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Abstract: The launch of the TROPOspheric Monitoring Instrument (TROPOMI) on the Sentinel-5
Precursor (S-5P) satellite has revolutionized pollution observations from space. The purpose of this
study was to link spatiotemporal variations in TROPOMI methane (CHy) columns to meteorological
flow patterns over the Permian Basin, the largest oil and second-largest natural gas producing
region in the United States. Over a two-year period (1 December 2018-1 December 2020), the largest
average CH4 enhancements were observed near and to the north and west of the primary emission
regions. Four case study periods—two with moderate westerly winds associated with passing
weather disturbances (8-15 March 2019 and 1 April-10 May 2019) and two other periods dominated
by high pressure and low wind speeds (16-23 March 2019 and 24 September—9 October 2020)—were
analyzed to better understand meteorological drivers of the variability in CHy. Meteorological
observations and analyses combined with TROPOMI observations suggest that weakened transport
out of the Basin during low wind speed periods contributes to CHy enhancements throughout the
Basin, while valley and slope flows may explain the observed western expansion of the Permian
Basin CH,4 anomaly.

Keywords: CHy4; NO,; TROPOMI; remote sensing; air quality; oil and natural gas emissions; Permian
Basin; pollution transport; boundary-layer flows

1. Introduction

The rapid growth in horizontal drilling and hydraulic fracturing in oil and natural
gas (ONG) production regions over the past 20 years has implications for water quality,
air quality, and climate [1-8]. Two important trace gas emissions resulting from ONG
production are nitrogen dioxide (NO;) and methane (CH4). NO; impacts respiratory
and cardiovascular health and is a precursor pollutant for secondary pollutants such as
ozone [9,10]. As a greenhouse gas, CHy is more potent than carbon dioxide (CO,), such that,
as CHy emissions increase through ONG production, its positive benefits as a cleaner
burning fuel can be overshadowed by its climate forcing [11,12]. Consequently, there has
been considerable research on improving understanding of highly variable emissions of
CH, and other trace gases from ONG production regions [13-18].

The Permian Basin of West Texas and southeastern New Mexico (Figure 1) covers
approximately 160,000 square kilometers and is the largest oil producing region and second-
largest natural gas producing region in the USA [15]. Since 2007, the Permian Basin crude
oil production has quadrupled, while natural gas production has more than doubled [15].
The Permian Basin is composed of two major clusters of ONG drilling and extraction
activity, the Delaware Basin on the western side of the Basin and the Midland Basin to the
east (not shown). The Midland Basin is dominated by oil extraction, while both oil and
natural gas extraction activities are focused in the Delaware Basin. While ONG production
occurs throughout the Basin, the most active regions of combined ONG production are
located in the center of the Basin (Figure 1) [19]. A recent study found decreases in CHy
emissions associated with declines in ONG activity during the COVID-19 pandemic [19],
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while another study found that CHy emissions estimates from ground-based observations
in the Permian Basin were 5.5-9.0 times greater than EPA National Inventory Estimates [15].

New Mexico

34°N Fli

_____

32°Nf§

108°W 106°W 104°W  102°W 100°W

Figure 1. A map of the Permian Basin (labeled shaded grey region), including states (named in
white text), mountain ranges, and the Pecos River basin. Topographical contours are shown each
150 m and map elevation ranges from near 400 m near the southeastern corner of the basin to over
2500 m in the highest elevations of the Sacramento, Guadalupe, and Davis Mountains. Yellow stars
indicate the location of six weather observation sites analyzed in this study (Table 1). The orange
star denotes Pecos, Texas where transport model trajectories were initialized. The approximate
regions of the most concentrated oil and natural gas production are outlined in yellow based on a
production heatmap [19], whereas the region denoted in red encompasses the approximate location
of the western Permian Basin where terrain-driven transport processes may contribute to a western
expansion of the Permian Basin CH4 anomaly.

Table 1. Meteorological Surface Stations.

Station Name Network Elevation (m) Latitude °N/Longitude °W
Fort Stockton TEXAS ASOS 917 30.91194/102.91667
Kent 9E TEXAS DCP 1221 31.08859/104.05490
Midland Intl TEXAS ASOS 869 31.94662/102.20745
Carlsbad NM ASOS 1004 32.33747/104.26328
Dunken Raws NM DCP 1647 32.82560/105.18060
Hobbs/Lea Co. NM ASOS 1115 32.68753/103.21703

Satellite remote sensing of air pollution, including from ONG activities, has been
ongoing for several decades [20-22], but has been recently revolutionized by the Euro-
pean Space Agency’s Sentinel-5 Precursor (S5-5P) polar-orbiting satellite, launched on
13 October 2017 [23-25]. The TROPOspheric Monitoring Instrument (TROPOMI) onboard
the S-5P satellite contains four spectrometers that enable accurate, high resolution (tempo-
rally and spatially) retrievals for a number of atmospheric constituents (e.g., NO,, CHy,
carbon monoxide (CO), sulfur dioxide (50;), ozone (O3), and aerosols [23]). The high spatial
resolution of TROPOMI measurements has led to recent studies investigating the impacts
of meteorological, social, or economic forcing (e.g., COVID-19 pandemic) on the spatial and
temporal variability of NO; [26-31]. Recent studies across the world (e.g., Europe [32,33],
Canada [34], USA [35], and China [36]) have linked changes in NO; to meteorological vari-
ations (e.g., solar angle and wind speed). In Alberta, Canada, TROPOMI NO, observations
were validated over plumes from individual mining facilities [37]. CHy, in contrast, is not
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reactive on atmospheric transport time scales (CHy has lifetime of 8-12 years). Therefore,
CHy4 has been used in atmospheric inversion modeling and transport studies to estimate
natural and anthropogenic emissions [38,39].

