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Abstract. Petroleum and dairy operations are prominentof near-source and downwind data, we assess the composi-
sources of gas-phase organic compounds in California’s Sation and magnitude of emissions, and provide average source
Joaquin Valley. It is essential to understand the emissions angrofiles. To examine the spatial distribution of emissions in
air quality impacts of these relatively understudied sourcesthe San Joaquin Valley, we developed a statistical model-
especially for oil/gas operations in light of increasing US ing method using ground-based data and the FLEXPART-
production. Ground site measurements in Bakersfield and reWRF transport and meteorological model. We present ev-
gional aircraft measurements of reactive gas-phase organidence for large sources of paraffinic hydrocarbons from
compounds and methane were part of the CalNex (Californigpetroleum operations and oxygenated compounds from dairy
Research at the Nexus of Air Quality and Climate Change)(and other cattle) operations. In addition to the small straight-
project to determine the sources contributing to regionalchain alkanes typically associated with petroleum operations,
gas-phase organic carbon emissions. Using a combinatiowe observed a wide range of branched and cyclic alkanes,
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most of which have limited previous in situ measurements orthe cracking of larger compounds in oil and can either be
characterization in petroleum operation emissions. Observetermed associated or non-associated depending on the pres-
dairy emissions were dominated by ethanol, methanol, acetience of oil (Lillis et al., 2007). The vast majority of wells in
acid, and methane. Dairy operations were responsible for théhe San Joaquin Valley are oil wells and most have associated
vast majority of methane emissions in the San Joaquin Valgas, also known as wet thermogenic gas (Lillis et al., 2007).
ley; observations of methane were well correlated with non-Thermogenic wet gas is predominately found in oil wells and
vehicular ethanol, and multiple assessments of the spatiatontains substantial amounts of non-methane hydrocarbons
distribution of emissions in the San Joaquin Valley highlight ranging from 3 to 40 % €and greater content (e.g., Table 1)
the dominance of dairy operations for methane emissions(Lillis et al., 2007). The San Joaquin Valley has historically
The petroleum operations source profile was developed usheen an active region for oil/gas production. In 2010, crude
ing the composition of non-methane hydrocarbons in unre-oil production in Kern County, located at the southern end
fined natural gas associated with crude oil. The observeaf the San Joaquin Valley, was 450 000 barrelsdayhich
source profile is consistent with fugitive emissions of con- represents 69 % of production within California and 8 % of
densate during storage or processing of associated gas fohational production (US EIA, 2010; Sheridan, 2006).
lowing extraction and methane separation. Aircraft observa- There have been several studies on fugitive emissions from
tions of concentration hotspots near oil wells and dairies arepil and gas operations, including emissions from isolated fa-
consistent with the statistical source footprint determined viacilities at oil or gas fields, extraction facilities using advanced
our FLEXPART-WRF-based modeling method and ground-recovery methods (i.e., hydraulic fracturing), and urban areas
based data. We quantitatively compared our observations atith industrial storage and processing facilities (Leuchner
Bakersfield to the California Air Resources Board emissionand Rappengluck, 2010; Buzcu and Fraser, 2006; Katzen-
inventory and find consistency for relative emission rates ofstein et al., 2003; Petron et al., 2012; Gilman et al., 2013).
reactive organic gases between the aforementioned sourc@$ese studies all provide important advances in the charac-
and motor vehicles in the region. We estimate that petroleunterization of emissions from petroleum operations, but there
and dairy operations each comprised 22 % of anthropogeniés considerable variability between regions due to differences
non-methane organic carbon at Bakersfield and were eacim reservoirs and production methods. The specific equip-
responsible for 8—13 % of potential precursors to ozone. Yetment/processes, state/county regulations, and regional com-
their direct impacts as potential secondary organic aerosoposition of crude oil and natural gas are critical for deter-
(SOA) precursors were estimated to be minor for the sourcemining the potential emission pathways and composition of
profiles observed in the San Joaquin Valley. fugitive emissions. So, regional studies remain important to
effectively characterize petroleum operation sources.
Previous research on dairy farms and livestock operations
has reported emissions of methane, alcohols, carbonyls, es-
1 Introduction ters, acids, and other organic hydrocarbons. Among these,
emissions are dominated by methane, methanol, ethanol, and
California’s San Joaquin Valley contains a large density ofacetic acid (Alanis et al., 2010; Chung et al., 2010; Hafner
dairy farms and is an important region for oil and natural et al., 2013; Howard et al., 2010a, b; Malkina et al., 2011,
gas production in the United States. Both sources are promiSun et al., 2008; Shaw et al., 2007). Howard et al. (2010b)
nent in the California Air Resources Board (CARB) emis- recently concluded that emissions from dairy operations are
sion inventory of reactive organic gases (ROG) in the Sandominant contributors to ozone production in California’s
Joaguin Valley (California Air Resources Board, 2010). Re- Central Valley (comprised of the San Joaquin Valley and the
cent work has described large emissions and impacts fronsacramento Valley to the north), but modeling studies sug-
new oil/gas operations with increased US production (Petrorgest a larger role for VOC emissions from motor vehicles (Hu
et al., 2012; Gilman et al., 2013; Carter and Seinfeld, 2012;et al., 2012). Methane and oxygenated organic compounds
Schnell et al., 2009; Kemball-Cook et al., 2010; Pacsi etare emitted via several pathways and sources, all co-located
al., 2013). Petroleum operations include extraction, storageat dairies (and their farms). Silage processing/fermentation,
transport, and processing; all of which can have varying de-bovine enteric fermentation, and animal waste are among the
grees of fugitive emissions of methane and other gas-phasost dominant sources (Alanis et al., 2010; Chung et al.,
organic carbon, such as volatile organic compounds (VOCsR010; Hafner et al., 2013; Malkina et al., 2011; Sun et al.,
(Leuchner and Rappengluck, 2010; Buzcu and Fraser, 200&008; Shaw et al., 2007). The composition of emissions from
Katzenstein et al., 2003; Petron et al., 2012; Gilman et al.each of these sources is different and varies widely depend-
2013). Crude oil and unrefined natural gas are composed of ang on factors such as feed composition. The animal feed,
suite of organic compounds that span a range of vapor presalso known as total mixed rations, is typically comprised of
sures, and are either produced by thermogenic or biogenicorn and other grains (i.e., silage), with corn being the abun-
processes in the reservoirs (Lillis et al., 2007; Ryerson etdant type in the US (Hafner et al., 2013). The silage is fer-
al., 2011). Thermogenic gas is geochemically produced viamented on-site in large piles and mixed with various adjuncts
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Table 1. Unrefined natural gas composition for thermogenic wet gas-sampling canisters and ion chromatography to measure
wells in the San Joaquin Valley from USGS samplEgs 49 wells) acids, measurements were made from the top of an 18 m

