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HIGHLIGHTS GRAPHICAL ABSTRACT

Minimum detection limits vary from 500
to 8800 kg/h/pixel for a single overpass.
These decrease to 50-1200 kg/h/pixel for
a yearlong campaign.

14.4 % of total yearly methane emissions
can be detected in a yearlong campaign.
Assuming gas sites contain super-emitters
this rises to 35.6 % - 41.1 % of emissions.
For a single measurement this is lower at
0.04 % or 4.5 % - 10.1 % with super-
emitters.
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ARTICLE INFO ABSTRACT
Editor: Martin Drews Methane emissions from natural gas are of ever-increasing importance as we struggle to reach Paris climate targets.

Locating and measuring emissions from natural gas can be particularly difficult as they are often widely distributed
Keywords: across supply chains. Satellites are increasingly used to measure these emissions, with some such as TROPOMI giving
r;grg;ﬂ daily coverage worldwide, making locating and quantifying these emissions easier. However, there is little understand-
Natural gas ing of the real-world detection limits of TROPOMI, which can cause emissions to go undetected or be misattributed.
Satellitesg This paper uses TROPOMI and meteorological data to calculate, and create a map of, the minimum detection limits

Minimum detection limits of the TROPOMI satellite sensor across North America for different campaign lengths. We then compared these to

Climate change emission inventories to determine the quantity of emissions that can be captured by TROPOMI. We find that minimum
detection limits vary from 500-8800 kg/h/pixel in a single overpass to 50-1200 kg/h/pixel for a yearlong campaign.
This leads to 0.04 % of a year's emissions being captured in a single (day) measurement to 14.4 % in a 1-year measure-
ment campaign. Assuming gas sites contain super-emitters, emissions of between 4.5 % - 10.1 % from a single measure-
ment and 35.6 % - 41.1 % for a yearlong campaign are captured.

1. Introduction gas supply chains are responsible for over 12 % of anthropogenic methane
emissions, with a similar percentage coming from oil (IEA, 2020). Natural

Methane is a potent greenhouse gas (GHG) that has a warming potential gas use has grown over the last decade in its role as a transition fuel, used

far higher than carbon dioxide (Balcombe et al., 2018b), meaning small in- to displaced coal (Wilson and Staffell, 2018), as well as flexible support
creases in its concentration in the atmosphere have huge effects. Natural for intermittent renewables (Aguilera and Aguilera, 2020). However,
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methane is emitted across the supply chain, via venting, incomplete com-
bustion and fugitive emissions (Balcombe et al., 2018a). These emissions
could make natural gas too carbon intensive to be used in an energy system
striving for net-zero emissions.

Technologies to measure and quantify methane in the oil and gas
sector fall into two categories; bottom-up which takes measurements
of specific point-sources at a selection of facilities and then extrapolates
to a larger population (Balcombe et al., 2017); top-down, which mea-
sures atmospheric methane and then disaggregate this to point sources
(Murakami et al., 2013). Each technology has its flaws and advantages,
such as bottom-up taking a long time and not being able to reach all
sources and top-down having large uncertainty bounds and not being
able to correctly allocate emissions. As technology advances, measure-
ment tools are improving. However, there are disagreements between
technologies and results often differ (Vaughn et al., 2018). This is prob-
lematic, especially as methane emissions reporting is increasingly being
required by governments (EU, 2020; UNFCCC, 2014). Should each tech-
nology give a different result, or inaccurate measurements are reported,
it could jeopardise carbon budgets. From this debate, satellites have
emerged as a new technology that could measure inaccessible facilities,
verify reporting, as well as aid in the compilation of inventories via daily
monitoring.

Satellites work by taking a snapshot of the methane concentration in the
atmosphere at a certain point in time which can then be converted into an
emission rate (Jacob et al., 2016). A snapshot is taken using backscattered
sunlight and a spectrometer to measure the quantity of methane in a col-
umn going through the earth's atmosphere (Hasekamp et al., 2019). Satel-
lites differ in return times to retake this image and have different pixel
sizes (resolution). These characteristics are important for quantifying emis-
sions, leading to some satellites being far more suitable for oil and gas emis-
sions than others.