TROPOMI satellite retrievals of NO, and CH, have been extensively validated over
the past several years. TROPOMI tropospheric and total NO;, column data have been
compared against NO, spectrometers, with a general negative bias (—23% to —51%) for
tropospheric column data attributed to errors in chemical transport models, cloud effects
and aerosols [40]. Other studies, comparing aircraft- and ground-based spectrometer mea-
surements in urban and non-urban areas. have also found a systematic underestimation in
TROPOMI NO, measurements, particularly during highly polluted conditions [34,41-45].

The TROPOMI CH,4 measurements have also been recently validated. Two years
of validation of TROPOMI CH,; measurements against the Total Carbon Column Ob-
serving Network (TCCON) showed good agreement between satellite and TCCON data
(—3.4 mean bias and +5.6 ppbv standard deviation) [46], while other CH4 measurement val-
idation studies also found generally good agreement between TROPOMI and surface-based
measurements [47-49]. In the Uintah Basin ONG producing region, TROPOMI methane
columns have been shown to be well correlated with in situ measurements, while the
methane columns were also correlated with the Lamont TCONN site in Oklahoma [25].
The retrievals have, however, been found to be sensitive to surface albedo, and a recent
correction has been implemented [46].

In this study, spatiotemporal variations in TROPOMI methane (CHy4) and nitrogen
dioxide (NO;) measurements are linked to meteorological flow patterns over the Permian
Basin. A recent TROPOMI-derived CH4 emissions study noted an unexplained CHy4 en-
hancement northwest of the primary Permian Basin ONG production region [50]. In this
study, we combined TROPOMI observations with meteorological observations, analyses,
and trajectory simulations to improve understanding of meteorological drivers of CHy
anomalies in the Permian Basin.

This paper is organized as follows. Section 2 contains the data and methods. The cli-
matological and case study results are presented in Section 3, with a discussion in Section 4.
Conclusions and future research recommendations are given in Section 5.

2. Materials and Methods
2.1. TROPOMI Sensor Data and the Google Earth Engine (GEE)

Observations from the TROPOMI sensor on-board the S-5P satellite were used in this
study. The S-5P mission, launched by the European Space Agency in 2017, is a polar-orbiting
satellite used to monitor Earth’s atmosphere with a high spatiotemporal resolution [23].
TROPOMI sensor reflectance measurements in the ultraviolet, visible, near-infrared, and
short-wave infrared allow for the retrieval of ozone, methane (CHj,), aerosols, carbon
monoxide, nitrogen oxide (NO,), and sulfur dioxide. The TROPOMI satellite swaths
(width 2600 km) are able to cover most of the globe on a daily basis (see Table S1 for pixel
resolution). Shortwave infrared spectral radiance measurements are used in the Weight-
ing Function Modified DOAS (WFM-DOAS) algorithm to retrieve CHy, The TROPOMI
NO; column retrieval algorithms are based on the established DOMINO and QA4ECV
processing systems [51,52].

TROPOMI daily offline Level 3 (OFFL L3) CH and NO, measurements archived and
stored on the Google Earth Engine (GEE) cloud-based platform [53] over the Permian Basin
for a two-year period between 1 December 2018 and 1 December 2020 were analyzed in
this study (Table 2 and Table S1).
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Table 2. TROPOMI sensor Level 3 products from Google Earth Engine (GEE) Cloud Data Archive used in processing
the Level 3 GEE products. Refer to Table S1 for information about the underlying L2 TROPOMI products, resolution,
and algorithm versions used.

Resolution. Product Band Name (Units)
0.01 arc degrees GEE Sentinel-5P OFFL CH4 Band name: CH4_column_volume_mixing_ratio_dry_air (ppbv)
0.01 arc degrees GEE Sentinel-5P OFFL NO2 Band name: NO2_column_volume_number_density (mol/ mz)

The GEE is a “cloud-based platform for ... geospatial analysis that brings Google’s
massive computational capabilities” to important societal issues [53]. Use of GEE has
rapidly increased [54], and it was the focus of a Special Issue of the MDPI journal Remote
Sensing [55]. Our analysis of TROPOMI CHy and NO; observations were processed using
the JavaScript editor within the GEE developer framework (the JavaScript code used is
available to anyone interested via request from the author). The mean values for the NO,
and CH, data for the period of study, as well as for four case study periods of interest,
were calculated.

2.1.1. TROPOMI CHy Data

The GEE L3 daily Sentinel-5P OFFL CH4 product [56], band name “CH4_column_
volume_mixing_ratio_dry_air”, in units of parts per billion by volume (ppbv) between
1 December 2018 and 1 December 2020 was processed through the GEE. Table S1 lists
the product versions of the L2 TROPOMI data used in processing the L3 data. Data qual-
ity filtering was done through the harpconvert tool with the bin spatial operation [57],
which filters and removes pixels with quality assurance flags below 50% to remove cloud
contamination and other poor-quality retrievals. Over the two-year period analyzed,
the number of available CHy columns for each pixel location over the Permian Basin
ranged from approximately 50 to 250 for CHy (i.e., a valid pixel available on average 7-35%
of all days). During the case study periods (Section 3.2), which range from 7 to 40 days in
length, the number of available CH, observations ranged from 2 to 15 (days) across most
of the Permian Basin.

