Atmospheric Environment 156 (2017) 77—87

Contents lists available at ScienceDirect

ATMOSPHERIC
ENVIRONMENT

Atmospheric Environment

journal homepage: www.elsevier.com/locate/atmosenv

Composition and sources of winter haze in the Bakken oil and gas
extraction region

@ CrossMark

AR. Evanoski-Cole ¢, K.A. Gebhart °, B.C. Sive €, Y. Zhou ?, S.L. Capps ¢, D.E. Day ¢,
AJ. Prenni ¢, M.I. Schurman ?, A.P. Sullivan ¢, Y. Li *', J.L.. Hand ¢, B.A. Schichtel °,
J.L. Collett Jr. *~

@ Department of Atmospheric Science, Colorado State University, 1371 Campus Delivery, Fort Collins, CO 80523, USA
b National Park Service, Air Resources Division, Fort Collins, CO, USA

¢ National Park Service, Air Resources Division, Lakewood, CO, USA

d Department of Mechanical Engineering, University of Colorado Boulder, Boulder, CO, USA

€ Cooperative Institute for Research in the Atmosphere (CIRA), Colorado State University, Fort Collins, CO, USA

HIGHLIGHTS

GRAPHICAL ABSTRACT

e Measured wintertime aerosol and
aerosol precursors in National Parks.

e Discovered regionally elevated PM, s
concentrations in the Bakken region.

e High PM, 5 concentrations associated
with air mass stagnation or
recirculation.

¢ VOC measurements link elevated
PM, s concentrations to oil and gas
activities.

Meteorology
&

Elevated PM, 5 in National Parks in the Bakken Region
20| ® Nitrate m Suffate  Ammonium

3

PMas (ugm™)

Al

M3 B3 IASM3 3022113 3129113

ARTICLE INFO

ABSTRACT

Article history:

Received 11 August 2016
Received in revised form

6 February 2017

Accepted 8 February 2017
Available online 9 February 2017

Keywords:

Oil and natural gas
Bakken

Aerosol

Particulate matter
Haze

In the past decade increased use of hydraulic fracturing and horizontal drilling has dramatically
expanded oil and gas production in the Bakken formation region. Long term monitoring sites have
indicated an increase in wintertime aerosol nitrate and sulfate in this region from particulate matter
(PM;5) measurements collected between 2000 and 2010. No previous intensive air quality field
campaign has been conducted in this region to assess impacts from oil and gas development on regional
fine particle concentrations. The research presented here investigates wintertime PM; 5 concentrations
and composition as part of the Bakken Air Quality Study (BAQS). Measurements from BAQS took place
over two wintertime sampling periods at multiple sites in the United States portion of the Bakken for-
mation and show regionally elevated episodes of PM; 5 during both study periods. Ammonium nitrate
was a major contributor to haze episodes. Periods of air stagnation or recirculation were associated with
rapid increases in PM; 5 concentrations. Volatile organic compound (VOC) signatures suggest that air
masses during these episodes were dominated by emissions from the Bakken region itself. Formation
rates of alkyl nitrates from alkanes revealed an air mass aging timescale of typically less than a day for
periods with elevated PMj5. A thermodynamic inorganic aerosol model (ISORROPIA) was used to
investigate gas-particle partitioning and to examine the sensitivity of PM,5 concentrations to aerosol
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precursor concentrations. Formation of ammonium nitrate, the dominant component, was most sensitive
to ammonia concentrations during winter and to nitric acid concentrations during early spring when
ammonia availability increases. The availability of excess ammonia suggests capacity for further
ammonium nitrate formation if nitrogen oxide emissions increase in the future and lead to additional
secondary formation of nitric acid.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The Bakken Formation, a subsurface of the Williston Basin,
spans an area of 520,000 km? over western North Dakota and
eastern Montana in the United States (U.S.) and extends into the
Canadian provinces of Manitoba and Saskatchewan. This basin has
been actively drilled since the 1950s, but production of oil drasti-
cally increased since 2006 due to improvements in horizontal
drilling and hydraulic fracturing techniques. An estimated 7.38
billion barrels of oil is recoverable in the U.S. portion of the Willi-
ston Basin (Gaswirth and Marra, 2015), which includes both the
Bakken formation and the underlying Three Forks formation which
is often included with the Bakken formation. During the Bakken Air
Quality Study (BAQS) period, over one third of the captured natural
gas was burned off in flaring (US. Energy Information
Administration, 2014a) because the region lacked the infrastruc-
ture or pipelines to safely store and transport natural gas. More
recently North Dakota state regulations have led to the completion
of natural gas infrastructure which resulted in sharp reductions in
natural gas flaring (U.S. Energy Information Administration, 2016).
In parallel to increases in oil production and flaring, other anthro-
pogenic activities associated with the oil and gas industry
increased. These include increases in vehicle emissions and gen-
eration of road dust (Choi and Roberts, 2015) from diesel truck
traffic, greater numbers of diesel engines used during drilling op-
erations, and an increased population needed to support the
expanded oil industry. The development of the oil sands in eastern
Alberta, Canada is a major source of particulate matter (PM) and
aerosol precursors (Liggio et al., 2016; McLinden et al., 2012;
Wiklund et al., 2012) which also might impact the Bakken region
by long range transport. The effect these anthropogenic sources
have on the regional PM has not been previously studied in detail.

