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Abstract In the past decade, there has been a massive growth in the horizontal drilling and hydraulic
fracturing of shale gas and tight oil reservoirs to exploit formerly inaccessible or unprofitable energy
resources in rock formations with low permeability. In North America, these unconventional domestic
sources of natural gas and oil provide an opportunity to achieve energy self-sufficiency and to reduce
greenhouse gas emissions when displacing coal as a source of energy in power plants. However, fugitive
methane emissions in the production process may counter the benefit over coal with respect to climate
change and therefore need to be well quantified. Here we demonstrate that positive methane anomalies
associated with the oil and gas industries can be detected from space and that corresponding regional
emissions can be constrained using satellite observations. On the basis of a mass-balance approach, we
estimate that methane emissions for two of the fastest growing production regions in the United States,
the Bakken and Eagle Ford formations, have increased by 990± 650 ktCH4 yr−1 and 530± 330 ktCH4 yr−1

between the periods 2006–2008 and 2009–2011. Relative to the respective increases in oil and gas pro-
duction, these emission estimates correspond to leakages of 10.1%± 7.3% and 9.1%± 6.2% in terms of
energy content, calling immediate climate benefit into question and indicating that current inventories
likely underestimate the fugitive emissions from Bakken and Eagle Ford.

1. Introduction

Horizontal drilling and hydraulic fracturing, which enable to tap tight rock formations, are a significant
component of the recent increases in Northern American gas and oil production. Besides their inherent
economic advantages, these unconventional energy resources represent potentially an opportunity to
reduce greenhouse gas emissions because the combustion of natural gas or oil produces less CO2 per unit
of energy than that of coal (about 56% for gas and 79% for oil) [U.S. Energy Information Administration,
2011]. However, the climate benefit from shifting away from coal is offset by fugitive methane release dur-
ing the fracturing, production, and distribution process [Howarth et al., 2011; Alvarez et al., 2012; Brandt
et al., 2014; Jackson et al., 2014]. This is because methane is the second most important anthropogenic
greenhouse gas, being 34 times more potent per unit of mass than CO2 when including carbon-climate
feedbacks and considering a time horizon of 100 years [Intergovernmental Panel on Climate Change, 2013].

In contrast to conventional gas and oil production, a significant amount of methane is already emitted
during well completion [Howarth et al., 2011]. This occurs when the fracturing fluid, which is injected into
the dense nonporous medium at high pressures to create fissures allowing migration of the imbedded
resources, flows back, and when the plugs that separated the sections of the fracturing stages of the well
are drilled out. In the production process of tight oil, co-occurring natural gas is typically used to drive the
oil to the wellbore [U.S. Energy Information Administration, 2013].

As the productivity of these unconventional wells is initially high but depletes rapidly, new wells are con-
tinuously being drilled. Therefore, methane emissions from field production of oil and gas from tight
reservoirs have the potential to reverse the climate impact mitigation, at least in the short run, if the leak-
age rate exceeds the break-even point. In this context, it has been estimated that a net climate benefit of
switching from coal-fired to gas-fired power plants can only be achieved on all time frames, if natural gas
leakage in the full system from well to delivery is less than 3.2% [Alvarez et al., 2012].
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Assessing the climate implications of the gas and oil production from tight reservoirs is difficult due to
the lack of reliable emission estimates. The latest estimate of methane emissions from natural gas systems
reported by the U.S. Environmental Protection Agency (EPA) is 6343 kt in 2011, corresponding to 1.2% of
the gross U.S. natural gas production (0.9%–1.7% at the 95% confidence level) [U.S. Environmental Pro-
tection Agency, 2014], while previous reports assumed 1.4% (1.0%–1.8%) [U.S. Environmental Protection
Agency, 2013] and 2.0% (1.5%–2.7%) [U.S. Environmental Protection Agency, 2012]. Such revisions indi-
cate that the uncertainties of these bottom-up estimates are larger than suggested by the reported small
uncertainty ranges. EPA’s equivalent estimate of methane released to the atmosphere by petroleum sys-
tems corresponds to 0.7% of the U.S. crude oil production (0.5%–1.7% at the 95% confidence level) [U.S.
Environmental Protection Agency, 2012, 2013, 2014].