2.1.2. TROPOMI NO, Data

The GEE L3 daily Sentinel-5P OFFL NO2 product [58], band name “NO2_column_ vol-
ume_number_density”, in units of mol/ m? between 1 December 2018 and 1 December 2020
was processed through the GEE. Table 2 lists the product versions of the L2 TROPOMI data
used in processing the L3 data. Data quality filtering was done through the harpconvert
tool with the bin spatial operation [57], which filters and removes pixels with quality assur-
ance flags below 75% to remove poor-quality retrievals from the analysis. The TROPOMI
NO; data had almost daily coverage.

2.2. Sources of Error

While both the TROPOMI CHy and NO; products have been extensively validated
(see discussion in the Introduction), there are several important considerations when
using these products. Users of the TROPOMI products should carefully read the available
Algorithm Theoretical Basis Documents, Product User Manuals, and Readme documents
at the TROPOMI website [51] and compare with the available data and product versions
on the GEE platform (see Table S1) [56,58]. The GEE platform, while powerful for ease
of access and rapid geospatial analysis, does not always include reprocessed data and
corrected product versions. The various CHs and NO, Level 2 product versions used in
this study are provided in Table S1.

The TROPOMI CHy retrievals have gone through a number of algorithm improve-
ments, including a constant regularization algorithm scheme and higher resolution surface
altitude database (Table S1). In addition, the TROPOMI measurements have been found to
be highly sensitive for low and high land surface albedo, and a posteriori correction for
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low and high land surface albedo was implemented [46,47,59] and the corrected product
made available (however, the corrected albedo product is not yet available in GEE at the
time of this publication [56]).

The TROPOMI NO, retrievals have also seen a number of improvements in the
algorithm and product versions, including a “destriping” algorithm, quality assurance flag
for over snow and ice, and improved cloud retrieval. An important note for anyone using
future NO; retrievals is that the version implemented on 2 December 2020 (V01.04.00),
which includes improved handling of cloud pressure, will result in higher values than
earlier versions (offsetting the bias in polluted regions noted in validation studies). Thus,
users should not combine V01.04.00 and previous versions to look at NO, trends [51,52,60].

Trends and seasonal variations in CH4 and NO, were not calculated for this study
due to multiple versions of the satellite products (which could introduce temporal changes
resulting from the different product version) available in GEE, as well as not having access
to the a posteriori albedo correction for CHy data in GEE [46]. In addition, analysis of
the temporal availability (not shown) of the CHj retrievals indicated that in the cloudier,
cooler season there was frequently fewer available data. Spatial differences in the number
of valid retrievals were also noted across the region, with several small areas showing no
valid pixels over the entire two years. A more detailed analysis of errors introduced by
spatial and temporal data gaps is needed before attempting trend and seasonal analyses
with TROPOMI CHy4 observations in this region even if consistent and corrected product
versions were analyzed.

2.3. Meteorological 10-m Wind Observations and Analysis

Meteorological wind speed (in meters per second, m s~!) and direction data (in de-
grees) from six near-surface (10-m above ground level (AGL)) weather stations in the region
were obtained from Mesowest [61,62], and the Iowa State Mesonet [63]. Wind roses were
analyzed with the Iowa State University custom wind rose feature [63].

The location of the surface weather stations that were used for 10-m AGL wind speed
and direction analysis for this study are shown in Figure 1. The station name, network
organization, location, and elevation are listed in Table 1.

2.4. NCEP/NCAR Reanalyses and NOAA HYSPLIT Model

Meteorological reanalysis data from the National Center for Environmental Predic-
tion (NCEP) and National Center for Atmospheric Research (NCAR) reanalysis product
(NCEP/NCAR) of 700 hPa winds and 500 mb heights were obtained from the National
Oceanic and Atmospheric Administration (NOAA) Physical Sciences Laboratory [64].

The NOAA HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model [65,66] was run for a 60-h period between 1200 Universal Time Coordinated (UTC)
on 30 September 2020 and 0000 UTC on 3 October 2020, with single particle forward trajec-
tories calculated starting at 100 m AGL every 5 h at Carlsbad, New Mexico (see Table 1)
and Pecos, Texas (Figure 1). The NOAA High Resolution Rapid Refresh (HRRR) model
at 3 km horizontal grid resolution was used at the meteorological input for the HYSPLIT
particle trajectory calculations [67].

3. Results
3.1. TROPOMI Mean CH4 and NO, 1 December 2018—1 December 2020

The average NO, tropospheric column number density (in mol/m?) over the Permian
Basin for the 24-month period from 1 December 2018 to 1 December 2020 is shown in
Figure 2.



Remote Sens. 2021, 13, 896

6 of 20

New Mexico

100 km

34°N

32°N

108°wW 106°W 104°wW 102°wW 100°wW
NO, Column Number Density

T N 107 mol/m?

0 1.6 33 5.0

Figure 2. Average TROPOMI nitrogen dioxide tropospheric column number density (NO,,
in mol/m?) over the Permian Basin region (Figure 1) for the 24-month period 1 December 2018—
1 December 2020.

Because NO; has a short lifetime (1-12 h depending on the time of year) in the at-
mosphere before reacting to form secondary pollutants, the highest NO, enhancements
will be relatively close to emission sources. As discussed in the Introduction, many recent
studies have leveraged the high temporal and spatial resolution of TROPOMI to investi-
gate the impacts of meteorological variables on the transport and spatial distribution of
NO; [26-37].

