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ABSTRACT

Crude oil production activities and associated petroleum gas (APG) flaring are responsible for significant air
polluting and greenhouse gas (GHG) emissions and have negative effects on the environment and climate. In
Russia, one of the world’s major oil producers, APG flaring remains a routine practice despite regulatory policies.
We present the first analysis of nitrogen oxide and methane emissions over Tas-Yuryakh and Talakan oil fields in
Sakha Republic (Eastern Siberia, Russia) using multi-satellite observations.

Satellite-based TROPOMI (TROPOspheric Monitoring Instrument) nitrogen dioxide (NO2) mean fields show
local NO, enhancements corresponding to the locations of gas flares detected from Sentinel 2 imagery and VIIRS
(Visible Infrared Imaging Radiometer Suite) fire data. We derive the annual nitrogen oxide (NO, = NO2+NO)
emissions from TROPOMI NO, observations using an exponentially-modified Gaussian model. We obtain NOx
emissions up to 1.34 mol/s (in 2019) in Tas-Yuryakh, where persistent production APG flaring is detected, and
about 0.6 mol/s in Talakan, where oil production is three times larger than in Tas-Yuryakh but gas flaring is
employed only occasionally. In 2019 we observe a new flaring site in Tas-Yuryakh from the NO, mean fields,
corresponding to an increase in the environmental fees paid by the companies to the local budgets. Assuming that
all NO, emissions are associated with APG flaring, the volume of gas flared for 2019 is estimated at 1.25 +
0.48 billion cubic metres (bcm) in Tas-Yuryakh and 0.5 + 0.2 bem in Talakan.

Furthermore, we find a clear methane (CH4) anomaly of about 30 ppb from the TROPOMI XCH4 mean fields
near Talakan oil field. We estimate CH4 emissions of about 28-63 tons/h from individual TROPOMI XCH4
plumes using the cross-sectional flux method.

The estimated satellite-based NO, and CH4 emissions are higher than the inventories, which are expected to
underestimate the contribution from the oil and gas industry and are generally available with several years of
delay. TROPOMI NO; and CH4 observations demonstrate their capability in identifying emission sources from
space with unprecedented detail. The results show how satellite observations can support environmental au-
thorities in monitoring the emissions from the oil and gas industry and the commitment of oil companies in
reducing APG flaring.

1. Introduction

extraction process to be used as fuel, but often it is released to flare
during the oil extraction, production or processing phases. Gas flaring

Associated petroleum gas (APG) flaring is a diffuse practice in the oil
industry that can have significant effects on the environment and
climate, due to the associated air polluting and greenhouse gas (GHG)
emissions. As the oil is extracted, the APG, present in solution with the
crude oil, is released. Part of this gas can be captured during the
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from oil extraction emits several air pollutants, including nitrogen ox-
ides (NO, = NO + NO2) and methane (CH4) among other components.
Methane is also emitted through leakages or venting during oil
production.

Nitrogen dioxide (NOs) is a short-lived gas (lifetime of a few hours)
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mainly generated by combustion processes from anthropogenic sources
including energy, transportation and other industrial sectors. NO3 plays
an important role in tropospheric chemistry, participating in ozone and
aerosol production, and it is harmful for human health when present in
high concentrations at the surface. On the other hand, CHy is the second
most important man-made greenhouse gas, after carbon dioxide (CO5).
Despite methane’s shorter residence time (about 9 years), CH4 has a 28
times higher warming potential (in 100 years) than CO, (IPCC, 2014).
Oil and gas industry is among the main sources of anthropogenic
methane emissions.

The emission estimates of air pollutants over oil fields and in
particular those related to APG flaring are considered to be uncertain
and incomplete (Li et al., 2016; Elvidge et al., 2016). Due to their global
coverage, satellite-based observations are suitable for monitoring air
polluting emissions from different sources, especially in absence of other
monitoring systems. Since April 2018, TROPOMI (TROPOspheric
Monitoring Instrument), the only payload on-board the Sentinel-5 Pre-
cursor (S5P) satellite of the European Space Agency (ESA), has been
providing NO, tropospheric column retrievals with the best available
spatial resolution (3.5 x 7 km? at the beginning of the mission and 3.5 x
5.5 km? since 6 August 2019) and signal-to-noise ratio (Veefkind et al.,
2012). In addition to NO2, TROPOMI provides observations of methane
from the infrared channel with near-nadir resolution of 7 x 7 km? (and
7 x 5.5 km? since 6 August 2019).

Several data-driven methods have been applied to calculate air
polluting emissions from point sources based on satellite observations
from TROPOMI and other previous instruments (Beirle et al., 2011;
Fioletov et al., 2015; Varon et al., 2018; Goldberg et al., 2019). In
particular, satellite-based data have been used for monitoring the
emissions from the oil and gas industrial sector (e.g., McLinden et al.,
2014; Varon et al., 2019; Dix et al., 2020; van der A et al., 2020; de Gouw
et al., 2020; Zhang et al., 2020; Schneising et al., 2020; Crosman, 2021),
including studies focusing on the effects of gas flaring (Li et al., 2016;
Zhang et al., 2019).

In addition, gas flaring has been studied using VIIRS (Visible Infrared
Imaging Radiometer Suite) fire products (Schroeder et al., 2014). For
example, Elvidge et al. (2016) compiled a global survey of volume of
associated gas based on the VIIRS nightfire product, which is particu-
larly suited to monitor small fires as the gas flares. Many of these studies
analyse oil and gas fields in the United States, with some exceptions
focusing on areas in Turkmenistan, Algeria and off-shore sites in Mexico,
as well as large scale analysis in the Arctic. van der A et al. (2020)
analysed the NO, emissions from natural gas extraction and transport
along the West Siberian pipeline.

Russia is one of the world’s largest oil producers and its extractive
industry is responsible for the largest volume of gas flared associated
with oil production (Elvidge et al., 2016). In 2018 the volume of APG
flaring in the country was about 58% larger than the 1990 level (Russian
Federation, 2020). Despite the introduction of regulations by the
Russian government in 2012 to reduce APG flaring, the goal for the gas
utilization rate of 95% was not reached at national level, partly due to
the development of new oil deposits in Eastern Siberia (Vorobev and
Shchesnyak, 2019). The policy is designed in such a way, that for oil
companies it appears less expensive to pay the fees for the extra gas
flaring rather than investing in APG processing facilities (Rustamov and
Bryukhova, 2019).