The recent downscaling of estimated bottom-up emissions is in line with the direct measurements of
methane emissions sampled at selected onshore natural gas sites throughout the United States (May to
December 2012) provided by the participating utility companies [Allen et al., 2013]. The corresponding
bottom-up estimate of the methane leakage rate is based on summing emissions from different types of
known sources and is slightly lower than the EPA estimate. However, several top-down estimates based
on measurements of ambient methane provide evidence for considerably larger emissions [Pétron et al.,
2012; Karion et al., 2013; Miller et al., 2013; Caulton et al., 2014]: a recent study based on tall tower flask
samples and aircraft profiles concludes that anthropogenic methane emissions in the United States might
be 50% higher than inventory estimates with even larger discrepancies over the gas and oil production
areas in the south-central states Texas, Oklahoma, and Kansas [Miller et al., 2013]. Methane emissions
from the Denver-Julesburg Basin (Colorado) are also likely underestimated in current inventories, as is
concluded from tall tower samples (2007–2010) and road surveys (June to July 2008) [Pétron et al., 2012].
An estimate of methane fluxes of the Uintah Basin (Utah) using aircraft measurements (February 2012)
provides exceedingly large leakage rates negating any short-term climate benefit of tight resources from
this basin [Karion et al., 2013]. These studies are also part of a systematic comparison of published CH4

emission estimates with inventory data, which concludes that emissions from U.S. and Canadian natural
gas systems appear larger than official estimates [Brandt et al., 2014]. This is also supported by another
very recent analysis, finding the possibility of a large fugitive methane emission rate over the Marcellus
shale formation (Pennsylvania) using an instrumented aircraft platform (June 2012) [Caulton et al., 2014].
Methane emissions from tight oil production are less well investigated so far and thus even more uncer-
tain.

To better understand to what extent the discrepancies between these bottom-up and top-down esti-
mates are caused by regional emission differences, e.g., due to different regulations, standards, and prac-
tices, it is essential to derive further emission estimates for other formations, in particular those including
hitherto understudied tight oil production. In this manuscript, we present an analysis of column-averaged
dry air mole fractions of atmospheric methane (denoted XCH4) retrieved from the SCIAMACHY (SCan-
ning Imaging Absorption spectroMeter for Atmospheric CHartographY) satellite instrument to quan-
tify methane emissions from the Bakken and Eagle Ford formations, the fastest growing oil production
regions in the United States [U.S. Energy Information Administration, 2014a]. Furthermore, we also find
methane enhancements over the Marcellus formation, which is the largest source of natural gas in the
United States and exhibits incessant production growth [U.S. Energy Information Administration, 2014a].
This study complements previous measurement-based emission estimates in other regions, which were
largely obtained during short-duration campaigns. The results suggest that methane emissions from the
two not-yet-studied source regions, Bakken and Eagle Ford, are also underestimated in current bottom-up
inventories.

2. Data Set

We analyzed XCH4 retrieved from SCIAMACHY onboard the ENVISAT satellite (launched in 2002, end of
mission declared in 2012) [Burrows et al., 1995; Bovensmann et al., 1999] using the latest version (v3.7) of
the Weighting Function Modified DOAS (WFM-DOAS) algorithm [Schneising et al., 2011, 2012]. ENVISAT
was launched into a sun-synchronous orbit with an equator crossing time of 10:00 A.M. local time and a
repeat cycle of 35 days. The horizontal resolution of the SCIAMACHY nadir measurements, which depends
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on orbital position and spectral interval, is typically 60 km across track by 30 km along track for the spec-
tral fitting windows used in this study. As a result of the observation of reflected solar radiation in the
near-infrared/shortwave infrared (NIR/SWIR) spectral range, SCIAMACHY yields atmospheric methane with
high sensitivity in the planetary boundary layer (Figure 1) and is thus well suited to study emissions from
oil and gas fields.

