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Abstract
Due to advances in unconventional extraction techniques, the rate of fossil fuel production in the
United States (US) is higher than ever before. The disposal of waste gas via intentional combustion
(flaring) from unconventional oil and gas (UOG) development has also been on the rise, and may
expose nearby residents to toxic air pollutants, light pollution and noise. However, little data exists
on the extent of flaring in the US or the number of people living near UOG flaring activity.
Utilizing nightly sattelite observations of flaring from the Visible Infrared Imaging Radiometer
Suite Nightfire product, 2010 Census data and a dataset of remotely sensed building footprints, we
applied a dasymetric mapping approach to estimate the number of nightly flare events across all oil
shale plays in the contiguous US between March 2012 and February 2020 and characterize the
populations residing within 3 km, 5 km and 10 km of UOG flares in terms of age, race and
ethnicity. We found that three basins accounted for over 83% of all UOG flaring activity in the
contiguous US over the 8 year study period. We estimated that over half a million people in these
basins reside within 5 km of a flare, and 39% of them lived near more than 100 nightly flares. Black,
indigenous, and people of color were disproportionately exposed to flaring.

1. Introduction

With the rise of unconventional extraction tech-
niques, domestic oil and gas production in the United
States (US) has increased to its highest level on his-
torical record. Oil production has more than doubled
since 2010, reversing a longstanding decline in pro-
duction, while natural gas withdrawals have risen
by 60% (U.S. Energy Information Administration
2020a, 2020b). This has been made possible in large
part by advancements in directional drilling and
high volume hydraulic fracturing (‘fracking’), which
involves the injection of fluids, sands, and chem-
ical additives into wells (Colborn et al 2011, Webb
et al 2014, Kassotis et al 2016). These unconventional
extraction techniques have allowed for the develop-
ment of oil and gas from areas that were previously
inaccessible or uneconomical. An estimated 17.6 mil-
lion residents of the contiguous US now live less than
1 mile from an active oil or gas well, raising concerns

about the potential for harmful environmental expos-
ures and impacts on public health (Czolowski et al
2017). Unconventional oil and gas (UOG) drilling has
been linked to worsened air quality (Field et al 2014,
Macey et al 2014, Garcia-Gonzales et al 2019), con-
taminated water (Schmidt 2013, Elliott et al 2017),
increased noise (Blair et al 2018, Allshouse et al 2019),
more traffic (Adgate et al 2014), and disruptions to
the local social fabric (Witter et al 2013). There is also
growing evidence linking UOG operations with neg-
ative health impacts for nearby residents, including
impacts on fetal growth and preterm birth (Mcken-
zie et al 2014, Casey et al 2015, Stacy et al 2015, Whit-
worth et al 2018, Gonzalez et al 2020, Tran et al 2020).

One consequence of the rapid expansion of fossil
fuel extraction is flaring, the practice of intentionally
combusting excess natural gas to the open atmo-
sphere. Flaring is used during the exploration, pro-
duction and processing of fossil fuels and is com-
mon in oil-producing shale plays with insufficient
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infrastructure for the capture and utilization of nat-
ural gas that is recovered with the oil. Shale plays
are accumulations of oil and natural gas deposits
within fine-grained sedimentary rock and are located
within large-scale geologic depressions called basins.
Air quality monitoring studies indicate that flares—
which often operate continuously for days or weeks
(Johnson and Coderre 2011)—release a variety of
hazardous air pollutants including volatile organic
compounds and polycyclic aromatic hydrocarbons
along with carbonmonoxide, nitrogen oxides (NOx),
and black carbon (Strosher 1996, Kindzierski 1999,
Leahey et al 2001, Ite and Ibok 2013, Fawole et al 2016,
Gvakharia et al 2017, Schade and Roest 2018, Giwa
et al 2019, Roest and Schade 2020). In recent years,
flaring in the US grew substantially, and the US was
responsible for the highest number of flares of any
country globally, with an estimated 17.3 billion m3 of
natural gas flared in 2019 (Elvidge et al 2015, World
Bank 2020). This represents a 23% increase from the
prior year (World Bank 2020). However, because the
practice is largely unregulated, information on flar-
ing from UOG varies by state and is often limited to
aggregate (e.g. monthly, field-level) data self-reported
by industry operators. A recent analysis in Texas sug-
gests that flaring volumes reported to state regulat-
ors represent about one half of actual flare activity,
highlighting the limitations of state regulatory data to
assess gas flaring activity (Willyard and Schade 2019).
The lack of detailed and objective information on the
location of flaring from UOG also means that the
number of people residing in close proximity to UOG
flaring who could be exposed to flaring-related air
pollutants is poorly characterized.

In prior work we used satellite observations to
measure flaring activity in the Eagle Ford Shale of
South Texas (Franklin et al 2019, Johnston et al 2020),
and found that exposure to significant levels of flaring
during pregnancy was associated with increased risk
of preterm birth among women living within 5 km
of flares (Cushing et al 2020). Here, we extend our
approach to quantify the amount of flaring across the
contiguous US over the last eight years and provide
the first nationwide estimate of the number of people
living nearUOG flaring.Weutilize a dasymetricmap-
ping approach to estimate the exposed population.
Dasymetric mapping refers to the process of disag-
gregating spatial data to a finer spatial unit of ana-
lysis using ancillary data (Mennis 2003). The smallest
spatial unit for population data from the US Census
Bureau is ‘census blocks’. In cities, census blocks gen-
erally correspond to city blocks. However, flaring
occurs primarily in rural areas where census blocks
can encompass hundreds of squaremiles and very few
people. We utilize a remotely sensed dataset of build-
ing footprints to decompose block-level population
counts to the finer spatial unit of analysis of buildings
and more accurately estimate the number of people
living near UOG flaring.

2. Methods

2.1. Study area
We utilized data from the U.S. Energy Information
Administration (EIA) to define the boundaries of all
oil and gas shale plays in the contiguous US (n.d.).
This data was updated in 2016 and includes 47 shale
plays within 28 basins that intersect 714 counties
across 28 states. We first estimated the density of
nightly flares (count per square km) across all 28
basins, and then narrowed our study area and fur-
ther refined our estimates in the three basins with
the most flaring activity: the Permian, Western Gulf
(Eagle Ford Shale), and Williston (Bakken shale).
These three basins cover 86 counties in 4 states: 31
counties in the Permian (4 in New Mexico and 27 in
Texas), 25 in theWestern Gulf (Texas), and 30 inWil-
liston (8 in Montana and 22 in North Dakota).

2.2. UOGwells
We obtained data on UOG wells for the entire
contiguous US from Enverus (www.enverus.com,
formerly DrillingInfo). The data include well loc-
ations (latitude and longitude), various attributes
such as drill type (horizontal or directional), produc-
tion type (oil or gas), production volumes (in bar-
rels [BBL] oil or in thousands of cubic feet of gas
[MCF]—which we converted to barrels of oil equi-
valent [BOE = MCF/6]). We restricted the data to
horizontal- and directional-drilled wells that were
actively producing during our study period: March
2012 through February 2020.

2.3. VIIRS Nightfire
Flares were identified using the Visible Infrared Ima-
ging Radiometer Suite (VIIRS) instrument Nightfire
(VNF) product from theNationalOceanic andAtmo-
spheric Administration Earth Observation Group.
The VNF algorithm uses near-infrared and short-
wave infrared bands to detect locations of night-
time subpixel (<750 m) combustion sources (Elvidge
et al 2013). For each detected ‘hotspot’, the VNF
product provides information on source temperature,
area, and radiant heat. VIIRS began collecting data in
March 2012; hence, March 2012 is the first month of
our 8 year study period.

We filtered the VNF data in order to limit our
sample to observations that were associated with
UOG extraction (figure 1). First, a black-body tem-
perature threshold of 1600 K was used to distinguish
likely UOG-related flares from other sources of com-
bustion such as biomass burning. Prior work shows
VNF detections exhibit a bimodal temperature dis-
tribution, with detections related to biomass burning
primarily observed between 800 and 1200 K, and the
bulk of flaring-associated detections being between
1700 and 1800 K (Elvidge et al 2013). We chose the
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N = 558,635 

High-temperature (≥1600K) VNF detections in 

contiguous U.S.

N = 543,626 

Flares in 1,235 EIA counties

N = 493,839 

Flares <1 km from UOG wells

N = 463,839 

Flares in 3 study basins

N = 407,368 

UOG flares in 3 study basins

Step 1: Excluded 10,009 

(1.8%) not in EIA shale 

counties

Step 2: Excluded 49,789 

(9.1%) >1 km from a UOG well

Step 3: Excluded 30,451 

(6.2%) outside 3 study basins

Step 4: Excluded 56,020  

(12%) noise points using 

HDBSCAN*

Figure 1. Flow chart illustrating the filtering process for identifying UOG flares from VIIRS Nightfire. We use the term ‘flare’ to
refer to one VNF nighttime detection.