Due to the complexity of anthropogenic emission sources of NO; over the Permian
Basin (from ONG infrastructure, numerous small towns, and several larger cities such as
Midland and Odessa, Texas), no attempt is made at attributing or describing the source lo-
cations from which the observed NO, enhancements occurred. The sparsely populated arid
regions to the north, south and west of the Permian Basin observe low NO; tropospheric
column number densities as expected due to a lack of anthropogenic activities. In contrast,
the regions with the most ONG production activities in the Permian Basin observe notable
NO, enhancements compared to the surrounding regions. The highest observed mean
NO; tropospheric column number densities were found in the Western Delaware Basin
extending from near Carlsbad, New Mexico to near Pecos, Texas as well as in a broad
region surrounding Midland, Texas (Figure 2). The general spatial patterns observed in
the two-year climatological NO, plot are similar to the “heat map” plots of density of
ONG production in the Basin [19], suggesting that at least a significant portion of the NO,
observed by TROPOMI across the Basin is associated with ONG production activities.

The average CHy4 column average mixing ratio (in ppbv) over the Permian Basin for
the 24-month period extending from 1 December 2018 to 1 December 2020 are shown in
Figure 3.
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Figure 3. Average TROPOMI CH,4 column average mixing ratio (ppbv) over the Permian Basin
region (denoted in Figure 1) for the 24-month period 1 December 2018-1 December 2020.

Because CHy has a long lifetime (several years) in the atmosphere and is comprised
of both local and background sources, variable CH4 columns are noted throughout the
Permian Basin. In addition, variability (in both space and time) in background CH,; mea-
surements and trends are noted regionally, so it is not possible without more detailed
analysis of background CH; measurements combined with local source emission data to
quantify the relative magnitude of local versus non-local (background) and anthropogenic
versus non-anthropogenic CHy from satellite imagery. Finally, because the Playa desert
regions to the west of the Permian Basin have high albedo, the CH, retrievals shown in
Figure 3 in that region are likely biased high based on comparison with a recent study that
included albedo corrections [50]. Over the main portion of the Permian Basin, the albedo
is in the moderate range (0.15-0.25) [68], so large impacts on the retrievals from either
excessively high albedo such as observed over reflective playas or very low albedo such as
observed over the northeastern great plains as discussed in [25] are not expected.

The regions with the highest average CH, column average mixing ratio (Figure 3) are
located in a broad swath encompassing the most dense ONG production regions, but also
extending west and northwestward between 50 and 125 km from the western edge of
the primary ONG production regions (Figure 3). This region is bounded to the east by
the Pecos River Valley and to the west by the eastern slopes of the West Texas and New
Mexico mountains (Figure 1). As discussed in Section 3.3, the northwestward transport of
CH4 by upvalley and upslope flows is hypothesized to contribute to the observed western
enhancements in TROPOMI CHy columns (Figure 1).

3.2. Case Studies: Meteorological Drivers of Spatial and Temporal Variability of CHy and NO;

Several interesting spatial patterns have emerged in the average variability of CHy
columns cross the Permian Basin between 1 December 2018 and 1 December 2020 (Figure 3).
In the next two subsections, the impacts of meteorological transport for four case study
periods—two with frequent westerly winds (8-15 March 2019 and 1 April-10 May 2019,
referred to as the “windy” cases) and two dominated by high pressure and low wind
speeds (16-23 March 2019 and 24 September—9 October 2020, referred to as the “quiescent”
cases)—are presented.

3.2.1. Short-Duration Meteorological Forcing Case Studies (8 Days)

The mean CH4 and NO, TROPOMI columns over the Permian Basin for two short-
duration case studies (8-15 and 16-23 March 2019) are shown in Figure 4, the associated
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NCEP/NCAR meteorological analysis are presented in Figure 5, and wind rose analyses of
near surface (10 m) wind observations are displayed in Figure S1.
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Figure 4. Average TROPOMI CH, column average mixing ratio (ppbv) for: (a) 16-23 March 2019
(quiescent); and (c) 8-15 March 2019 (windy). Average TROPOMI nitrogen dioxide tropospheric
column number density (NO,, in mol/ m?) for: (b) 16-23 March 2019 (quiescent); and (d) 8-15 March
2019 (windy).

This 16-day consecutive period in March 2019 was chosen because of the back-to-
back progression of a strong weather system (Figure 5¢,d, a “windy” case) immediately
followed by a high amplitude ridge of high pressure aloft (Figure 5a,b, a “quiescent”
case). By choosing to evaluate short, consecutively occurring time periods for the two case
studies, the impacts of the weather systems on the atmospheric trace gas measurements
from TROPOMI can be more easily ascertained because changes in the satellite estimates
resulting from variations in seasonal or background trace gas concentrations, or in local
trace gas emission trends due to economic or other factors, can be largely ignored over such
a short time period. By observing the build-up of trace gases during a mostly quiescent
period following a windy period, the impacts of residual trace gas emissions trapped in
the boundary-layer during the first case contaminating the satellite retrievals in the second
case can also be avoided.

The meteorological conditions across the Permian Basin during the windy short-term
case study period (8-15 March 2019) were characterized by the slow passage of a large low
pressure system and associated jet stream over the western USA at 500 hPa, while average
700 hPa wind speeds were between 12 and 16 m s ! (Figure 5c,d). At the surface, westerly
flow greater than 10 m s~! was noted over much of the eight-day period at Dunkin,
on the western slopes of the Sacramento Mountains, while periods of westerly winds
over 10m s~ ! were frequently noted in the Pecos River Valley (at Carlsbad) (Figure S1).
These westerly winds would act to transport any emissions of CH4 and NO, within the
Basin to the east and northeast relatively rapidly.
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Figure 5. National Centers for Environmental Prediction (NCEP) NCEP/NCAR reanalysis of 700 hPa
winds and 500 hPa geopotential heights for: (a) 700 hPa winds 1623 March 2019 (quiescent);
(b) 500 hPa geopotential heights from 16-23 March 2019 (quiescent); (c) 700 hPa winds 8-15 March
2019 (windy); and (d) 500 hPa geopotential heights 8-15 March 2019 (windy). Image composites
were produced by the National Oceanic and Atmospheric Administration (NOAA) Physical Sci-
ences Laboratory at their website https://www.psl.noaa.gov/data/composites/day/ (accessed on
14 February 2021).