Different processes and activities associated with oil and natural
gas extraction can emit PM directly or emit gaseous precursors that
can later form PM if favorable conditions exist for particle forma-
tion. Emissions inventories from the Bakken (Grant et al., 2014a)
and several other U.S. natural gas basins (e.g. Bar-Ilan et al., 2008;
Grant et al., 2014b) have been developed for unconventional dril-
ling techniques, providing estimates for emissions of methane and
other volatile organic compounds (VOCs), nitrogen oxides (NOy),
ozone, other hazardous air pollutants, and PM which are emitted
from different sources associated with oil and gas development.
However, detailed aerosol composition measurements are lacking
in the Bakken region. Inorganic particle formation from the pre-
cursor gases ammonia, nitrogen oxides and sulfur dioxide from
local or regional sources can create inorganic ammonium nitrate
(AN) and ammonium sulfate (AS) particles (Seinfeld and Pandis,
2006). Organic aerosol in the Bakken could originate from both
primary emissions and secondary formation from both local sour-
ces and long-range transport. For example, VOCs can react with
NOy to form particulate organic nitrate, which has been observed
near oil and gas operations in the Uintah Basin in Utah (Lee et al.,
2014). Black carbon (BC) can be emitted from diesel trucks and
industrial stationary diesel engines (Khalek et al., 2015; U.S.

Environmental Protection Agency, 2012) or from flaring (Giwa
et al., 2014; Stohl et al., 2013). In the Bakken region, additional
local and regional sources of precursor gases and aerosol from coal-
fired power plants, agriculture, and increased population and traffic
can potentially contribute further to elevated concentrations of PM.

Long term measurements of PM less than 2.5 pm in aero-
dynamic diameter (PM,5) by the Interagency Monitoring of Pro-
tected Visual Environments (IMPROVE) program have shown
increases in PMy 5 sulfate and nitrate in the Bakken region in the
winter (Hand et al., 2012), contrasting decreasing trends across
much of the U.S. The trends presented by Hand et al. focused on
2000—2010 while oil production did not rapidly accelerate until
2007 when the Parshall Field was discovered (U.S. Energy
Information Administration, 2014b) as shown in Fig. S1. To better
understand wintertime aerosol concentrations and composition in
the Bakken region and how they are changing with regional
changes in oil and gas production, BAQS was conducted over two
wintertime periods in 2013 and 2014.

An overview of BAQS detailing the sources and characterization
of primary emissions is provided in Prenni et al. (2016). Here we
focus on the development and characteristics of winter fine particle
haze episodes. Wintertime haze episodes are investigated using
aerosol scattering and meteorological variables. Analysis of back
trajectories gives insight into the transport patterns associated with
observed PM; 5 episodes. VOC measurements will be examined to
characterize timescales of haze formation and to assess the impact
from oil and natural gas operations. A detailed analysis of the
aerosol composition, including both inorganic and carbonaceous
components, will be discussed. This will include the general char-
acteristics of the PM; 5 and contributions of each species to total
PM,5 mass. Finally, gas to particle partitioning of the inorganic
species will be explored using a thermodynamic aerosol model. The
model is also used to analyze sensitivities of aerosol formation to
concentrations of inorganic precursor gases.

2. Methods
2.1. Field study overview

An initial pilot study (BAQS I) was conducted between February
15 and April 6, 2013 and a second study (BAQS II) was conducted
the following winter between November 23, 2013 and March 28,
2014. Fig. 1 shows four BAQS sampling site locations used in this
analysis along with the active oil and gas wells in 2013 in the
Bakken formation. Knife River Indian Villages National Historic Site
(KNRI) is located to the east of the main area of drilling, but close to
several major coal-fired power plants. Medicine Lake National
Wildlife Refuge (MELA) is located to the west of the main area of
drilling in Montana. Fort Union Trading Post National Historic Site
(FOUS) and the North Unit of Theodore Roosevelt National Park
(THRO-N) are both located within the most active area of drilling. At
KNRI, 48-h time integrated aerosol ionic composition and inorganic
gas measurements were obtained during BAQS I. MELA, FOUS and
THRO-N had instrumentation to measure aerosol ionic composition
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Fig. 1. A map of eastern Montana and western North Dakota in the United States and southern Manitoba and Saskatchewan in Canada shows the locations of sampling sites during
BAQS and active oil wells. See text for site names. All study sites were used in the first study from February—April 2013 (yellow and blue stars). The second study from November
2013—March 2014 focused on MELA, FOUS and THRO-N (yellow stars). National park lands are outlined in brown. Active gas and oil wells through the year 2014 are labeled with
pink circles. Meteorological data were taken from three additional monitoring sites (green circles). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

and inorganic precursor gases at daily, 48-h or weekly time reso-
lution during both studies. In addition, THRO-N featured a
comprehensive suite of instrumentation during BAQS II to measure
VOCs and high-resolution aerosol composition and inorganic pre-
cursor gas concentrations. All measurements presented in this
study are summarized in Tables S1 and S2. For a complete list and
schedule of measurements from both field studies, refer to Prenni
et al. (2016).

