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� Gas flaring emissions from oil/gas fields near the Arctic studied with satellite data.
� OMI NO2 data show evidence of enhanced NOx emissions due to gas flaring.
� Growth of NO2 over two North American regions associated with boom in oil industry.
� Lack of significant AOD trend highlights need for longer, high-quality measurements.
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a b s t r a c t

Gas flaring is a common practice in the oil industry that can have significant environmental impacts, but
has until recently been largely overlooked in terms of relevance to climate change. We utilize data from
various satellite sensors to examine pollutant emissions from oil exploitation activities in four areas near
the Arctic. Despite the remoteness of these sparsely populated areas, tropospheric NO2 retrieved from
the Ozone Monitoring Instrument (OMI) is substantial at ~1 � 1015 molecules cm�2, suggesting sizeable
emissions from these industrial activities. Statistically significant (at the 95% confidence level, corre-
sponding uncertainties in parentheses) increasing trends of 0.017 (±0.01) � 1015 and 0.015
(±0.006) � 1015 molecules cm�2 year�1 over 2004e2015 were found for Bakken (USA) and Athabasca
(Canada), two areas having recently experienced fast expansion in the oil industry. This rapid change has
implications for emission inventories, which are updated less frequently. No significant trend was found
for the North Sea (Europe), where oil production has been declining since the 1990s. For northern Russia,
the trend was just under the 95% significance threshold at 0.0057 (±0.006) � 1015 molecules cm�2 year�1.
This raises an interesting inconsistency as prior studies have suggested that, in contrast to the continued,
albeit slow, expansion of Russian oil/gas production, gas flaring in Russia has decreased in recent years.
However, only a fraction of oil fields in Russia were covered in our analysis. Satellite aerosol optical depth
(AOD) data revealed similar tendencies, albeit at a weaker level of statistical significance, due to the
longer lifetime of aerosols and contributions from other sources. This study demonstrates that synergetic
use of data from multiple satellite sensors can provide valuable information on pollutant emission
sources that is otherwise difficult to acquire.

© 2016 Elsevier Ltd. All rights reserved.
pace Flight Center, Greenbelt,
1. Introduction

The surface temperature in the Arctic has been growing at a
much greater pace than elsewhere. This Arctic amplification phe-
nomenon (Serreze and Barry, 2011) is of particular concern, given
its significant potential impacts and feedbacks to the climate
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system (e.g., Lawrence et al., 2008; Wang and Overland, 2009).
Several physical processes, some involving short-lived atmospheric
pollutants, may have contributed to the rapid warming of the Arctic
(Serreze and Barry, 2011). Black carbon (BC) aerosols can warm the
atmosphere by absorbing shortwave solar radiation (Shindell and
Faluvegi, 2009) or by reducing the surface albedo once deposited
on snow and ice (Doherty et al., 2010; Hansen and Nazarenko,
2004). Aerosol particles can also act as cloud condensation nuclei
and alter the properties of Artic clouds, causing additional warming
at the surface under cloudy conditions (Garrett and Zhao, 2006;
Lubin and Vogelmann, 2006).

Despite its remote location and low population density, the
Arctic region has been suffering from hazy conditions since at least
the 1950s (e.g., Garrett and Verzella, 2008; Shaw, 1995). The
monthly mean aerosol optical depth (AOD) over the Arctic from
surface-based measurements is typically less than 0.1 in summer,
but can reach ~0.15 at several stations in April and May (Tomasi
et al., 2015 and references therein). Long-term in situ measure-
ments revealed similar seasonal patterns, with BC ranging between
~80-100 ng m�3 in February and March and ~10 ng m�3 in summer
in both the European (Eleftheriadis et al., 2009) and the North
American Arctic (Sharma et al., 2006). The levels of BC and other
pollutant compounds (e.g., sulfate) have decreased, but remain
substantial during winter/spring (e.g., Barrie, 1986; Hirdman et al.,
2010; Quinn et al., 2007). A number of studies have been conducted
to identify the origins of the Arctic haze. One notable source is the
agricultural and forest fires in the mid-latitudes, which have
contributed to some of the most severe Arctic haze events (e.g.,
Stohl et al., 2007). On the other hand, industrial emissions outside
the Arctic Circle have been singled out as the dominant source of
pollutants in the Artic most of the time, as suggested by a number
of studies involving chemical tracers (e.g., Barrie, 1986; Shaw,1982),
aircraft measurements (e.g., Jacob et al., 2010), and model simula-
tions (e.g., Eckhardt et al., 2015; Fisher et al., 2011; Huang et al.,
2014).

