Pekney et al., 2018; Riddick
et al., 2019; Lebel et al., 2020; Williams et al., 2019; Saint-
Vincent et al., 2020b; Townsend-Small and Hoschouer, 2021;
Nivitanont et al., 2023). The passage of the 2021 Infrastruc-
ture Investment and Jobs Act (IIJA) provided USD 4.7 billion
to states, federal land management agencies, tribes, and other
government entities to plug orphan wells (U.S. Public Law
117-58, 117th Congress). A requirement to receive federal
funding to plug orphan wells was to screen them for methane
leaks, and if found, conduct methane emissions measurement
before plugging, which is summarized for Congress (Depart-
ment of the Interior Orphaned Wells Program Office, 2023).
For wells plugged with non-IIJA related funding, there is in-
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terest by private, as well as state organizations, in using the
emissions reduction from plugging orphan wells to create
carbon credits (CarbonPath, 2024; BCarbon, 2024; Ameri-
can Carbon Registry, 2023; Zer0six, 2024). This has spurred
interest in accurately measuring methane emissions from or-
phan wells to meet the measurement requirements from fed-
eral plugging programs, evaluate emissions for calculating
carbon credits, and to better understand overall greenhouse
emissions (Williams et al., 2021; Kang et al., 2023).

Measurement of emissions from orphan wells is challeng-
ing for several reasons. The emissions distribution from or-
phan wells is strongly skewed, with the bulk of wells having
extremely low emissions of methane (less than one gram per
hour (g h−1)) while there are relatively few wells that emit
methane in the range of hundreds of grams per hour or more
(Williams et al., 2021) and a handful have methane emissions
rates over 1 kg h−1 (Bowman et al., 2023; Riddick et al.,
2024). The physical geometry of a well and the specific loca-
tions of leaks can pose a challenge for measuring emissions.
Each well must be screened before emissions are measured
and a strategy for measuring all leaks must be developed. Or-
phan well emissions are difficult to distinguish using areal in-
tegration and remote sensing techniques (i.e. eddy covariance
flux and plume-based approaches) because they are often of a
very low magnitude relative to other greenhouse gas sources
on the landscape, and they often necessitate on-site strategies
to definitively isolate their emissions. Further complicating
the matter, emissions from orphan wells are known to vary
over time, and there is need for time series emissions data
(spanning days or longer) with a measurement resolution of
minutes to hours (Riddick et al., 2020). Time series measure-
ments can be complex due to the power requirements of most
analytical systems (Riddick et al., 2022). Due to the typically
small emissions rate of leaking orphan wells and the cur-
rent technological challenges, broader range emissions mon-
itoring approaches and measurement strategies could help to
address the problems associated with orphan well emission
monitoring.

Aims of this investigation

The purpose of this study is to demonstrate the performance
of a rigid flux chamber with a thermal mass flow meter
(MFM) in response to controlled gas flows and to illustrate
how deployment conditions of the measurement system, gas
composition of the emissions, and quality of the chamber seal
against the ground affect measurement accuracy and variabil-
ity. In this study, a series of controlled laboratory and field
tests were conducted where compressed air was supplied to
an MFM chamber at known flow rates (Fig. 1a) to emu-
late the mechanics of the system when placed over emission
sources like orphan wells (Fig. 1b) and other point sources,
such as mine and landfill vents and cave entrances. This study
also presents measurements of meteorological and environ-
mental processes that can create flow within the MFM cham-

ber and estimates the impact of gas loss through permeable
soils. The goal of this work is to optimize MFM chamber
measurements, identify common mistakes that can cause un-
derrepresentation of emissions, and ultimately identify op-
portunities for future improvements in implementation.

2 Overview of measurement approaches

Measuring orphan well emissions is challenging compared
to other emission sources because the wells are often in a
state of disrepair, which can make it difficult to directly con-
nect a measurement system to the leak source. There are a
range of methods in the literature for measuring gas emis-
sions from weak point sources like orphan and abandoned
wells, landfill vents, abandoned coal mines, and sewer caps
(Mønster et al., 2019; Joo et al., 2024; U.S. Environmen-
tal Protection Agency, 2004). Riddick et al. (2024) summa-
rized many methods used for emission measurements from
orphan and abandoned oil and gas wells, which typically in-
clude static chambers (Kang et al., 2014, 2016; Townsend-
Small et al., 2016; Lebel et al. 2020; Townsend-Small and
Hoschouer, 2021; El Hachem and Kang, 2022), dynamic
chambers (Townsend-Small et al., 2016; Pekney et al., 2018;
Riddick et al., 2019, 2020; Townsend-Small and Hoschouer,
2021), high flow samplers (Townsend-Small et al., 2016;
Pekney et al., 2018; Saint-Vincent et al., 2020a; Townsend-
Small and Hoschouer, 2021), and plume based approaches
(Atherton et al., 2017; Lebel et al., 2020; Vogt et al., 2022;
Riddick et al., 2024). A key theme among these approaches is
that they are based on concentration measurements and that
any required gas flows are generated by pumps and blowers.
This requirement increases the physical and power footprints
of the systems, adds technical complexity, and serves as a
barrier for use in time series emissions measurements (Flem-
ing et al., 2021).

A contrasting approach demonstrated by DiGiulio et
al. (2023) and Follansbee et al. (2024), and accepted by
the American Carbon Registry (American Carbon Registry,
2023) and the U.S. Department of Energy (DOE) (Pekney et
al., 2024), is time series measurements of the total gas flow
from the leak source that is then corrected for the concen-
tration of the greenhouse gas in question. For wells (such as
orphan wells with multiple leaks or missing surface casing)
and other point sources that cannot be directly connected to
an MFM, a chamber is placed over the orphan well and a seal
is formed with the ground to prevent emissions from escap-
ing the chamber (Fig. 1b). The chamber is vented to the at-
mosphere through a low-pressure drop, high dynamic range
MFM and pipe stack to prevent water and particle ingress and
back diffusion of gas to the MFM. The mass flow of gases
leaving the chamber is either read directly from the meter by
the user or logged over time by an external data capture sys-
tem. This process resembles measurements made from gas
flows through landfill covers (Maciel and Jucá, 2000; Zhan
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Figure 1. Overview of the test system used to emulate emissions in comparison to the configuration used to measure emissions in the field.
(a) A conceptual diagram alongside (b) a mass flow meter (MFM) test system setup in the field. (c) A diagram of the deployment of MFM
measurement systems quantifying orphan wells emissions and (d) photos showing measurement systems with different size chambers and
vent pipe configurations. (Photo sources: Karl Haase (c) and Nicholas Gianoutsos (d), USGS).