2.2. Instrumentation and analysis methods

A University Research Glassware (URG) Corporation annular
denuder/filter-pack sampler was used to capture both inorganic
gases and aerosol (Benedict et al., 2013; Lee et al., 2008; Yu et al.,
2006, 2005). The sampler first draws ambient air through a
Teflon-coated PM, 5 cyclone to remove particles with aerodynamic
diameters greater than 2.5 um. Next, a sodium bicarbonate coated
glass annular denuder captures nitric acid (HNOs3) and sulfur di-
oxide (SO2) and a phosphorous acid coated denuder captures
ammonia (NH3). A filter pack with a 37 mm diameter nylon filter
(Pall Nylasorb) captures PMj; 5. Finally, an additional phosphorous
acid coated denuder was placed after the filter to capture any NH3
that was volatilized from AN initially captured on the filters. Any
volatilized HNOs3 from collected particulate AN is retained on the
nylon filter (Yu et al., 2005). Samples were collected at a nominal
flow rate of 10 L min~. Total sample air volume was monitored
with a dry gas meter and corrected for the pressure drop through
the sample train. Denuder and filter samples were extracted in

18.2 MQ deionized water and analyzed using ion chromatography
to quantify gaseous NHs3, HNO3, and SO, and PM, 5 sodium (Na™),
ammonium (NHZ), potassium (K"), magnesium (Mg”), calcium
(Ca®*), chloride (C17), nitrite (NO3 ), nitrate (NO3 ) and sulfate (SO7").
Daily calibrations using prepared anion and cation standards were
performed. Sample blanks, replicates and standards prepared from
Dionex NIST-traceable anion and cation standards were analyzed
periodically. URG measurement precision is 5—9% relative standard
deviation for PM, 5 NO3, SOF” and NHZ and HNOs, SO, and NH3. The
precision for the remaining species is 8—22% relative standard
deviation (Lee et al., 2008).

A MARGA, or Monitor for AeRosol and Gases in ambient Air
(Makkonen et al., 2014; Rumsey et al., 2014) made hourly mea-
surements at THRO-N during the second study of the same inor-
ganic precursor gases and PMjys inorganic species as the URG
measurement as well as nitrous acid (HNO;). The MARGA (Met-
rohm/Applikon) uses a wet-rotating glass denuder to capture
inorganic gases (Trebs et al., 2004; Wyers et al., 1993), a steam jet
aerosol collector (Khlystov et al., 1995; Slanina et al.,, 2001) to
collect water-soluble inorganic aerosol components, and ion
chromatography for analysis. For the inlet, a Teflon coated PM;5
cyclone was used with polyethylene tubing kept as short as possible
(1.7 m) to minimize losses of gases. A blank sample was run weekly
and external standards were used to verify the internal MARGA
calibration. A previous comprehensive study investigated the
MARGA accuracy and precision, compared to URG measurements,
which is detailed in Rumsey et al. (2014). Measurement precision
for PMp5 NO3, SOF and NH4 and HNOs, SO, and NHj3 is 3—23%
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median average relative percent difference. Additionally, MARGA
measurements were verified with URG measurements and linear
regression analysis was used to correct MARGA concentrations of
NHzZ, Mg?*, and Ca®* as described in the supplement and Fig. S2.