In this study, we present the first analysis of the NO, and CHy
emissions over the Tas-Yuryakh and Talakan oil fields in Sakha Republic
(Eastern Siberia, Russia) by using multiple satellite observations, with
particular focus on the impact of the APG flaring. We apply a multi-
satellite approach to detect the location and frequency of the flares
and the corresponding emissions, by using TROPOMI NOy and CHy4
products, VIIRS active fire data and Sentinel 2 false color imagery.
Finally, we evaluate how the different companies operating at the two
oil fields manage the disposal of the APG.
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2. Data and methodology
2.1. Tas-Yuryakh and Talakan oil fields

The largest part of crude oil production in Sakha Republic takes place
in the south-western part of the region at two locations: Tas-Yuryakh in
the Mirninsky district (operated by Rosneft and RNG companies) and
Talakan in the Lensky district (operated by Surgutneftegas). Fig. 1 shows
the location of the study area and the annual TROPOMI NO; mean fields
for 2019 over south-west Sakha Republic. In both areas the oil produced
feeds into the Eastern Siberia—Pacific Ocean (ESPO) pipeline, designed
for exporting Russian crude oil to the Asia-Pacific markets. Tables 1 and
2 include the crude oil production in 2018-2019 in Tas-Yuryakh and
Talakan, respectively.

In the Mirninsky district most of the oil production (3944 Kton in
2019) occurs in Tas-Yuryakh at the Central block and Kurungky area of
the Srednebotuobinskoye deposit developed by the Rosneft affiliated
JSC Taas Yuryakh Neftegazodobycha (#1 in Fig.2, upper panels). This is
the third largest asset of Rosneft in Eastern Siberia, accounting for 99.3%
and 89.2% of the total oil extracted in the Mirninsky district in 2018 and
2019, respectively. In 2019, the LC RNG company started extraction
activities in the Eastern block of the same deposit (located 30 km north-
east from the Central block) with 853 Kton of crude oil extracted (#2 in
Fig.2, upper panels).

In the Lensky district, Surgutneftegas company has eight licenses to
operate, including the main oil extracting facilities at the Talakan oil and
gas field. The oil production in Talakan started in 2012 and it amounted
to over 9000 Kton/year in 2019 (Table 2), which is about 67.4% of the
total volume for oil extraction industry in Sakha Republic and about
three times the oil production in Tas-Yuryakh. Surgutneftegas declares
to utilize up to 99% of the accompanying gas and in Sakha Republic it
reached 98.23% in 2019, according to the State Annual Report on the
Environment in the Sakha Republic (Yakutia) in 2019.

According to the Russian Federation (RF) regulation, companies can
flare up to 5% of APG in the oil extraction process. For the volume
exceeding the allowed limits, the companies need to pay negative
environmental impact fees with an additional factor of 25 applied to the
rates of the basic fees. These fees are calculated by the emitting company
based on measurements of the different polluting components and on
the rates of charges established by the national authorities. The Federal
Service for Supervision of Natural Resources - Rosprirodnadzor - is the
responsible authority for controlling over the correct calculation,
completeness and timeliness of payment for the whole Russian
Federation.

According to the RF Budgetary Code, the negative environmental
impact fee is divided as follows: 55% (60% since 2020) is directed to the
budget of the municipal district where the emission has taken place, 5%
to the federal budget (0% since 2020), and the rest (40%) to the regional
budget. Tables 1 and 2 show the sums paid to the budget of Mirninsky
and Lensky municipal districts (respectively) for the APG flaring. The
fees paid to the Mirninsky district are significantly larger than those paid
to the Lensky district, in 2019 amounting to ca. 31 million rubles and
ca. 15 thousand rubles, respectively.'

2.2. TROPOMI NO; product and emission estimation method

We use satellite-based NO, tropospheric columns from TROPOMI
(TROPOspheric Monitoring Instrument) to derive the NO, emissions
over the Tas-Yuryakh and Talakan oil fields. TROPOMI is a passive-
sensing hyperspectral nadir-viewing imager aboard the Copernicus
Sentinel-5 Precursor (S5P) satellite, launched on 13 October 2017. S5P
is a near-polar sun-synchronous orbiting satellite with an overpass local

1 All the socio-economic data reported in this work are available as reported
in Sect. 5.
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Fig. 1. Left panel: Map of Sakha Republic, Russia (blue area). The Russian borders are shown in green. The pink rectangle indicates the area covered by the map in
the right panel. Right panel: Annual TROPOMI NO, average map for 2019 over south-west Sakha Republic. The data outside of Sakha Republic are not shown. The
location of Tas-Yuryakh (Mirninsky district) and Talakan (Lensky district) oil fields is shown as pink rectangles. In addition to the oil fields, NO, enhancements are
visible for example over the city of Yakutsk (the capital of Sakha Republic) and in the south over Neryungri coal-mining complex.

Table 1
Summary of the results in Tas-Yuryakh.

Year Fire counts Daytime FRP (MW) NOy emission (mol/s) Volume of gas flared (bcm) 0Oil production (Ktons) Flaring fees (10° rubles)
Day Night
#1/42% #1/#2 #1/#2 TROPOMI VIIRSY #1 #2

2018 558/5 1527/134 14.5/3.7 0.61 + 0.241 0.57 + 0.22 0.40 + 0.04 2884 - 19.387

2019 561/452 1688/1128 19.8/15.1 1.34 £ 0.46 1.25 + 0.48 1.14 £ 0.11 3944.7 853.85 31.3688

2020 784/416* 1960/994* 24.9/12.6* 1.02 £+ 0.39 0.95 + 0.37 - - - -

The NOx emissions and the corresponding volume of gas flared calculated for year 2018 include only TROPOMI data from 15 April to the end of the year.
*The 2020 total fire counts and mean FRP values include near real time VIIRS active fire data during the period of 1 June 2020-31 December 2020 and standard

product before 1 June 2020.
iNumber of the facility.
UFrom the survey by Elvidge et al. (2016).