Another potentially important but currently understudied
source of Arctic pollution is the gas flaring activities in numerous oil
fields near the Arctic. Chemical transport models often underesti-
mate BC over the Arctic and have difficulties reproducing its sea-
sonal cycle observed in the boundary layer (e.g., Bond et al., 2013;
Huang et al., 2010, 2014; Koch et al., 2009). They also tend to un-
derestimate BC in the Arctic snow (Forsstr€om et al., 2013). Some
studies managed to improve modeling results for the Arctic by
modifying the parameterization for wet and dry removal processes
(e.g., Liu et al., 2011), but this may introduce biases for other regions
like the Pacific (Bond et al., 2013). Using trajectory calculations and
a new emission inventory that includes gas flaring emissions, Stohl
et al. (2013) suggested that gas flaring could account for 42% of the
annual mean surface BC in the Arctic and even more in spring.
Huang et al. (2015) estimated that gas flaring made up ~30% of total
BC emissions from Russia. This source, however, is currently un-
derrepresented in most emission inventories commonly used by
the modeling community.

There have been several studies on the monitoring of gas flaring
activities using satellite data such as the nighttime visible light
measurements from Defense Meteorological Satellite Program
(DMSP, e.g., Elvidge et al., 2009) and thermal infrared measure-
ments from the Along-Track Scanning Radiometer (ATSR) satellite
sensors (Casadio et al., 2012). Field studies have also been con-
ducted to quantify pollutant emission rate from individual gas
flares (e.g., Johnson et al., 2011). However, knowledge concerning
the environmental impact of gas flaring activities remains limited.
The emission efficiency of trace gases and aerosols can vary from
one location to another and from one moment to the next,
depending on the fuel composition and combustion conditions. As
a result, quantification of air pollutants emitted from gas flares over
a large area is highly uncertain. To better understand the effects of
gas flaring activities on the Arctic, it is imperative to acquire more
comprehensive information on their emissions and their temporal
variation. In the absence of routine monitoring efforts, satellite
measurements of aerosols and trace gases can be particularly
useful.

While measurements of BC are presently not available from
satellites, satellite NO2 data may provide some insights into BC
sources since both are produced in combustion and released from
gas flares. Satellite NO2 data have also been widely used to provide
constraints on various other sources, including industry (e.g.,
Lamsal et al., 2011), shipping (e.g., Vinken et al., 2014), andwild fires
(e.g., Mebust et al., 2011). McLinden et al. (2016) reported that
satellite-observed NO2 increased by 10% per year over the Canadian
oil sands, in good agreement with ground monitors. In addition to
NO2, AOD retrieved from satellite instruments may also provide
information about the emissions of aerosols from gas flaring ac-
tivities. Satellite AOD retrievals over the Arctic generally agree well
with surface-based measurements particularly over the oceanic
regions (Tomasi et al., 2015 and references therein), and have been
used to assess the impact of fire emissions on the Arctic in some
cases studies (e.g., Generoso et al., 2007). Another byproduct of gas
flaring is CO, but detection of gas flaring CO emissions from satellite
measurements is expected to be challenging, given its long lifetime
(~30e60 days) and significant natural sources. In this study, we
attempt to characterize pollutants over some major oil fields near
the Arctic, using NO2 and AOD retrievals from a suite of satellite
sensors.