et al., 2016) and soil gas permeability (Allaire et al., 2008)
that use both gas concentration and chamber flow to calculate
gas flux. MFMs are used to quantify emissions from surface
casing vent (SCV) ports, well casings, and leaks from valves
and ports on the wellhead where the flow meter can be di-
rectly attached to measure emissions (Alberta Energy Regu-
lator, 2022). Attaching an MFM to a rigid chamber expands
the range of scenarios where an MFM can be used because
the entire wellhead is enclosed, encompassing all the leak
pathways and acting as an extension of the wellbore above
the ground. This approach is different from other chamber-
based approaches because the chamber is constructed and
operated with the intent of maintaining a pressure differen-
tial between the chamber and the atmosphere, while other
approaches seek to minimize the pressure differential (Maier
et al., 2022; Thalasso et al., 2023; Riddick et al., 2023;
Williams et al., 2023). There are several conceptual bene-

fits of this approach, including that the flux measurement can
be made at a wide range of flow rates, limited by the dy-
namic range of an MFM, without any moving parts, and the
response time of the measurements is not limited by the mix-
ing time of the chamber. MFMs have several characteristics
that make them appealing for long-term measurements in the
field: they have stable response factors, with calibration fre-
quencies of a year or more commercially available, and some
are available with ATEX (ATmosphéres EXplosibles) and
IECEx (International Electrotechnical Commission for Ex-
plosive Atmospheres) certifications for operation where ex-
plosive mixtures may be present. Drawbacks to using MFMs
include different responses to gas mixtures that are a func-
tion of both the thermodynamic properties of the gas being
measured and the MFM internal geometry. For maximum ac-
curacy, the gas mass flow measurements can be corrected for
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composition with external analysis to correct the mass flow
measurements for air dilution (DiGiulio et al., 2023).

3 Conceptual Model of the Measurement System

Figure 2 illustrates the different sources of gas flow in the
chamber and the flow pathways out of the chamber inves-
tigated in this study. The gas flows out of the chamber are
composed as the sum of: QMFM, the amount of gas flow rate
through the MFM, QBase, the gas flow rate through leaks
at the interface between the chamber and the ground, and
QSoil, the gas flow rate through the soil or surface beneath the
chamber. These flows are in response to gas released into the
chamber from the leak being measured, QEmit, and changes
in flow through the chamber caused by environmental pro-
cesses (QEnviro), yielding:

QMFM+QBase+QSoil =QEmit+QEnviro (1)

In the ideal case, the mass flow of gases into the chamber is
dominated by emissions from the well or point source over
which the chamber is placed (QEmit). Practically, gas flows
can be modulated by environmental processes (QEnviro) that
create pressure deviations between the chamber and the out-
side environment, as explored below. Some examples include
evaporation of water and evolution of other gases in the soil
underneath the chamber, stack effect from temperature differ-
ences between the atmosphere and the air in the chamber, the
Venturi effect of wind blowing across the MFM vent, baro-
metric pumping between the ground and atmosphere across
the chamber, and gas flow through the soil caused by soil ten-
sion and/or changes in the water table from movement of wa-
ter through the unsaturated zone during precipitation (Maier
et al., 2019; Yang, et al., 2021; Li et al., 2022).

Here, we evaluate the contributions of QBase and QSoil
on the accuracy of the measurements of the MFM cham-
ber.QBase is dependent on the procedures and environmental
materials used to seal the chamber to the ground. The con-
tact area between the rigid chamber wall and the ground can
create preferential flow paths that contribute to the total gas
conductance of the chamber by allowing gas to flow out of
the chamber system, so it is critical that QBase be made neg-
ligible though an effective ground seal. QSoil is an impor-
tant parameter because it is inherent in the measurement site
and is only partially controlled by chamber design and mea-
surement protocol. QSoil can be described by Darcy’s law,
defined by the following: (1) the chamber footprint area (A),
(2) the length (L) of the gas flow path from the soil surface in
the chamber to the soil surface outside the chamber, (3) the
gas permeability of the soil to the gas in the chamber (kg),
(4) the dynamic viscosity of the gas in the chamber (ug), and
(5) the pressure difference between the chamber and the at-
mosphere (1P ), (Bloomfield and Williams, 1995; Yang et

al., 2019; Garg et al., 2021) yielding Eq. (2):

QSoil =
A × kg × 1P

(ug × L)
(2)

Thus, in field scenarios, there are situations that increase
QSoil , such as shallow chamber placement that reduces L or
placement of a chamber in permeable soils with high kg. It is
also important to note that ug is not known a priori, and varies
depending upon the chemical composition of gases being re-
leased to the chamber, as dynamic viscosity changes with
gas composition, for example, with methane being about
40 % and CO2 being 20 % less viscous than air, respectively
(Friend et al., 1989; Laesecke and Muzny, 2017). Finally, the
signal from the MFM may not report the true emission rate of
the gas in question, as the response of the MFM changes with
gas composition and concentration corrections need to be ap-
plied in practice to determine both the true value of QMFM
and the composite flux of gases from the source.

4 Methods

4.1 Test Chamber Design, Operation, and Field Tests

An MFM chamber testing system was constructed as shown
in Fig. 3. The dimensions of the rigid chamber were
30 cm× 30 cm× 45 cm in a cuboid form, and all flow mea-
surements used a 0–100 standard liters per minute (slpm)
low pressure drop MFM. The MFM vent length was 1 m.
For some tests, a high density polyethylene (HDPE) plastic
ground skirt was attached to assess the feasibility of a pas-
sive seal at the ground surface that did not require digging
for placement (Parkin et al., 2005; Thalasso et al., 2023).
The reference gas was ambient air delivered via an oil-free
air compressor to a 0–5 slpm (0–0.3 m3 h−1) mass flow con-
troller (MFC), which permits large flow rates to be tested for
extended periods of time in safety from combustion or as-
phyxiation and without the associated costs of compressed
pure gases. The MFC dynamic range allows mass flow rates
of air equivalent to be added to the chamber that are equiva-
lent to 0.02 to 214.5 g h−1 of methane and 0.06 to 589.2 g h−1

of CO2. As the method focuses on advective flows, selec-
tive or diffusive transport into the polymers of the chamber
are assumed to be negligible relative to the flow through the
MFM. The control and data recording loop for the MFM and
MFC operated at rates of 1–10 s−1. Additional sensors and
data sources for humidity, temperature, wind, solar flux, and
pressure were mounted in the vent stack around the chamber
during evaluation of environmental factors. Details of con-
struction and operation of the chamber are given in the Sup-
plement (Sect. S1) and the data collected in the study are
available as a U.S. Geological Survey (USGS) Data Release
(Haase and Gianoutsos, 2025).

Chamber field testing was performed on soils near the
USGS headquarters in Reston, Virginia, USA. Soil plots
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Figure 2. Schematic of flow sources and flow paths in a mass flow chamber flux measurement system. Contributions to gas flow through
the chamber include the gas emission source (red) and the sources of environmental flow examined in this study, including the stack effect
(green from solar heating of the chamber), the Venturi effect flow from wind (tan), and humidity changes (blue) from water evaporating and
condensing in the chamber and include changes in water vapor pressure resulting in different mass flow meter (MFM) responses. Additionally,
there are gas flow pathways out of the chamber, including through the MFM, through the soil (small arrows for movement of gases through
the soil), and through leaks at the soil-chamber interface at the base (turquoise).