Table 2
Summary of the results in Talakan.

Year Fire counts Daytime FRP (MW) NOy emission (mol/s) Volume of gas flared (bcm) 0Oil production (Ktons) Flaring fees (10° rubles)
Day Night TROPOMI VIIRS!

2018 45 62 6.3 0.61 + 0.291 0.57 + 0.27 0.025 + 0.003 9130.0 59

2019 53 88 10.7 0.57 + 0.22 0.52 + 0.22 0.023 + 0.002 9341.85 14.7

2020 76* 100* 8.7* 0.60 + 0.24 0.56 + 0.23 - - -

The NO, emissions and the corresponding volume of gas flared calculated for year 2018 include only TROPOMI data from 15 April to the end of the year.
*The 2020 total fire counts and mean FRP values include near real time VIIRS active fire data during the period of 1 June 2020-31 December 2020 and standard

product before 1 June 2020.
U from the survey by Elvidge et al. (2016).

time of 13:30 (Veefkind et al., 2012). TROPOMI measures in the ultra-
violet-visible (UV-VIS), near-infrared (NIR) and short-wavelength
infrared (SWIR) spectral bands. The NO; tropospheric columns are
derived from TROPOMI's UV-VIS spectrometer backscattered solar ra-
diation measurements (van Geffen et al., 2019). The 2600 km -wide
swath is divided into 450 individual measurement pixels, with a
near-nadir resolution of 3.5 x 7 km?2. Since 6 August 2019 the spatial
resolution for the UV-VIS channel has been further improved to 3.5 x
5.5 km?. In the analysis we use the TROPOMI NO, product versions 1.2
(1 April 2018-20 March 2019) and 1.3 (20 March 2019-30 November
2020). The TROPOMI NO, products are routinely validated by the
S5P-MPC-VDAF (S5P — Mission Performance Center — Validation Data

Analysis Facility) using ground-based observations. For example, Griffin
et al. (2019) and Ialongo et al. (2020) found high correlations between
TROPOMI NO; retrievals and ground-based observations over the Ca-
nadian oil sands and at a high-latitude urban site in Helsinki, Finland,
respectively.

In order to map the NO5 distribution, TROPOMI NO, data with
quality assurance value larger than 0.75 are annually averaged and
gridded at 1 x 1 km? spatial resolution using an oversampling approach
(i.e., gridding smaller than the original TROPOMI pixel size; Sun et al.,
2018). For the emission estimation, we first apply the wind rotation
technique as described by Fioletov et al. (2015) by rotating each pixel
around the point source according to the wind direction so that all pixels
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Fig. 2. Gas flaring signal detection over Tas-Yuryakh oil field. Upper panel: Sentinel 2 false color (urban) images on 5 June 2018, 20 July 2019 and 1 June 2020.
Lower panel: Annual TROPOMI NO,, average maps overlaid with VIIRS daytime active fire data. Data classified as fire type presumed vegetation fire and other static land
source are shown as black and blue dots, respectively. Gray dots in 2020 correspond to NRT active fire data available without fire type information. The black
rectangle in the bottom-left panel indicates the area covered by the Sentinel 2 images in the upper panels.

appear to have the same wind direction (from west to east). The wind
information are derived from the ECMWF ERAS data averaged over the
vertical layers at 1000, 950 and 900 hPa pressure levels. For the esti-
mation of the NO, emission rate E, we first calculate the NO5 line density
by integrating the NO, annual tropospheric columns (after the rotation)
over 50 km in the across-wind direction. We fit the NO line densities
with an exponentially-modified Gaussian function scaled by a multi-
plicative emission factor Q and an additive background parameter B
(Beirle et al., 2011; Varon et al., 2018; Goldberg et al., 2019). The
emission is E = Q x U, where U is the median wind speed. Five pa-
rameters are estimated in the fitting procedure: the emission factor Q,
the background B, the distance (along the upwind-downwind direction)
of the linear density peak from the point source, the e-folding distance
and the width of the Gaussian function 6. The posterior distribution of
the fitted parameters is obtained using the Markov chain Monte Carlo
(MCMC) sampling method (Laine, 2008; Haario et al., 2006). The esti-
mate of the emission parameters are calculated as the mean values of the
posterior distribution and the fitting uncertainties are obtained from the
standard deviation of the posterior distribution around the estimate. The
fitting error on the emission estimates here is only a few percents. In
order to derive the NO, emissions we assume a constant NO,-to-NO,
ratio of 1.32 as in Beirle et al. (2011).

The uncertainty on the emission rate E depends on different factors in
addition to the model fitting error (e.g., Beirle et al., 2011; Fioletov
et al., 2015; Goldberg et al., 2019): the error associated with TROPOMI
tropospheric NOy column density (about 30%); the effect of the wind
field information used in the rotation and in the emission calculation
(about 20%); the uncertainty of the assumed NO,-to-NO; ratio (10%);
the choice of the integration area (less than 10%). The total un-
certainties on the emission estimations are obtained using error propa-
gation. We find that the first three factors contribute the most to the total

uncertainty (about 40%). In addition, we note that the emission rates
derived with this approach will only account for clear-sky conditions
and will be biased toward spring-summer values. When only clear-sky
pixels are taken into account, a negative bias is expected in the emis-
sion estimates, mostly because of the accelerated photo-chemistry. Also,
changes in the emissions can affect the AMF (air mass factor) used in the
NO,, tropospheric column calculation. Emissions related to gas flaring
are generally missing or underestimated in existing inventories. Lower
emissions in the a priori information would lead to higher AMFs,
resulting in smaller tropospheric columns and, in turn, smaller emission
rates. Furthermore, since both sites are located at latitudes around 60°N,
TROPOMI NO observations are not available during winter over the
facilities and the results will be further biased towards spring-summer
conditions.

Finally, the volume of gas flared can be calculated by dividing the
NO, emission rates by a conversion factor of 1.56 + 0.20 g/m>, as
described by Zhang et al. (2019).