In contrast to the windy period, the meteorological conditions across the Permian Basin
during the quiescent (low wind speed) short-duration case study period (16-23 March 2019)
were characterized by high pressure across the western USA at 500 hPa and average 700 hPa
wind speeds ~5 m s~ ! over the Permian Basin (Figure 5a,b). These are ~35% of the wind
speed noted the week prior (i.e., the “windy” case). At the surface, very weak terrain-driven
(upslope and downslope at Dunkin and upvalley and downvalley at Carlsbad) flows were
noted, with mean wind speeds only 3.3-3.4 m s~ ! at these locations (Figure S1). These weak
thermally and terrain-driven flows would reduce transport of any emissions of CH4 and
NO, within the Permian Basin to regions outside of the Basin during this time period.

Comparing the spatial pattern in TROPOMI NO, between the quiescent and windy
cases (Figure 4b,d) shows clearly the impact of the increased wind speeds on the retrievals,
with a smaller spatial footprint and mean NO; column number density observed during
the windy case (about half the values of mean NO, column number density in the windy
case compared to the quiescent conditions). Because the lifetime of NO, varies during the
seasons, by analyzing two short time periods adjacent to each other, we can see more clearly
the impact of variations in large-scale winds and mixing on the satellite NO; retrievals
without having to account for the impacts of seasonal variations in the lifetime of NO,.
Interestingly, the impact of westerly winds on transporting a thin plume of NO; from El
Paso, Texas towards to east can also be seen in the mean NO; column number density
during the windy period (Figure 4d).

Comparing the spatial pattern in TROPOMI CHy4 between the quiescent and windy
cases (Figure 4a,c) shows clearly the impact of the increased wind speeds on the retrievals
in the primary ONG emissions region around Carlsbad, NM, where the average TROPOMI
CH4 column average mixing ratio values are about 40-50 ppbv higher during the qui-
escent case than during the windy case, but a lack of pixel values in many parts of the
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Basin (valid pixels were only noted on 2-3 days during each eight-day case study period,
and these were often in different locations) results in less confidence (or no information) in
the values obtained for CHy in those regions.

3.2.2. Longer-Term Meteorological Forcing Case Studies

In this section, we analyze mean satellite retrievals of CHy4 alongside meteorologi-
cal measurements for two longer periods of analysis than in the short-term case studies
(16-40 days). The mean CH, and NO, TROPOMI columns over the Permian Basin for the
two longer-term case studies (24 September-9 October 2020, “quiescent” case, and 1 April-
10 May 2019, “windy” case) are shown in Figure 6, the associated NCEP/NCAR meteoro-
logical analysis are presented in Figure 7, and wind rose analyses of near surface (10 m)
wind observations are displayed in Figure S2. Note that these results need to be very
carefully evaluated, since, by choosing to analyze a longer time period, the impacts of the
weather systems on the atmospheric trace gas measurements from TROPOMI are difficult
to ascertain because changes in the satellite estimates resulting from seasonal variations
in trace gases, ground emissions, background concentrations, and other factors cannot be
avoided. In addition, changes in the algorithm versions (Table S1) and a lack of availability
of retrievals also could potentially impact longer averaging periods. However, due to the
spotty and infrequent retrievals of CHy, longer mean calculations for case studies for both
windy (1 April-10 May 2019) and quiescent (24 September—9 October 2020) cases are still
evaluated in this section, keeping the limitations of this approach in mind.

g ;
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Figure 6. Average TROPOMI CH, column average mixing ratio (ppbv) for: (a) 24 September—
9 October 2020 (quiescent) and (c) 1 April-10 May 2019 (windy); (b) difference (anomaly) between
the “quasi-seasonal” CH4 mean computed between 24 August and 9 November 2020 and the
24 September-9 October 2020 case study CH4 mean; and (d) difference (anomaly) between the
“quasi-seasonal” CHy mean computed between 1 March and 10 June 2019 and the 1 April-10 May
2019 case study CH4 mean.
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Figure 7. National Centers for Environmental Prediction (NCEP) NCEP/NCAR reanalysis of 700 hPa
winds and 500 hPa geopotential heights for: (a) 700 hPa winds 24 September-9 October 2020 (quies-
cent); (b) 500 hPa geopotential heights from 24 September—9 October 2020 (quiescent); (c) 700 hPa
winds 1 April-10 May 2019 (windy); and (d) 500 hPa geopotential heights 1 April-10 May 2019
(windy). Image composites were produced by the National Oceanic and Atmospheric Administration
(NOAA) Physical Sciences Laboratory at their website https://www.psl.noaa.gov/data/composites/
day/ (accessed on 14 February 2021).

The meteorological conditions across the Permian Basin during the quiescent case
study period (24 September—9 October 2020) were characterized by high pressure across
the western USA at 500 hPa and average 700 hPa wind speeds between 2 and 4 m s~ !
over the Permian Basin (Figure 7a,b). These are exceptionally weak flow conditions
for near mountaintop level and would result in airmass stagnation across the region.
At the surface, average winds were similar to those at 700 hPa, ranging between 3.7
and 4.5 m s~ !, with most wind speed observations below 4 m s~ at all sites observed
(Figure S2). It is important to note the lack of observations of westerly wind intrusions
at Dunkin and Carlsbad greater than 8 m s~ ! during the quiescent period (Figure S2a,c).
Another important feature to note at Carlsbad is the predominance of upvalley (winds
flowing to the northwest) and downvalley (winds flowing to the southeast) flows. This is
the wind signature of a low-level valley jet circulation that appears to be well-established
during quiescent conditions in the Pecos River Valley (Figure S2a) and may contribute to
the western enhancement of the Permian Basin anomaly discussed in Section 3.3.