The 1024 pixel detector array of the relevant SCIAMACHY NIR/SWIR channel 6 uses two different
compositions of InGaAs as detector material. The lower wavelength part (970–1590 nm) consists of
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Figure 1. Averaging kernels reflecting the
altitude sensitivity of the retrievals.

lattice-matched InGaAs, exhibiting perfect match between the
lattice constants of the detector material and the InP substrate.
The extended-wavelength part (1590–1770 nm), covering the
methane 2𝜈3 absorption band around 1666 nm used for the
methane retrieval, is doped with higher amounts of indium to tune
the bandgap to be sensitive to longer wavelengths. The associ-
ated strain within the material makes these extended-wavelength
detector pixels subject to irreversible displacement damage
induced by high-energy solar protons, which occurs from time to
time at individual detector pixels and is identified by SCIAMACHY’s
in-flight calibration measurements [Kleipool et al., 2007]. Therefore,
different strict static detector pixel masks, excluding affected pix-
els, are used in the retrieval for different time periods. Each mask is
optimized for the respective end of the period to ensure stability
during the whole time interval. The retrieval results since Novem-
ber 2005 are all based on the same detector pixel mask assuring
consistent retrievals throughout the entire period relevant for the
presented analysis (2006–2011). As a consequence of the effec-
tive reduction of detector pixels and corresponding lowering of
the signal-to-noise of methane absorption, the single measure-
ment precision changes from about 30 ppb before November
2005 to about 70 ppb afterward [Schneising et al., 2011]. Based
on a validation with ground-based Fourier Transform Spectrome-
ter measurements of the Total Carbon Column Observing Network
[Wunch et al., 2011], which focuses on the period since November
2005, the relative accuracy of the SCIAMACHY data set is estimated
to be about 8 ppb [Dils et al., 2014].

Figure 2 gives an overview of the long-term global XCH4 data set showing column-averaged dry air mole
fractions as a function of latitude and time. The interhemispheric gradient and the seasonal cycle, as
well as the renewed methane growth since about 2007 [Rigby et al., 2008; Dlugokencky et al., 2009], are
all clearly detected. The origins of the recent methane growth are not completely understood, but the
growth of anthropogenic emissions, such as massive hydraulic fracturing, may play a role [Bergamaschi
et al., 2013; Nisbet et al., 2014].

3. Methods

Averaged XCH4 over the United States for the periods 2006–2008 and 2009–2011 is shown in Figure 3,
in which the target regions containing the formations discussed in this manuscript are highlighted. As
the relatively small methane enhancements owing to fugitive methane emissions in the oil and gas pro-
duction process are superimposed by other larger signals, the following approach is used to extract these
typically not immediately obvious increases from the data.

For the selected target regions, we compute anomalies in XCH4 by subtracting the monthly mean val-
ues of the satellite XCH4 for the respective entire region from the individual measurements. This filters
out large-scale seasonal variations or global increase yielding regional enhancements relative to varying
background concentrations [Schneising et al., 2013].
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Figure 2. Overview of the long-term global satellite XCH4 data set derived from
SCIAMACHY; shown are column-averaged dry air mole fractions of methane as a
function of latitude and time.

The lower retrieval precision since the
end of 2005 requires that many mea-
surements need to be averaged to
achieve the signal-to-noise to identify
the fugitive methane emissions, which
are expected to result in enhance-
ments of the column-averaged mole
fractions in the order of a few ppb.
Therefore, the satellite anomalies
are averaged over the time periods
2006–2008 and 2009–2011, between
which oil and gas production in
Bakken, Eagle Ford, and Marcellus
grew significantly [U.S. Energy Infor-
mation Administration, 2014a]. The
differences of these two periods are
shown in Figures 4 and 5 (gridded 0.5∘

× 0.5∘, effective resolution ∼2∘ × 2∘ after smoothing) highlighting the changes in atmospheric methane
abundance between both periods. In terms of interperiod variability, this approach separates regional
emission trends from in first-order approximation temporally constant other intraregional emission sig-
nals or a wide range of potentially remaining systematic retrieval biases. Accordingly, the local increases
from growing oil and gas exploitation in specific tight formations can be teased out of the data.

The boundary layer mean of zonal and meridional winds, u and v, as provided by the ERA-Interim reanaly-
sis product [Dee et al., 2011] of the European Centre for Medium-Range Weather Forecasts (ECMWF), is first
computed for every single measurement individually. The boundary layer height is determined from the
potential temperature [Draxler and Hess, 2010]. The absolute values of wind components are then gridded
and temporally averaged in exactly the same manner as the methane data resulting in mean values u and
v for the entire hot spot area.