There are many studies which have used satellites to measure methane
emissions (Bergamaschi et al., 2007, Wecht et al., 2014, Turner et al., 2015,
Turner et al., 2016, Pandey et al., 2019, Schneising et al., 2020, Zhang et al.,
2020, Irakulis-Loitxate et al., 2021, Shen et al., 2022). These studies dem-
onstrate the effectiveness of satellites in measuring methane emissions, par-
ticularly from oil and gas infrastructure. However, while these give
estimates for total methane emissions in an area, they often fail to mention
the restrictions and capabilities of the satellite used. This results in large un-
certainties in the results, which can skew how accurate the results are be-
lieved to be. Studies such as Varon et al. (2019) use very high resolution
satellites (GHGSat) these have very different roles to play than TROPOMIL.
These satellites are not open-source but are well suited for quantifying
emissions from individual facilities (Cooper et al., 2022), and have more
well defined minimum detection limits than TROPOMI, which makes
using the satellite correctly easier. Furthering understanding of the limita-
tions of large scale, open-source satellites such as TROPOMI will aid policy
makers in developing regulations and understanding where TROPOMI can
be used.

Jacob et al. (2016) discusses the minimum detection limits (MDLs) of
satellites, including TROPOMI and how these can be affected. However,
they did not use real data and did not consider how MDLs change over
time and space. This is important as having one widely quoted MDL
for all regions and conditions is misleading and can result in incorrect
assumptions on the capabilities of TROPOMI. This could lead to emis-
sions being misattributed or not detected. More recently (Jacob et al.,
2022) again reviewed satellites and minimum detection limits,
however, this was for favourable winds, and a single figure was given
for each satellite.

With new focus on methane emissions, since the global methane pledge
was announced at COP26 (EU, 2021), a real world understanding of
TROPOMI is vital. As far as the authors are aware, no other paper has
looked in this level of detail at the MDL of TROPOMI, nor combined this
varying MDL with inventories to ascertain the capabilities of TROPOMI
for oil and gas sector methane emissions across North America. This
paper will combine TROPOMI data for 2019 in North America with North

Science of the Total Environment 872 (2023) 162222

American reanalysis meteorological (NOAA) and cloud fraction data to cal-
culate real world detection limits across the year. These will be compared to
emissions inventories to determine the quantity of emissions that could be
captured by TROPOMI over varying campaign lengths. The effect this could
have on the use of satellites in the oil and gas sector, alongside policy impli-
cations will also be evaluated.

The aims of this paper are to:

 Create a map of the MDLs for the TROPOMI satellite across North
America

+ Compare this to current inventories to determine the quantity of emis-
sions that could be detected over different campaign lengths

+ Examine how super-emitters within the inventories could affect the total
quantity of emissions measured

+ Determine the effect MDLs could have on inventory corroboration

2. Methodology
2.1. What is a Minimum Detection Limit (MDL)?

An MDL is the smallest emission/enhancement that can be reliably de-
tected above the background variation in methane. This is a commonly
used term in analytical chemistry (Succop et al., 2004; Rousseau, 2001).
In this work we use the commonly used criteria that the MDL must be 3.3
o over the value of the blank (Armbruster and Pry, 2008) (where blank re-
fers to no methane detected, which in our case is the background level of
methane), where o is the precision of the satellite.

Uncertainty within a satellite measurement is comprised of two ele-
ments, the accuracy and the precision of the instrument. The accuracy re-
fers to the systematic error, which is the error that repeats over every
measurement. This often occurs due to a bias in the measurement, and for
this reason bias correction factors can be implemented after the satellite
has collected data. This way it is reducible. The precision is a quantification
of the random errors associated with a measurement. These are not possible
to reduce through correction factors. However, it is established that repeat
measurements should reduce the effect of random errors via the central
limit theorem (Kulawik et al., 2016). This paper is concerned with the
precision of the satellite.

2.2. How is MIDL calculated

To understand how the MDL of a satellite can change under certain condi-
tions let us consider a single pixel with a constant emitting source, e and no
wind. If a satellite were to measure the methane in this pixel every 24 h,
over time the methane emitted from e will accumulate until eventually it
will be above the satellite's MDL i.e. et > MDL. Where et is the mass of the
methane in the pixel.