1600 K cut off to be conservative, because 1300–
1500 K is a cross over range where detectionsmay res-
ult from both biomass burning and flaring (Elvidge
et al 2015). Second, we restricted our sample to VNF
detections within 1 km of actively producing UOG
wells in order to reduce the likelihood of including
observations unrelated to UOG production, such as
flaring at refineries. We then estimated the density
of the resulting set of VNF detections across all 714
counties in the 28 EIA-defined basins at 10 × 10 km
resolution with a Gaussian kernel density function.
Finally, we utilized Hierarchical Density-Based Spa-
tial Clustering Application with Noise (HDBSCAN∗)
to remove possible aberrant observations as described
in detail elsewhere (Franklin et al 2019). Because of
the computational intensity involved and scarcity of
flaring in other basins, HDBSCAN∗ was performed
only for the three basins with the greatest density of
flares. The 86 counties in these three basins accoun-
ted for 94% of the high-temperature VNF detections
near wells identified in the previous step (figure 1).

HDBSCAN∗ is an unsupervised clustering
method that requires only one input parameter—the
minimum number of points required in a cluster, k—
and does not require setting the number of clusters
a priori as with other clustering methods (e.g. K-
means clustering). Using a minimum spanning tree
that connects every point in the sample and calcu-
lating cluster-stability scores, the algorithm identifies
k-minimum clusters and noise points that do not

belong to any cluster. In previous work on UOG-
related flaring in the Eagle Ford Shale, we applied
HDBSCAN∗ and observed that clustered VNF detec-
tions were closer on average to active UOG wells
compared to noise detections (Franklin et al 2019).
We extended the same approach here: for each basin,
we used HDBSCAN∗ to identify clusters of VNF
detections and excluded detections classified as noise.
The clustering process involves tuning for the best
k—resulting in the fewest number of noise points
identified—for each basin and for each year. Flares
detected in January and February 2020 were com-
bined with flares from 2019 for the clustering process.
Hereafter, we refer to our final sample ofN = 407 368
high-temperature (>1600 K), HDBSCAN∗-clustered
VNF detections near wells as ‘UOG flares’. We there-
fore use the term flare to refer to one nighttime VNF
detection.

2.4. Population and demographic data
We obtained demographic data from the National
Historical Geographic Information System (Manson
et al 2018). We utilized 2010 U.S. Census data to
identify populations living near flaring and assess
their demographic characteristics at the smallest
census geography available—the census block. While
more recent population estimates are available from
the American Community Survey, they are based on
a sample and thus less accurate and are only avail-
able at more aggregated geographies (census block
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Figure 2. Schematic illustration of the process used to assign blocks and buildings to flares.

groups, which can be very large in our largely rural
study areas). We examined population demograph-
ics by age (<5 and 65 or older) and race/ethnicity
(Hispanic of any race, non-Hispanic White, non-
Hispanic Black, non-Hispanic Native American, and
all other non-Hispanic groups, includingmixed race).
Some racial and ethnic groups were collapsed due
to the low number of individuals. We also obtained
county-level population data from the 2018American
Community Survey to evaluate changes in population
since 2010.

2.5. Building footprints
Because census blocks can be large in rural areas, we
conducted dasymetricmapping using a national data-
set of building footprints generated by Microsoft to
refine our exposure assessment, illustrated in figure 2
(Anon 2019). Dasymetric mapping refers to the pro-
cess of disaggregating spatial data—in this case 2010
census blocks—to a finer spatial unit of analysis using
ancillary data (Mennis 2003), and has been used in
previous studies of exposure to UOG development
(Clough andBell 2016). TheMicrosoft Building Foot-
print data were created using a two-stage process
in which deep neural networks were used on satel-
lite imagery to identify building pixels (semantic seg-
mentation), and these aggregations of building pixels
were then converted into polygons across all 50 US
states. In our 86 counties of primary interest, we
identified all buildings whose centroids fell within
census blocks with non-zero populations. For a given
block, we assigned population counts to those build-

ings by assuming a uniform distribution of total,
age-specific, and race/ethnicity-specific populations
within the block. This resulted in fractions of persons
at the building level that we then summed to gen-
erate more refined population estimates at the levels
of counties, states and basins. While an improvement
over traditionalmethods relying on census block geo-
graphy, our approach makes the simplifying assump-
tions that (a) all building are residential (as opposed
to being commercial or other types of uninhabited
buildings) and (b) the population within each census
block is uniformly distributed with respect to age
and race/ethnicity. A small number of blocks with
non-zero populations contained no buildings (<3%
of blocks and 1% of people in our study area). In
these cases, those populations were not assigned to
any building or included in our dasymetric mapping-
based estimates.

For each block andbuilding,we counted the num-
ber of UOG flares that fell within its 5 km circu-
lar buffer. We focused on the 5 km distance given
our prior finding of adverse associations between flar-
ing and preterm birth at this distance (Cushing et al
2020); however, we also considered 3 km and 10 km
buffers since studies of flaring are limited and the dis-
tance at which flares may result in potentially harm-
ful exposures to nearby populations is not well under-
stood. At the basin level, we compared our estimates
of the number and demographics of people exposed
derived from the dasymetric mapping with building
footprints to the estimates that resulted from using
census blocks alone.

4
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Figure 3. Density of flares near UOG wells across shale plays in the (1) Williston, (2) Powder River, (3) Denver, (4) Anadarko, (5)
Permian, (6) Western Gulf, (7) TX-LA-MS Salt, and (8) Appalachian basins (N= 493 839). Areas with <8 flares/100 km2 are not
shown.

Table 1. Basins with the at least 1000 UOG-related flares during
the study period (March 2012–February 2020).

Basin Flaresa Cumulative (%)b

Williston 195 497 195 497 (35.0)
Permian 191 989 387 486 (69.4)
Western Gulf 75 902 463 388 (83.0)
Appalachian 5039 468 427 (83.9)
Powder River 4852 473 279 (84.7)
Denver 3916 477 195 (85.4)
Anadarko 3608 480 803 (86.1)
TX-LA-MS Salt 1118 481 921 (86.3)
a Count of high-temperature (⩾1600 K) VNF detections within

1 km of a UOG well.
b Percentage of all high-temperature VNF detections within the

contiguous US.

3. Results

Eight basins contained a non-negligible number of
flares (at least 1000 high-temperature VNF observa-
tions within 1 km from an active UOG well over the
8 year study period) (figure 3). The Williston, Per-
mian, and Western Gulf basins that were the focus
of our subsequent analysis accounted for 83% of all
high-temperature (⩾1600 K) VNF observations in
the contiguous US (table 1). The Appalachian basin,
whose shale plays cover a larger geographic area than
those in the three basins combined, only included
about 5000 (<1%) UOG-related flares over the study
period.

After further restricting to non-aberrant
observations using HDBSCAN∗, our final sample

across the Williston, Permian, and Western Gulf
basins included 407 368 UOG flares. The total
number of flares was highest in the Permian
Basin (170 962), followed by Williston (167 235
flares) and Western Gulf (69 171 flares). The
highest flare densities were observed in the Willis-
ton Basin (maximum of 716 (km2)−1), followed
by the Permian (413 (km2)−1) and the Western
Gulf (131 (km2)−1) (figure S1 (available online at
stacks.iop.org/ERL/16/034032/mmedia)). The top
ten counties with the highest number of flares
included four in Williston (McKenzie, Williams,
Dunn, and Mountrail, North Dakota), four in the
Permian (Reeves and Loving, Texas; and Eddy and
Lea, New Mexico), and two in the Western Gulf (La
Salle and Karnes, Texas) (table S1). No UOG flares
were observed in 21 out of the 87 counties in these
three basins. Overall, the number of flares in all three
basins grew over time, particularly since 2018 (figure
S2).

During the study period, there were approxim-
ately 31 000 actively producing UOG wells in the Per-
mian Basin, 28 000 in the Western Gulf basin, and
18 000 in the Williston Basin. The Permian Basin
was the most productive (4.5 billion BBL in oil pro-
duction and 2.5 billion BOE in gas production) fol-
lowed by the Western Gulf (3.5 billion BBL in oil
and 2.8 billion BOE in gas). Although the Williston
Basin experienced a similar number of UOG flares as
the Permian Basin, only 3.25 billion BBL in oil and
0.85 billion BOE in gas were produced over the same
period in Williston (figure 4). At the county level, the
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Figure 4. Total annual UOG production (green and red lines) and total annual UOG flares (yellow bars) in the most
flaring-intensive basins.