2. Data and methodology

2.1. Satellite and auxiliary datasets

Two satellite retrieval products are used in the present study:
tropospheric column NO2 from the Ozone Monitoring Instrument
(OMI) aboard the Aura spacecraft, and total vertical columnar
aerosol optical depth (AOD) from the Moderate Resolution Imaging
Spectroradiometer (MODIS) aboard Aqua. The study period is from
2004 to 2015, corresponding to the Aura mission to date (Aqua was
launched in 2002). Note that results are quantitatively similar if
MODIS Terra data (launched in 2000) are used instead of Aqua. We
also use the updated NASA ‘Black Marble’ image (cf. http://
earthobservatory.nasa.gov/NaturalHazards/view.php?id¼79803),
created from nighttime measurements from the day-night band
(DNB) of the Visible Infrared Imaging Radiometer Suite (VIIRS)
sensor aboard the Suomi National Polar-orbiting Partnership (NPP)
satellite launched in October 2011 (Liao et al., 2013). This ‘Black
Marble’ is used only in an illustrative (qualitative) sense, to show
spatial patterns of night lights related to human activities. Night
lights from residential/industrial anthropogenic activities are
generally persistent features, and so identification of locations
affected by gas flaring should not be significantly affected by the
time period chosen for the DNB composite. Other studies (e.g.,
Elvidge et al., 2009, 2013) have used Operational Linescan System
(OLS) and DNB data in a quantitative sense to examine industrial
activities, but here we use NO2 and AOD as proxies to take a
deliberately different approach.

For NO2, the latest version 2.1 NASA standard OMI tropospheric
NO2 data product (Bucsela et al., 2013; Lamsal et al., 2014) was used.
The level 2 NO2 retrievals have a nominal spatial resolution of
13 � 24 km2 at nadir. Pixels with cloud radiance fraction <0.5 and
considered to have good retrieval quality were selected to generate
a daily level 3 dataset at 0.25� � 0.25� resolution. Since 2007, the
OMI instrument has been experiencing a partial field of view

http://earthobservatory.nasa.gov/NaturalHazards/view.php?id=79803
http://earthobservatory.nasa.gov/NaturalHazards/view.php?id=79803
http://earthobservatory.nasa.gov/NaturalHazards/view.php?id=79803


C. Li et al. / Atmospheric Environment 133 (2016) 1e11 3
blockage problem known as the row anomaly that severely affects
the radiance measurements from a portion of its 60 cross-track
scan positions. To minimize the impact of row anomaly on our
data analysis, we only used OMI data from scan positions 5e23,
which were unaffected by the row anomaly throughout the entire
study period. This also ensures consistency in data sampling for the
trend analysis in this study.

For aerosols, the latest MODIS Aqua Collection 6 data product
was used. Daily composites of AOD at 550 nm averaged to 1� � 1�

horizontal resolutionwere used (no gridded product at a resolution
equivalent to OMI is available). Over land, the enhanced Deep Blue
data set (Hsu et al., 2013) is used, which has been validated and
found to be stable over the Aqua mission to date (Sayer et al., 2013,
2014), while over water the Dark Target ocean data set (Levy et al.,
2013) is used. In both cases, AOD at 550 nm over land and ocean is
retrieved from daytimeMODIS measurements at a nominal ground
resolution of 10 � 10 km2.

The analyses for both of these satellite products are restricted to
data fromMay to October, as during boreal winter months coverage
at these high northern latitudes is sparse or absent entirely,
because of snow, ice, or polar night. This leads to potential retrieval
artifacts and sampling limitations in the data. In contrast, the
MayeOctober period has fairly complete spatial coverage at the
relevant areas of interest.

In addition to satellite products, we also examined the esti-
mated emissions of NOx for the year 2008 in the Emissions Data-
base for Global Atmospheric Research (EDGAR) HTAP V2 inventory
(available at http://edgar.jrc.ec.europa.eu/htap_v2/index.php?
SECURE¼123, Janssens-Maenhout et al., 2015). The EDGAR HTAP
emission inventory provides total emissions, as well as sector-by-
sector estimates (for air, energy, industry, residential, shipping,
and transportation sectors), and is used in this study as an example
to demonstrate how emissions related to gas flaring activities are
represented in typical regional/global inventories. Additional use of
population density data from the Gridded Population of the World
(GPW) version 3 data set (available at http://sedac.ciesin.columbia.
edu/data/collection/gpw-v3) allows for comparison with Black
Marble images to identify areas of industrial development (e.g.,
nighttime light sources in unpopulated areas).