To quantify the emission change, we used a simple model with a box B placed over the source region
(shown in red in Figure 4). The absolute average mass flux F per unit of time inside the box was computed
from the net enhancements perpendicular to the meridional and zonal direction relative to the respective
background Em, Ez (in units of mass per area), and average horizontal boundary layer wind,

F =
u

2
Emlm + v

2
Ezlz√

u
2 + v

2
=

u
2Δlm

nm∑
i=1

Em,i + v
2Δlz

nz∑
j=1

Ez,j

√
u

2 + v
2

, (1)

2006-2008 2009-2011

1669 1688 1707 1726 1745 1764 1783 1802 1821 1840

XCH4 [ppb]

Figure 3. XCH4 over the United States for the two periods 2006–2008 and 2009–2011. Shown are those gridcells, which contain
more than 65 measurements in both periods. The target regions which are studied in more detail are highlighted by the three boxes.
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boundary layer wind differences between the periods are illustrated by dark grey arrows. Well positions are taken from the Fracking
Chemical Database [SkyTruth, 2013] complemented by data for the Canadian part of the Bakken basin [U.S. Energy Information
Administration, 2012].

where lm(z) = nm(z)Δlm(z) is the box dimension in meridional (zonal) direction, which is divided in nm(z) seg-
ments of the same length Δlm(z) (see Figure 6 for an illustration). The space-saving index notation · m(z)

means that there are two instances each, the meridional and the zonal one, e.g., lm(z) = nm(z)Δlm(z) means
lm = nmΔlm and lz = nzΔlz . The enhancement relative to the background upwind of the prevailing wind
direction of the kth slice Em(z),k is computed from the averaged methane mole fractions XCH4 and assumed
O2 columns (in units of molecules per area, estimated from the U.S. standard atmosphere and actual sur-
face elevation) in the corresponding hot spot and background areas Ah

m(z),k and Ab
m(z),k ,

Em(z),k =
MCH4

·
(

XCH4

(
Ah

m(z),k

)
· O2

(
Ah

m(z),k

)
− XCH4

(
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m(z),k

)
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(
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))
NA · XO2 · AK

, (2)
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Figure 5. As Figure 4 but for the region containing the Marcellus shale formation.

where MCH4
= 16.04 g/mol is the molar mass of methane, NA = 6.022 · 1023 molec/mol is the Avogadro

constant, XO2 = 0.209 is the mixing ratio of oxygen in air, and AK is the dimensionless near-surface aver-
aging kernel of the retrieval for appropriate conditions (Figure 1). Generally, k has a different range of
values for Em,k and Ez,k depending on the size of the hot spot area; there are nm enhancements

{
Em,i

}nm

i=1
and nz enhancements

{
Ez,j

}nz

j=1
. In the illustration shown in Figure 6, one has nm = 4 and nz = 3. According

to Figure 4, one has nm = 6 and nz = 4 for Bakken as well as nm = 4 and nz = 5 for Eagle Ford.

Equation (1) is equivalent to

F = wEl ; El∶=
u

2
Emlm + v

2
Ezlz

u
2 + v

2
, w∶=

√
u

2 + v
2
. (3)

Hence, in the special cases u = v or Emlm = Ezlz equation (1) simplifies to

F = w
2

(
Emlm + Ezlz

)
. (4)

Since u ≈ v in the case of Bakken and Emlm ≈ Ezlz in the case of Eagle Ford, equation (4) is a good approx-
imation, which simplifies the error estimation. The uncertainty 𝜎F of F is computed via error propaga-
tion from the partial derivatives of F and the uncertainties of the individual contributing terms, 𝜎w , 𝜎Em

,
and 𝜎Ez

:

𝜎2
F =

(
𝜕F
𝜕w

𝜎w

)2

+
(

𝜕F
𝜕Em

𝜎Em

)2

+
(

𝜕F
𝜕Ez

𝜎Ez

)2

= 1
4

((
Emlm + Ezlz

)2
𝜎2

w + w2
(

l2
m𝜎

2
Em

+ l2
z𝜎

2
Ez

))
. (5)

4. Results

The target regions containing the Bakken and Eagle Ford formations are shown in Figure 4. The differences
between the mole fraction anomalies of atmospheric methane, for the period 2009–2011 relative to the
period 2006–2008, clearly exhibit increases aligning with the analyzed oil and gas fields. The emission
estimates are based on these anomaly differences and mean horizontal boundary layer wind. Vertical
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∑

i Em,i and
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∑
j Ez,j using the example of a 4×3 gridcell hot spot area. Notations are

the same as used in the methods section of the manuscript. The background
areas are chosen upwind of the prevailing direction of winds contributing to the
averages u and v.