If we add a constant wind speed, after a certain length of time some
of this methane will no longer be in the pixel, and it will reach a steady
state. This means the methane in the pixel will be equal to et — methane
leaving pixel. This methane leaving will be proportional to the wind
speed, u, and the size of the pixel, r, such that methane leaving the
pixel is «¥,

However, the size of a pixel is proportional to the mass of methane it
contains. Therefore, each increase in o will correspond to a larger quantity
of methane. The MDL is, by definition, proportional to o which is propor-
tional to *. Combing these gives us the relationship that the MDL of a
pixel is proportional to ru.

2.3. Vertical wind speed

The vertical wind speed, or the vertical rise of the plume will also have
an effect. However, this effect will be limited in the change it causes in the
horizontal wind speed. As the methane rises, it will be acted on by a differ-
ent horizontal velocity until it leaves the pixel.
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2.4. Equation for MDL

To work out how the MDL is calculated we can use the relationships
from Sections 2.2-2.3. The time for the methane to leave the pixel tg,
will be equal to:

r

tgp = (€8]
\/“(X,y, o0 +v(xy,5,1)

Where u(x,y, z,t) and v(x,y, z,t) are the wind speeds that change with loca-

tion and time and r is the size of the pixel. Therefore, the vertical wind

speed can be viewed as a change in the horizontal wind speeds rather

than a separate factor. In this way it has no direct correlation to the MDL.
The mass of methane in a pixel will be equal to:

M =V x concentration (2)

Where V is the volume of the pixel. This value can be calculated using ideal
gas laws. Combining these, the equation for MDL is:

qoM
tip

MDL =

3)

Where q is 3.3 and ¢'is the precision of the satellite. However, we must also
consider that pixels are not isolated, and instead when methane leaves a
pixel it enters another. In this way the MDL would decrease, as methane
moves between pixels. This value would depend completely on the environ-
ment and emission characteristics. In this way the MDL we have calculated
is actually the maximum MDL. We could therefore write it as:

mpL = IM _p, (4)
top

Where Ej, is the methane blowing into the pixel. However, it is common
practice to calculate the background level of methane such that Ej is ac-
counted for. This is either done using on site measurements (Atherton
et al., 2017), or using satellite data itself (Schneising et al., 2020).

2.5. Time of overpass/case of an intermittent source

The time of the overpass is of paramount importance. This is as the wind
speed preceding the overpass can have significant bearing upon the measure-
ment. To illustrate this let us consider an emitting source that emits all of its
methane in the moments just after an overpass. If the wind speed is high
enough that the methane has been blown out of the pixel by the time of the
next overpass, no detection will be seen, and thus this will be considered a
non-emitting source. However, if instead this source emits all of its methane
in the moments just before an overpass it will be seen as emitting this amount
as the average over the time between overpasses. Thus, it has a greatly in-
creased estimate in emission rate. As the wind speed increases this effect be-
comes greater as with higher winds speeds less time is required for methane
within a pixel to leave, meaning overpasses would need to be more frequent
to accurately measure the emission rate.

2.6. Data input

Jacob et al. (2016) used a similar method to calculate the MDLs of sev-
eral satellites under constant conditions. However, wind speeds vary
greatly over the year and over different locations. Moreover, the precision
of satellites also varies depending on the location. To garner more under-
standing of MDLs, we used TROPOMI data, which provides the precision
of the column for every measured location. This was achieved by collecting
a minimum of 15 days of data for each month in the year 2019. The data
gives the column-averaged mixing ratio in ppb of methane for each
7 X 7 km pixel. However, since late 2019 the resolution was upgraded to
5.5 x 7 km when TROPOMI is at nadir. This analysis uses the 7 x 7 km

Science of the Total Environment 872 (2023) 162222

resolution as it is the guaranteed resolution. Therefore, the MDLs calculated
may decrease slightly when in more optimal conditions.