2.3. TROPOMI CHy4 product and emission estimation method

We use column-averaged dry air mole fraction of methane (XCHy4)
data retrieved from TROPOMI instrument to study the methane emis-
sions over the oil fields. The retrieval algorithm simultaneously infers
methane concentrations and physical scattering properties, using the
spectra from the TROPOMI SWIR and NIR channels (Hu et al., 2016).
The near-nadir spatial resolution of the infrared channels was 7 x 7 km?
at the beginning of the mission and improved to 7 x 5.5 km? since 6
August 2019. The quality of TROPOMI CH4 retrievals have been
assessed against satellite-based GOSAT XCHy data (Hu et al., 2018) and
ground-based TCCON observations (Lorente et al., 2021). Only XCHy4
measurements with quality assurance flag larger than 0.5 are used in the
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analysis.

We assess the spatial distribution of methane over the oil fields by
oversampling TROPOMI data over the period 30 April 2018-12 October
2020. We also estimate the methane emissions from individual TRO-
POMI orbits using the cross-sectional flux method as described by Varon
et al. (2018, 2019). The method derives the methane emission rate from
the cross-plume integral C computed over transects perpendicular to the
wind direction at different distances from the source. The emission rate
is given at each transect as E = U x C, where U is the wind speed at the
sources, which is estimated from the ECMWF ERAS reanalysis data at
vertical layers at 1000, 950 and 900 hPa pressure levels (as for NOo).
This average gives approximately the same value as 1.4 x Uy (10 m
wind) as found by Varon et al. (2018). The application of the method is
illustrated in Sect. 3.2.

2.4. VIIRS active fire standard data and flared gas volume data

In order to identify the gas flares and their frequency, we use the 375
m active fire data from the Visible Infrared Imaging Radiometer Suite
(VIIRS), operating on-board the joint NASA/NOAA Suomi-National
Polar-orbiting Partnership (S-NPP) satellite since October 2011, as
available from NASA’s LANCE FIRMS archive. S-NPP VIIRS data are
available twice a day at the equator (and possibly more at higher lati-
tudes due to the overlap of different orbits) with overpass times
approximately 13:30 p.m. (ascending node) and 1:30 a.m. (descending
node). The S-NPP afternoon overpass is very close to the Sentinel-5P and
the S-NPP VIIRS daytime observing conditions are similar to those from
TROPOMI.

The VIIRS fire detection algorithm is based on the 375 m middle and
thermal infrared imagery data (I-bands). In particular, the channel I4
(3.74 pm) is the primary driver of the fire detection algorithm
(Schroeder et al., 2014). The algorithm builds on the MODIS (Moderate
Resolution Imaging Spectroradiometer) active fire product using a
contextual approach to detect both day and nighttime biomass burning
and other thermal anomalies (Giglio et al., 2003). The product includes
(among other variables) the time and coordinates of the fires as well as
the corresponding fire radiative power (FRP, in MW). The standard
quality active fire data also include information on the fire type: pre-
sumed vegetation fire, active volcano, other static land source and
offshore. The fire pixels are classified as persistent static fire sources (i.
e., no vegetation fires) for any grid cell in which fire pixels are detected
on 50 or more unique calendar days per year (Giglio et al., 2006). These
pixels mostly correspond to gas flares associated with oil and gas
extraction. We used the annual active fire data product over Russia
available in shapefile format from the FIRMS archive download: https
://firms.modaps.eosdis.nasa.gov/download/.

In addition to the high resolution 375 m channels, VIIRS carries
another set of multi-spectral channels (M-bands) at 750 m nominal
resolution. Elvidge et al. (2013) developed a nightfire algorithm based
primarily on the VIIRS 750 m short-wave infrared (1.61 ym) channel
and Day-Night Band (DNB) data for the nighttime detection of gas flares.
Based on this nightfire product, Elvidge et al. (2016) derived a global
survey of natural gas flaring, including information on the volume of gas
flared for 7467 individual sites. Annual global estimates until 2019 are
available for download at https://eogdata.mines.edu/download_globa
|_flare.html. The VIIRS volumes of gas flared for Tas-Yuryakh and
Talakan are reported in Tables 1 and 2, respectively. These values will be
compared to those obtained from the NO, emissions from TROPOMI
observations.

2.5. Sentinel 2 false color (urban) product

In order to confirm the location of the gas flares over the oil
extraction facilities, we use false color images from Sentinel-2 as avail-
able from the Sentinel Hub EO Browser (https://apps.sentinel-hub.
com/eo-browser).

Atmospheric Environment: X 11 (2021) 100114

Sentinel-2 is a wide-swath multi-spectral imaging mission that pro-
vides high-resolution (10 m, 20 m, and 60 m, depending on the wave-
length) images for 13 spectral bands in the visible and infrared
wavelengths. The mission is based on a constellation of two identical
satellites, Sentinel-2A and Sentinel-2B, both flying on a sun-synchronous
orbit. The Sentinel-2 mission is part of the Copernicus Land Monitoring
Services and it is designed to monitor surface properties such as vege-
tation, soil and water cover. The images are available since March 2018
as 100 x 100 km? tiles, with maximum revisit time of 5 days (using both
Sentinel-2A and 2B satellites).

The most common applications include land-cover mapping, land-
use change detection as well as vegetation and forest fires monitoring.
We use the false color (urban) product based on the composite of bands
12, 11 and 4. Vegetation is visible in shades of green, while constructed
areas are represented by white or gray. Snow and ice appear as dark
blue, and water as black or blue. Surfaces with elevated temperatures,
such as forest fires and calderas of volcanoes, saturate the image in
medium IR channels and are displayed in shades of red or yellow. To the
same category belong also gas flares from oil extraction processes as
those analysed in this work. Examples of such images are shown in Sect.
3.