A Magee Scientific 7-wavelength dual-spot aethalometer
(Drinovecet al., 2015; Hansen et al., 1984) measured black carbon in
PM,5 (BC) at THRO-N during both studies. Teflon filters were
collected during BAQS I and II and quartz filters were collected
during BAQS II using the IMPROVE modules A and C (Hand, 2011),
respectively, at THRO-N. Total PM,5 mass was measured gravi-
metrically using the Teflon filters (Malm et al., 2011). Quartz filters
were analyzed by thermal optical reflectance for organic and
elemental carbon using the IMPROVE method (Chow et al., 2007;
Malm, 2004). A tapered element oscillating microbalance (TEOM,
Thermo Scientific 1405-DF) also measured total PMy5 mass at
THRO-N during BAQS II. An Aerodyne High-Resolution Time-of-
Flight Aerosol Mass Spectrometer (AMS) (Decarlo et al., 2006;
Drewnick et al, 2005; Jayne et al, 2000) measured non-
refractory PM; (PM less than ~1 pm in aerodynamic diameter)
providing quantitative measurements of inorganic species Cl~,
NO3, SO5 and NH1 along with total organic mass at THRO-N during
BAQS II. The AMS concentrations presented here are 5-min aver-
ages of samples collected using the high sensitivity V-mode and
processed according to the procedure described in Schurman et al.
(2015a,b). Nephelometers (Heintzenberg et al., 2006; Miiller et al.,
2009) were deployed to directly measure light extinction due to
scattering by particles (bsp). An NGN-2 Optec nephelometer was
operated in an open-air configuration with a wavelength of
550 nm at FOUS. Radiance Research M903 (THRO-N) and Ecotech
M9003 (KNRI for BAQS I and MELA for BAQS II) nephelometers used
a PM;5 inlet and measured scattering at 530 nm and 520 nm,
respectively. Each nephelometer was calibrated weekly with span
gas and zero air. The NGN-2 and Ecotech instruments were oper-
ated at ambient conditions. The Radiance Research instrument was
housed indoors (~15 °C) throughout both studies, so the samples
experienced significant warming and associated reductions in hu-
midity for the measurements. All aerosol instrument inlets were
unheated.

Whole air grab samples for VOC analysis were collected during
BAQS Il in clean and evacuated 2 L stainless steel canisters twice a
day at THRO-N, four times a week at FOUS and once a week at
MELA. A suite of VOCs were analyzed on a custom 5-channel gas
chromatography system utilizing three flame ionization detectors,
an electron capture detector and a mass spectrometer. VOCs char-
acterized include light hydrocarbons, alkyl nitrates, aromatics and
some biogenic compounds. This analytical method has been used in
several previous studies (Russo et al., 2010a; Swarthout et al., 2013;
Zhou et al., 2010).

Meteorological data were collected using Climatronics All-In-
One Weather Sensors at THRO-N and FOUS. Meteorological data
from MELA and Watford City, ND (8 km from THRO-N) were ob-
tained from the Western Regional Climate Center Remote Auto-
mated Weather Stations (RAWS, http://www.raws.dri.edu/index.
html), which included solar radiation measured by pyranometers.
The interactive snow information dataset from the National Oper-
ational Hydrologic Remote Sensing Operation (NOAA, http://www.
nohrsc.noaa.gov/interactive/html/map.html) was averaged from
two sites in Killdeer, ND (50 km from THRO-N) to eliminate data
coverage gaps and used to determine the percentage of days when
snow cover was present in the Bakken region. Radiosonde data
from atmospheric soundings taken at 00 and 12Z in Bismarck, ND
(210 km from THRO-N) were used to investigate atmospheric sta-
bility (University of Wyoming, http://weather.uwyo.edu/upperair/
sounding.html). The potential temperature method was used to
calculate the mixing height (Beyrich and Leps, 2012; Seibert et al.,

1997). All site locations where measurements were obtained are
shown in Fig. 1.

A sensitivity analysis was performed using the thermodynamic
aerosol model ISORROPIA and its adjoint model ANISORROPIA.
ANISORROPIA, an inverse sensitivity model (Capps et al., 2012), was
used in conjunction with ISORROPIA (Fountoukis and Nenes, 2007;
Nenes, 1998) to determine the sensitivities of PM concentrations to
changes in aerosol precursor concentration. The input for ISO-
RROPIA, run in the forward mode, included hourly MARGA mea-
surements of total gaseous NH3 and particulate NH{, total gaseous
HNOj3 and particulate NO3, and particulate SO7". The model parti-
tioned total NH3 and NHZ (N(-III)), total HNO3 and NO3 (N(V)) and
total SOF" and HSOz into their respective gas and aerosol phase
species. The model was run in metastable conditions with no for-
mation of ice or other solid species. No errors were produced from
the ISORROPIA model output, but samples that produced errors in
the ANISORROPIA model were removed before analysis.

3. Results

Periods of elevated inorganic aerosol concentrations were
observed in the URG filter-pack measurements collected during
both studies as shown in Fig. 2. Observations from both studies
show that increased concentrations occurred regionally across all
measurement sites. High concentration episodes were dominated
by NHZ, SO and NO3. Concentrations of all other ions measured,
including C1-, NOz, K*, Na*, Ca?*, and Mg?*, were low. The sample
number, mean, standard deviation and maximum concentrations of
each aerosol species at all sites for both studies are given in
Table S3. The highest time-integrated concentration of total inor-
ganic components measured during both studies occurred at FOUS
during the first study in late March, which was 21.3 pg m > for a 48-
h sample. FOUS, which was surrounded by a dense area of oil wells,
also had the highest average inorganic aerosol concentration dur-
ing BAQS II. MELA, a study background site located west and often
upwind of the Bakken production region, had the lowest average
inorganic aerosol concentration during both studies. For the three
sites used in both studies (THRO-N, FOUS, and MELA), average
inorganic PM; 5 concentrations were over two times greater for the
entire first study period compared to the entire second study
period. This difference was found to be significant using the Stu-
dent's t-test (Table S4). The mean bsp at THRO-N was also over two
times greater during BAQS I compared to BAQS II: 15.3 Mm™~' vs
71 Mm~L BC in PM,5 concentrations in BAQS Il averaged
0.2 pg m~3 with a maximum hourly concentration of 1.9 pg m—>. For
BAQS I, BC concentrations averaged 0.2 pg m~> with a maximum
hourly concentration of 1.4 pg m—>. Timelines of nephelometer and
BC measurements are presented in Figs. S3 and S4.