This was combined with NOAA reanalysis meteorological data for
North America (NOAA, 2021). The NOAA data gives the wind speeds at dif-
ferent pressure intervals over 3-hour time periods for 32 km? areas across
North America. Using equation Eq. (4) the precision of TROPOMI could
be combined with these wind speeds to calculate the MDLs for every mea-
sured pixel across North America, assuming a constant 1 m/s vertical speed.
The analysis was carried out in MATLAB.

2.7. Comparing to inventory

Once the MDLs across North America were calculated, we used the
global inventory of fuel exploitation reported to the UNFCCC (Scarpelli
et al., 2020) to compare methane emissions from oil and natural gas. This
combined several inventories to create a 0.1-degree by 0.1-degree grid of
methane emissions. We also added background methane sources from the
EDGAR inventory (EDGAR, 2021) to include non-natural gas sources,
which would have an effect on which pixels could be detected. We com-
pared these inventories to the MDL of TROPOMI to examine where satel-
lites are best suited, what percentage of emitting sites are detectable and
the effect this would have on total emission estimates.

The inventory gives emissions for 2016, whereas the data we examined
is for 2019. Our analysis is not an attempt to quantify emissions, rather it is
a hypothetical analysis of what could have been detected if 2016 emissions
were present in 2019 when the satellite data was available. Thus the times
of the data not overlapping can be assumed to not be an issue. However,
updating this work with new inventory data it would be useful in the future.

2.8. Repeated measurements

MDLs can be reduced over repeated measurements. This is as the MDL
follows the central limit theory, meaning uncertainty decreases when the
measurement is repeated. The central limit theorem states that uncertainty
will decrease with the square of measurements theorem (Kulawik et al.,
2016). We used this to calculate the possible MDLs over different scenarios
to realise the potential of satellites to detect smaller emissions.

We combined the single pass detection limits with cloud data from the
Cloud, Albedo and Surface Radiation (CM SAF CLARA-A2) dataset from Ad-
vanced Very High Resolution Radiometer (AVHRR) (Karlsson et al., 2017)
assuming that at 8 % cloud fraction no readings could be taken, to see how
often each pixel would be detected across the year in the same way as in
Cooper et al. (2022). This allowed us to calculate the MDL for year-round
coverage and compared it to the inventory. Eq. (5) shows the relationship
between the number of measurements, N,and the MDL over many over-
passes compared to a single overpass MDLy,,.

MDL = \/N,MDLy, (5)
2.9. Changes in detection limits over months

We examined the changes in the MDL across the year by comparing the
same points over each month. This accounted for the fact that some months
would have detected points undetected in other months due to cloud cover-
age etc. This allowed us to examine how the MDLs would change over each
month and how this could inform campaign durations.

2.10. Super-emitters

We examine the effect super-emitting sites could have on the total emis-
sions detected by TROPOMI. Super-emitters are a known phenomenon in
oil and gas sites and are when a select few pieces of equipment or whole facil-
ities disproportionately contribute to the total emissions. There is debate sur-
rounding the exact definition of a super-emitter and their contribution varies
across regions. In this paper, we use the Brandt et al. (2016) definition and de-
fine them as the top 5 % of emitters which contribute 50 % of total emissions.
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3. Results refer to any particular day. These show the importance of both location and
quantity of measurements in lowering the MDL. Fig. 2 shows a histogram

Firstly, we present the MDLs of TROPOMI across North America for a giving the spread of MDLs from Fig. 1a and b.
single overpass (Fig. 1a) and a yearlong campaign (Fig. 1b). A single over- These show that the MDLs range from 500-8800 kg/h/pixel for a single
pass is shown here as the average MDL of each day measured and does not overpass to 50-1200 kg/h/pixel for a yearlong campaign. By combing with
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Fig. 1. Minimum detection limits across North America for a) a single overpass. b) a yearlong campaign. White indicates no data.
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Fig. 2. Histogram of range of MDLs across North America from Fig. 1a and b. a) single overpass. b) yearlong campaign.

the inventories, we can now examine which pixels contain sites that would
be captured by the satellite in a single overpass and in a yearlong campaign
(Fig. 3) - pixels enlarged for visibility.