2.6. NOy and CH,4 emission inventories

We use the Community Emissions Data System (CEDS, McDuffie
et al, 2020) NO, emission inventory for comparison with the
satellite-based emission estimations. Fig. S1 in the supplementary ma-
terial shows the CEDS 2014 total NO, emissions and those related to the
energy sector only (left and right panel, respectively) over Tas-Yuryakh
and Talakan, available on a 0.5° x0.5° grid. CEDS database reports about
0.05 mol/s over Talakan, with the largest fraction (over 90%) related to
the energy sector. No clear enhancement in the emission patterns is
visible over Tas-Yuryakh, for which the CEDS database reports about
0.003 mol/s.

We also used the Emissions Database for Global Atmospheric
Research (EDGAR V5.0, Crippa et al., 2020), which is available on a
0.1°x0.1° grid. Fig. S2 in the supplementary material shows the EDGAR
2015 NOy emissions from all sectors except transport. EDGAR inventory
reports about 0.003 mol/s over Talakan (even though slightly displaced
compared to the main oil pumping station) and about 0.01 mol/s near
Tas-Yuryakh.

Fig. S3 in the supplement includes the CH4 emissions from the fuel
extraction sector (almost the only sector contributing to the total
emission in the area) also available from the EDGAR v5.0 inventory. As
further discussed in Sect. 3.2, we analyse the TROPOMI CH4 observa-
tions only over Talakan, where the reported emission rate for 2015 is
about 3 tons/h.

3. Results
3.1. Tas-Yuryakh

The location of the APG flares in Tas-Yuryakh can be detected as
yellow-orange colors from the Sentinel 2 false color images (Fig. 2, top
panels). The gas flaring signal over the main oil pumping station is
visible for example on 5 June 2018, 20 July 2019 and 1 June 2020 (#1 in
Fig. 2, top panels) and it is also regularly detected from every clear-sky
Sentinel 2 image available since 1 March 2018. Correspondingly, a local
enhancement is visible in the annual tropospheric NO, average maps
over the same facility (bottom panels in Fig. 2). Here we note that the
NO annual map for 2018 includes TROPOMI observations only since
April 15, so the mean fields are not completely comparable to the other
years. On 20 July 2019 and 1 June 2020, another gas flaring signal is
detected from the Sentinel 2 images over a second facility (#2 in Fig. 2,
upper panels) located about 30 km north-east from the first. Corre-
spondingly, another smaller NOy enhancement is visible in the 2019
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average map (Fig. 2, bottom middle panel) over source #2. This second
NO; enhancement is still visible in 2020 (Fig. 2, bottom right panel), but
it is less evident than in 2019.

Fig. 2 (bottom panels) also shows the VIIRS active fire data for each
year, classified as presumed vegetation fires or other static land source
(black and blue dots, respectively). In order to represent observing
conditions close to the afternoon orbit of S5P, only daytime active fire
data are shown in Fig. 2. VIIRS detected persistent (561 daytime fire
counts in 2019) flaring over the facility #1, co-located with the NO,
enhancements. The fires are classified as static land source (blue dots in
Fig. 2, bottom panels). Since 2019 VIIRS also detected flares over facility
#2 (452 daytime fires in 2019 corresponding to the NO3 enhancement),
but the algorithm classifies them as presumed vegetation fires (black
dots in Fig. 2, bottom middle panel), most probably because the source is
new and not yet recognized as a static land source from VIIRS fire type
algorithm. We note here that, the information on the fire type (included
in the VIIRS standard product) is available only until 30 May 2020. After
that date, we use Near Real Time (NRT) data (gray dots in Fig. 2, bottom
right panel) that are available without fire type information. Therefore,
there might be discrepancies in both fire counts and FRP values between
2020 and the previous years. The summary of the annual daytime and
nighttime fire counts over Tas-Yuryakh facilities #1 and #2 is reported in
Table 1.

Fig. 3 shows the time series of the daily mean FRP over Tas-Yuryakh
oil field based on VIIRS 375m active fire data. We observe persistent
flaring activity over facility #1 during the whole period of study (blue
symbols in Fig. 3), while the fire detection over facility #2 starts toward
the end of October 2018 and continues until the end of 2020 (red
symbols in Fig. 3). This persistent detection indicates the occurrence of
continuous production flaring at both sites, in which the gas stream is
directed into a flare system because no re-utilization route is available.

Daytime active fire data (filled dots in Fig. 3) are limited between the
end of March and the beginning of November, corresponding to similar
observing conditions than TROPOMI on S5P, while nighttime data
(crosses in Fig. 3) are available throughout the year. The daily mean FRP
value is generally higher for facility #1 than for #2. For example, the
daytime annual average FRP for 2019 according to VIIRS data is 19.8
MW for the first facility and 15.1 MW for the latter. This difference
becomes ever larger in 2020, when the mean FRP in facility #1 is almost
double than in facility #2 (Table 1).

Fig. 4 illustrates the NO, emission estimation procedure over Tas-
Yuryakh for 2019, based on the methodology described in Sect. 2.2.
Fig. 4 (left panel) shows the 2019 annual mean of TROPOMI NO,
tropospheric columns averaged using an oversampling approach on a 1
x 1 km? grid. Fig. 4 (middle panel) shows the NO, average map after
rotating each pixels according to the wind direction around source #1
over an area with 200 km radius from the center. After the rotation, the
NO; plume is distributed eastward from the source, as if the wind
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direction for all observations is out of the west. Applying the wind
rotation better isolates the signal from the main source (#1 in Fig. 4)
from the secondary enhancement (#2 in Fig. 4). The wind rotation re-
distributes the signal from the secondary source over a ring of 30 km
radius around the main source, so that it is not detected anymore. In our
case, we consider source #1 and #2 as a single source and we calculate
the emission only rotating around source #1. The resulting emission rate
will include a somewhat mixed contribution from both sources as
explained by Fioletov et al. (2016).