The meteorological conditions across the Permian Basin during the windy case period
(1 April-10 May 2019) were characterized by a mean trough of low pressure over the
western USA at 500 hPa associated with weather systems that passed through the region
during this time frame, while average 700 hPa wind speeds between 7 and 8 m s~ ! were
noted across the Permian Basin (Figure 7c,d). These wind speeds at 700 hPa are almost
three times those observed during the weak flow conditions and would result in robust
westerly transport of pollutants during much of this time period. At the surface, average
wind speeds were also 29-35% higher than those observed during the quiescent conditions
(Figure S2d—f). Of importance to note are the frequent westerly wind intrusions at Dunkin
and Carlsbad greater than 8 m s~ ! during the windy period, which would quickly scour or
“mix” out nocturnal inversions that would trap pollutants and transport trace gas emissions
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away from the region. The occurrences of upvalley and downvalley flow patterns observed
in the Pecos River Valley at Carlsbad during the windy case study period are much fewer
than in the quiescent case and may illustrate the effects of the passing weather systems on
disrupting the thermally-driven valley circulation (Figure S2d).

The corresponding spatial patterns in TROPOMI CH, observations during the two
aforementioned case periods (Figure 6a,c) shows CHy enhancements across the entire
Basin, with CHy4 column average mixing ratios ~20-40 ppbv higher than the two-year mean
during the quiescent period and 10-20 ppbv lower than the two-year mean during the
windy period (Figure 3). To better ascertain the impact of variations in wind speed on the
CH4 enhancements, “quasi-seasonal” (not truly seasonal, but centered on the case study
time period) CH, averages that extended from one month before to one month after the
selected case study periods were calculated for both cases (Figure 6b,d). Because there are
seasonal variations in the CHy background, and also CHy variability in the Permian Basin
is likely driven by other factors over time that we cannot estimate (e.g., ONG emissions,
etc.), it would be inappropriate to directly quantify the differences between the windy
and quiescent case periods since they are at different times of the year, have different
CH4 background values, etc. However, we can evaluate their anomalies compared to
the aforementioned seasonal averages (Figure 6b,d) and potentially gain some insight
into the impact of the meteorology. In both cases, the resulting anomalies (compared to
the “quasi-seasonal” mean) are as expected, with the low wind case observing a positive
anomaly compared to the mean quasi-seasonal value (Figure 6b) and the windy case
observing a negative anomaly compared to the mean quasi-seasonal value (Figure 6d).
The enhancement of the negative anomaly in the lowest portions of the Basin and just north
and west of the ONG production regions in the Western Permian Basin during the windy
period (insufficient retrievals were available in the windy period to observe the eastern
portion of the Basin) may support the hypothesis that upvalley and upslope flows in the
absence of westerly flow transport CHy to the north and west of the primary production
regions (Figure 6d). This is discussed further in Section 3.3.

3.3. Surface Wind Climatology and Hypotheses for Western Basin CHy Enhancement

In this section, we discuss potential causes of the observed enhancement in CHy
observed in TROPOMI satellite retrievals to the north and west of the primary ONG
production regions (Figures 1 and 3). To do this, we analyze near surface (10-m AGL)
the climatological wind roses at six stations (Figure 1) across the Permian Basin (Figure 8)
between 1 December 2018 and 1 December 2020 (this time period corresponds to the
TROPOMI CH4 and NO; observations plotted in Figures 2 and 3), as well as the results
from Section 3.2 and several parcel trajectory simulations.

Evaluation of the 10-m wind roses for the six near-surface weather stations across
the Permian Basin clearly illustrates the impact of local and terrain-driven flows on the
wind climatology. On the east slopes of the New Mexico and West Texas mountains,
near Kent and Dunkin, the most common wind directions are southwesterly and east-
erly (Figure 8a,b), with easterly daytime upslope flows and nocturnal downslope flows.
Northerly and southerly winds are rare at these locations. The strongest winds at these
east slope stations are almost always from the southwest, associated with passing westerly
disturbances, such as were frequently observed during the windy case study periods
(Section 3.2). When winds are lighter, the boundary-layer flows tend to be upslope during
the day (easterly) and lighter downslope (southwesterly) at night (not shown). The day-
time upslope flow, combined with nocturnal inversions in the Pecos River Valley during
quiescent conditions followed by daytime solar heating and mixing of the boundary-layer
over and east of the Pecos River Valley, would result in the upslope transport of emissions
from the ONG production regions to the east up the eastern slopes of the New Mexico and
West Texas mountains.
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Figure 8. Ten-meter wind rose plots for the six weather stations shown in Figure 1 and listed in for
the 24-month period 1 December 2018-1 December 2020: (a) Dunkin, New Mexico; (b) Kent, Texas;
(c) Carlsbad, New Mexico; (d) Hobbs, New Mexico; (e) Midland, Texas; and (f) Fort Stockton, Texas.
Calm wind observations are noted in the center of the wind rose, and the mean wind speed (in meters
per second) at each of the six stations is shown in the lower right corner of each plot. The frequency
of winds observed from each direction is shown by the location on the wind rose, while the wind
speed associated with that direction is shown according to the speed color scale listed above.