2.2. Data analysis

The daily gridded AOD and tropospheric NO2 datasets were
aggregated to calculate themonthlymedian value for each grid cell,
and only grid cells with at least 3 (for NO2) and 5 (for AOD) days
contributing to the monthly median were considered for further
analysis. The use of medians rather than means highlights the
persistent background levels, as medians are less sensitive than
means to outliers, and the higher threshold of number of days for
AOD was selected to eliminate poorly-sampled months when
available days were influenced significantly by wildfires. Extreme
atmospheric events are likely to cause large positive outliers and
skew the mean and affect hotspot/trend detection (e.g., Carn and
Lopez, 2011; Chubarova et al., 2012). Our analysis focuses on four
selected regions known for gas and oil exploitation activities: the
North Sea (56.75e62�N, 0e3.75�E); Bakken (47.25e49�N,
102e104�W); Athabasca (56e58�N, 110e113�W); and northern
Russia (62e67�N, 71e80�E). These domains are shown in Fig. 1a.
Note that this northern Russian region comprises parts of several
major oil fields in the western Siberian region; some of these fields
are still in the early stage of commercial exploitation, with only
pilot activities, while others have been in operation for a longer
time.

Trends were then calculated for these four regions from the
monthly median fields by taking the spatial mean of the gridded
data (fromMay to October each year) over each region, and creating
a time series. The winter months were excluded due to limitations
as described in section 2.1. Some areas, northern Russia in partic-
ular, may see substantial influence from biomass burning in sum-
mer months, although this is mitigated through the use of monthly
medians rather than means. However, for the AOD analysis, August
2007 was excluded from Bakken, and AugusteSeptember 2010
from Northern Russia, as these months were otherwise strong
outliers (even in monthly median) due to strong wildfires (e.g.,
Chubarova et al., 2012).

For NO2, the Black Marble image and EDGAR HTAP inventory
were further used to subset pixels within the larger regions, to
distinguish areas dominated by gas flaring emissions. Only grid
cells having a high level of gas flaring activities and small emissions
from other sources were included in the trend calculations. Note
that this may cause a decreasing trend to be underestimated, if gas
flaring or oil production ceased in part of the oil fields prior to the
EDGAR HTAP inventory/VIIRS measurements. On the other hand,
this should not affect the detection of any increase in pollutant
emissions due to the expansion of oil fields. For this particular
study, oil production remained relatively stable or became greater
in most of our selected areas, with North Sea being the only
exception. As a test for the method, we also calculated the trends
for the four areas without excluding any grid cells and the results
were qualitatively consistent.

Next, the tropospheric NO2 time series was converted to
anomaly time series by deseasonalizing the data (i.e., subtracting
the mean May tropospheric NO2 column from all May data in that
region, and so forth for the other months). Then, least-squares
linear regression on the anomaly time series was used to calcu-
late the trend, with each time series point's uncertainty taken as
the standard error on the regional monthly average value. Trends
were estimated to be statistically significant at the 95% confidence
level if the magnitude of the trend per year (i.e. linear fit gradient)
was greater than twice the standard deviation of the residuals on
the linear fit. There are more sophisticated methods for refining
trend uncertainty, such as accounting for the autocorrelation in the
time series using the fit residuals (e.g., Weatherhead et al., 1998).
This method was not used here due to the gaps in the time series
(NovembereApril data) that will result in uncertainties in the es-
timates of autocorrelation. Due to the short lifetime of NO2 (e.g.,
Valin et al., 2013), however, NO2 residual autocorrelation is ex-
pected to be small.

The same analysis was conducted for the MODIS AOD data,
although due to the coarser data spatial resolution compared to the
other data sets, the calculationwas done over thewhole area rather
than only the subset of pixels where gas flaring emissions were
thought to be dominant.