Figure 3. A photograph of the mass flow meter (MFM) chamber system under test with the major system components labelled. The reference
air source is provided by an air compressor and mass flow controller. (Photo source: Karl Haase (USGS)).

were characteristic of domestic sod and mowed meadows in
the area, with a mix of local and non-native sedges. The soil
type is Chantilly-Dulles complex, which is generally high
clay and low water permeability (Northern Virginia Soil and
Water Conservation District, 2013). Studies were carried out
in the field between December 2023 and February 2024 in
varying weather conditions.

The MFM was first tested in a pool of water to pro-
vide a reference point for a tight seal and to ensure that
the chamber and flow system was otherwise leak free. Con-
trol tests were then conducted with a range of base seal

conditions to ascertain how best to seal the chamber to the
ground (Fig. 4). These included simply setting the chamber
on the ground (Fig. 4b), attaching a HDPE plastic skirt to
the edges of the chamber and weighting it to seal against
the ground surface (Fig. 4c), pilling dirt on the edges of
the chamber to form a seal (Fig. 4d), and digging trenches
of various depths and packing them with dirt and wetting
the dirt in the trenches to loosen soil and reduce pore vol-
umes, and adding weight to the chamber to prevent it from
shifting (Fig. 4e). After each seal was established, a refer-
ence flow test over the entire MFC range was conducted. Be-
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Figure 4. Diagram of flow test scenarios. (a) Chamber in water bath to validate performance with perfect base seal and no leaks. (b) Chamber
on ground surface (c) chamber sealed to ground with weighted polyethylene skirt (d) chamber on ground surface sealed with dirt, (e) chamber
buried at various depth and sealed with dirt and added water to improve soil compaction and ground seal formation. Grey squares are weights
to hold the chamber down. Arrow widths denoted the relative amount of gas flows through different paths.

fore each test, the MFM on the chamber was zeroed with
the outlet plugged. All reference flow tests were conducted
over a range of controlled flows between 0–0.3 m3 h−1. Dur-
ing the reference flow tests, the MFM was measured with
no reference flow, then the reference flows were initiated at
the highest flow rate (0.3 m3 h−1), and then sequentially de-
creased through several steps (typically 0.3, 0.15, 0.06, 0.03,
6.0× 10−2, 3.0× 10−2, 6.0× 10−3, 3.0× 10−3, 1.4× 10−3,
7.2×10−4, 3.6×10−4, 6.0×10−5, and 0 m3 h−1) with a flow
duration of three minutes per step. The purpose of the low-
est MFC flow rates was to resolve the onset of signal in the
MFM and any potential non-linearity at the signal onset. The
pressure response of the chamber is not instantaneous, and
one minute of data was collected after the signal of the MFM
had stabilized and was used for tabulating the MFM output.
The both the MFM and the MFC had an accuracy of 0.1 %
of their full-scale value, leading to a combined accuracy of
0.14 % over the test range. All flow rates in this study are
reported at reference conditions of 25°, and 1 atm.

After a sealing protocol was developed, three blind tests
were conducted where the chamber was sequentially de-
ployed in new locations a few meters apart and the ref-
erence flow sequence was executed to evaluate its effec-
tiveness and reproducibility. Environmental testing to eval-
uate the contributing environmental processes on the MFM
chamber measurement took place in a range of weather con-
ditions (hot/cold, cloudy/sunny, windy/calm, and precipita-
tion). These tests were conducted both with a plastic skirt
and the chamber flat on the ground, and with the edges of the
chamber sealed to the ground with packed dirt. Data were
collected from the control computer daily during this period
and, afterwards, the vent port of the chamber was plugged
and the MFM was re-zeroed. This is important to note be-
cause it likely had the effect of muting the contribution of
changes in relative humidity on the MFM data stream but
was important to remove baseline drift in the MFM (which

could also be a response of the MFM electronics to temper-
ature, battery voltage, dust on the MFM sensing elements,
or other sources). Data collected during environmental pro-
cess testing were evaluated for quality, and data from peri-
ods when the sensors were not operating correctly (typically
power failure to a component or the system, downtime to re-
trieve data, unresolved gas reference flows, and condensation
in the MFM) were removed from the data stream.

4.2 Laboratory Testing of Mass Flow Meter and
Chamber Assembly

To validate linearity of the reference flow MFC and the
chamber MFM devices, both were connected in series (with-
out the chamber in the middle) and the reference gas flow
test routine was run over the full MFC range (i.e. to show
that Qemit =−QMFM without a chamber or soil losses). To
assess the precision and stability of the MFM chamber sys-
tem response in a controlled environment, free from wind,
temperature changes, and direct sun, the sealed chamber was
tested with over 42 measurement cycles spanning a 15 h pe-
riod. For this test, the bottom of the chamber was sealed with
152 µm-thick high-density polyethylene (HDPE) sheet taped
to the chamber edges.

4.3 Chamber Simulations: Soil Permeability, Gas
Composition, and Response of MFM compared to
Dynamic Chambers

During field visits where the MFM was mounted on cham-
bers placed over orphan wells (Haase et al., 2025), we
observed that methane was detectable around the base of
the chambers over wells with methane leak rates of over
100 g h−1 range, showing that gas can migrate through the
soil even where the chamber has been placed with the best
possible ground seal. The effect of gas flow through the
soil under the chamber on measurement accuracy, soil gas

Atmos. Meas. Tech., 18, 4207–4226, 2025 https://doi.org/10.5194/amt-18-4207-2025



K. B. Haase and N. J. Gianoutsos: Evaluating mass flow meter measurements 4213

flows were estimated for a range of soil permeabilities using
Eq. (2). Soil gas flows were calculated for a range of mass
flow meter pressure drops collected from various vendor’s
datasheets.

A second set of calculations were used to evaluate the ef-
fect of the concentration dependence of the MFM on emis-
sions rate measurement accuracy. For this evaluation, both an
MFM chamber and an identically sized dynamic flux cham-
ber were simulated. The simulated chamber calculations as-
sumed a volume of 250 L, with a pumping speed of 5 liters
per minute (L min−1) in dynamic chamber mode for 24 h.
Stable methane leaks of 1.40× 10−3 m3 h−1 (1 g h−1 CH4),
6.00× 10−2 m3 h−1 (42 g h−1 CH4) and pulses every 30 min
(1 min at 6.00×10−2 m3 h−1 and 1 min at 3.00×10−2 m3 h−1

to emulate burst and pressure decay) were simulated. The ini-
tial conditions for the chamber were set to 1 part per million
of methane (to prevent divide-by-zero errors) and the bal-
ance air. The simulations calculated the concentration change
of gas in the chamber at each time step, then they calcu-
lated what instantaneous leak rate each measurement system
would report. For the MFM chamber, the simulated emission
rate measurement assumed instantaneous response to flow
changes, and the simulated MFM response was referenced
to pure methane, with air to a methane response factor of
1.367 (MKS Instruments, 2024). For the dynamic chamber,
the simulated emission rate measurement was calculated us-
ing the following equation, following (Riddick et al., 2023,
Wiliams, 2023):

Qleak = (Xchamber−Xbackground)×Rpump (3)

where Xchamber is the steady state volume mixing ratio of the
gas of interest in the chamber, Xbackground is the background
mixing ratio of the gas in air, and Rpump is the mass flow
rate of gas being removed from the dynamic chamber by the
pump. The system of equations used are described further in
Sect. S4.