Fig. 4 (right panel) shows the line density (blue dots) calculated from
the integral in the across-wind direction of the NOy plume after the
rotation (from Fig. 4, middle panel) and the exponentially-modified
Gaussian model (black line) fitted to the data via MCMC approach.
The resulting NO, emission rate for 2019 (considering a NO,-to-NO;
ratio of 1.32) is 1.34 + 0.46 mol/s. The NO, emission estimates for 2018
to 2020 are reported in Table 1 together with their uncertainties. The
emission rate for 2018 is calculated based on shorter time period
including relatively more observations during summer. The resulting
mean NOy, fields have larger background noise and bias towards spring-
summer conditions. Nevertheless, we find that the NO, emissions for
2019 are about double than in 2018, consistent with the increase in the
cumulative fire counts and FRP values over facility #1 and #2. This is
also consistent with the 38% increase in oil production at the facility #1
and the beginning of extracting activities at the facility #2 with 854 Kton
of crude oil production in 2019 (Table 1). In 2020, the NO, emission
slightly decreases, but the difference remains within the uncertainties.

Tas-Yuryakh emission source is missing from the CEMS database and
underestimated in the EDGAR inventory (about 0.01 mol/s for 2015).
This is possibly due to delayed or incomplete information on the
contribution of the oil and gas sector in the inventories.

If we assume that the NO, emissions are mostly due to APG flaring,
the accompanying volume of gas flared can be calculated for each year
using a conversion factor of 1.56 + 0.20 g/m° as in Zhang et al. (2019)
(Table 1). For example, in 2019 the volume is 1.25 + 0.48 bem, which is
higher than the value reported for source #1 (0.75 + 0.08 bcm) in the
global survey of natural gas flaring based on VIIRS nightfire data
(Elvidge et al., 2016). If we consider the sum of the volume of gas flared
from facility #1 and #2 from the VIIRS survey (1.14 + 0.11 bcm,
Table 1), the resulting estimate becomes closer to the value obtained
from the NO, emissions. For 2018, the volumes of gas flared from
TROPOMI (0.57 + 0.22 bem) and VIIRS (0.40 + 0.04 bem, cumulative
for #1 and #2) also agree within the uncertainties and are about 50%
smaller than for 2019. This is consistent with the increase in oil pro-
duction and flaring activities observed in 2019. A similar increase can be
seen in the annual environmental fees paid by oil companies (for the
volume of gas flared that exceeds the allowed limit of 5%) to the Mir-
ninsky district (where Tas-Yuryakh is located), which are about 40%
lower in 2018 than in 2019 (31 million rubles in 2019 and 19 million
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facilities. Dots and crosses indicate daytime and nighttime observations, respectively.
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rubles in 2018, Table 1). in the bottom-right corner of the images. Differently from Tas-Yuryakh,
such signal is only occasionally detected from Sentinel 2 images. VIIRS
active fire data confirm the detection of the gas flares over the same oil
3.2. Talakan pumping station in Talakan (blue dots in Fig. 5, lower panels) for all
three years. VIIRS detected about ten times less flares in Talakan (53

Fig. 5 (top panels) shows three Sentinel 2 false color images over the daytime fires in 2019, Table 2) than in Tas-Yuryakh, indicating a much

Talakan oil field on 2? Jun'e 2'0.18, 5 July 201? anfi 1 July 2020. A smaller gas flaring activity.
yellow-orange flaring signal is visible over the main oil pumping station
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Fig. 5. Gas flaring signal detection over Talakan oil field. Upper panel: Sentinel 2 false color (urban) images on 27 June 2018, 5 July 2019 and 1 July 2020. Lower
panel: Annual TROPOMI NO, average maps overlaid with VIIRS daytime active fire data. Data classified as fire type presumed vegetation fire and other static land source
are shown as black and blue dots, respectively. Gray dots in the 2020 panel indicate VIIRS NRT data (available without fire type classification). The black rectangle in
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The time series of the FRPs over Talakan facilities (yellow symbols in
Fig. 3) show that the flares are detected almost exclusively between the
end of June and beginning of July of each year (as also shown by the
Sentinel 2 images in Fig. 5, upper panels), suggesting that APG flaring
only occurs during scheduled maintenance or safety procedures during
summer. The daytime annual median FRP for 2019 is 10.7 MW, which is
almost half than for Tas-Yuryakh source #1.

The TROPOMI tropospheric NO, average maps show local NO; en-
hancements, corresponding to the location of the flares, for all three
years (Fig. 5, bottom panels). Occasionally a flaring signal is observed
over a second site a few kilometers north-west from the main source
from both Sentinel 2 images and VIIRS data, but no clear enhancement is
visible from the NO, average maps (Fig. 5).

We calculated the NO, emissions over Talakan from TROPOMI ob-
servations as described in Sect. 2.2 and illustrated in Fig. 4 for Tas-
Yuryakh. The results are summarized in Table 2. The NO, emissions
(about 0.6 mol/s) over Talakan remain approximately constant (within
the uncertainties) from 2018 to 2020. This value is similar to the NO,
emissions obtained in Tas-Yuryakh for 2018, before the increase in oil
production and flaring activity in 2019. These NO, emissions are higher
than those reported in the EDGAR and CEDS inventories near Talakan
(0.003 and 0.05 mol/s, respectively), suggesting again missing infor-
mation in both databases. The corresponding volume of APG flared,
assuming that all NO, emissions are related to gas flaring, would be
about 0.5 bem, which is one order of magnitude larger than the value
reported in the VIIRS gas flaring survey (about 0.025 bem, Table 2). This
suggests that a substantial fraction of the estimated emissions might be
related to other combustion processes in the oil production, such as
heating and power generation. The energy supply of oil production and
oil-pump station is provided by the 144 MW Talakan Gas-Tourbine
Power Plant (GTPP) and 12.7 MW Gas Generation Station, both pow-
ered by APG. Talakan deposit industrial facilities heating is provided by
the Talakan GTPP heat utilizers and 15 boiler houses with a total ca-
pacity of 82.3 Gcal/h.

On the other hand, since the annual average NO, fields at middle-
high latitudes are biased towards summer days and APG flaring occurs
only during summer in Talakan, the annual NO, emissions might be
overestimated. Zhang et al. (2019) also found that their estimate of
volume of gas flared based on NO, emissions are larger than VIIRS-based
estimates in Mexico’s offshore oil field. At the same time, under the
assumption of constant emissions throughout the year, the accelerated
photo-chemistry during summertime would lead to an underestimation
of the annual emissions. Finally, the VIIRS-based survey depend on the
accuracy of national bottom-up emission information, which might be
incomplete.