Next, from the calculated MDLs we can examine the level of total emis-
sions that can be captured over different durations of successful measure-
ments (Fig. 4). We can see that increasing the campaign length is of
paramount importance. However, there is still a large chunk of emissions
that cannot be captured, even if every pixel was measured each day of the
year (which is not possible). This means for a single overpass 0.04 % of

50

total emissions can be detected rising, to 14.4 % for one-year worth of mea-
surements (due to not all days being measurable due to cloud cover).

We also note that many studies have shown natural gas sites and compo-
nents to exhibit super-emitting characteristics (Brandt et al., 2016; Zavala-
Araiza et al., 2015; Caulton et al., 2019). To account for this, we assumed
5 % of sites were responsible for 50 % of emissions by randomly sampling
the sites and artificially increasing 5 % of site emissions 10-fold. This was
repeated 10,000 times and the histograms shown in Fig. 5 displays the re-
sults for both a single overpass, and a yearlong campaign. Therefore, taking
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—100
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Fig. 3. Pixels detectable over a single overpass (SO) and yearlong campaign (YC). Each dot represents a facility in an inventory, the red dots represent the sources that could be
detected over a single successful measurement, and the blue dots represent the sources that could be detected over a yearlong campaign. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Percentage of total emissions captured vs days of successful measurement.

the 2 standard deviation range, emissions of between 4.5 % - 10.1 % for a
one-day measurement and 35.6 % - 41.1 % for a yearlong campaign can
be captured.

Should a campaign not be able to be run for a whole year, the month
that is chosen has a significant impact on the emissions that can be detected
(Fig. 6). These differences are primarily due to the changes in wind speeds
across the different months, with winter having faster winds which move
methane in and out of pixels more rapidly. Combined with the summer
months having more clear days where measurements can be taken due to
lower cloud coverage.

4. Discussion
4.1. Comparison to literature

Jacob et al. (2016) calculated the MDL for TROPOMI over a single over-
pass and yearlong campaign. They estimated that for a single overpass the

dection limit would be 4200 kg/h/pixel, which is comparable to our esti-
mate of 500-8800 kg/h/pixel. For a yearlong campaign they estimated
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an MDL of 500 kg/h/pixel, which again is comparable to our estimate of
50-1200 kg/h/pixel. The ranges seen in the estimates here reflect the dif-
ferences in wind speeds and cloud coverage across North America.

4.2. Spatial differences in MDL

Firstly, the area in which a measurement campaign occurs is very im-
portant when quantifying emissions from oil and gas activities. Across
North America the MDL varies significantly, meaning certain areas are far
more suitable for measurement by satellite. Should measurement cam-
paigns be carried out in areas that are less suitable, then either significant
quantities of emissions will not be captured, or emissions may be incor-
rectly attributed. The most suitable areas are in the south and south-
eastern United States. This is where several major basins such as the Perm-
ian, Eagle Ford, Haynesville and Anadarko are located. Thus, these basins
are potential research locations for satellite studies, and some have already
been studied (Zhang et al., 2020; Schneising et al., 2020).

4.3. Temporal differences in MDL

We can also see that the time of year measured matters. This is due to 2
main reasons. Firstly, the wind speed changes throughout year. Secondly,
certain months have lower levels of cloud coverage. These result in the
MDL differing by up to 75 % when a month-long campaign is considered,
or by 87 % when a single measurement is considered. These are consider-
able changes which must be considered when deciding the timing and du-
ration of a campaign.

In general, longer, on the scale of months to years, campaigns are pref-
erable as these lower the MDL and ensure changes in emissions throughout
the year are captured. However, if this is not possible for some reason, the
summer months are the optimal months for carrying out campaigns.