Table 2. Population living within 5 km of UOG flares by basin, age group, and race/ethnicity.

Population exposed N (%)

Basin Groupa Total N Any flares 1–9 flares 10–99 flares 100+ flaresb

All 783 688 358 167 (45.7) 98 469 (12.6) 115 998 (14.8) 143 700 (18.3)
Age <5 62 263 29 158 (46.8) 8492 (13.6) 9135 (14.7) 11 531 (18.5)
Age 65+ 95 582 40 591 (42.5) 10 481 (11.0) 13 701 (14.3) 16 409 (17.2)
Hispanic 356 697 160 662 (45.0) 46 189 (12.9) 48 134 (13.5) 66 339 (18.6)
White 379 337 172 367 (45.4) 46 312 (12.2) 60 416 (15.9) 65 639 (17.3)
Black 29 527 16 717 (56.6) 3754 (12.7) 4679 (15.8) 8284 (28.1)
Native 3954 1797 (45.4) 579 (14.6) 623 (15.8) 595 (15.0)

Permian

Others 14 173 6623 (46.7) 1634 (11.5) 2146 (15.1) 2843 (20.1)
All 949 511 113 253 (11.9) 38 399 (4.0) 42 134 (4.4) 32 720 (3.5)
Age <5 72 262 7141 (9.9) 2399 (3.3) 2628 (3.6) 2114 (2.9)
Age 65+ 116 284 18 662 (16.1) 6298 (5.4) 6361 (5.5) 6003 (5.2)
Hispanic 549 970 49 365 (9.0) 16 243 (3.0) 19 388 (3.5) 13 734 (2.5)
White 340 301 55 042 (16.2) 18 810 (5.5) 18 937 (5.6) 17 295 (5.1)
Black 43 198 7478 (17.3) 2856 (6.6) 3287 (7.6) 1335 (3.1)
Native 2412 273 (11.3) 92 (3.8) 100 (4.1) 81 (3.4)

Western Gulf

Others 13 630 1094 (8.0) 397 (2.9) 422 (3.1) 275 (2.0)
All 327 789 64 487 (19.7) 17 206 (5.3) 12 951 (4.0) 34 330 (10.5)
Age <5 21 986 4326 (19.7) 1042 (4.7) 830 (3.8) 2454 (11.2)
Age 65+ 50 431 10 059 (20.0) 3064 (6.1) 2033 (4.0) 4962 (9.8)
Hispanic 6062 1485 (24.5) 372 (6.1) 394 (6.5) 719 (11.9)
White 292 565 56 082 (19.2) 16 027 (5.5) 11 552 (3.9) 28 503 (9.7)
Black 2495 231 (9.3) 145 (5.8) 15 (0.6) 71 (2.8)
Native 19 341 5068 (26.2) 214 (1.1) 740 (3.8) 4114 (21.3)

Williston

Others 7326 1621 (22.1) 448 (6.1) 249 (3.4) 924 (12.6)
Total All 2 060 988 535 907 (26.0) 154 074 (7.5) 171 083 (8.3) 210 750 (10.2)
a Hispanic includes all Hispanics regardless of race. White, Black, Native, and Other categories exclude those identifying as Hispanic.
b The highest number of UOG flares exposed per block is 2166 in the Permian, 3065 in the Western Gulf, and 6387 in Williston.

number of UOG flares was more highly correlated
with the volume of oil produced (Spearman correla-
tion coefficient r = 0.94) than the volume of gas pro-
duced (r = 0.86) in the 8 year period.

We connected each UOG flare to the nearest well
to identify themost likely production type (oil or gas)
associated with each flare. In all three basins, most
flares were attributed to oil-producing wells: 73% of
flares in the Permian, 85% in the Western Gulf, and
99% in Williston. Aggregating the number of flares
by the likely production source, we estimated 27 flares

per million BBL of oil and 18 flares per million BOE
of gas produced in Permian, 17 flares per million BBL
of oil and 4 flares per million BOE of gas produced in
Western Gulf, and 51 flares per million BBL of oil and
2 flares per million BOE of gas produced inWilliston.

Using the dasymetric mapping approach, we
estimated that 535 907 people lived within 5 km of
a UOG flare across the three basins (table 2). Rely-
ing on census blocks rather than dasymetric mapping
resulted in 4%–13% larger estimates of the exposed
population, depending on the basin (table S2). This
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was most pronounced in the Western Gulf basin and
when considering the smaller 3 km buffer distance.
In terms of the intensity of exposure, more people in
the Permian Basin lived within 5 km of over 100 flares
than in any other basin. More than half of these were
inMidland and Ector counties, which contain the cit-
ies of Midland and Odessa (data not shown).

In the Permian Basin, the proportion of children
under five living near flares was slightly higher than
the overall population, while in the Western Gulf, a
higher proportion of seniors were exposed (table 2).
With respect to race and ethnicity, Blacks were more
likely to live within 5 km of a flare in the Permian
Basin and Western Gulf than other groups. In the
Williston, the Native American and Hispanic popu-
lations were the most likely to live near flares. In par-
ticular, over a fifth of the Native American popula-
tion in Williston shale counties lived within 5 km of
over 100 flares. Flaring is particularly intense in the
Fort Berthold Reservation in North Dakota, which
accounted for 70% of the Native American popu-
lation exposed to more than 100 flares. McKenzie
county, which includes part of the Fort Berthold
Reservation, had the most UOG flares of any county
nationally (83 000) and we estimated that virtually
all (93%) of its 6400 residents lived within 5 km of
more than 100 flares. Patterns with respect to age and
race/ethnicity were consistent when we considered
populations within 3 km or 10 km of flares (tables S3
and S4).

4. Discussion

In this comprehensive assessment, we estimated that
three oil and gas producing regions accounted for
over 80% of all UOG flaring activity in the contigu-
ous US over the 8 year study period (March 2012–
Febrarury 2020). The Permian Basin in West Texas
and Eastern New Mexico accounted for the greatest
number of individual nightly flares, while the flar-
ing intensity of oil production was highest in the
Williston Basin (Bakken Shale) in North Dakota and
Montana. We estimate that over 535 000 people live
within 5 km of flaring in these three regions, and
among these, over 210 000 live within 5 km of 100 or
more individual nightly flare events.

Although health studies of flaring are limited, res-
idence within 5 km of ten or more flares during preg-
nancy was associated with a substantial and statistic-
ally significant increase in preterm birth in our prior
work (Cushing et al 2020). In addition, monitoring
studies from the Eagle Ford Shale indicate that flar-
ing is a significant source of NOx as well as more
reactive compounds including formaldehyde, acetal-
dehyde and ethene (Schade and Roest 2018). Increas-
ing atmospheric NOx concentrations over the Bakken
shale and Permian Basin have also been attributed to
flaring (Duncan et al 2016). Nitrogen oxides contrib-
ute to the development and exacerbation of asthma

as well as the formation of ground-level ozone, which
in turn is linked with effects on the respiratory, cardi-
ovascular, and nervous systems andwith reproductive
effects and mortality (U.S. Environmental Protection
Agency 2016, 2020). Lab-based investigations and
field studies fromNorth Dakota, the Niger Delta, and
Alberta, Canada have moreover shown that flaring
emits hydrocarbons—including benzene and polycy-
cic aromatic hydrocarbons (PAHs)—as well as par-
ticulate matter in the form of black carbon (Strosher
1996, Ana et al 2012, Mcewen and Johnson 2012,
Fawole et al 2016, Weyant et al 2016, Gvakharia et al
2017). Benzene and some PAHs are well established
carcinogens (Agency for Toxic Substances and Dis-
ease Registry 1995, Agency for Toxic Substances Con-
trol Registry 2007, Kim et al 2013) and have also been
linked to birth defects (Lupo et al 2011, 2012). Expos-
ure to black carbon is associated with higher rates
of all-cause and cardiovascular mortality as well as
cardiopulmonary hospital admissions (Janssen et al
2011, 2012).