3. Results and discussion

3.1. Study regions, emission inventories, and oil/gas production

Fig. 1 provides an overview of our study regions. As can be seen
from the figure, the spatial distribution of nighttime lights (Fig. 1a)
is on a broad scale consistent with that of the population density
(Fig. 1b). The highly populated urbanized areas in eastern North
America, Europe, and eastern China can all be identified as hotspots
in Fig. 1a. As expected, these areas also have the strongest NOx
emissions (Fig. 1c) according to the EDGAR emission inventory
(Janssens-Maenhout et al., 2015). Although not shown here, SO2
emissions are also in general stronger in areas with large popula-
tion density, particularly China due to the country's reliance on coal
as the predominant source of energy and less stringent pollution
control measures (e.g., Li et al., 2010). It is worth mentioning that
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Fig. 1. (a) VIIRS ‘Black Marble’ image composite of Day Night Band (DNB) measurements of nighttime light signals over northern hemisphere mid/high-latitudes, (b) GPW pop-
ulation density for the same region for the year 2000, estimated NOx emissions for the same region for year 2008 in the EDGAR HTAP V2 emission inventory for (c) all sectors and (d)
only the energy and industrial sectors. Red boxes in (a) define the four areas with oil exploitation activities that are the focus of the study. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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emissions of SO2 and NOx are not entirely co-located, as they are
emitted from different processes (see Krotkov et al., 2015 for more
details). For example, some of the large SO2 point sources such as
smelters in Norilsk, Russia are located in remote mining areas with
relatively small NOx emissions. Several areas marked with red
boxes in Fig. 1a have fairly strong lights at night but much smaller
population density. One thing in common between these areas is
that they all have substantial gas and oil exploitation activities. The
light signals present in the Black Marble image over these areas are
due to gas flares and other industrial activities in the oil fields. The
estimated pollutant emissions for the areas in the EDGAR HTAP
inventory are sizable for North Sea and Athabasca (Areas a and c in
Fig. 1a), but negligible for Bakken and northern Russia (Areas b and
d in the same figure). If only the industrial and energy sectors in the
EDGAR HTAP inventory are considered, the emissions for those four
areas are even less (Fig. 1d).

Fig. 2 presents estimates of the annual crude oil and natural gas
production in these four regions since the year 2000. These come
from a variety of sources. For the North Sea, direct estimates are not
readily available, so offshore UK production estimates from the
United States Energy Information Administration (EIA), available
from http://www.eia.gov/beta/international/, are used instead.
Although some of the oil and gas production in this area is Nor-
wegian, the bulk of the study region is in the British sector, and so
this data may be taken as a proxy for North Sea production, at least
for the temporal trends we are concerned with. Production records
for Bakken are available from the North Dakota Industrial Com-
mission at https://www.dmr.nd.gov/oilgas/and used here. Data for
Athabasca are not readily available, although oil production data for
the province of Alberta as awhole (for which Athabasca is themajor
component) are available from Statistics Canada at http://www5.
statcan.gc.ca/cansim/(CANSIM table 126-0001). Gas production is
not available from that source. Finally, Russian production data are
also available from the US EIA, and although not broken down on a
regional level, the temporal behaviour of production can be taken
as a proxy for that of the western Siberian fields contained within
the Northern Russia region. Note that geographically-distant re-
gions such as Sakhalin Island also contribute to the total production
estimates in Fig. 2.

Where both oil and gas data are available, the two tend to in-
crease or decrease in concert. UK offshore production shows a
roughly linear decline, falling bymore than a factor of two since the
year 2000. In contrast, both Bakken and Alberta show increasing
production, becomingmore rapid since approximately 2008. Russia
dwarfs the other regions in terms of total output, although the
relative pace of change is smaller (a slow increase). It is a relevant
question as to whether these diverse changes in regional produc-
tion translate to different trends in emissions, which would ideally
need to be accounted for in emission inventories such as EDGAR
HTAP and others. All other things being equal this would be ex-
pected to be the case, although changes in the quality of oil/gas
being extracted, improvements in technologies, and other factors
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Fig. 2. Annual crude oil (black) and dry natural gas (red) production estimates for the four regions highlighted in Fig. 1, or larger regions enclosing them. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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such as accidents could all influence the effective emissions per
unit production. For example, despite the increase in production in
Russia, observational studies based on night light detection suggest
that gas flaring activities in Russia have declined during the 21st
century (Elvidge et al., 2009; Casadio et al., 2012). The OMI and
MODIS retrievals provide tools to take an independent look at this
problem.
3.2. Satellite observations of tropospheric NO2 and AOD