While upslope or downslope winds dominate the wind climatology along the eastern
slopes of the New Mexico and West Texas mountain ranges, it appears that an upvalley
and downvalley wind regime occurs frequently (climatologically speaking) along the Pecos
River Valley from near Pecos, Texas past Carlsbad, New Mexico toward Roswell, New Mex-
ico. Analysis of the Carlsbad climatological wind rose clearly indicates a preponderance of
southeasterly winds between 1 and 8 m s~ ! (Figure 8) in the two-year climatology.

During quiescent weather, the combination of southerly upvalley and easterly upslope
flows in this region would be expected to transport CHy northwestward from the high-
density emissions region extending from near Fort Stockton, Texas to Carlsbad, New Mexico
(see Figures 1 and 3), potentially contributing to the western expansion of the Permian
Basin CHy anomaly (Figures 1 and 3). The New Mexico and West Texas mountains may
also act as a large-scale blockage that further limits the dispersion of CH4 during quiescent
weather periods.

To further support this hypothesis of the net northwestward CHy transport by upvalley
and slope flows, NOAA HYSPLIT model trajectories forced by 3 km HRRR model output
were conducted to illustrate the combined effect of upslope and valley flows in the western
portion of the Permian Basin on transporting pollution to the north and west (Figure 9)
during the 24 September—9 October 2020 quiescent case. Model trajectories of particles
initialized every 5 h during a 60-h period extending from 1200 UTC 30 September 2020
until 0000 UTC 3 October 2020 in the western Permian Basin are almost all transported
to the north and west from the high ONG production regions (Carlsbad, New Mexico on
the north end (Figure 9a) and Pecos, Texas on the south end (Figure 9b), thus supporting
further the wind rose analysis that this is a favored flow trajectory for air parcels originating
in the ONG production regions of the Permian Basin during times when synoptic westerly
flows are not dominant.
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Figure 9. NOAA HYSPLITT model trajectories initialized every 5 h between 1200 UTC 30 September
2020 and 0000 UTC 3 October 2020 at: (a) Carlsbad, New Mexico; and (b) Pecos, Texas. The HRRR
model was used to drive the trajectory simulations. Particles were initialized at a height of 100 m
above ground level (AGL).

The hypothesis of transport of CHy from the ONG production regions toward the
northwest in the absence of strong westerly flow appears to be supported by the quies-
cent case study analysis, trajectory simulations, and climatological surface wind analyses
presented. Figure 10 illustrates graphically the various flows (upvalley and upslope),
in addition to other factors such as strength of westerly winds and atmospheric stability
that impact the spatial and temporal variability of the Permian Basin methane column
enhancements.

106°W 104°W 102°W

Figure 10. Schematic illustration of the Permian Basin methane anomaly region noted from TROPOMI
and hypothesized meteorological drivers.

4. Discussion

While several recent studies have investigated the impacts of meteorological forcing on
observed spatial variability in NO, (e.g., [32-37]), this is the first study to our knowledge
to link CHy variability from TROPOMI to meteorology in an ONG production region.
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As the quality and period of record of observations in TROPOMI NO, and CHy retrievals
continues to increase, the ability to extract meaningful linkages between meteorological
forcing and observed NO, and CHjy variations across ONG regions will also continue
to grow.

In this study, temporal trends from TROPOMI measurements of NO, and CHy were
not evaluated due to multiple uncertainties including algorithm changes, unknown back-
ground values, spatial and temporal gaps in valid satellite retrievals, and uncorrected
altitude and surface albedo CHy retrievals [25,46]. After careful evaluation of data availabil-
ity and any temporal gap errors, temporal trends over multiple years could be potentially
be evaluated after correcting for albedo and altitude effects (CH,), while new improved
cloud pressure effects for NO, will also be available. A recent study evaluated TROPOMI
from January to June 2020 over the Permian Basin and noted that a change in cloud masks
in March 2020 resulted in a decrease in available valid CHy retrievals [19]. Over high albedo
surfaces and during cloudy periods, the frequency of satellite CH, observations is often
limited [25].

As this study demonstrated, the lack of valid CHj pixels is a major limitation,
and hopefully improved TROPOMI CHy retrieval frequency can be obtained in the future.
The second windy case study period selected for this paper was extended to 40 days
because the first, shorter period was found to have very limited spatial coverage of CHy
observations. Future studies looking to determine trends from the data will need to care-
fully analyze the frequency and spatial coherence of the satellite retrievals. A recent study
in the Permian Basin observed entire months where coverage was sparse in certain loca-
tions [19], and arial and tower measurements with gridded ONG production data between
January and August 2020 were used to estimate methane fluxes in several small targeted
subregions of the Basin, but a limited number of satellite estimates over their targeted
regions precluded any direct comparisons between observations and TROPOMI [19]. Bet-
ter determining which ONG regions and basins can be utilized for TROPOMI satellite
observations, which ones have too high surface reflectance or too frequent cloud or snow
cover, and which basins have ground observations to validate satellite data against will
all be important considerations in the future analysis of TROPOMI CHy retrievals over
these regions [25,69]. Using satellite data in concert with multiple in situ measurements to
validate the results is also recommended as future work.

Better understanding of recent trends in production, venting, flaring, and trans-
portation capacity is needed in the Permian Basin to combine with available TROPOMI
measurements [50]. Another trace gas that deserves careful analysis over the Permian Basin
is carbon monoxide (CO), as well as carbon dioxide (CO,). Combining high resolution, ac-
curate chemical transport models with multiple satellite trace gas retrievals simultaneously
could inform emission source apportionment from ONG regions.