During BAQS II, additional instrumentation was added to THRO-
N to measure organic aerosol and inorganic aerosol at higher time
resolution. AMS organic aerosol in PM; during BAQS II averaged
1.08 + 0.66 pg m—> with a maximum hourly concentration of
494 pg m~3. The total inorganic aerosol in PM;s measured by
MARGA averaged 2.39 + 2.32 pg m > with a maximum hourly
concentration of 19.5 pg m~>. The sample number, mean, standard
deviation and maximum concentrations of each aerosol species for
the MARGA and AMS during BAQS I are given in Table S5. Timelines
of AMS and MARGA measurements are presented in Figs. S5 and S6.

The temperature and relative humidity from each study are
summarized in Table S6. Only similar time periods from both
studies are included in this table in order to facilitate comparison
between the two studies without a bias from seasonal differences.
The temperature varied slightly between sites, with MELA being
between 1.7 and 3.1 °C colder on average than the other two sites
for each study period. THRO-N and FOUS had comparable average
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temperatures between both studies. Relative humidity was higher
at each site during BAQS I compared to BAQS II. Fig. 3 shows the
differences in wind direction and wind speed during the over-
lapping BAQS I and II time periods. In BAQS I, the wind originated
from both the southeast and northwest. BAQS II winds came pre-
dominantly from the west northwest, but wind speeds were similar
between studies.

4. Discussion
4.1. Study comparison
4.1.1. Influence from meteorology

Comparing overlapping times of year (February 15 through
March 28), the average inorganic PM; 5 concentrations totaled 5.0

and 2.3 pg m—> at THRO-N in 2013 and 2014, respectively, more
than a factor of two difference. Local wind speed and wind direc-
tion at THRO-N are plotted in Fig. 3. The mean wind speed was
1.84 m s~ for 2013, slightly higher than the average 1.67 ms~! for
2014. Both years show strong northwesterly flow, but 2013 also has
a significant contribution from southeasterly wind. Increased
transport of NH3 from agricultural regions southeast (Pitchford
et al.,, 2009) or north (Carew, 2010) of the Bakken formation
might have also helped increase AN formation. No significant dif-
ferences in average site temperature were observed, but the
average relative humidity was lower at all sites during 2014
(Table S6), which could impact AN formation.

Near THRO-N, average solar radiation at 14:00 decreased from
0.59 to 0.44 kW h m~2 between BAQS I and I (Fig. S7). Snow cover
was present for 89% of BAQS I and only 35% of BAQS II. The presence



82 A.R. Evanoski-Cole et al. / Atmospheric Environment 156 (2017) 77—87

()

Wind Speed
610 7.965
5to6

4105

3to4
2t03
1t02
Oto1

(ms™)

(b)

Wind Speed
7t0 76167
6to7
5t06
4105
3to4
2t03
102 ||
Oto1

(ms™)

Fig. 3. Wind roses using matching date ranges of February 13 through March 25 from the first study in 2013 (a) and the second study in 2014 (b) from THRO-N. The percent
probability that the wind came from each direction is shown by the length of each wedge and is colored by wind speed (m s™).

of snow cover can intensify solar radiation and enhance photo-
chemistry, which has been shown to generate high concentrations
of pollutants such as ozone and particulate nitrate in previous
studies (Li et al., 2014; Rappengliick et al., 2014). Snow cover can
also strengthen the nighttime inversion layer, trap PM; 5 and PM; 5
precursor emissions near the surface, and create colder and more
humid conditions which are favorable for AN formation (Green
et al,, 2015). Median atmospheric mixing heights were 293 m and
375 m for 2013 and 2014. Differences in local wind direction, higher
relative humidity, higher solar radiation, more persistent snow
cover and lower average mixing height during 2013 may all have
contributed to the higher PM; 5 concentrations observed.