Hemispheric maps of tropospheric NO2 and AOD levels are
shown in Figs. 3 and 4, respectively. Qualitatively, OMI NO2 hot-
spots show a similar spatial distribution to hotspots in the emission
inventory. For AOD this is less clear-cut, due to the contributions
from a wide range of emission sources and secondary production
(e.g., other industrial emissions, as well as wildfire smoke and
maritime aerosol, among others) to total AOD in these regions. By
comparing the spatial patterns of median NO2 and AOD in the first
(2004e2009) and second (2010e2015) halves of the Aura mission
to date, the basic patterns remain in most cases the same, although
there are some spatially-coherent areas of increase or decrease.
Fig. 3. MayeOctober median tropospheric NO2 from OMI, for (a) 2004e20
A closer look at the available data for the four areas of interest is
provided in Fig. 5. The EDGAR HTAP estimates of NOx sources in the
North Sea area (Fig. 5i) indicate contributions from shipping,
although when these sectors are removed (Fig. 5m) distinct signals
from the oil rigs (also visible as lights in the Black Marble) become
more visible. The agreement between the inventory and the night
lights may be attributed to the fact that the oil fields in the North
Sea have been operational for a few decades, and their environ-
mental impacts are relatively well known. The gas flaring signals
are not as distinguishable in the satellite tropospheric NO2 or AOD
(Fig. 5q and u), probably due to transport from nearby areas over
land. The weak enhancement of OMI-retrieved tropospheric NO2
over areas with oil rigs suggests that the retrieval may capture
emissions from gas flaring. This is not the case for AOD here, likely
because of the maritime and continental contributions to the
signal; the typical background AOD for the Atlantic Ocean at these
latitudes is around 0.05e0.15 (e.g., Smirnov et al., 2011) so gas
flaring is likely too weak to make a detectable contribution.

The Bakken area in North Dakota (USA) is also sparsely popu-
lated (Fig. 5f). Oil production from Bakkenwas relatively small until
2008, but has since been growing exponentially (Fig. 2 and Mason,
09, (b) 2010e2015, and (c) the difference between these two periods.



Fig. 4. Same as Fig. 3, except for MODIS Aqua AOD, using Deep Blue over land and Dark Target ocean over water.
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2012). The bulk of the EDGAR HTAP emissions in the area, however,
are from the residential and transportation sectors, with little
contribution from energy/industry. The OMI and MODIS
2004e2015 records do not detect hot spots in this area (in the case
of MODIS, the data resolution is coarse compared to the study re-
gion), which may in part reflect the weak production for the first
half of the data record. Note that the large signal to the immediate
southeast of the region corresponds to the location of the Cold
Creek power plant, online since 1979, and this may wash out any
smaller hotspot in the OMI data (although again does not yield a
hotspot in MODIS AOD).

For the Athabasca area in Alberta (Canada), the estimated
emissions in the EDGAR HTAP inventory (Fig. 5k and o) include
contributions from not only residential and transportation sectors,
but also the oil industry. One may notice that there is a mismatch
between the light signals (Fig. 5c) and the emission inventory
(Fig. 5o) in the primary oil exploitation zone, with the most of the
estimated emissions located to the south of the majority of visible
gas flares. The OMI tropospheric NO2 (Fig. 5o and s), on the other
hand, is consistent with the night lights data and points to greater
loading near the center of the dotted box. The box-like shape of part
of the EDGAR HTAP inventory in this region likely reflects a lack of
knowledge about the precise location of some of the emissions.
Again, the AOD data do not appear to be able to identify these hot
spots.