Table 2 shows that the oil production is similar during different
years, as for the NO, emissions. The oil production in 2019 in Talakan is
two times larger than in Tas-Yuryakh, while the NO, emissions are about
two times smaller. This confirms that gas flaring contributes substan-
tially to the polluting emissions in Tas-Yuryakh, where persistent flaring
occurs throughout the year, while the emission is much smaller in
Talakan, where flaring is only employed for a couple of weeks each year.
Consistently, the amount of environmental fees for the APG flaring paid
to the Lensky district (where Talakan oil pumping station is located) is
about three orders of magnitude smaller than for Mirninsky district.

Fig. 6 shows the TROPOMI average CH4 anomalies (differences from
background value) over Talakan, gridded at 1 x 1 km? using over-
sampling over the period 30 April 2018-10 December 2020. The back-
ground is calculated from the mean of the XCH,4 values smaller than
1840 ppb over the area shown in Fig. 6. We observe a XCH4 anomaly up
to 30 ppb near Talakan facilities, possibly related to venting, leakage or
outflow from the flaring itself. We note that many of the TROPOMI
pixels over the flaring site (black diamond in Fig. 6) are actually
excluded from the average by the TROPOMI CH4 quality flag. Fig. S4 in
the supplementary material shows that the number of valid observations
over the flaring site is about half compared to the surroundings. This
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Fig. 6. TROPOMI average XCH4 anomaly over Talakan during the period 30
April 2018-10 December 2020. The black diamond indicates the location of the
main flaring site.

suggests that the quality flag rejects the scenes corresponding to flares,
possibly due to the large aerosol load or otherwise unsuccessful
retrieval. This introduces a larger statistical error in the calculation of
the mean CH4 fields. Nevertheless, the CH4 enhancement is clearly
visible near Talakan, including smaller enhancements in the south-west
and north-west branches of the oil field.

Another CH4 enhancement is visible over the Verhnechonskoye oil
and gas field located about 90 km west from Talakan, in the Kataganskiy
district of Irkutsk Oblast (Fig. S5 in the supplement). According to VIIRS
gas flaring survey data, in Verhnechonskoye the volume of APG flared
(0.15 bem in 2019) is almost ten times larger than in Talakan. This
suggests more frequent gas flaring activities in Verhnechonskoye. This
would explain the anomalously low XCH4 value over Verhnechonskoye
flaring site (black square in Fig. S5), which comes from a very small
amount of valid TROPOMI observations just over the site. On the other
hand, on the eastern part of the oil field, the XCH4 anomaly values are
20-30 ppb. A NO, enhancement up to about 0.6 x 10> molec./cm? is
also visible over Verhnechonskoye (not shown).

In order to estimate the CH4 emissions we applied the cross-sectional
flux method to TROPOMI CH4 retrievals from individual plumes as
described by Varon et al. (2018, 2019). Fig. 7 illustrates an example of
the calculation of the CH4 emission on 11 August 2020. The emission E is
derived from the integrals C across-wind over several transects (white
dotted lines in Fig. 7), located at regular distance downwind from the
source. The numbers near each transect indicate the value (in tons/h) of
the emission E = U x C, where U is the mean wind speed near the source.
We note that there are possibly multiple CH4 sources near Talakan oil
pumping station, as also visible from Fig. 6, and we consider all the
transects over the observed plume (CH4 enhancement), independently
from the location of the main oil pumping station. The background is
defined from the average over the area upwind from the source (pink
dots in Fig. 7). On 11 August 2020 we obtain emission values in the
range 21-35 tons/h (average 28 tons/h).

We identified a few CH4 plumes near Talakan suitable for the
emission calculation, but the definition of the integration and back-
ground areas is challenging and somewhat subjective, due to the large
background noise. Fig. S6 in the supplement shows another example (on
23 September 2018) for which it was possible to clearly identify the CHy
plume from the background and to carry on the emission estimation. On
23 September 2018 we obtain emission rates in the range 37-85 tons/h
(average 63 tons/h). These two cases were selected as the most reliable
scenes (with a clear separation between the CH4 plume and the back-
ground) for the emission estimation among less than 10 potential scenes



I Ialongo et al.

11-Aug-2020 05:47:47

Atmospheric Environment: X 11 (2021) 100114

60.3 - 50
602 N\ DU, S SN R
60.1 30
60 - 20
oy
59.9 10 §
L >
© =
= 59.8 0o &
g
59.7 10 =%
59.6 \ -20
59.5 " - = e: -30
T \
59.4 -40
i v L
59.3 ‘ -50
110 1105 111 1115 112
Longitude

Fig. 7. TROPOMI XCH, anomaly over Talakan on 11 August 2020. The white dotted lines indicate the transects where the integral across-wind is calculated over the
CH4 plume. The white arrows indicated the ERA5 wind information averaged from 1000, 950 and 900 hPa pressure levels. The background area is calculated from
the pixels marked by the pink dots. The black diamond indicates the location of the main flaring site.

with a sufficient amount of valid retrievals near Talakan facilities.
Overall, the estimated emission values are considerably larger than
those reported in the EDGAR inventory for 2015 (about 3 tons/h), but
they are similar to the values reported by Varon et al. (2019) in Kor-
pezhe oil and gas field (Turkmenistan) or by Conley et al. (2016) from
the Aliso Canyon (Los Angeles, California) gas storage blowout.

We attempted a similar approach to identify CH4 enhancements in
Tas-Yuryakh, but the persistent occurrence of flares yield all CHy re-
trievals over the facilities to be rejected by the quality assurance flag or
to have anomalously low XCHy4 values (as in Verhnechonskoye). This
underlines the limitations in using satellite-based passive observations
to monitor methane emissions over oil fields where gas flaring also oc-
curs, especially at high latitudes where limited sunlight in winter and
frequent cloudy conditions reduce the amount of observations available
for such analysis.