Together, this evidence indicates that a substan-
tial number of people in the US could be at risk of
health-damaging exposures due to flaring fromUOG.
However, the lack of routine air quality monitor-
ing in these rural areas or systematic regulation and
reporting of flaring activity limits efforts to estim-
ate potential flaring-related exposures and associated
health risks. Gaps in our knowledge remain about the
characteristics of flaring-related emissions and con-
tributions to local air quality in real-world settings,
which are influenced by factors such as the compos-
ition of the waste gas, type and operating conditions
of the flare and the resulting completeness of combus-
tion, and local meteorology. Additional gaps remain
with respect to the potential health impacts of flaring
through pathways unrelated to air pollution such as
noise and psychosocial stress. Flaring operations pro-
duce heat and noise (Abdulkareem andOdigure 2006,
Nwoye et al 2014), and evidence suggests noise pollu-
tion in other contexts may have effects on cognition,
mental health, wellbeing, and quality of life (Clark
et al 2020). In an online survey, residents of the Per-
mian Basin indicated increased distress in response to
UOG-related environmental degradation (Elser et al
2020). Psychosocial stress has been linked to adverse
health outcomes including hypertension and cardi-
ovascular disease, and can exacerbate the effects of air
pollutant and other chemical exposures (Clougherty
et al 2010, Vesterinen et al 2017).

Our findings also show that flaring is an environ-
mental justice issue. Flaring in theWillistonBasin dis-
proportionately impacts Native Americans, particu-
larly members of the Mandan, Hidatsa, and Arikara
Nation living on the Fort Berthold Indian Reserva-
tion. In the Permian and Western Gulf (Eagle Ford)
basins, the majority of the population are people of
color (table 2). These rural regions are also among
some of the poorest in Texas (Tunstall 2015). While
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we did not assess this in the current study, our
prior work also showed thatmajorityHispanic census
blocks in the Eagle Ford Shale had a higher num-
ber of flares within 5 km on average than less His-
panic census blocks (Johnston et al 2020). In gen-
eral, rural US populations like those in our study
areas face additional challenges to health such as
poverty and lack of access to health care that contrib-
ute to an urban-rural gap in life expectancy that is
widening and more severe for people of color (Singh
and Siahpush 2014, James and Cossman 2017, Long
et al 2018). Indigenous leaders have also highlighted
the detrimental social and cultural impacts of the
Bakken oil boom in native communities (Horwitz
2014, Finn et al 2017). Our findings reflect larger pat-
terns of urban-rural exploitation in which resources
like fossil fuels are extracted from rural areas for the
primary benefit of urban populations (Kelly-Reif and
Wing 2016). This ultimately undermines progress
toward more sustainable systems of energy provision
because, with a few exceptions such as Los Angeles,
California, the urban majority do not experience the
environmental and health consequences of oil and gas
extraction.

Finally, flaring also holds implications for climate
change. Flaring emits greenhouse gases including car-
bon dioxide and nitrogen oxides and is an important
source of black carbon in the Arctic, where it con-
tributes to radiative forcing (Stohl et al 2013). Recent
global estimates suggest 150 billion cubic meters of
gas are flared annually, equivalent to the total annual
gas consumption of Sub-Saharan Africa (World Bank
2020). Flaring thus accounts for significant losses of
recovered natural gas, further contributing to the car-
bon footprint and climate impact of the fossil fuel
industry.

Strengths of our study include the use of object-
ive satellite observations to identify flaring and dasy-
metricmapping to refine population estimates.While
the VFN satellite data does not provide an estimate of
the volume of gas flared, it does include information
on flaring at much higher spatial and temporal resol-
ution than regulatory data and does not rely on un-
audited self reports by the industry. Utilizing build-
ing footprints rather than census blocks to estimate
populations near flaring overall resulted in a more
conservative and likely more accurate estimate of the
exposed population. Of the three study regions, we
observed the greatest difference in the size of the
exposed population when using building footprints
rather than census blocks in the Western Gulf (Eagle
Ford Shale). This may be because the Western Gulf
encompasses more urban areas than the other two
basins, including the cities of Laredo and Eagle Pass;
utilizing building footprints rather than census blocks
resulted in the exclusion of more people from these
more densely populated areas.

The building footprints data we used is however
also subject to error associated with the algorithmic

classification of satellite imagery that introduces
uncertainty into our estimates. We also did not have
information on building usage (e.g. residential vs
commercial) and may have assigned some popula-
tions to non-residential buildings. The date of the
satellite imagery underlying the Microsoft Building
Footprints dataset is also unknown, may vary across
the study area, and may fail to capture new housing
developments.

Our analysis likely underestimates the exposed
population because we rely on the 2010 US Census
data (the most recent available) and many oil pro-
ducing regions have experienced population growth
since then. For example, the 2018 American Com-
munity Survey suggests the population of McKenzie
County, ND has doubled since 2010, likely due to the
oil boom. Overall the population of our three study
basins has increased between 8% and 17% between
2010 and 2018 (table S3). If the population growth
followed a similar pattern to what we observed in
2010 with respect to the fraction of the population in
each basin residing within 5 km of any flare, we have
underestimated the exposed population by roughly
55 000 people.

5. Conclusions

Over half a million people in the US live within 5 km
of flaring from oil and gas development. Given the
recent increase in flaring and suggestive evidence of
adverse health impacts to nearby residents, additional
research and greater regulatory oversight of flaring is
needed.
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ABSTRACT: Incomplete combustion during flaring can lead
to production of black carbon (BC) and loss of methane and
other pollutants to the atmosphere, impacting climate and air
quality. However, few studies have measured flare efficiency in
a real-world setting. We use airborne data of plume samples
from 37 unique flares in the Bakken region of North Dakota in
May 2014 to calculate emission factors for BC, methane,
ethane, and combustion efficiency for methane and ethane. We
find no clear relationship between emission factors and
aircraft-level wind speed or between methane and BC emission
factors. Observed median combustion efficiencies for methane
and ethane are close to expected values for typical flares
according to the US EPA (98%). However, we find that the
efficiency distribution is skewed, exhibiting log-normal
behavior. This suggests incomplete combustion from flares contributes almost 1/5 of the total field emissions of methane
and ethane measured in the Bakken shale, more than double the expected value if 98% efficiency was representative. BC emission
factors also have a skewed distribution, but we find lower emission values than previous studies. The direct observation for the
first time of a heavy-tail emissions distribution from flares suggests the need to consider skewed distributions when assessing flare
impacts globally.

■ INTRODUCTION

Over 140 billion cubic meters (BCM) of gas is globally flared
each year.1 Flaring is used to dispose of gas at production and
processing facilities that lack infrastructure and means to
capture or use the gas. The United States flares about 8 BCM
per year, with almost half of that coming from North Dakota
alone.2 From 2004 to 2014, the amount of gas annually flared in
North Dakota increased from 0.08 to 3.7 BCM, and in 2014,
about 28% of North Dakota’s total produced natural gas was
flared.3 Flaring has implications for the atmosphere. Although
ideally, gas would be captured instead of lost, it is preferable to
flare rather than vent because flaring destroys methane (CH4)
and volatile organic compounds that affect air quality,
converting them to CO2. CH4 is a potent greenhouse gas,
the second-most-important anthropogenic greenhouse gas
behind CO2 based off integrated radiative forcing.4,5 Flaring is
not 100% efficient, and through incomplete combustion, it can
be a source for CH4 and VOCs.6,7 Flaring can also create black
carbon (BC) as a by-product, an anthropogenic forcer of
climate with public health implications.8−11 The World Bank
recently introduced a ”Zero Routine Flaring” initiative to end
flaring worldwide by 2030 through government incentives and

institutional cooperation, hoping to mitigate economic losses
due to flaring and relieve its burden on the atmosphere.12

Inventories that account for flaring often use a combustion
efficiency value of 98% of the initial gas, citing an EPA technical
report.13,14 This efficiency value assumes flare stability and can
decrease based on wind speed and other factors such as flow
rate or aeration. Studies have investigated flare efficiency in
laboratories using scaled-down flare simulations in a controlled
environment, reporting 98−99% flare combustion effi-
ciency,15,16 but there have been few field studies done to
assess flare efficiency and directly measure emissions in a real-
world environment. Thus, scaled-up laboratory results may not
be representative of real-world flaring. A study of two flare sites
in Canada calculated an average observed combustion efficiency
of 68 ± 7%, much lower than the assumed efficiency.17 One
remote sensing study in The Netherlands found high
efficiencies of 99% but only analyzed three flares, with up to
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30% error in the measured gas concentrations, and noted the
lack of in situ data.18 There was also a comprehensive study to
observe industrial flare emissions and efficiency but the tests
were conducted at a flare test facility, not directly at well sites.19