Compared to Bakken and Athabasca, the gas flares in the
northern Russian oil fields are scattered over a vast area (Fig. 5d).
While the region is also generally sparsely populated (Fig. 5h), it
also features nearby cities like Surgut (61.15�N, 73.26�E) and some
of the largest oil-fired power plants in the world (i.e., Surgut-1 and
-2 Power Stations), visible to the south of the studied area in both
the EDGAR HTAP inventories (Fig. 5i and p) as well as OMI NO2
(Fig. 5t). Inside the blue box, the enhancement in tropospheric NO2
due to gas flaring is not as obvious as in the cases of Bakken and
Athabasca (Fig. 5p and t). Still, there appears to be some spatial
correspondence.

In brief, the above analysis suggests that the OMI tropospheric
NO2 data generally show the ability to capture stationary sources
from gas flaring activities. In contrast, the satellite AOD products, at
least at the available horizontal grid size of 1�, are not able to do so,
likely also due to contributions from other sources to the aerosol
burden.

3.3. Changes in tropospheric NO2 and column AOD over high-
latitude oil fields in the last decade

Figs. 6 and 7 present time-series of OMI tropospheric NO2 and
MODIS AOD, respectively, over our identified oil exploitation zones
near the Arctic. As mentioned previously, to focus on the contri-
bution from gas flaring activities, monthly median values were
calculated for each grid cell and then regional mean values were
calculated from these. Because of the seasonality inherent in both
data sets, deseasonalized summertime (MayeOctober) data were
used to derive linear trends.

No statistically significant trend was detected in the mean OMI
tropospheric NO2 over the oil fields in North Sea for the period of
2004e2015. Although oil production in the area has been declining
since the 1990s, contributions from other sectors may be masking
any signal. For Bakken, our determined linear trend over the last
decade is 0.017 (±0.005) � 1015 molecules cm�2 year�1 (hereafter
numbers in parentheses indicate the one-standard-deviation (68%)
confidence interval of the trend), which is significant at the 95%
confidence level. A closer examination indicates that the NO2
loading was relatively stable until 2009, which is consistent with
the increasing pace of oil/gas production in this region (Fig. 2). A
similar upward trend of 0.015 (±0.003) � 1015 molecules cm�2

year�1 is found for Athabasca, in agreement with the analysis by
McLinden et al. (2012, 2014, 2016) revealing strong growth in NOx
emissions in the area due to exploitation of Alberta tar sands, and
again consistent with Fig. 2.

For northern Russia, the trend in NO2 loading over oil fields is
not statistically different from zero at the 95% confidence level, at
0.0057 (±0.003) � 1015 molecules cm�2 year�1. This is at odds with
the recent assertion that gas flaring activities in Russia are in
decline (e.g., Casadio et al., 2012; Elvidge et al., 2009), although
those studies were based on nighttime light measurements rather
than retrievals of pollutant concentrations. Additionally, it should
be noted that our study only covers a fraction of all the oil fields in
Russia, so it is not clear how representative either the aforemen-
tioned studies or the production estimates in Fig. 2 are of activity in
our study region. The monthly anomalies also indicate an increase
from 2004 to 2010 and a decrease from 2010 onwards. A linear
trend model may not realistically reflect the actual changes in oil/
gas production in the area. Finally, the lack of significant trend in
the present study may also be attributed to the delay in the
implementation of the original plan to reduce gas flaring emissions
in Russia (Z. Klimont, personal communication).

For both the North Sea and northern Russia, the AOD trends are
not significantly different from zero, and are much smaller than their
trenduncertainties. For the trend tobe statistically significant at a95%
confidence level, the rate of AOD change needs to exceed 0.02 per
decade over the North Sea and 0.04 over northern Russia. AOD
changes of similar or greatermagnitudes have beendetected inmany
otherplaces of theglobe (e.g.,Hsuet al., 2012), so the lackof adetected



Fig. 5. Overview of the four regions (from left-right, columns show the North Sea, Bakken, Athabasca, and Northern Russia) highlighted in Fig. 1. From top to bottom, panels show
the VIIRS Black Marble image; GPW total population for the year 2000; EDGAR HTAP V2 total and energy/industrial NOx emissions, median OMI tropospheric NO2 for MayeOctober
2004e2015, and median MODIS Aqua AOD at 550 nm for the same period. Dotted boxes represent zones designated for trend analysis (cf. Fig. 6 and 7).