5 Results: Testing Deployment Protocols in the
Laboratory and the Field

5.1 Sealing the Chamber Against the Ground

Many different approaches to sealing the chamber against the
ground were tested (Fig. 4 and the methods section). A ref-
erence point was created by testing the chamber when it was
placed in the pool of water (Fig. 4a). This test showed good
linearity but a slow response to changes in flow as increas-
ing air pressure pushed water out of the chamber. Addition-
ally, the wave action of water in the pool generated noise in
the response as the water moved in and out of the chamber.
Gas flow could not be measured from approaches that did
not have a direct seal to the ground or thin soil barriers as
these allowed small, uncorrectable leaks around the chamber
edges. Tests with the chamber resting directly on the ground

(Fig. 4b), with a HDPE plastic skirt weighted with chain
and bricks (Fig. 4c), and with soil packed against the edge
(Fig. 4d) could not be configured to reliably generate a use-
ful signal for reference flow under any condition, as the gaps
formed between the edge of the chamber, the sheet, surficial
debris, and the packed dirt allowed a major portion of the ref-
erence gas flow to leave the chamber. Burying the edges of
the chamber at a shallow depth of ≈ 3 cm and packing soil
around the edge of the chamber would occasionally gener-
ate a seal that would allow full response over the test, but,
over time, small seal defects could appear as the soil settled
(Fig. 5), making it difficult to complete a full reference flow
test. Wetting the edges increased the quality of the seal, as
did increasing the depth of the trench. Ultimately, it was de-
termined that a chamber placement depth of 18 cm (7 inches)
or more, removing fibrous and porous debris from the soil
before packing (roots, sticks, rocks, and pebbles, etc.) and
wetting the soil packed at the edges, provided a reliable seal
that could be blind tested against reference flows and could
achieve reliable results. Figure 6 provides example results
from flow tests with the MFM chamber placed in a pool of
water in the field (to demonstrate a leak-free seal), tests from
a leaking chamber in shallow soil, and a test from a tightly
sealed chamber deep in the soil.

The results of different controlled flow experiments where
a good seal was achieved are shown in Table 1, and the
comparison of the reference direct MFC-MFM connection,
water bath tests, and soil placement tests linearity and ac-
curacy tests are shown in Fig. 7. Three repeated place-
ment tests at 18 cm depth showed that the chamber could
be placed reliably, and the response of the MFM relative to
the MFC reference flow was stable and linear, ranging from
1.0042 to 1.0125, with detection limits (3σ ) of 8.18×10−3 to
1.385× 10−2 m3 h−1, corresponding to a pure methane leak
rate of 0.58 to 0.99 g h−1. The average uncertainty (average
of the relative standard deviations across the flow range) was
in the range of 1 % for all tests, though the uncertainty was
higher for the lower flow rates, increasing beyond 10 % at be-
low 1×10−2 m3 h−1, with variability due to environmentally
driven flow (as discussed below) and likely due to variation in
the quality of the seal between the placements. It is important
to note the detection limit of gas flows and the detection limit
for specific gases emission rates are separate: If a gas source
is leaking a mixture of a gases, then the detection limit is
reduced by the fraction of the specific gas in the flow, for ex-
ample if the flow limit of detection is∼ 1×10−2 m3 h−1, but
the concentration of methane is 1 %, then the methane limit
of detection would be 1× 10−4 m3 h−1, or 7.4× 10−3 g h−1.

5.2 Laboratory Test Results: MFC-MFM
Cross-Calibration, MFM Chamber Stability, and
Detection Rate

Cross-calibration of the MFM and MFC showed a linear re-
sponse and accurate cross-calibrations, with the slope of the

https://doi.org/10.5194/amt-18-4207-2025 Atmos. Meas. Tech., 18, 4207–4226, 2025



4214 K. B. Haase and N. J. Gianoutsos: Evaluating mass flow meter measurements

Table 1. Comparison of performance specification of the mass flow meter (MFM) used in this study along with the results of laboratory
cross-calibration by direct connection between the MFM and a mass flow controller (MFC), and results from tests with the MFM chamber
placed in water or with the repeat tests edges buried 18 cm in the ground. Limit of Detection (LOD) was calculated as three times the standard
deviation of the signal with no reference flow over a 1 min period. The average uncertainty was calculated as the average relative standard
deviation (RSD) from the reference flows that were measured to be above LOD for each test and are expressed in percent. Also included is
the mass-based limit of detection for a pure methane leak. (NA means not applicable: this is the reference value).

Measurement/ Intercept Baseline LOD LOD Average
Reference value (m3 h−1) Standard (m3 h−1) CH4 (g h−1) Uncertainty

(m3 h−1)/(m3 h−1) deviation (% RSD)
(m3 h−1)

MFM Specification 1.0000± 0.0075 0.0 NA 0.0006 0.43 0.10 %
Direct MFM Connection 1.0074 5.0× 10−5 0.00251 0.00752 0.54 0.11 %
Chamber Placed in Water 1.025 5.0× 10−3 0.00126 0.003786 2.71 20.90 %
18 cm Placement Test 1 1.0047 1.0× 10−3 0.00346 0.001038 0.74 1.10 %
18 cm Placement Test 2 1.0042 2.5× 10−3 0.00987 0.000818 0.58 0.81 %
18 cm Placement Test 3 1.0125 6.4× 10−3 0.00462 0.001385 0.99 0.67 %

Figure 5. A photograph of a cross section of local soil that was
packed against the side of the chamber after a deployment test that
did not completely seal. A potential gas leak pathway (red lines)
following roots in the soil. Rocks, roots, sticks, and other materials
can be present in the soil that create a preferential flow path for
gas to flow around the edges of the MFM chamber. (Photo source:
Karl Haase (USGS)).