To our knowledge, the only extensive study of in situ flare
efficiency for CH4 sampled ten flares in the Bakken Shale in
North Dakota and one in western Pennsylvania.20 This study
reported high flare efficiencies up to 99.9%, but based on their
identification techniques, they acknowledged a possible bias
toward larger, brighter-burning, and thus more-efficient, flares.
Black carbon emissions from gas flaring have been

investigated, but there are not many studies that use direct
observations of flaring. Schwarz et al. (2015)10 quantified total
field emissions of BC and derived an upper-bound on BC
emission factor for flaring from the Bakken using the same
aircraft campaign data as used in this paper. Their emission
factor was obtained using BC flux calculated with a mass
balance technique for the entire field. Hence, it did not target
individual flares. It includes all BC sources in the region (e.g.,
diesel trucks, generators, limited agriculture, etc.) and is
expected to provide an upper bound. Weyant et al. (2016)21

calculated BC emission factors from targeted flares in the same
region and found an average value well below the upper bound
of Schwarz et al. (2015), and, to our knowledge, this is the only
previously published peer-reviewed study of BC emissions from
flaring that directly sampled flares. BC emission factors have
been shown to vary based on fuel chemistry and stability of the
flare, necessitating the use of specific emission factors or a
distribution rather than using a single average value as
representative.22

The lack of direct, in situ observations of flaring efficiency
suggests that estimates of emissions from incomplete
combustion may be inaccurate. Also, using a single value for
flaring emission factors or combustion efficiency does not take
into account the various parameters that may affect a flare,23

and a statistically robust sample of flaring efficiency would help
identify a representative distribution. Total fugitive emissions
from oil and gas production and leakage can be a substantial
source of atmospheric CH4 and are underrepresented in
inventories.24 Studies have observed non-normal distribution of
CH4 emissions in some fields, where less than 10% of sampled
sources contributed up to 50% of the sampled emissions.25−29

A study of flare emissions using Greenhouse Gas Reporting
Program and Gas Emission Inventory data found that 100 flares
out of 20 000 could be responsible for over half the emissions
in the United States, but this conclusion results from the non-
normal distribution of gas volume flared and not from a skewed
flare combustion efficiency (which is not represented).30 In
addition to the non-normal distribution of gas volume flared,
there may be a skewed distribution of emissions from
incomplete combustion in flares based on efficiency as well.
We present an analysis of combustion efficiency and

emission factors of CH4, BC, and C2H6 for 37 distinct flares
in the Bakken Shale Formation in North Dakota using data
obtained during a May 2014 aircraft campaign, this being (to
our knowledge) the largest study of flaring emissions in the
field based on number of flares and the first to include C2H6.
This gives us sufficient statistics to obtain an efficiency
distribution and determine the implications for total fugitive
emissions from incomplete combustion in actual field
conditions.

■ METHODS

Flights and Instrumentation. All observations used in this
analysis were made as part of the Twin Otter Projects Defining
Oil−Gas Well Emissions (TOPDOWN 2014) study and were
collected onboard a National Oceanic and Atmospheric
Administration (NOAA) DHC-6 Twin Otter aircraft.10,31,32

This campaign focused on understanding the atmospheric
impact of fossil fuel extraction activities. A total of 17 research
flights were conducted on 11 separate days between May 12−
26, 2014, totaling 40 h. Flights were typically 3−3.5 h in
duration and were primarily conducted at low-altitudes (400−
600 magl) within the planetary boundary layer at an average
speed of 65 m/s. Vertical profiles were performed in each flight
to define the mixed layer height. Flights dedicated to mass
balance conducted transects around the Bakken region, and
although a few flares were sampled during these transects, most
of the flares were identified on ”mowing-the-lawn” flights that
swept across the region to target point sources as well as some
flights dedicated to point source identification. Flares were
circled multiple times during these flights between 400 and 600
magl, although some were sampled higher up, around 1000
magl. Flares were not specifically targeted for any particular
characteristic such as size, brightness, or flaring volume. Flares
were sampled over the entire region rather than in a particular
cluster, giving low spatial sampling bias. However, due to the
nature of the sampling, brighter flares were more easily
identifiable from the plane and, thus, more likely to have been
targeted. Not all passes by a flare produced a well-defined peak
that could be used in the efficiency analysis. Many of the flares
were sampled at a distance on the order of hundreds of meters
to kilometers downwind. This gave the flare plume time to
disperse and allowed us to measure large plumes over a time
period of 10−20 s, providing more data per plume than if we
sampled closer and lower.
CH4, CO2, carbon monoxide (CO), and water vapor (H2O)

were measured with a Picarro 2401-m cavity ringdown
spectrometer with a sampling rate of 0.5 Hz. CH4 was
measured with an accuracy of ±1.4 ppb and a precision of ±0.2
ppb, and CO2 was measured with an accuracy of ±0.15 ppm
and a precision of ±0.03 ppm.33,34 An Aerodyne mini direct
absorption spectrometer was used to continuously measure
C2H6, deployed as described previously in literature35,36 along
with hourly measurements of a standard gas to confirm
stability.32 Sampling was conducted at 1 Hz with precision of
<0.1 ppb and an average accuracy of ±0.5 ppb.32 Due to the
Aerodyne ethane instrument having a response time of 1 s,
compared to the Picarro’s 2 s response time, there were
sharper, narrower peaks in C2H6 than CO2 and CH4. To enable
a point-by-point comparison of C2H6 to CO2, a weighted
moving average (WMA) was applied to the C2H6 data. The
total integrated value of the C2H6 peak did not significantly
change with the WMA filter, indicating conservation of mass
with the method.
All trace gases are reported as dry air mole fractions,

converted from the measured wet air mole fractions using water
vapor observations from the Picarro. A single-particle soot
photometer (SP2 by Droplet Measurement Technology Inc.,
Boulder, CO) was used to measure refractory black carbon
(rBC) for particles containing rBC in the mass range of 0.7−
160 fg. The SP2 provided 1-s rBC mass-mixing ratios with
systematic uncertainty of 25%.10,37 A pair of differential GPS
antennae on the fuselage of the Twin Otter provided aircraft
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heading, altitude, latitude, longitude, ground speed, and course
over ground. Wind speed was calculated as described in Conley
et al. (2014),38 with estimated uncertainties of ±1 m/s in
magnitude and ±6° in direction. A Rosemount deiced Total
Temperature Sensor, model number 102CP2AF, measured
ambient temperature. Calibration before and after the field
project indicate measurement performance with precision of
±0.2 °C and accuracy of ±1.0 °C.
Flare Identification. We identified flares in the following

ways. During the science flights, all significant events were
logged, including when the plane flew by a flare. These flight
notes thus provide times when a flare was visually confirmed,
and these flare plumes were identified in the data for the
corresponding flight and flagged. After locating all the flares
confirmed by the flight notes, we searched through the
remaining data to find plumes that could be possible flares
but were not noted during the flight, such as smaller flares that
might have been hard to see on the ground. To identify the
other possible flare plumes, we looked for peaks in CO2 where
ΔCO2, the peak enhancement, was greater at its maximum
point than 4σ of the CO2 background variability, indicating a
statistically significant elevation of CO2 as a result of
combustion from a flare. We also looked for a peak less than
20 s in time. At a mean ground speed of 65 m/s, this
corresponds to a source about 3 km away using Gaussian plume
theory,39 which is about the distance we tended to sample
where the plume still presented a robust signal above
background. Figure 1 shows the research aircraft flight paths,
known flare locations,3 and where we sampled plumes.

To verify if these additional plumes identified in the data
were indeed caused by flaring, we co-plotted the locations of
these events with all nearby wells with reported flaring and
other CO2 producers such as processing facilities and gas plants
using the EPA GHG Reporting Program as seen in Figure 1.
Certain flare locations were cross-checked with additional data
from the VIIRS Active Fire Map and North Dakota Oil and Gas
ArcIMS Viewer. Then, using Gaussian plume theory, we
estimated how far away the source of a plume was based on the
plume width and wind conditions, matching the plume to a
possible flare source.39 Although the science flights were
conducted on days with steady winds, leading to low variability

in wind speed and direction, we accepted plumes that were
within 20% of the theoretical distance to account for deviation
in other factors such as not flying directly in the center of the
diffused plume. If a plume was located downwind from a well
with flaring, was not downwind of another CO2 source, and had
a width and distance consistent within 20% of Gaussian plume
theory, we considered it likely due to a flare source. If a plume
was not downwind of a flare at a distance consistent with
Gaussian plume theory or had interference from another CO2
source, we omitted it from the analysis. A total of 39 flare
plumes were identified with the flight notes, and out of 17
additional plumes in the data, 13 were accepted using our
verification method and 4 rejected for a total of 52 flare plumes
from 37 unique flares.
Other sources for methane or black carbon closely colocated