4.1.2. Aerosol source regions and atmospheric age

Regional transport patterns were investigated to better under-
stand source regions of observed pollutants. Back trajectories were
produced using the hybrid single particle Lagrangian integrated
trajectory model (HYSPLIT; Stein et al., 2015) with meteorological
input from North American Regional Reanalysis (NARR) data. A
residence time analysis was performed to determine the source
regions associated with individual aerosol species; each grid cell is
colored by the percentage of air masses that resided in that cell.
Fig. 4 shows the residence time of the air masses with the highest
10% of NO3 (a and c) and SO%™ (b and d) concentrations from the
daily URG filters for BAQS I (a and b) and MARGA hourly concen-
trations for BAQS II (c and d). In the first study, the highest con-
centrations of NO3 were associated with transport from southeast
of THRO-N while the highest concentrations of SO are associated
with air masses spending time in the Bakken oil patch region as
well as in regions to the northwest and northeast. The different
patterns suggest that different source regions exist for NO3 and
SO%" precursor emissions. In the second study, the highest con-
centrations of NO3 and SO%™ do not show clear trends in the resi-
dence time analysis, with the exception of significant time spent in
the Bakken oil patch region itself. Back trajectories also clearly
show patterns of air recirculation and stagnation in the Bakken
region during regional PM, 5 episodes (Fig. S8). This is similar to the
findings of Prenni et al. (2016), who showed that the highest con-
centrations of aerosol precursors (NOx and SO;) during the BAQS
study corresponded to trajectories that were shorter (slower
speeds) and were more likely to be impacted by closer sources. For
comparison, the residence times of trajectories associated with the
lowest 10% of NO3 and SO concentrations from the second study
and representative back trajectories from a period of low PM;5
concentrations show fast transport solely from the west (Figs. S9
and S8). Analysis of the residence times and local winds from
both studies show that the highest concentrations of both NO3 and
SO4~ are associated with emissions from nearby THRO-N,

suggesting the importance of sources local to the oil production
region.

Local winds and measured bsp were examined at FOUS to gain
insight as to which source regions are important specifically for the
degradation of visibility. A wind rose (Fig. 5a) and conditional
probability plot (CPF) showing the 90™ percentile bsp concentration
(Fig. 5b) show a clear relationship between the highest values of by
and easterly local winds and light wind speeds. Easterly winds at
FOUS, which is located near the western edge of the Bakken region
(Fig. 1), originate from the densest area of oil and gas operations
which reinforces the importance of local sources on PM,5 con-
centrations and haze. The major role of local sources also suggests
that long range transport, such as from the Alberta oil sands, does
not likely significantly contribute to the PM concentrations and
haze in the Bakken region.

To further examine whether the highest inorganic aerosol
concentrations are influenced by local emissions, a photochemical
clock is used to estimate the atmospheric age of emissions in Fig. 6.
This plot utilizes the concentrations of 2-pentyl nitrate, 2-butyl
nitrate and their parent alkanes obtained from VOC canister mea-
surements at THRO-N. The reaction rates of these alkanes with
nitrogen oxides and the chemical evolution of the alkyl nitrates are
well known, so the ratio of the parent alkane to its alkyl nitrate can
be used as a proxy for time or airmass age (Bertman et al., 1995;
Russo et al., 2010b). Overlaid on this plot are the inorganic aero-
sol concentration (sum of NHZ, NO3, and SO%") and the calculated
airmass age. The airmass age is estimated to be well under one day
when the highest inorganic aerosol concentrations are observed.
Fig. 6 also shows i-/n-pentane ratios observed in THRO-N, repre-
sented by marker size. The i-/n-pentane ratios from BAQS are
described in detail in Prenni et al. (2016). Briefly, the i-/n-pentane
ratio has been used in previous oil and gas studies as a marker of
urban emissions if the ratio is greater than 1 or oil and gas emis-
sions if the ratio is less than 1 (Gilman et al., 2013; Swarthout et al.,
2013). A smaller marker size in Fig. 6 represents a smaller i-/n-
pentane ratio, which is indicative of oil and gas emissions. The
lower i-/n-pentane ratios correspond with both higher PM; 5 con-
centrations and younger air mass age. Combined with the pre-
ceding transport analysis, this is compelling evidence that
emissions from local sources from oil and gas operations are large
contributors to the high concentration aerosol episodes observed.