4.4. Quantity of measurements

As was stated in Section 2.8, the number of times you measure an area
will change the MDL. We have shown the effect this can have is significant
and greatly increases the quantity of emissions that can be captured (Fig. 4).
Should there also be a super-emitting distribution among the gas sites, then
the quantity of emissions that can be captured will be even larger, greatly
improving the use of satellites. It is therefore vital that longer campaigns
are planned for a more comprehensive overview of emissions.
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o o
o o
w S

o
Q
[N}

34 36 38 40 42 44
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Fig. 5. Histograms of percentage of total emissions captured when super-emitter hypothesis is included for a) single overpass and b) yearlong campaign.
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*February was artificially given 30 days.
4.5. The effect of MDL in comparison to satellite studies

Many satellite studies have found emissions to be higher than what is re-
ported in inventories (Schneising et al., 2020; Zhang et al., 2020). However,
this appears to be in direct contradiction of the MDLs not being able to fully
capture emissions. It should be noted that often satellite studies have large
uncertainty ranges, which are essentially a manifestation of the MDL of the
satellite. Therefore, it could be the case that the high emissions captured are
due to the satellites measuring below the theoretical MDL. Equally, the sat-
ellites may also be measuring emissions that were not captured by the in-
ventories and must be included in future compilation. However, there are
also many other limiting factors in satellite measurements and quantifica-
tions that have not been discussed here, such as pixel resolution and bias
to albedo and topography, that will also affect the results and uncertainties.

Another possibility is that the emission profiles gas facilities exhibit are
particularly well suited to satellite studies. Emission profiles such as super-
emitters or ultra-emitters are well documented in the oil and gas industry
and are likely occurrences (Brandt et al., 2016; IEF Methane initiative,
2021). We have shown that should facilities, not just individual compo-
nents, follow such a distribution then the quantity of emissions detectable
is far greater. Super-emitting profiles could result in inventories
underestimating total emissions, or that on certain days when satellites
measure, they may overestimate emissions (by measuring on an unusually
high emitting day). Moreover, other measurement technologies are not as
suitable to detecting high emissions as they tend to have MDLs which are
far lower than satellites.

As satellite technology improves the quantity of emissions that can be
detected will increase, which will make them even more useful. Potentially,
satellites could become the major technology used to check emission esti-
mates and total country wide emissions.

4.6. The role of TROPOMI in policy, and how the MDL could affect this

Satellites, and TROPOMI specifically, are beginning to be considered in
policy creation as a technology to quantify and limit methane emissions.
However, whether policy matches the realistic role satellites could play is
vital. In 2020 the EU revealed its methane strategy (EU, 2020), which is a
wide ranging piece of policy designed to transform the way methane emis-
sions in the EU and worldwide are viewed. Within this strategy TROPOMI
was a cornerstone. This role the strategy foresaw was one of detecting
super-emitters and worldwide monitoring for inventory creation. The first

role of super-emitter detection is ideally suited, and we have shown to be
the best way to use TROPOMI. The second role of inventory creation is
more problematic. This is as the majority of emissions, should there be no
super-emitter distribution, would be missed. Thus, TROPOMI could only
play an assisting role in the creation of inventories. Should newer satellites
have lower MDLs, then this role could be possible but the strategy does not
yet possess this technology option.

The US Methane Emissions Reduction Action Plan released in 2021
(White House Office of Domestic Climate Policy, 2021) aims to meet the
goals of the global methane pledge; 30 % reduction in methane levels rela-
tive to 2020 by 2030. The plan mentions the role of satellites in identifying
super-emitters via the Carbon Mapper and NASA's Jet Propulsion Labora-
tory. The role this would play appears more in identifying specific leaks,
rather than quantifying. However, as the US adopts its new methane strat-
egy, this paper could provide evidence of the limitation of TROPOMI across
the country which may prove useful in determining whether the reductions
in methane have been met.

Canada implemented new methane regulations in 2018 where a
bottom-up approach was used to create inventories (Canada Ministry of
Justice, 2018). This implemented a systematic measurement campaign of
individual components in facilities to build up and emission profile.
TROPOM], and satellites more generally, could play a key role in corrobo-
rating these measurements which may, without satellites, underestimate
total emissions by missing components that are be hard to measure. Using
satellites over a yearlong campaign could aid in developing uncertainty
bounds for total facility emissions in larger emitting sites.

Similarly, the Mexican methane strategy relies on bottom-up measure-
ments which are collected and categorised by the emitting facility and re-
ported to the government (Olczak and Piebalgs, 2019). Satellites could
also be useful here to check emission estimates from the top emitting facil-
ities. However, the majority of emissions within Mexico would not be suit-
able for quantification using TROPOMI.