with flares (such as diesel engines or fugitive losses from
production wells) could contribute to the observations we are
attributing to flaring, and we assess their potential impact on
our analysis here. Using gas composition data from over 550
samples, the average chemical plume from the Bakken was
determined to be 0.7% CO2, 3.7% N2, 49% CH4, 21% C2H6,
and the rest in higher-order hydrocarbons.40 This results in a
molecular weight of about 29 g/mol, close to that of air and
nearly double the weight of natural gas from other fields with
higher CH4 ratios.21 An unburned source of gas is therefore
neutrally buoyant compared to a hot flare exhaust plume, which
will rise in the atmosphere.41 However, the flare plume can
entrain these other sources, mixing them as the buoyant plume
rises in the atmosphere. If we assume a flare converts 98% of its
hydrocarbons to CO2, and that enhancements near a well pad
due to other emissions are 50 ppm of CH4 and 415 ppm of
CO2, then if the flare plume entrained a volume equal to its
own (50% dilution), the resulting CH4/CO2 slope measured by
the aircraft (see Figure 2) would change by less than 1%,
smaller than the uncertainty range in fitting the slope.
Considering typical values for methane and CO2 enhancement
(40 ppb and 5 ppm on average, respectively), we estimate the
slope error (and, thus, the error on calculated emission factors)
would be less than 1% with 10% as an upper bound. Adjusting
the flare efficiency in this estimation does not significantly affect
the result (using a 90% combustion efficiency, all else equal,
would also have an impact of 1% on the slope). Although we
cannot definitively rule out all potential contributions from
such sources to the plumes we are analyzing, these
considerations of possible entrainment suggest it is not
significant in this analysis, though the potential impact would
suggest our results may represent a lower bound for
combustion efficiency.

Combustion Efficiency. Destruction efficiency and
emissions factors were calculated for each flare sampled.
Black carbon emission factors were determined following the
methodology of Weyant et al. (2016)21 using eq 1:

= ×
+ +

F
C

C C C
EF 1000BC

BC

CO CH BC2 4 (1)

Here, CCO2
, CCH4

, and CBC are the mass concentrations of
carbon in g/m3 for each product with the respective
background removed and F is the ratio of carbon mass to
total hydrocarbon mass, calculated to be 0.79 from gas
composition data for the Bakken.40 CO2 and CH4 data were
converted from molar ratios to g/m3 using a molar volume at
standard temperature and pressure (273 K, 1013 mb) to match

Figure 1. Left panel shows flight paths (black lines), wells with known
flaring (gray triangles),3 and flare plume locations (red points) from
the TOPDOWN 2014 campaign in the Bakken field in northwest
North Dakota. Times when the plane circled around an area multiple
times to repeatedly sample can be seen in the middle of the region.
Right panel is zoomed in on a single flare plume, with flight path
(black line), flare plume (red points), and wells with reported flaring
(filled triangles with corresponding monthly flaring amounts). The
arrows indicate the wind direction. We used the wind direction,
distance from well, and flaring amount to verify that the plume was
caused by flaring.
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the conditions of the BC mass concentrations. This EFBC value
is given in grams of BC per kilogram of gas and can be
converted to g/m3 using a gas density of 1.23 ± 0.14 kg/m3 for
the composition.40 For some of the flares we did not detect a
strong BC enhancement correlated with CO2, causing skewed
or negative emission factor values. To account for this, when
the peak enhancement ΔBC was below the detection limit of
4σ of the background, we used a value of half the detection
limit in the EF calculation as in Weyant et al. (2016);21 this was
observed in a third of the plumes. The measured BC
concentrations were scaled up by 15% to account for
accumulation-mode mass outside of the SP2 detection range,
as described in Schwarz et al. (2015);10 rBC mass in either the
coarse mode or a subaccumulation mode size range would not
be accounted for by this adjustment. Generally, as in Schwarz et
al. (2015),10 the accumulation mode size distribution is well-fit
with a log-normal function, and any additional smaller or larger
populations of BC particles are revealed by deviations from the
log-normal fit at the smaller or larger limits of the detection
range, respectively. Here, there was no evidence of additional
nonaccumulation modes.
Emission factors for CH4 and C2H6 were obtained by first

calculating the peak enhancement of CH4, C2H6, and CO2. We
calculated a mean background value for each plume using the
concentration data from 5 to 10 s before the start and after the
end of the plume and then subtracted the background from the
plume values to obtain ΔCH4, ΔC2H6, and ΔCO2. ΔCH4 and
ΔC2H6 were fit with a Reduced Major Axis (RMA) regression
to ΔCO2 for each peak to obtain the emission factor in ppm of
CH4 or C2H6 per ppm of CO2.

20 Figure 2 shows an example
plume from a flare and its CH4 regression. Regressions were
well-correlated with 10−20 data points in each flare plume.
Uncertainty in EF for CH4 and C2H6 was given by 95%
confidence intervals from the regression. For all plumes, EFBC
from eq 1 linearly correlated with the slope of BC versus CO2

with an R2 of 0.97. This fit was used to derive uncertainty in
EFBC from 95% confidence intervals of the regression of BC
and CO2.
We calculated the destruction removal efficiency (DRE)

following the methodology of Caulton et al. (2014)20 using eq
2, with a small correction to report the value as the fraction of
gas destroyed rather than remaining.

μ
μ μ

= −
× +

×
⎛
⎝⎜

⎞
⎠⎟X

DRE (%) 1
CH

(( ) CO ) CH
1004

2 4 (2)

μCH4 and μCO2 are the gas concentrations in ppm, and X is
the carbon fraction of CH4 in the total fuel gas before
combustion. From gas composition data for the field,40 the
value of X is 0.26 ± 0.05 for CH4.
This DRE calculation was done two ways. First, by

integrating over the entire peak to obtain a DRE value from
the total integrated amount of CH4 and CO2. Second, by
calculating the DRE value for each point in the peak
individually to get an aggregate DRE data set as seen in
Caulton et al. (2014).20 The respective baseline values were
removed from each gas concentration in both methods.
Because the integral method calculates DRE using the average
concentration over the sampling time of the gases in the plume,
and the point-by-point mean represents the average instanta-
neous DRE, a significant divergence between the results would
be indicative of a potential problem with the approach. For all
flares, the integrated DRE differed from the mean point-by-
point DRE by 1% on average, demonstrating robustness
between the two methods. C2H6 DRE was also calculated using
both methods, with X = 0.23 ± 0.03 for C2H6. The effect of X’s
variability on the DRE is small and within the calculated
uncertainty for DRE.

Detection Threshold. We compared the standard
deviation of CH4 background and the maximum peak CO2

enhancement to calculate a ”noise DRE” using eq 2 to assess
the impact of a potential signal produced by background
variability on the DRE. The distribution suggests a sensitivity
threshold around 99%. We compared the sensitivity distribu-
tion to the measured DRE distribution, and an analysis of
variance between the two produced a p value of 9 × 10−7,
suggesting that they are statistically significantly different. Thus,
it would be difficult to distinguish measured DRE values of
greater than 99% as significant compared to background
variability, but values less than 99%, as we have observed, are
robustly detectable with our approach. There is a trade-off
between our sampling approach and the one used by Caulton
et al. (2014),20 where they flew lower and closer to the flares.
With our flights, we obtained more points in each plume,
allowing us to calculate regression lines for emission factors.
However, we encountered a lower signal-to-noise ratio, making
it more difficult to precisely measure the DRE of very efficient
flares. We used the difference between 100% and the DRE
calculated using the sensitivity as a proxy for DRE uncertainty
in each individual flare.