While there is some uncertainty in our NO; and CHjy retrievals over the Permian
Basin, a recent study that utilized the corrected elevation and albedo products and analyzed
several months of data also noted the presence of the western extension of the Permian
Basin anomaly presented in this paper [50]. The study could not “explain the methane
enhancement extending outside the Delaware Basin”, which has implications for model
inversion and emission attribution. It is possible that the 25-30 km horizontal grid of
the GEOS-Chem model used in that study was unable to properly capture the complex
meteorological flows. Another additional recent short field study in 2017 in the western
Permian Basin also supports the findings of this paper of upslope winds transporting
light alkene VOCs from the Permian Basin towards the northwest [70]. In boundary-
layer meteorology, the daytime upslope and upvalley flows are well documented [71,72],
although the spatial and temporal effects of those transport processes have not been
specifically identified in satellite imagery to our knowledge. Similar upslope westerly flows
have also been found to be important in the ONG region east of Denver, Colorado [73].

Additional observations and trajectory modeling of the boundary-layer flows de-
scribed here are needed to fully analyze the potential impacts of variable meteorology on
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spatial patterns in trace gases and quantify the net impact of upvalley and upslope flows
on trace gas transport northwestward from the most productive regions of the Permian
Basin. In this study, only near-surface (10-m AGL) wind observations were available
for our analysis. The upper-level wind analyses derived from National Weather Service
twice-per-day radiosondes (with wind, temperature, humidity, and pressure) at Midland,
Texas are too far east to capture the complex boundary-layer meteorology associated with
the mountainous terrain and Pecos River Valley to the west. In the future, studies with
vertical profiling wind lidars are needed to better characterize the complex wind systems
that exist across the high plains, Pecos River Valley, and eastern mountain slopes of New
Mexico and West Texas. Future coupled atmospheric and chemical transport modeling
studies, emission studies, and field campaigns across the region are needed to build on
the analysis conducted here. We recommend that future field work bring together both
boundary-layer meteorology and chemistry field and modeling expertise to provide a
complete and accurate picture of the transport, emissions, and chemistry processes in the
Permian Basin associated with ONG activities.

5. Conclusions

This study used meteorological observations (surface and aloft), model trajectories,
and a two-year climatology (1 December 2018-1 December 2020) of TROPOMI CHy re-
trievals to investigate meteorological drivers of spatial CH, variability within the Permian
Basin. During quiescent atmospheric conditions, low wind speeds result in greater en-
hancement of CHy within the Basin compared to windy periods, when local CHy emissions
are more quickly transported away from the Basin. It is hypothesized that slope and valley
flows may transport CHy northwestward toward the east slopes of the Western Texas and
Eastern New Mexico Mountains, resulting in the western expansion of the Permian Basin
CH,4 anomaly first noted by a recent study [50], but more research is needed to verify
this hypothesis.

This study provides an example of the potential future value of utilizing satellite-
derived CHy for atmospheric photochemical transport studies (assuming emission locations
and rates are known). CHy from satellite has been used in previous atmospheric inver-
sion modeling and transport studies to estimate CHy emissions [74-76]. The advent of
high-resolution satellite data now provides new opportunities for observing from space the
impacts of atmospheric flow patterns on the regional distribution of pollutants. Daily spa-
tial satellite retrievals of CHy, such as those now available from TROPOMI sensor, could be
used in combination with emissions datasets and high-resolution modeling to better inform
our understanding of CHy in the atmosphere.

The satellite observations presented in this study also provide motivation for field
observations and modeling of the impact of the transport of primary pollutants and
pollutant precursors and photochemical ozone production across the Permian Basin and
regions downwind, similar to other regions [77,78]. Field studies have shown that a portion
of the ozone pollution problems in along the Colorado Front Range are exacerbated by
precursor emissions from ONG industry being transported by easterly winds toward the
foothills of the Rocky Mountains [73], and a recent study [70] found elevated ozone and an
abundance of light alkenes from oil and gas influence at Carlsbad Caverns National Park,
west of the Permian Basin, which also supports the need for further coupled chemical and
meteorological studies in the Permian Basin.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-4
292/13/5/896/s1, Figure S1: 10-m wind rose plots for short-term quiescent (16-23 March 2019)
and windy (8-15 March 2019) cases. Carlsbad (a). quiescent and (d). windy cases; Fort Stockton
(b). quiescent and (e). windy cases; and Dunkin (c). quiescent and (f). windy cases. Calm wind
observations are noted in the center of the wind rose, and the mean wind speed (in meters per
second) at each of the 6 stations is shown in the lower right corner of each plot. The frequency of
winds observed from each direction is shown by the location on the wind rose, while the wind speed
associated with that direction is shown according to the speed color scale listed above. Wind roses
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courtesy of the Iowa State University custom wind rose feature [63], Figure S2: 10-m wind rose plots
for longer term quiescent (24 September-9 October 2020) and windy (1 April-10 May 2019) cases.
Carlsbad (a). quiescent and (d). windy cases; Fort Stockton (b). quiescent and (e). windy cases;
and Dunkin (c). quiescent and (f). windy cases. Calm wind observations are noted in the center of the
wind rose, and the mean wind speed (in meters per second) at each of the 6 stations is shown in the
lower right corner of each plot. The frequency of winds observed from each direction is shown by the
location on the wind rose, while the wind speed associated with that direction is shown according to
the speed color scale listed above. Wind roses courtesy of the Iowa State University custom wind rose
feature [63], Table S1: Description of TROPOMI Sensor Level 2 product version used (transferred
from the TROPOMI readme documents available on the TROPOMI website [51] in the processing of
Level 3 GEE products (Table 2) available on the GEE cloud computing platform.
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