MFM/MFC response being 1.0074 with an R2 of 1.00. The
flow resistance of the MFM over the reference flow range
of 0 to 0.3 m3 h−1 was 9.07 10−4 atm/(m3 h−1), lower than
the 2.72 10−3 atm/(m3 h−1) at a flow rate of 6 m3 h−1 spec-
ified by the manufacture. The ratio of the response of the

MFM was 1.0075 of the output set on the reference MFC,
with gas flow detectable down to 7.52×10−3 m3 h−1. This is
essentially the same as the stated manufacture performance
and demonstrates the best possible performance of the MFM
in isolation from the chamber, vent, and environmental pro-
cesses, serving as a baseline for subsequent tests (Fig. 7
and Table 1). The result of repeated flow cycles showed
the response of the MFM chamber was stable, with a rela-
tive standard deviation in response of 0.35 % over the 15 h
test window. The mean limit of detection (LOD), estimated
from three times the standard deviation (3σ ) of the zero-flow
MFM signal of each measurement cycle was 1.02× 10−3

±

3.61× 10−4 m3 h−1, corresponding to 0.74± 0.26 g h−1 of
methane and 2.02 g h−1

± 0.71 g h−1 of CO2. Experimen-
tally, the mean detection level (defined as the MFC flow
that raises the MFM signal to above 3σ of the background
level) was 9.12× 10−4 m3 h−1 ranging from 6.0× 10−5 to
3.0× 10−3 m3 h−1. The system had a 100 % detection rate
for flows rates equivalent to 2.15 g h−1 of methane or less
and 70 % detection rate for flows equivalent to 1 g h−1 of pure
methane or lower. The presence of a range of detection levels
in the repeated study indicates that the film seal base seal was
not always rigid, and instead it expanded during the experi-
ment, allowing several low flow stages to complete without
MFM detection.

5.3 Gas Flow through Soil can Reduce MFM Chamber
Accuracy

5.3.1 Estimating the Effect of Soil Permeability

The proportion of the gas flow through the MFM relative
to the soil is dependent on the flow resistance of the MFM
relative to the flow resistance of the soil under the cham-
ber. Reviewing the specifications of MFM that are mar-
keted for measuring gas leaks in upstream oil and gas op-
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Figure 6. Mass flow meter (MFM) signal collected with the chamber under different test conditions with different qualities of ground seals.
All tests were conducted outdoors and noise from wind is present. The reference air flow into the chamber (black circles) represents the best-
case baseline. MFM signal with chamber placed in water (blue three-point marker), shows noise from waves and wind more pronounced than
other tests. When the chamber was shallowly placed in soil (red dots), most of the reference flow was lost from leaks at the edges. The best
performance was achieved when chamber was placed 18 cm below ground and with the edges soaked with water (green inverted triangles).

erations and general-purpose MFM shows that the ratio of
maximum flow to pressure drop at maximum flow varies
from around 20 (m3 h−1)/atm (most restrictive) to 14.4×
104(m3 h−1)/atm (least restrictive), with three examples in
the range of 1–3×103 (m3 h−1)/atm (Ventbuster Instruments,
2024; VentMEDIC Corporation, 2024; Calscan, 2024; Alicat
Scientific, 2024a, b). Using MFMs that are restrictive may
result in an underestimation of emissions as a substantial por-
tion of the gas will leave the chamber through the soil under
most conditions.

Surface soils have permeabilities that range from ≈
10−10 m2 or more for unsaturated materials with large
flow paths to 10−13 and less for materials with constricted
flow paths, water content, or fine particles like clay soils
(Bloomfield and Williams, 1995; ASTM International, 2013;
Wałowski, 2017; Benavente et al., 2019). Assuming laminar
flow (i.e. a linear relationship between pressure and flow)
through the MFM and soil flow governed by Darcy’s Law
(Eq. 2), the ratio of gas flowing out of the MFM to gas flow-
ing through the soil should not change with pressure at gas
flow rates that are sufficiently low that turbulent flow does
not occur in the MFM and the soil permeability does not
change in response to the pressure. Figure 8 addresses the
behaviour of different MFM soil combinations, including the
fraction of air flow through the MFM at permeabilities be-
tween 10−13 to 10−9 m2 at idealized flow meter maximum
flow pressure drop ratios of 20 to 20 000 (m3 h−1)/atm in a

chamber with a footprint area of 0.13 m2 and a mean soil flow
path of 0.06 m. Where soils have low permeability, 98 % (or
more) of the air flow is captured by the MFM, regardless
of its flow resistance. As soil permeability increases, MFMs
that have greater flow resistance will have less of the gas flow
pass through them. At a permeability of 10−11 m2, (approx-
imately dry sandy soil), an MFM with a pressure drop ratio
of 20 (m3 h−1)/atm (representative of low flow/instrumenta-
tion targeted units) will have 34 % of the air flow, while an
MFM with a pressure drop ratio of 2000 (m3 h−1)/atm will
still have 98 %. The arrows in Fig. 8 illustrate how soil, gas,
and chamber properties influence the amount of gas from
a leak flowing through the MFM. The permeability of the
soil is reduced by water saturation, so added water content
will cause more flow through the MFM, and flow through
the MFM will be reduced as soil dries. The dynamic viscos-
ity of the gas in the leak will also affect the flow through
the soil. Flows of gases with dynamic viscosities greater
than air (non-methane hydrocarbons, for example) will have
greater flow through the MFM, while gases with lower vis-
cosity (like carbon dioxide and methane) will have greater
flow through the soil (Davidson, 1993; Huber and Harvey,
2011). Increasing the chamber area increases the flow paths
through the soil, reducing the proportion of MFM flow. In-
creasing the chamber placement depth lengthens the gas flow
paths through the soil, increasing the proportion of gas flow
through the MFM. Overall, the lower the flow resistance of
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Figure 7. Comparison of the references gas flow rates into the
chamber and the measured flow rates out of the chamber mass flow
meter (MFM) under the direction connection, chamber in water, and
replicate (3×) 18 cm placement scenarios. (a) Measurements and
linear regression of the reference and measured flows. (b) The dif-
ference between the reference flow (MFC) and the measured flow
(MFM) as a function of reference flow rate, showing that the error
in flow rates becomes much greater below 1× 10−2 m3 h−1.

the MFM, the broader the range of soils and scenarios where
the chamber can be placed without significant gas flow losses
through the soil.

While the ratio of the flow between the MFM and the
soil does not depend on pressure, the magnitude of the
flow through the MFM and the soil does. Figure 9 demon-
strates the quanity of air flowing through soil of differ-
ent permeability as pressure in the chamber increases over
the dynamic range of a low resistance MFM (0–30 m3 h−1,
14 444 (m3 h−1)/atm) on a chamber with the same configura-

tion as Fig. 8. At the maximum MFM flow and pressure drop
(2×10−3 atm), high permeability soils could be passing sev-
eral cubic meters per hour of gas that is not captured by the
MFM. While this could be a small fraction of the total flow
of the system, it may represent a significant underestimate of
the magnitude of the leak in question. Following Fig. 8, ar-
rows on Fig. S1 in the Supplement indicate the effects of soil
water, gas viscosity, and chamber characteristics on soil gas
flow.