4.2. Aerosol composition and formation

4.2.1. PM, 5 speciation at THRO-N

An investigation of the higher time resolved aerosol measure-
ments from BAQS II is presented here. Limitations in deployed
instrumentation prevent the same analysis for BAQS 1. However,
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Fig. 4. The residence times of the highest 10% concentrations using five day ensemble trajectories of nitrate (panels a and c) and sulfate (panels b and d) using URG measurements
during the first study from 2/14/13—4/5/13 (top panels) and using MARGA measurements during the second study from 11/30/13—3/24/14 (bottom panels).
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similar trends in the episodic nature of the elevated regional PM; 5
concentrations, a similar rate of oil production (Fig. S1), and a
similar average ratio of PM; 5 nitrate to sulfate were observed in
both studies. The comparable emissions and aerosol chemistry in
both studies suggests that the speciation results observed for BAQS
Il are representative of BAQS 1. For this analysis, we use hourly
reconstructed PM5 5 mass which is calculated from the sum of the
inorganic species in PM; 5 from the MARGA, total organics in PM;
from the AMS (we assume that organic mass is mostly below 1 um)
and BC in PM; 5 from the aethalometer. To determine that a sig-
nificant amount of PM; 5 organic aerosol was not missing in our
PM; measurement, AMS PM; organic carbon (OC) and IMPROVE
PM; 5 OC were compared (Fig. S10). The average ratio and standard
deviation of AMS PM; OC to IMPROVE PM,5 OC was 1.1 + 0.6,
indicating that the AMS PM; measurement is similar to the PMj 5
organic mass. Additional comparisons of the carbonaceous, inor-
ganic, and total PM measurements are presented in Figs. S10, S11
and S12. For further validation, the IMPROVE total PMy5 mass
compared to the reconstructed PM, 5 mass has a slope of 1.0, y-
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Fig. 7. The top panel is a timeline of the fraction of each inorganic species, total organics and black carbon that contribute to total hourly reconstructed PM; s mass. The bottom
timeline shows the reconstructed PM, 5 mass (ug m~>) and the total light extinction due to particle scattering (bsp) from nephelometer measurements (Mm™).

intercept of —0.41 and a R? of 0.92 (Fig. S12), indicating that the
reconstructed PM; 5 is representative of the total measured PMy 5
mass observed during the study.

The fraction of each aerosol component and reconstructed PM; 5
concentration represented as the sum of all measured components
are shown in Fig. 7. On average, inorganics contribute 64.9%, or-
ganics contribute 29.7%, and BC contributes 5.4% to the total PM, 5
mass. During periods of elevated aerosol concentration, the inor-
ganic species dominate the aerosol fraction and in particular the
contribution from NO3 increases. Between the lowest and highest
PM, 5 mass quartiles, the fraction of NO3 increases from 15% to 32%
while the fraction of SOF only increases from 18 to 22% (Fig. S13)
indicating a greater importance of AN formation at higher total
PM, 5 concentrations. Differences between NO3 and SO3 source
regions will be discussed below. Fig. 7 also shows that bsp measured
by the nephelometer tracks closely with total PM; 5 mass.

4.2.2. Role of aerosol precursor gases in inorganic particle
formation

In the atmosphere, emissions of SO, can oxidize to form sulfuric
acid (H,S04) which readily condenses into the particle phase. In the
presence of NHs, AS aerosol will form preferentially. If excess N(-III)
exists, AN can form (Seinfeld and Pandis, 2006). Excess N(-III) can
be calculated using Equation (1), by subtracting twice the measured
particulate SO from total N(-III), with all concentrations in molar
units. When excess N(-III) is present, formation of AN is highly
dependent on temperature and relative humidity and is favored in
cold and humid conditions (Stelson and Seinfeld, 1982), as were
present during both studies. Equation (1) represents a lower bound
on excess N(-III) concentrations based on work by Silvern et al.
(2016) and Weber et al. (2016) who suggest that in some regions,
excess N(-III) can exist despite incomplete neutralization of SOF".

[N( - "I)]excess = [NHI} + [NHB} -2 [SO‘%_} (1)

Concentration timelines of total N(-III) species and total N(V)
species are plotted in Fig. 8. The color of the line indicates the gas
fraction of NH3 or HNOs relative to the total N(-III) or N(V), ranging
from O (all N(-IIT) or N(V) in particulate form) to 1 (all N(-III) or N(V)
in the gas phase). During the majority of periods with high con-
centrations of N(V) and N(-III), the gas fractions were low, indi-
cating both N(-III) and N(V) were predominantly in the particle

phase. The NHj3 gas fraction is higher during the beginning and end
of the study, when temperatures were also generally higher.
December and March, for example, featured average NHj3 gas
fractions and temperatures of 0.2 and —8 °C and 0.5 and -1 °C,
respectively. The average HNOs gas ratio was 0.3 for both December
and March. This reveals that periods with extremely cold temper-
atures are often limited by NH3 while throughout the entire winter
study period there is limited HNOj3 available. Increases in excess N(-
III) in March may reflect NH3 emission from the application of
fertilizer or other regional agricultural practices in combination
with warmer temperatures which increases NH3 volatilization
(Balasubramanian et al., 2015; Gilliland et al., 2006).