Fig. 6. Left: time series of monthly mean OMI tropospheric NO2 over (a) North Sea, (c) Bakken, (e) Athabasca, and (g) northern Russia. Right: monthly deseasonalized NO2

anomalies. In both columns, error bars indicate the standard error in the box-average monthly NO2 column. Red lines represent the derived linear trends for the four areas. Linear
correlation coefficient, trend magnitude, and the 68% (one standard deviation) confidence interval of the linear trends are also given for each area. Dashed grey lines separate each
year. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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trend in theAOD is evidence that any trend in these areas, particularly
resulting from potential changes in oil/gas flaring activities, has been
negligible over the past decade. It may be that changes in the pro-
ductivity of these oil fields (Fig. 2) are not reflected in changing
emissions of aerosols. Bakken and Athabasca exhibit AOD trends that
are qualitatively consistentwith those inNO2 andoilfield production,
but only at approximately 90% confidence level. The contribution of
other local and transported aerosol sources is likely inpart the reason
for the weaker trends, even with median filtering of the data, as in
summertime boreal North America is often influenced by large
biomass burning smokes.

4. Conclusions and perspective

In summary, we analyzed measurements from the OMI and
MODIS sensors, with additional context provided by VIIRS DNB
night lights (the ‘Black Marble’), population density, and NOx
emission inventory data to examine pollutant emissions from gas
flaring activities in four major oil exploitation areas near the Arctic.
The results demonstrate that OMI in particular can provide useful
information on pollutant emissions from gas flaring activities,
which can supplement other analyses based on night lights. While
not analyzed in this study, the intensity of gas flares can also be
observed using DMSP-OLS and the VIIRS DNB and may allow
pollutant emissions to be parameterized, if ground-truth mea-
surements are available for developing such a parameterization
(e.g., Elvidge et al., 2009). For remote regions with industrial ac-
tivities leading to relatively isolated hotspots (e.g., Bakken and
Athabasca), satellite retrievals of tropospheric NO2 could poten-
tially be used to enhance these efforts.

Aerosols tend to have a longer lifetime and more complicated
sources. And it is difficult to directly link retrieved AOD to gas



Fig. 7. Same as Fig. 6, except for MODIS Aqua AOD.
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flaring emissions. While satellite-based AOD trend analyses (e.g.,
Hsu et al., 2012) can reveal the presence or absence of trends in
aerosol loading with fidelity, efforts such as the present study and
the model-based analysis of Chin et al. (2014) illustrate the com-
plementary nature of using multiple data sets together to tease out
the reasons for the observed trends.

Like many other efforts attempting to apply satellite data in
studying air quality and atmospheric chemistry, there are also
several limitations in this study. The oil fields investigated here are
all located at relatively high latitudes and can have significant
environmental impacts given their proximity to the Arctic. How-
ever, solar/satellite geometries, surface conditions, and cloudiness
in these regions are often not ideal for retrievals of AOD or NO2,
which may lead to greater uncertainties compared with retrievals
in other parts of the world. It is critical to develop capabilities that
will improve satellite measurements of gaseous pollutants and
aerosols over the areas in and around the Arctic. Additionally, the
emissions from some oil fields are smaller and can be difficult to
detect using satellites. Future instruments such as TROPOMI
(TROPOspheric Monitoring Instrument, Veefkind et al., 2012), and
TEMPO (Tropospheric Emissions: Monitoring of POllution, Chance
et al., 2013) that will offer greater resolution may help to improve
sensitivity to these smaller sources. Finally, more quantitative es-
timates of the environmental effects of gas flaring can be obtained,
once satellite data are ingested into chemical transport and climate
models. Such applications will undoubtedly benefit from improved
satellite retrievals with smaller and well-understood uncertainties.
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