transport can be approximately
neglected, because the methane
enhancements are derived for the
whole column. The periods have
been selected because drilling pro-
ductivity in Bakken and Eagle Ford
grew distinctly since 2009 [U.S. Energy
Information Administration, 2014a].
We derive the following estimates
for the emission increase between
the selected periods using the
mass-balance approach described
in the methods section: 990± 650
ktCH4 yr−1 and 530± 330 ktCH4 yr−1

for the Bakken and Eagle Ford for-
mation, respectively, corresponding
to 1𝜎-uncertainty ranges of ±66%
and ±62%.

The analogously obtained mole fraction anomaly differences for the target region containing the Mar-
cellus shale formation are depicted in Figure 5. As in the case of Bakken and Eagle Ford, enhanced values
occur in the vicinity of the production areas. However, the number of quality-filtered measurements per
gridcell is smaller compared to the other two formations, and the resulting patterns are thus considered
less reliable. This is a consequence of the location in mountainous terrain and the close proximity to the
Great Lakes, which exhibit low surface reflectance. In combination with the large expanse of the Marcellus,
extending throughout much of the Appalachians, and the more spacious distribution of wells, this ham-
pers a straightforward definition of rectangular hot spot and adjacent background areas required for the
introduced mass-balance approach. For these reasons, we refrain from estimating the Marcellus emission
increase quantitatively in this way. However, the enhancement in the direction of the prevailing wester-
lies for the rectilinear polygonal region shown in Figure 5 would be consistent with a methane increase of
about 17 mgCH4 m−2, which is similar to the enhancements Em and Ez obtained for Bakken and Eagle Ford.

The mean values and the uncertainties of the variable parameters Em, Ez, and w for Bakken and Eagle
Ford are summarized in Table 1. The uncertainties of Em and Ez are derived from the spatial variability of
methane inside the box and the background regions. The uncertainty of w accounts for temporal and
spatial variability of wind inside the box, as well as differences in the mean meteorological conditions
between the two considered periods. The main cause of the large uncertainties of the obtained mass flux
estimates is the temporal averaging of winds over a long time span potentially including conditions that
are not optimal for the mass-balance calculation applied here, e.g., stagnation and recirculation events,
or gale. This complication will be overcome by future imaging satellite instruments with higher spatial
resolution, temporal sampling, and better precision and thus dispensing with the need for long-time
averaging. They will also facilitate a quantitative evaluation of emissions of the Marcellus shale forma-
tion. Additionally, future analysis will benefit from the usage of a three-dimensional (3-D) atmospheric
transport model in the estimation of the fluxes.

Table 1. Summary of Variable Parameters Used to Calculate the Mass Fluxes of Methane F and Their Uncertainties

Bakken Eagle Ford

Parameter Mean Value Variability (1𝜎) Mean Value Variability (1𝜎)

Em 21.1 mgCH4 m−2 11.0 mgCH4 m−2 14.4 mgCH4 m−2 7.4 mgCH4 m−2

Ez 18.6 mgCH4 m−2 7.2 mgCH4 m−2 17.4 mgCH4 m−2 7.7 mgCH4 m−2

w 6.4 m s−1 3.4 m s−1 4.5 m s−1 2.3 m s−1

F 990 ktCH4 yr−1 650 ktCH4 yr−1 530 ktCH4 yr−1 330 ktCH4 yr−1
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Figure 7. Estimated methane emissions are shown for the targeted regions
Bakken in light brown, and Eagle Ford in dark brown. Shown are absolute
emission increase (2009–2011 relative to 2006–2008) in the left panel, and the
leakage rate relative to production in the right panel, in each case together with
the 1𝜎-uncertainty ranges. For comparison, leakage estimates from previous
studies in Marcellus (2012) [Caulton et al., 2014], Uintah (2012) [Karion et al.,
2013], and Denver-Julesburg (2008) [Pétron et al., 2012] (yellow, blue, and
magenta) are shown together with the EPA bottom-up inventory estimates for
natural gas and petroleum systems (2011) [U.S. Environmental Protection Agency,
2014] (grey) in the right panel.