5.3.2 Environmental Processes Affect Gas Flow in the
MFM Chamber

Environmental flow is a MFM chamber signal response that
is the product of natural processes around the chamber and
is not related to the source of the leak in question. The ef-
fects of various types of environmental flow are illustrated
by the data collected from the MFC chamber in a range of
conditions without an active gas source inside it (Fig. 9a).
During the 11-day measurement period, the chamber experi-
enced both diurnal cycles and several different weather con-
ditions (sun/clouds/rain/wind) that created gas flow and sig-
nal changes in the chamber MFC. The 1 min average MFC
mass flow was −2.94× 10−3 standard m3 h−1 with a stan-
dard deviation of 7.40× 10−3 standard m3 h−1. The highest
1 min average mass flow was 3.21× 10−2 m3 h−1. In terms
of a methane emissions rate, this corresponds to a mean rate
of−2.10 g h−1, with a standard deviation of 5.29 g h−1 and a
maximum of 22 g h−1.

Environmental flows were observed to occur from many
sources. Stack flow from temperature differences between
the chamber and the outside air became noticeable when the
differences were larger than approximately 3°. The largest
environmental flows and the periods of the greatest variabil-
ity in MFC data were observed during periods when the av-
erage wind speed was greater than 10 km h−1, though these
were masked by the hourly average obtained from National
Oceanic and Atmospheric Administration (NOAA) that does
not identify instantaneous gusts that can briefly cause high
MFC flows. The MFC flow relationship that was most dif-
ficult to identify was that of water vapor pressure in the
chamber, due to its close correlation with thermal processes,
however, water vapor movement through the chamber MFC
or changing gas composition in the chamber contributed to
small, slowly changing baseline flow signal drift in otherwise
calm conditions. Changes in water vapor composition in the
chamber could be separate from ground heating processes
during rain events (2024/01/06 10:00–21:00 and 2024/01/09
09:00–2024/01/10 00:00).

To determine the contribution from different environmen-
tal processes to environmental flow, the measured MFC
flow was fit to an orthogonal least squares (OLS) regres-
sion (Seabold, 2010) using linear relationship among envi-
ronmental flow (Qenv, m3 h−1) and each variable (average
wind speed (W , km h−1), temperature difference (1T , °),
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Figure 8. Air flow through the mass flow meter (MFM) under the MFM chamber for different MFM flow resistances and differing soil gas
permeability ranges for a chamber area of 0.13 m2. The arrows demonstrate how the effects of soil water content, gas viscosity, and chamber
properties affect the proportion of flow between the MFM and the soil.

and water vapor pressure (Pw, atm) with a P value for all
fit coefficients< 0.005 (t-test and confidence intervals in Ta-
ble S1 in the Supplement), yielding the following equation to
simulate the environmental flow in the MFM chamber sys-
tem:

Qenv = 1.45× 10−4
×W + 9.43× 10−4

×1T

+ (−7.55× 10−1)×Pw+ 2.48× 10−3 (4)

The estimated environmental flow is shown in Fig. 10a and b
(blue line) along with the measured flow. The inability to ob-
tain high time resolution wind speed data is a limitation on
the utility of using a multi-parameter fit to examine the var-
ious sources of environmental flows in this study. There is
considerable variation in the MFC measurements during pe-
riods of high wind (particularly over 10 km h−1, Fig. S2) and
the associated instantaneous variation in windspeed that are
not captured in the estimated environmental flow. As a result,
the R2 of the OLS fit was 0.36, and it is expected that higher
frequency wind measurements, which are not typically avail-
able during routine emissions measurements, would improve
the quality of the fit. The mean simulated environmental
flow (from Eq. 4) was −7.09× 10−4 m3 h−1, with a stan-
dard deviation of 2.45× 10−3 m3 h−1, and a maximum of
8.61× 10−3 m3 h−1, which is both smaller and less variable
than the measured MFC flow.

To examine how each source of environmental flow con-
tributes to the predicted flow over time, the contribution of
each source (wind, temperature difference, and water vapor
pressure) to the predicted chamber flow during the study is
shown in Fig. 9b. The percentage of the predicted flow from
each source is shown in Fig. 9c. Temperature-driven flow is
only present during the daytime when the chamber can be
heated by sunlight, while wind-driven flow and signals from
water vapor pressure can be present at any point in time.

The role that water vapor plays in the flow rate reported
by the MFC is complex. The baseline signal of the measured
flow follows the water vapor pressure contribution (Fig. 9a),
indicating the influence of water vapor composition (rather
than water vapor movement) on the baseline MFC signal
(for example, around 00:00 eastern standard time (EST) on
1 July 2024). Increasing temperatures can also drive evapo-
ration of water from soil, increasing the partial pressure of
water vapor in the chamber during periods where the largest
positive flows from solar gain warming the chamber also
had increases in negative apparent contribution from wa-
ter vapor. Finally, unlike wind and temperature differences,
there is always water vapor present in the air, and its partial
pressure evolves more slowly than the other environmental
flow sources, so it tends to dominate in the decomposition
(Fig. 9c). It is important to point out that all three sources
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Figure 9. Analysis of the gas flow through the mass flow meter (MFM) chamber from environmental processes. (a) Test chamber environ-
mental flow measurements along with wind speed, temperature difference, solar flux, water vapor pressure, and modelled environmental flow.
(b) The measured and predicted environmental flow along with the contribution to the MFM signal from wind, temperature difference, and
water vapor pressure. (c) The relative proportion of the environmental flow from each factor (wind, temperature difference, and water vapor
pressure) calculated at the time of each measurement. The collected on 1 October 2024 are omitted because the humidity sensor stopped
working.

of environmental flow are of similar magnitude during the
period of the study.

Figure 10 contains a set of violin plots exploring the sen-
sitivity of the environmental flow from the chamber to the
different sources and the distribution of the different flows,
along with a bar chart demonstrating how the different ex-
tremes of environmental sources can combine to create flow
in the chamber calculated using Eq. (4). The measured envi-
ronmental flow rates (black) have greater extremes than the
modelled flow rates (blue), again illustrating that the hourly
mean winds (green) likely lead to underprediction of wind

driven flow. Thus, the temperature driven flow shows the
most variability, including small negative flows when the
chamber is colder than the air. Both the observed and mod-
elled environmental flows had means that were very near
zero, demonstrating that there were considerable periods of
time where there was no air movement through chamber and
therefore, if the chamber had been placed over a leak, the re-
ported flow by the MFM would be very close to the true value
of the leak. A potential use of developing the modelled rela-
tionship for a MFM chamber system like Eq. (4) could be to
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isolate emissions measurements during intervals of time that
have minimal influence from environmental sources.