Figure 2. Example of a flaring plume with CO2, CH4, and C2H6 time series and regression to find CH4 EF.
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■ RESULTS
Emission Factors. Figure 3 shows the calculated CH4 and

C2H6 emission factors plotted against mean aircraft-level wind

speed for all flare plumes. Previous laboratory flare studies have
observed a strong nonlinear dependence of inefficiency on
crosswind speed,15,16 and Caulton et al. (2014)20 observed a
weak relationship in the flares they sampled in the field.
Considering our observed emission factors and crosswind
speeds, we find similar results to Caulton et al. (2014). An
exponential fit of our data suggests a weak dependence, with
parts of the data possibly following different distinct curves. A
Pearson correlation analysis of the data and the exponential fit

produced a weak correlation coefficient (0.34). Gas exit velocity
and flare parameters like the stack diameter can affect the
inefficiency curve and may be the reason for the apparent
presence of multiple curves, but unfortunately, these values
were not known for our sampled flares. More-specific
knowledge of the gas composition and flow rate would
potentially be illuminating for the possible bimodal distribution
in CH4 EF of low-efficiency emitters (>30 ppb/ppm) and high-
efficiency emitters (0−20 ppb/ppm), but we can only
hypothesize without detailed information on specific flares at
time of our sampling.
Some flares were circled repeatedly or revisited on different

days, and so we transected multiple plumes from the same flare.
The calculated EF for the flare was not consistent between
different plumes, suggesting fluctuation in the efficiency.
Caulton et al. (2014) found large overall variability in CH4

EF and inconsistency between sampling on different days but
attribute the variability to the small sample size of their
plumes.20 Weyant et al. (2016) reported inconsistent emissions
of BC for flares sampled on different days, and observed large
variability in BC EF for multiple passes of the same flare, citing
variability in gas flow rate and gas composition as possible
sources.21 From our data alone, we cannot resolve the cause of
same-flare variability, but it is apparently a feature consistent
across studies.
We did not observe a clear relationship between EF and wind

speed for plumes from the same flare, possibly due to factors
such as flow rate or exit velocity. For some flares that were
sampled multiple times, we did not get a sharp, identifiable
peak in CO2 or CH4 on every pass, and so we were not able to
analyze all possible passes. The EF calculation included
background points in the regression, removing these points
from the fit and forcing the line through zero did not
significantly affect the results. Comparing CH4 and C2H6

emission factors for each plume, we found a linear relationship
with a R2 value of 0.57, as plumes with higher emissions of CH4

had corresponding higher emissions of C2H6, suggesting that
combustion efficiency is somewhat uniform across hydro-
carbons.
Like Weyant et al. (2016),21 we did not observe a

dependence between BC emission factor and CH4 EF for
each plume. Elevated CH4 emissions from a flare do not
necessarily indicate higher or lower BC emission. Adding in an
ethane term to eq 1 did not significantly change the BC EF

Figure 3. CH4 and C2H6 EF plotted against wind speed for all plumes,
with an exponential fit in red. Error bars represent 95% confidence
intervals in EF and 1σ in wind speed.

Figure 4. On the left, a histogram of black carbon emission factor for all flare plumes, with log-normal density (red line). On the right, distribution
function of BC EF in black with log-normal distribution function in red.
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calculation, as the ppm-order enhancement of CO2 dominates
the ppb-order enhancement of C2H6 and CH4.
Figure 4 shows the distribution and probability function of

BC emission factor in g BC/kg gas. The distribution is right-
skewed, matching the results of Weyant et al. (2016),21 and was
fit with a log-normal density using a maximum-likelihood
method. The log-normal distribution function is given by

π σ
= μ σ− −f x

x
e( )

1
( 2 )

x((log ) /(2 ))2 2

(3)

μ and σ are the mean and standard deviation of the logarithm.
A Pearson correlation analysis between the BC emission factor
probability distribution and the log-normal distribution resulted
in a correlation coefficient of 0.96. We present the log-normal
fit as a way to illustrate the skewed distribution and provide a
quantitative representation. Results derived from the combus-
tion efficiency distribution use the raw distribution rather than
an approximation with the log-normal fit.
We report BC EF from flares in g/kg, which is grams of BC

produced per kilogram of hydrocarbons in the fuel gas. The
values ranged from 0.0004 to 0.287 g/kg. We can convert from
g/kg to g/m3 using a flared gas density of 1.23 ± 0.14 kg/m3,40

allowing us to express BC EF in terms of gas flared volume and
to compare the results with previous studies. Even with the
observation of a right-skewed distribution, our analysis finds
lower BC emissions than previously reported. Schwarz et al.
(2015)10 provided an estimate for all the BC sources in the
Bakken of 0.57 ± 0.14 g/m3. This upper bound on flaring is
twice the highest emission value we observed (Figure 4).
Similarly, laboratory analysis by McEwen et al. (2012)22

reported emissions much larger than we observe (0.51 g/m3, off
scale in Figure 4). The mean value of 0.13 ± 0.36 g/m3

measured with an SP2 by Weyant et al. (2016)21 is within our
observed range, though it falls within the top 20% of emitters
we observed. Our observed in-field flares thus appear to have
produced less BC than would be predicted from previous
studies. The median, mean, and standard deviation of the mean
BC emission factor we observed were 0.021 g/m3 and 0.066 ±
0.009 g/m3 (or 0.017 g/kg and 0.053 ± 0.008 g/kg),
respectively, though given the skewed distribution care needs
to be taken in interpreting these values. Given that 3.7 BCM of
gas was flared in the Bakken field in 2014,3 applying that to the
entire distribution of BC EF in g/m3 suggests total BC
emissions from flaring of 0.24 Gg BC/year. However, the top
quartile of flares contribute disproportionately, 0.17 Gg BC/
year, which is 70% of the total emissions from flares. Overall,
our emission rate of 0.24 Gg BC/year is two-thirds the rate of
0.36 Gg BC/year calculated by Weyant et al. (2016)21 for flares
and 17% of the total Bakken emission rate (1.4 Gg BC/year)
reported by Schwarz et al. (2015).10 Based on these results,
using a single emission factor to estimate emissions from flares
in a region does not properly represent the wide variability in
emissions that may be present. Total emissions from flaring
could potentially be substantially reduced if the least efficient
flares alone are identified and addressed.
Combustion Efficiency. For methane and ethane, the

percent of gas remaining provides a useful metric for flare
efficiency; this is simply 100-DRE. In Figure 5 the distribution
of percent remaining CH4 and C2H6 is illustrated, and a log-
normal relationship is apparent. As with emission factors, we
found a linear relationship between CH4 and C2H6 DRE for
each plume, with a R2 of 0.53.

A Pearson correlation analysis of the DRE probability
distributions and the log-normal fit distribution produced a
correlation coefficient of 0.99 for both CH4 and C2H6. The
distribution of CH4 and C2H6 emission factors, which are
theoretically consistent with the DRE calculations, also exhibit a
skewed distribution though a log-normal relationship is not as
apparent. The median DRE for CH4 is 97.14 ± 0.37 using the
integral method and 96.99 ± 0.23 using the aggregate data set.
For C2H6 the median DRE is 97.33 ± 0.27 and 97.36 ± 0.25,
respectively. These median values are close to the expected
efficiency (98%), but the right-skewed distribution indicates
that 98% is not a representative destruction efficiency and
would overpredict methane and ethane destruction.
We can assess the impact of this observed skewed

distribution by considering the contribution of incomplete
flare combustion to total field methane and ethane emissions.
Using aircraft data and a mass balance technique, Peischl et al.
(2016)31 calculated a methane flux for the Bakken region that
extrapolates to an annual flux of 0.25 ± 0.05 Tg CH4/year. As
with black carbon, we can use reported flaring gas volumes for
North Dakota in 20143 and integrate the distribution of
observed DRE values to produce an estimated emission of
methane from incomplete combustion of 0.052 Tg CH4/year,
or 21% ± 4% of the total emissions reported by Peischl et al.
(2016), using the uncertainty bound on the flux calculation.
This is more than double the contribution one would find if the
expected value of 98% was assumed representative of the field,
which would predict emissions representing 8% ± 1.6% of the
total field emissions. Caulton et al. (2014) reported much-

Figure 5. Histogram of remaining CH4 and C2H6 (100-DRE) with
density curve (dashed black) and log-normal fit (red). These
distributions were integrated to calculate the emissions due to
incomplete combustion.
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higher combustion efficiencies, and applying their median
99.98% value would suggest only a fraction of a percent (0.13%
± 0.03%) of the total field emissions was from incomplete
combustion in flares.
We performed the same analysis for ethane, and compareed

with the total field emissions estimate of 0.23 ± 0.07 Tg C2H6/
year reported in Kort et al. (2016).32 Again our observed
combustion efficiencies suggest incomplete combustion from
flares contributes substantially to total field emissions, 17% ±
5% of the total emissions (0.039 Tg/year), more than double
that predicted by using 98% as a representative value.
The observed log-normal distribution results in a dispropor-

tionate impact from flares exhibiting poor combustion
efficiencies. We find the top quartile of methane emitters
contribute 0.036 Tg CH4/year, which is 69% of total emissions
from incomplete flare combustion (and 14% of the total field
emissions). Similarly, for ethane, the top quartile of emitters
contributes 0.026 Tg C2H6/year, which is 66% of the total
emissions from incomplete flare combustion (and 12% of total
field emissions).
Why do we find higher methane emissions and lower black