The observed anomaly increment over
Bakken, Eagle Ford, and Marcellus is
attributed to increases of methane
emissions, arising from the expanded
hydraulic fracturing and increased oil
and gas production over the interven-
ing years, because the hot spot areas
are broadly consistent with well posi-
tions and wind direction differences
between both periods. Other poten-
tial anthropogenic emission sources,
such as emissions from agriculture
(e.g., enteric fermentation in live-
stock), were temporally constant to a
first-order approximation [U.S. Environ-
mental Protection Agency, 2013] and
cancel out in the difference. Wetland
emissions are assumed to vary only
slightly between both periods, which
is supported by inverse modeling
results suggesting no increase in the
Northern Hemispheric extra-tropics
between the periods [Bergamaschi

et al., 2013]. Additionally, fluxes from wetlands are much smaller than anthropogenic sources in the United
States [Miller et al., 2013] and wetland extent does not match the observed enhancement patterns well, as
concluded from the Kaplan wetland inventory [Bergamaschi et al., 2007].

The production growth (sum of oil and gas) during the analyzed time periods (2009–2011 relative to
2006–2008) was about 250 kBOE/d (BOE=barrel of oil equivalent) for the Bakken [Canadian National
Energy Board, 2011; U.S. Energy Information Administration, 2014a] and 150 kBOE/d for the Eagle Ford [U.S.
Energy Information Administration, 2014a] formation. These values are based on gross production includ-
ing not marketed natural gas. The emitted CH4 mass estimated from the satellite data is converted to
cubic feet natural gas by using the ideal gas law assuming standard conditions (T = 288.15 K, p= 1013.25
hPa) and a CH4 content of 93% in natural gas [U.S. Environmental Protection Agency, 2013] with a realistic
methane volume fraction range of 0.87–0.99 for high caloric gas. By converting the obtained emission
estimate in cft/yr subsequently to kBOE/d, the following leakage-production ratios in terms of energy
content result: 10.1%± 7.3% for Bakken and 9.1%± 6.2% for Eagle Ford. The estimated absolute emission
increases and leakage rates relative to production for the analyzed formations are shown in Figure 7.

5. Discussion

The derived leakage ratios are considerably larger than the bottom-up estimates of 1.2% and 0.7% for
natural gas and petroleum systems [U.S. Environmental Protection Agency, 2014]. Taking the associated
uncertainties into account, methane emissions from energy production of both target formations are
likely underestimated (88% probability) in current bottom-up inventories. The top-down leakage esti-
mates for the two regions exceed the threshold value of 3.2% required for immediate climate benefit
[Alvarez et al., 2012]. This limit assumed switching from coal to natural gas for energy generation, but
production in the analyzed formations is a mixture of gas and oil with Bakken being dominated by oil
production. As oil produces more CO2 per unit of energy than natural gas (140%) [U.S. Energy Informa-
tion Administration, 2011], the threshold value must thus be further reduced and probably declines below
the lower bound of the 1𝜎-uncertainty-range of the derived leakage ratio in both cases. In conclusion,
at the current methane loss rates, a net climate benefit on all time frames owing to tapping unconven-
tional resources in the analyzed tight formations is unlikely. Based on the derived leakage estimates, there
does not seem to be any rationale to consider reinvigorating the share of petroleum in total electricity
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generation of the United States, which has decreased to a modest value of 1% in recent years [U.S. Energy
Information Administration, 2014b].

The top-down estimates presented are based on long-term satellite data and complement previous
measurement-based results of other regions largely obtained during short-duration campaigns. Our
leakage estimates are similar to the earlier results (Figure 7): 4.0% (2.3%–7.7%) for the Denver-Julesburg
[Pétron et al., 2012], 8.9% (6.2%–11.7%) for the Uintah basin [Karion et al., 2013], and a possible range of
2.8%–17.3% for the Marcellus shale formation [Caulton et al., 2014]. On the other hand, it seems possible
to reduce methane emissions by adopting new technology, as indicated by considerably lower leak rates
close to the EPA inventory estimate found for selected production sites in the Gulf Coast, Midcontinent,
Rocky Mountain, and Appalachian production regions of the United States [Allen et al., 2013]. This sug-
gests that fugitive emissions vary widely from region to region depending on regulations and production
practices.