We examined a set of environmental extremes for tem-
perature, wind, and humidity to investigate the upper lim-
its of environmental flows that could occur when using
the MFM chamber to measure fluxes in the field using
Eq. (4). Temperature differences between ambient air and
walls of a black chamber in direct sun might potentially range
as much as 0–40° (Russell and Bartels, 1989; Chestovich
et al., 2022), water saturated vapor pressures 0.000 to
0.0395 atm cover a range of extremely dry to humid ar-
eas (Brasseur et al., 1999), while wind speeds ranging from
0 to 50 km h−1 are used to capture a range over which a
large chamber could be easily anchored to the ground. En-
vironmental flow from temperature difference could reach
3.8× 10−2 m3 h−1 (27.0 g h−1 CH4, 74.0 g h−1 CO2) at 40°,
average windspeeds of 50 km h−1 produce flows of 5×
10−3 m3 h−1 (5.2 g h−1 CH4, 14.3 g h−1 CO2), and the nega-
tive relationship between water vapor pressure and measured
MFM flow would create a signal of −2.9× 10−2 m3 h−1

(−21.3 CH4 g h−1, −58.5 CO2 g h−1). These extremes are
notably larger than 25 % and 75 % quantiles of the measured
and fit MFC data which are on order of 7× 10−3 m3 h−1

(5 g h−1 CH4, 14 g h−1 CO2) or less during the period of the
experiment.

This test demonstrates that uncertainty from environmen-
tal flow in the MFM chamber can be reduced by limiting the
temperature difference of the chamber (for example, choos-
ing reflective materials and not measuring in direct sun-
light), and minimizing measurements during windy condi-
tions. While it is conceptually desirable to limit evolution
of water vapor in the chamber, this is likely not practicable
as both the soil and likely the emissions source have some
amount of water vapor in their composition, and thus the in-
fluence of water vapor is unavoidable, though different MFCs
may have different response factors to water vapor. Another
benefit of insuring a good seal against the ground is that en-
vironmental flows could be reduced as conductance through
soil is much lower than from leaks around the chamber edges.
Understanding the factors that cause environmental flow is
also important because these processes may also mediate the
emissions rates of the leak targeted for measurement. Last,
selecting periods of time when the factors are not major con-
tributors to the flow from the chamber could improve the ac-
curacy of the measurement, especially for small leaks (Maier
et al., 2019; Forde et al., 2019; Fleming et al., 2021). This
is particularly a concern for smaller leaks on the order of
0.015 m3 h−1 (∼ 10 g h−1 CH4, 30 g h−1 CO2). For example,
open hole orphan wells may themselves be modulated by en-
vironmental processes (Riddick et al., 2020) as their magni-
tude and variation could be masked by environmental flow
through the chamber.

5.4 Comparing MFM Chamber and Dynamic
Chamber Response

MFMs have different response factors for gases of differ-
ent compositions (Tison, 1996; Hardy et al., 1999; MKS In-
struments, 2024; Alicat Scientific, 2014). The composition
of the gas in the MFM chamber changes during the mea-
surement period as the air in the chamber is displaced by
the gas emitted from the source. Figure 11a, c, e shows
the evolution of the gas in the MFM and dynamic cham-
bers under 1.40×10−3 m3 h−1, 6×10−2 m3 h−1, and pulsed
6×10−2 m3 h−1 (1 g h−1 and 42.9 g h−1 CH4) scenarios. Fig-
ure 11b, d, f shows the corresponding simulated measure-
ments from both systems in comparison with the actual emis-
sion rate in the chambers, using a response factor for methane
in the MFM chamber (CO2 would show a similar behavior,
but with a different MFM correction factor).

For the slowest leak (Fig. 11a and b), the MFM cham-
ber does not fully saturate with methane, reaching a peak
mixing ratio of 0.125. This results in an over-estimation of
the leak rate throughout the emissions measurement period,
which could be corrected by measurements of gas concentra-
tions in the MFM chamber. In contrast, the dynamic cham-
ber reaches concentration equilibrium within a few hours,
and the measured emissions rate matches the true emissions
rate throughout. At a moderate leak rate (Fig. 11c and d),
the MFM chamber becomes fully saturated with methane
gas after 20 h and the measured emissions rate during the
last 4 h match the actual leak rate. It is notable that the dy-
namic chamber has the same equilibration time in both sce-
narios. Figure 11e shows that episodic emissions of methane
from pulsed flow (for example, from bubbles rising through
a wellbore) can create a situation where the concentration
of methane in both chambers do not reach equilibrium over
the course of the measurement period. In the MFM cham-
ber, the concentration increases in a step function as each
pulse accumulates in the chamber. In the dynamic chamber,
which is continually removing gas, the concentration spikes,
then decays with each pulse, never reaching equilibrium. Fig-
ure 11f shows the emission rate measurements under pulsed
conditions: the MFM chamber is able to capture the timing
of the emissions pulses accurately, though it over-reports the
emission rate due to the mismatch between the methane re-
sponse and the actual gas composition in the chamber. This
discrepancy decreases as the concentration of methane in the
chamber increases. In contrast, the dynamic chamber cap-
tures the average emissions rate, but the amplitude and tim-
ing of pulses are damped relative to the true value.

These simulations highlight several characteristics of
MFM chambers relative to measurements from dynamic
chambers and direct MFM connections to emission sources.
First, the MFM chamber volume can act as reservoir that
must be flushed before the response of the MFM to the source
gas is stable. For measurements of small leaks, the purge
period before a stable response can be lengthy, so multiple
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Figure 10. Violin and box plots showing the range and distribution of measured chamber flow (black) with modelled chamber flow from
Eq. (4) (blue), and contributions to the modelled flow from wind (green), temperature difference between inside the chamber and outside
(red), and humidity of the gas at the mass flow meter (MFM) vent (purple). On the right, the range of potential contributions for the
different environmental components is shown as stacked bars with arrows showing the potential contribution from each environmental factor.
Temperature differences and wind increase measured flow, while increasing water vapor in the chamber causes the signal in the MFM to
decrease. The left axis is plotted both in terms of volumetric gas flow through the MFM (corrected to 25 °C and 1 atmosphere) as well as
emission rates of methane and carbon dioxide.

Table 2. A summary of the critical parameters tested in this study in terms of mass air flow, methane mass emission rate, and carbon dioxide
maximum emission rate, along with potential contributions to uncertainty from environmentally derived signals in the MFM chamber. BG:
Background. Equation (4): corresponds to values calculated using Eq. (4) at the noted inputs.