The Oil and Gas Methane Partnership (OGMP) 2.0 framework details
how companies should measure and address methane emissions in the oil
and gas sector (OGMP, 2020). Within this framework both on site measure-
ment and top-down measurements are mentioned. The role satellites could
play is explicitly stated as site level measurement, where resolution is suffi-
cient, alongside the use of the international methane emissions observatory
for verification. However, the MDLs of satellites are not mentioned. In areas
with diverse emission sources, TROPOMI would not be particularly suit-
able. However, should the only credible source of methane within and
area be an emitting facility, it is not a stretch to allocate emissions from



L. Dubey et al.

that area to said facility and satellites such as TROPOMI could play a key
role. Thus, using the MDL work from this paper the TROPOMI instrument
could be used over long campaigns at specific facilities and should be ac-
ceptable in reporting emissions within the OGMP 2.0 framework.

Due to the quantity of emissions that can be captured in a single overpass,
TROPOM], and satellites in general, should be used with caution. There is little
use in using TROPOMI for a single measurement, but sustained measurements
over a long period of time have great benefit. This optimal use of TROPOMI
should be reflected in the policies that are developed moving forward.

4.7. Limitations and recommended future work

Many assumptions were required in this paper due to data limitations.
Detailed gridded inventories were only available for the year 2016, mean-
ing the emissions represented are out of date and could lead to inaccuracies
in the total emissions captured by the satellite. The wind speeds were gath-
ered from NOAA reanalysis meteorological data, which gives a 32 km? res-
olution. This will lead to inaccuracies in the local wind speeds which would
vary within this grid. The effect of turbulence was also not known, this
could have large effects on a local level, varying the wind speed and direc-
tion. There are also different methods for utilising satellite data, many of
which use a priori data. The use of these rely heavily on the weighting
given to the a priori assumptions. This may affect the final MDL as the ad-
ditional uncertainty in the weighting and calculations thereafter could in-
creases the overall uncertainty and with it the MDL. Moreover, the effect
on the MDL would be even greater if little was known about the source or
if the terrain is complex as this adds another element of uncertainty to the
calculation. Thus, more work into how the MDL changes with different
methods to estimate methane from would be greatly beneficial.

Several pieces of work are recommended for future studies which would
enable greater use of TROPOMI and satellites in general:

+ An expansion of this work to worldwide coverage

» Measurements and modelling of the vertical speed of methane under dif-
ferent conditions

« Detailed policy proposals on how satellites can be used for verification
and reporting by individual companies and governments

+ Continually updated and improved data sets for meteorological data and
inventories of emissions

+ A continuation of this work to cover any new satellites launched e.g.
MethaneSAT

5. Conclusions

This paper has examined the MDLs of TROPOMI across North America.
It has compared these to inventory estimates of methane emissions from oil
and gas facilities to determine the quantity of emissions that are detectable
over different campaign durations. We find that the MDLs of TROPOMI
vary significantly, from between 500-8800 kg/h/pixel in a single overpass
to 50-1200 kg/h/pixel for a yearlong campaign. This means any campaign
locations must be carefully considered prior to measurement to ensure
emissions will be detectable. Moreover, the time of year also influences
the MDLs. Thus, should a campaign be truncated into select months, the
summer months offer far lower MDLs than in winter.

Increasing the length of the measurement campaign greatly increases
the quantity of emissions that can be detected from 0.04 % for one-day to
14.4 % for one-year, when a constant emission rate is assumed. Assuming
gas sites display a super-emitting profile, between 4.5 % - 10.1 % of total
emissions can be captured in a one-day measurement and 35.6 % -
41.1 % in a yearlong campaign. This means longer campaigns should be
carried out to ensure the maximum quantity of emissions are captured.

When combining satellites with policy we can see there is still a gap in
what the ability of satellites is, and the policy surrounding them. Across
North America satellite specific methane policy is weak. Updating this
would give guidance to operators who may be unsure of how satellites
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could be used to verify and improve reporting. Crucial to this guidance
will be understanding the MDLs of any satellite used.
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