carbon emissions than other studies conducted in the Bakken
shale?10,20,21 We cannot definitively pinpoint the reason. We
sampled in the same subregion of the Bakken as Caulton et al.
(2014),20 though we did not sample any of the same flares they
did, and our campaign was 2 years after theirs. Weyant et al.
(2016)21 did not report specific flare locations but were likely
in the same subregion as well 2 months before our campaign.
There is a difference in sampling methods that could

contribute. Caulton et al. (2014) flew low and close to the
flares, although specific altitudes and distances are not
reported.20 As we did not specifically target larger (and so
potentially more-efficient) flares, our approach makes it more
likely to sample higher-emitting flares. Weyant et al. (2016)
also likely flew closer to the flares than we did, although at a
slower speed (45 m/s) than at which we typically sampled (65
m/s).21 We did not observe a clear correlation between
sampling distance and combustion efficiency in our data, but it
certainly affects variables such as plume entrainment, other
emissions sources, turbulence, and environmental factors.
The largest source of discrepancy in results is likely that

relatively few flares have been sampled: 26 (85 passes) by
Weyant et al. (2016),21 10 by Caulton et al. (2014),20 and 37
(52 passes) in our study, and thus, there is large representation
error. In our study, we attempt a statistical sampling for greater
representativeness, but given that there were over 5500 wells
with reported flaring in the Bakken in 2014,3 37 independent
flares only represents 0.6% of active flares. Thus, we think our
results should be considered in concert with the Weyant and
Caulton analyses, and our data should be considered in
aggregate. In doing so, it would subtly change our total
estimated contribution (lower for methane and higher for black
carbon), but the observed log-normal distribution result would
not change.

■ GLOBAL IMPLICATIONS
Our sampling provides sufficient statistics to observe a heavy-
tail distribution of combustion efficiencies. This heavy-tail
characteristic has been observed and reported for methane
emissions from the oil and gas sector,25−27,29,42 but this
represents a first observation of the heavy-tail for flaring
emissions of methane and ethane. This has important
implications for current and future contributions from flaring

activities. To illustrate, let us consider if our observed
distribution were globally representative. Globally, 143 ± 13.6
BCM of gas is flared annually.43 If 98% destruction removal
efficiency were representative of every flare, that would
correspond to a range in methane emissions of 1.14−1.90 Tg
CH4/year for a gas composition range of 60%−100% CH4.
Applying our observed distribution, that range changes to
2.78−4.64 Tg CH4/year, more than doubling the amount
emitted. In assessing the climate and air quality impacts of
flaring, it is critical that skewed distributions are accounted for
in the cases of methane, ethane, and black carbon. Although our
specific observed emissions factors and efficiencies are likely
only representative of the Bakken field, the observations of a
skewed distribution is likely general.
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MEMBERS  OF  THE  NAVAJO  NAT ION .

SOURCE :  ENV I RONMENTAL  DEFENSE  FUND

TR I BA L  A IR  QUAL I T Y

A new analysis of public data shows that Native American

communities often face disproportionate health impacts from air

pollution from the oil and gas industry. Meanwhile Interior

Secretary Ryan Zinke and EPA Administrator Scott Pruitt are

seeking to eliminate federal rules designed to limit waste and air

pollution from this industry on tribal lands. 

In the United States, the oil and gas industry dumps millions of

tons of air pollutants into our air each year. On tribal lands alone,

this mix of pollutants includes 18.4 billion cubic feet of methane, a

potent climate pollutant and the primary component of natural

gas. In fact, the total amount of natural gas emitted and flared on

tribal lands would fetch $100 million if it were brought to market

and generate millions in royalty revenues for tribes each year. 

https://www.edf.org/sites/default/files/content/federal_and_tribal_land_analysis_presentation_091615.pdf


L I KE L I HOOD  OF  L I V I NG  WITH IN

A  ½  M I L E  OF  AN  O I L  AND  GAS

FAC I L I T Y  COMPARED  TO

ENCOMPASS ING  S TATE ( S )

NAVAJO NATION (UTAH &

NEW MEXICO ONLY)

2X

MORE

LIKELY

UINTAH-OURAY

(NORTHERN UTE)

42X

MORE

LIKELY

FORT BERTHOLD INDIAN

RESERVATION

2X 

MORE

LIKELY



"If you can see pollution, you are breathing it. On Fort

Berthold the oil and gas industry pollutes our air by

releasing toxic gas from flares and methane leaks. Since

the oil activity started in 2008, my husband and I have

experienced respiratory issues and we have heard more

complaints about people having coughs and worsening

asthma. We are being poisoned on our own lands"  

-Lisa DeVille, Mandaree, ND (Fort Berthold) 

Moreover, oil and gas operations emit volatile organic

compounds (VOCs) and nitrogen oxides (NOx), which combine

to form ozone smog. Ozone smog poses a serious threat to

children who suffer from asthma as well as seniors that have

emphysema. While ozone smog is often associated with urban

areas, some rural areas with oil and gas production – such as

the Uinta Basin in Utah, home to the Northern Ute – have high

ozone smog levels. Air pollution from the oil and gas industry

also includes toxic air pollutants, such as benzene,

formaldehyde, and acetaldehyde. Toxic air pollution emissions

can directly affect the health of individuals living, working, or

going to school adjacent to pollution sources. The impact of oil

and gas air pollution is not felt equally by all communities —

proximity to oil and gas operations and underlying

socioeconomic factors can exacerbate the impact of this air

pollution.



This is likely a conservative estimate given that other research

has linked oil and gas operations to air pollution at distances

much greater than ½ mile.

Air pollution from oil and gas facilities can have a significant

impact on public health. This analysis finds that

communities near active oil and gas operations experience a

higher frequency of acute health impacts. We use a ½ mile

radius here based on research by the Colorado School of

Public Health at University of Colorado, which has found a

clear correlation between health impacts and the presence

of oil and gas facilities.

For instance, the ½ mile threat radius underestimates

populations subjected to unhealthy ozone or smog pollution

in areas like the Northern Ute lands in Utah’s Uinta Basin. This

basin was recently listed as “nonattainment” with health-

based standards for ground level ozone pollution by the U.S.

EPA, a problem that has been directly linked to pollution

from local oil and gas development. On days with unhealthy

smog levels, residents across the basin are subjected to

polluted air, stretching far beyond the ½ mile radius used

here.

We analyzed population data and oil and gas facility

information for three tribal groups on whose lands there is

significant oil and gas production. We calculated how many

Native Americans living on tribal lands live within a ½ mile of

oil and gas facilities and compared this percent to the total

population in encompassing the state(s) living within a ½

mile of oil and gas facilities.

http://acmg.seas.harvard.edu/publications/aqast/articles/vinciguerra_etal_2015.pdf
https://www.sciencedirect.com/science/article/pii/S0048969712001933
https://deq.utah.gov/legacy/destinations/u/uintah-basin/ozone/overview.htm


In all of the cases analyzed, tribal

communities are more likely to live in the

radius than the population as a whole

and therefore are disproportionally

impacted by oil and gas pollution:



Source:  

Radius data: U.S. Census, 2010. Oil and gas facility data: see

http://oilandgasthreatmap.com/about/data/.  

Poverty data: American Community Survey, 2016. 

http://oilandgasthreatmap.com/about/data/


“Air pollution from the oil and gas industry threatens the health of

the Navajo Nation, particularly our children. You can actually smell

the gas from some wells while realizing that you can’t have gas

service for your house in the winter. Oil and gas companies get rich

while members of my community suffer from asthma attacks and

nose bleeds and stay poor.” 

-Carol Davis, Coordinator Diné Citizens Against Ruining our

Environment 

The bottom line: air pollution from the oil and gas

industry affects Native American communities on

tribal lands. Tribal communities need strong

safeguards to limit methane, toxic air pollution, and

other pollutants that form ozone smog from the oil

and gas industry and keep communities healthy.

Individuals living below the poverty line or without health

insurance are particularly burdened by the effects of air pollution.

High poverty rates restrict housing options for families, and lack of

health insurance limits access to quality health care. These

economic factors exacerbate the impact air pollution has on low-

income families. Studies have found that children with asthma

that also live in poverty or without insurance are more likely to end

up in the emergency room because of asthma attacks, because

poverty and lack of quality health insurance can make it hard to

keep asthma under control, resulting in more severe attacks and

visits to the hospital. Thus, even for the same health risk, the health

burden is greater for people living in poverty.  Native American

individuals living on these tribal lands are more likely to be living

in poverty compared to the population of the encompassing

state(s).

https://www.cdc.gov/asthma/asthma_stats/documents/AsthmaStats_Usual_Place_of_Care_children_aged_0-17_years_with_charts_FIN...508.pdf
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