4. Summary and discussion

We analysed the NO, and CH4 emissions over the Tas-Yuryakh and
Talakan oil fields in Sakha Republic, Russia, by using satellite observa-
tions from multiple platforms. We detected persistent APG flaring in Tas-
Yuryakh using Sentinel 2 and VIIRS data and corresponding local en-
hancements in the TROPOMI NO, mean fields. In Talakan we detected
APG flares only between the end of June and beginning of July of each
year. While having about three times larger oil production, the NO,
emissions estimated from TROPOMI observations in Talakan are about
half of those in Tas-Yuryakh for 2019. The amount of flares detected in
Talakan is about ten times smaller than in Tas-Yuryakh. Overall, the
changes in the annual amount and intensity of the flares appear to track
those of the collocated NO, emissions, which supports the assumption
that the emissions are linked to gas flaring activities.

The analysis of the TROPOMI XCH,4 mean fields enabled the accurate
identification of the XCH4 spatial distribution around the source. Due to
the limited amount of valid observations, the CH4 emission estimation
over oil fields can be challenging, especially at relatively high latitudes,
with frequent cloudy conditions and low solar zenith angles during
winter. Nevertheless, we estimated CH4 emission rates up to about
63 tons/h in Talakan based on TROPOMI observations.

The amount of budget income from APG flaring fees paid by com-
panies is about three orders of magnitude larger in the Mirninsky district
(where Tas-Yuryakh is located), compared to the Lensky district
(including Talakan oil field). Surgutneftegas, the company operating in
Talakan, declares to utilize about 99% of the APG for power generation
and other re-utilization procedures, and therefore gas flaring is limited
to scheduled maintenance and safety operations, which is consistent
with our results (https://www.surgutneftegas.ru/upload/iblock/0
6¢/ECO/2019/eng.pdf). On the other hand, both companies operating
in Tas-Yuryakh, Rosneft and RNG (facility #1 and #2, respectively),
appear to use routine or production flaring for disposing the APG during
the crude oil extraction. RNG operates Caterpillar gas engines and uti-
lizes some of the extracted APG for power production (http://rngoil.ru
/wp-content/uploads/rng-sustainable-report-2019-ru-south-west.pdf),
but routine gas flaring is still observed at the facility #2. RNG also de-
clares an increase in gas re-utilization from 2019 to 2020 due to the
plans to launch the second and third stages of the power generation and
to bring the total capacity from 5 MW to 12 MW. Correspondingly, we
observe a reduction in the average FRP and NO; tropospheric columns
near the facility #2 in 2020, as compared to 2019. Recently, the com-
pany declared the start of a project for the reinjection of the APG into the
oil reservoir, which should reduce gas flaring significantly (http://rngoil
.ru/news/rng-purchased-gas-reinjection-equipment/).

Both the NO, and CH4 emissions estimated from TROPOMI
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observations are higher than the existing inventories. Bottom-up emis-
sion inventories for the oil and gas industry are often incomplete due to
challenges in quantifying the emissions from APG flaring or to incom-
plete reporting by individual companies. Satellite-based observations
are therefore very useful to provide more complete and timely emission
estimates. In particular, improved knowledge about the NO, and CH4
emissions from the oil and gas industry is needed to evaluate the effects
of the replacement of coal-based energy systems on air quality and
climate. The results also help evaluating the commitment of o0il com-
panies to reach the goal set by the Russian government to reduce the
fraction of APG flaring to 5%.

Future plans to exploit new oil reserves in eastern Russia and Arctic,
call for continuous monitoring of air polluting emissions over oil fields.
Apart from adjusting the coefficient for excess APG flaring as a stimu-
lating/tightening measure, with the plan of the Russian Federation to
develop green financing (https://veb.ru/files/?file=70a471b4a
ec7d53a92c94edba906e9a9.pdf), the environment protection policies
should focus on the development of APG utilization investment and
technologies to make APG a valuable and efficient energy resource,
especially in energy-isolated regions. For example, the Russian Federa-
tion plans to develop oil and gas industry in the Arctic (where the
excessive APG flaring coefficient 0.25 is applied on the environmental
fees for the Arctic shelf raw hydrocarbons deposits development) should
be accompanied with green APG utilization support.

Since satellite observations offer global coverage, the approach
presented here can be applied elsewhere to provide timely estimates of
polluting emissions associated with APG flaring and oil production in
general, especially where no other monitoring system is in place, and
thereby support environmental monitoring by governmental author-
ities, nature protection organisations, and the oil industry itself.

5. Data availability

TROPOMI NO, and CH4 data are available from the Sentinel-5P Pre-
Operations Data Hub (https://s5phub.copernicus.eu/) and also at
NASA’s GES DISC (https://disc.gsfc.nasa.gov/). NASA VIIRS Active Fire
data (SHP format) data set is provided by LANCE FIRMS and it is
available online at: https://earthdata.nasa.gov/active-fire-data. The
volumes of gas flared derived from VIIRS nightfire are available at htt
ps://eogdata.mines.edu/download_global flare.html. Sentinel 2 imag-
ery is available from the EO Browser website https://apps.sentinel-hub.
com/eo-browser. EDGAR emission inventories are available at https://e
dgar.jrc.ec.europa.eu/. CEDS emission inventories are available at
http://www.globalchange.umd.edu/ceds/.

Oil production data by companies are available in the State Annual
Reports on the State of the Environment in the Sakha Republic (Yakutia)
at https://minpriroda.sakha.gov.ru/gosdoklady-o-sostojanii-okruzh
ajuschej-sredy. Oil production data by the districts are available from
Sakha (Yakutia) statistics on demand and the Ministry of Industries and
Geology of Sakha Republic (Yakutia) at https://minprom.sakha.gov.ru/
neftegazovaja-promyshlennost, and the official reports of the municipal
districts at https://mr-lenskij.sakha.gov.ru/sotsialno-ekonomicheskoe
-polozhenie-lenskogo-rajona. District budget data are available in the
Annual and Monthly reports on the Municipal Budgets implementation
at https://minfin.sakha.gov.ru/otchetnost. The scheme and program for
the development of the electric power industry of the Republic of Sakha
(Yakutia) for 2020-2024 is available at https://docs.cntd.ru/document/
570789897.
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