In contrast to the methane leak rates reported in the literature, which are defined as total emissions
divided by the total production, the leakages derived here are defined as the ratio of the emission
increase between 2006–2008 and 2009–2011 divided by the production growth between these two
periods. The direct comparison of the different rates thus inherently assumes that the added production
between 2006–2008 and 2009–2011 leaks methane at the same rate as the total production. This is
reasonable, because the industrial practices and thus the leak rates are considered to remain virtually
constant between the periods in the analyzed regions. If the leakage in the later period had decreased
relative to the former period, the rate based on the added production would be smaller than the total
production leak rate.

The approach used in this study is optimal for regions such as Bakken, Eagle Ford, or Marcellus, where
drilling productivity began to grow rapidly after 2009. However, it is not optimal to determine esti-
mates for the Denver-Julesburg and Uintah basin for direct comparison, because it quantifies emission
changes between two periods rather than total emissions. The production growth in those two basins
is small for the chosen periods according to the Colorado Oil and Gas Conservation Commission
(http://cogcc.state.co.us/) and the Division of Oil, Gas and Mining of the Utah Department of Natural
Resources (http://oilgas.ogm.utah.gov/). Moreover, the rig count, which has for instance increased signifi-
cantly in the Bakken, Eagle Ford, and Marcellus formations [U.S. Energy Information Administration, 2014a],
has decreased in Colorado and Utah during the analyzed periods (2009–2011 relative to 2006–2008)
[Baker Hughes, 2014]. As a consequence, a significant and large methane emission increase is not expected
for the Denver-Julesburg and Uintah basin in the analyzed data set.

The above is also the most likely reason why the enhancement patterns over the Permian basin and
gas-dense Haynesville region are less clear than those of the Bakken and Eagle Ford formations (Figure 4),
despite prolific total production from these regions. The Permian basin is more mature than the younger
plays, Bakken and Eagle Ford, with production and rig count virtually stagnating at high levels, whereas
in Haynesville increasing production is concomitant with decreasing rig count, indicating increasing
production efficiency with unknown impact on the emission trend [U.S. Energy Information Administration,
2014a]. One possible reason for this improved efficiency is that it pays off in the long run to invest in new
technologies to reduce yield-decreasing fugitive emissions in natural gas systems, whereas in the tight oil
production leakage of natural gas is typically not of primary interest in terms of profitability, because it is
not the targeted resource itself and only used as an auxiliary agent to provide oil flow.

This is also reflected in the fact that a significant amount of the total natural gas extracted along with
the oil in Bakken and Eagle Ford is flared or otherwise not marketed because the oil is considered more
valuable or pipeline capacities and processing facilities to capture the gas are too costly. The waste of
natural gas as a direct consequence of insufficient infrastructure is so extensive that both regions stand
out clearly in satellite measurements of nighttime lights from the Visible Infrared Imaging Radiometer
Suite (VIIRS) onboard the Suomi National Polar-orbiting Partnership (NPP) satellite [Miller et al., 2012].

In summary, SCIAMACHY nadir measurements show that anthropogenic CH4 emissions from oil and gas
production can be detected from space and that reported bottom-up leakage estimates are likely under-
estimated for specific formations. Further studies are needed to provide tighter constraints on fugitive
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emissions and to investigate to what extent the high leakage rates obtained in this and other recent stud-
ies are representative for the entire North American oil and gas producing sector. Accurate evaluation of
the impact and sustainability of unconventional oil and gas production across the globe is essential for the
development of wise environmental and energy policy. Future wide swath imaging satellite instruments
delivering higher spatial resolution, such as TROPOMI [Veefkind et al., 2012] and CarbonSat [Bovensmann
et al., 2010; Buchwitz et al., 2013], a candidate for the eighth Earth Explorer of the European Space Agency
(ESA), or the CarbonSat Constellation, when realized, will significantly enhance the current capabilities of
satellite observations. CarbonSat and its constellation are projected to enable monitoring emissions down
to the point-source scale [Velazco et al., 2011]. The better precision and accuracy of these new systems
and concepts will yield time-resolved emission estimates during all stages of basin development to better
identify the processes in the life cycle of oil and gas wells leading to the large methane emissions. Such
future satellite missions, ideally supplemented by frequent aircraft and ground-based measurements,
will provide independent verification of bottom-up inventories. This is essential for the reliable and accu-
rate determination of the climate impact of exploiting unconventional energy resources in tight geologic
formations.
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