The sensitivity of AN and PM, 5 formation to sulfate, N(-III), and
N(V) concentrations investigated using ANISORROPIA is summa-
rized in Table 1. Understanding how further growth in regional NOy
emissions, which are likely to yield increases in HNO3 concentra-
tions, might impact AN formation is of particular interest in
contemplating possible effects from future growth in Bakken oil-
field development on regional haze. The average sensitivities of
inorganic NO3 formation, for example, to changes in total N(-III)
and N(V) concentrations are listed in Table 1 as 0.36 and 0.13,
respectively. These values indicate that, on average, a 1 mol in-
crease in total N(-III) would yield a 0.36 mol increase in PM; 5 NO3,
while a 1 mol increase in total N(V) would yield a smaller, 0.13,
mole increase in PMy5 NO3. This suggests that the formation of
particulate matter is more sensitive to increases in NH3 than to
increases in NOy during the winter months, when the input data
were collected. The average sensitivities of PM, 5 NHZ to changes in
N(-IIT) and N(V) are 0.76 and 0.11 mol/mole. Concentrations of SOF",
by contrast, are seen to be relatively insensitive to changes in N(-III)
or N(V), due to the low volatility of SO~ which keeps it predomi-
nantly in the aerosol phase. The sensitivities of inorganic PMy5
concentrations to changes in N(-III) and N(V) (ug/ug) are explored
in more detail in Fig. 9. Here we see that the sensitivity of total
PM; 5 concentrations to N(-III) is typically greater during colder
periods when excess N(-III) is low, indicating the strong limitation
of fine particle formation imposed by NH3 during these times. At
warmer temperatures during late winter, excess N(-III) increases
and the sensitivity of PM; 5 formation to N(-III) is generally low. Not
surprisingly, a contrasting trend is seen for PM, 5 sensitivity to N(V).
Fig. 9b shows that PM> 5 is not very sensitive to N(V) concentrations
at extremely low temperatures and low excess N(-III)
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Table 1

in this figure legend, the reader is referred to the web version of this article.)

Study averaged model sensitivities (bold) and standard deviation (in parentheses) for the formation of particulate species H*, NO3, NH{, SO, HSOz and total PM, 5. Sen-
sitivities to individual species are given as a molar ratio of the model predicted aerosol species over the input of total N(-III), N(V) or SOZ". The sensitivity of predicted total PM 5
was calculated by summing the sensitivities of each predicted aerosol species to the three different input species and is given in mass units (ug/ug).

d predicted, input SH* 3NO3 SNHZ 3503 3HSOZ 3PM 5
(mole/mole) (ng/ng)
IN(-III) —0.37 (0.44) 0.36 (0.42) 0.76 (0.40) 0.02 (0.05) —0.02 (0.05) 1.99 (1.64)
3IN(V) 0.02 (0.04) 0.13 (0.25) 0.11 (0.25) —0.002 (0.01) 0.001 (0.006) 0.17 (0.32)
3503 0.81 (0.85) —0.60 (0.78) 0.51 (0.84) 0.96 (0.11) 0.04 (0.11) 0.72 (0.59)
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Fig. 9. The sensitivities of PM, 5 to N(-III) and N(V) concentrations (ug/ug) calculated by ANISORROPIA. Panel (a) shows the sensitivity of PM, s to N(-III) and panel (b) shows the

sensitivity of PM, 5 to N(V) compared with temperature in °C on the x-axis; the points are colored by the concentrations of excess N(-IIl) in nmol m

concentrations, but that the sensitivity sharply increases
above —10 °C when excess N(-III) concentrations tend to be higher.
These findings suggest that effects of additional future NOx emis-
sions from additional oil development activities in the region are
likely to exert the strongest effects on haze formation during later
parts of winter when temperatures and NH3 concentrations
increase.

5. Conclusion

Intensive ground-based aerosol measurements over two
consecutive winters in the Bakken oil and gas region showed pe-
riods of regionally elevated concentrations of PM,s5, with a
maximum 48-h average PM, 5 inorganic aerosol concentration of
21.3 pg m~> observed at Fort Union in the heart of the Bakken oil

-3

patch. The lowest concentrations were typically found at Medicine
Lake, outside and often upwind of the oil patch. Concentrations
across the region were found to be highest during periods of air
mass stagnation and recirculation; the lowest concentrations were
typically associated with fast transport of air from the west or
northwest. Both average and peak PM,s5 concentrations were
higher in early 2013 than in early 2014. Differences in snow cover,
atmospheric stability, solar illumination, and transport directions
might be associated with the differing fine particle concentrations
and aerosol scattering measurements. Use of a chemical clock
revealed that periods with the highest PM; 5 concentrations tended
to be associated with VOC emissions aged less than a day and a VOC
signature more indicative of oil and gas contributions than from
urban centers. This reinforces the importance of local Bakken re-
gion sources in formation of regional haze episodes.
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Inorganic species made up the majority of the total PM3 5 mass,
with both ammonium sulfate and ammonium nitrate having sig-
nificant contributions. We observed increases in NOy emitted from
oil and gas operations (Prenni et al., 2016), which formed HNO3 and
combined with available NH3; to form ammonium nitrate aerosol
and contributed to haze episodes. It was shown using meteoro-
logical conditions, gas and aerosol measurements, and thermody-
namic modeling, that conditions in the Bakken were favorable for
ammonium nitrate formation for the majority of the sampling
period. PM; 5 concentrations were typically more sensitive to the
availability of N(-III) during the coldest part of the winter; sensi-
tivity to available N(V) grew as temperatures increased along with
N(-III) availability in the later part of winter.
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