Parameter LOD Mean 100 % Average Observed Max Max Max
Detection Detection Uncertainty Environ. Wind Solar Humidity
Level Level Flow Flow Flow Signal

Method 3σ of BG 3σ over BG 3σ over BG RSD of all 1σ of Eq. (4) @ Eq. (4) @ 40° Eq. (4) @ 0.0390
levels (%) 11 d 50 km h−1 atm H2O

Air m3h−1 1.08× 10−3 9.12× 10−4 3.00× 10−3 0.86 % 7.40× 10−3 5.00× 10−3 3.80× 10−2
−2.90× 10−3

(@ 25 °C, 1 atm)

Pure CH4 g h−1 7.70× 10−1 6.50× 10−1 2.14 0.86% 5.27 5.2 27 −21.3

Pure CO2 g h−1 2.11 1.78 5.87 0.86 % 14.48 14.3 74 −58.5

concentration measurements may be required to correct the
MFM measurements over the data collection period. This
purge interval for a direct connection or the dynamic cham-
ber is much smaller, and in the case of the dynamic cham-
ber, not dependent on the emission rate. The MFM chamber
is also able to resolve instantaneous flows like an MFM di-
rectly connected to the leak source, while the dynamic cham-
ber measurement technique shows a damped response as the
change in emission rate is resolved as a change in concentra-
tion rather than in flow, though it is still able to capture the av-
erage emissions over time. Notably, with information about
the volume of the chamber and the concentration of balance
gas in the chamber, it is possible use the derivative of the
dynamic chamber concentration to directly capture the vari-
ation in emissions rate (Gao and Yates, 1998). However, we

are not aware of this being applied to measurements of emis-
sions from orphan wells or included in other chamber guide-
lines (Maier et al., 2022; Liu et al., 2022; Williams et al.,
2023; Riddick et al., 2023). In any case, the MFM based ap-
proaches can quickly resolve changes in emissions rate with-
out the need for higher order corrections and do so without
the need for pumps and/or mixing of the chamber contents
with a fan, though at lower emission rates the period required
to purge the chamber with gas could be very long, resulting
in inaccuracy without detailed concentration corrections.
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Figure 11. Simulations of mass flow meter (MFM) and dynamic chambers with different size leaks and pulsed flows that simulate intermitted
leaks. The simulated chambers volumes are 250 L and the simulated dynamic chamber pump rate was 5.0 L min−1. (a, c, e) Simulated fraction
of leak gas in MFM and dynamic chambers. The leak rate measurements that would be reported by the MFM and dynamic chamber systems
are shown in the right column figs (b, d, f).
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6 Suggestions for Optimal Emission Measurements
Using the MFM Chamber

To optimize emission measurements using the MFM Cham-
ber:

1. Reduce the chamber size to a minimum to reduce soil
footprint and purge volume and select an MFM with
minimal flow restriction can help reduce uncertainties
associated with the method.

2. To insure that flow is not lost to leaks and that leaks do
not evolve during measurements, the edges of the rigid
chamber need to be sealed against the ground through a
combination of deep burial (18 cm or more in our find-
ings), soaking the soil with water to encourage settling
and reducing permeability, adding weights on top of the
chamber, or other measures to prevent the chamber from
shifting and breaking the soil seal.

3. When setting up the MFM chamber over an active leak,
the flow rate of gas can be monitored while sealing the
edge of the chamber into the soil to achieve a maxi-
mum flow and identify when the chamber is correctly
placed. For wells and sources that are located on con-
crete, gravel, or other high gas permeability surfaces
where a good seal is difficult to create, it might be possi-
ble to pour a bentonite or other impermeable mud slurry
to seal the area around the leak and the base of the cham-
ber. However, considerations for how this affects hu-
midity in the chamber might be required and the slurry
could block below-ground leaks from being detected.

4. For highest accuracy, measurements should be made
during low wind periods where the chamber is not di-
rectly in the sun (shaded location, overcast, or night-
time). Extreme weather conditions can create envi-
ronmental flows that can increase the uncertainty or
completely obfuscate the measurements from small
leaks, especially below 0.04 m3 h−1 (∼ 40 g h−1 CH4,
∼ 90 g h−1 CO2).

5. For measurements of small and episodic sources, the
change in gas concentration in the chamber could be ac-
counted for either by placing the chamber on the source
for a sufficiently long period to allow it to fill with gas
or by making periodic concentration measurements over
the measurement interval, instead of a single measure-
ment at the end of the measurement session.

6. Document the reference conditions (temperature and
pressure) as well as the gas for which the MFM is cali-
brated to increase clarity for data processing and report-
ing.

7. High data collection frequency from the MFM (> 1 s−1)
can help identify both sources of environmental flow as
well as short duration changes in emission rate.

7 Conclusions

The critical parameters describing the performance of the
MFM chamber tested in this study are summarized in Ta-
ble 2. Field testing of the MFM chamber shows it can quan-
tify leaks as small as 9.12× 10−4 m3 h−1 air, corresponding
0.65 g h−1 CH4 or 1.78 g h−1 CO2. The quality of the ground
seal of the chamber is critical for obtaining high quality
data. The chamber body, all access ports and fittings, and
its ground seal need to be leak free. The effect of gas flow
through soil on the accuracy of the measurements is min-
imized by selecting a MFM with the lowest pressure drop
possible. A high-quality ground seal can be made by deeply
burying the chamber edges (18 cm in our study), sealing the
edges with soil free of roots and rocks that increase perme-
ability, and wetting and packing the soil to create a tight seal.
The deeper the chamber is placed, the more reliable the seal
will be. Gas permeability of the soil around the MFM cham-
ber can cause bias in measurements. Soil with high gas per-
meability (for example, dry, gravelly soil) will provide a gas
flow path that reduces the flow through the mass flow me-
ter. The effect of soil permeability can be reduced by using
the lowest flow resistance meter possible and minimizing the
footprint of the chamber on the ground. The measurements
made by the chamber are influenced by wind, temperature
differences between the chamber and the atmosphere, and
variation in humidity during measurements. These influences
can contribute to the leak signal measured by the MFM,
potentially ranging from −2 to 4× 10−2 m3 h−1, though in
practice, these sources contribute less than ±1× 10−2 m3

(≈ ±7 g h−1 CH4 and ≈ ± 20 g h−1 CO2). Consideration of
mixing effects in the chamber due to leak rates and gas con-
centration can improve data quality, MFM measurement ac-
curacy depends on the gas flowing through it matching the
composition of the gas it is calibrated against. The MFM
chamber may be more appropriate than dynamic chambers
for time series measurements owing to the instantaneous re-
sponse and simpler implementation.

The results of this study also reveal several opportunities
for future refinement of the methodology. Wind driven vari-
ation could be reduced by using an engineered chamber vent
that reduces venturi driven flow (Xu et al., 2006). The MFMs
could be built to include CH4, CO2, O2, humidity, and other
common industrial sensors to measure the concentration of
the gases flowing through the MFMs. Measuring the gases
in this way could have several benefits: the concentrations of
gases can be very high, in a range where low cost industrial
and HVAC targeted sensors perform well, allowing for real
time speciation of emissions and correction for gas sensitiv-
ity of the MFM, improving accuracy and reducing the need
for offline sample analysis. The testing methods used in this
study also offer the opportunity to calibrate/validate MFM
deployments in the field by adding known compressed air
flows to chambers measuring active leaks, though consider-
ation is required given the low-pressure differentials present
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in the system, as adding additional gas flow to the chamber
could suppress the leak rate or force air back into the leak
source.
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