(Lillis et al., 2007). tower. Measurements of a few light VOCs are included from
canister measurements at ground level to further character-
wtC% Std.Dev.  kow MIR ize the observed sources. Canisters were taken as 3 h aver-
methane 82.3 9.2 0.0064 0.014 ages in the morning (05:00-08:00 PST) and analyzed via US
ethane 5.33 3.46 0248 0.28 Environmental Protection Agency (EPA) methods for an ar-
propane 4.42 3.50 1.09 0.49 ray of organic compounds (Klouda et al., 2002). Support-
isobutane 0.920 0.837 212 123 ing methane measurements were made using integrated cav-
n-butane 1.55 2.17 236 115 ity output spectroscopy (Los Gatos Research, Fast Green-
isopentane  0.223 0.401 36 145 house Gas Analyzer) with 1 min time resolution. Acetic acid

n-pentane 0.273 0.405 3.80 131
neopentane 0.061 0.182 0.825 0.67
n-hexane 0.105 0.108 520 124
n-heptane 0.049 0.041 6.76 1.07

and other acids were measured using both chemical ioniza-
tion mass spectrometry (CIMS) and ambient ion monitor—ion
chromatography (AIM-IC). These two instruments were lo-
cated at different heights on the sampling tower in Bakers-

Notes: ) field and had different measurement frequencies. With both

—kon is in cn? s molecules® x 1012 from Atkinson and Arey, . . .

(2003). sets of data averaged to hourly resolution, the acetic acid data
~MIRsingO; g~* from Carter 2007. o were well correlated to each other=£ 0.84) with a slope

— The observed source profile for petroleum gas emissions at the . . . .

Bakersfield site is well represented by the composition of non-methane near Unlty- Details on their Samplmg and measurement meth-
organic carbon shown here. ods have been published previously (Crounse et al., 2006;

Markovic et al., 2012).

As part of the CalNex project, measurements were also
(e.g., almond shells, fruit, fat). The site-by-site heterogeneity P prol

in feed . dth , £ both animal f ({nade from the National Oceanic and Atmospheric Adminis-
In feed composition an t_ € processing o ot | animal 1e€G ation (NOAA) WD-P3 research aircraft. VOC canister sam-
and waste leads to variability in the source profile and emis-,

: 05 of . ds from dai ; Thi ples were collected on the aircraft and analyzed offline (Bar-
sion ratios of organic compounds from dairy operations. ThiSjg4 g al., 2013). High time resolution data on selected or-

work aims to reduce this uncertainty by estimating the aver—ganic compounds and methane were collected on the aircraft

age squrce”profile for dairy operation emissions in the Sar’ljsing proton transfer reaction mass spectrometry (PTR-MS)
Joaquin Valley. and a Picarro flight-ready greenhouse gas analyzer (model

The objectives of this work are to examine the magnitude,; 354 m), respectively (de Gouw and Warneke, 2007; Peischl
chemical composition, and spatial distribution of organic car-; 2012). High-resolution data were averaged to 1 min

tS’O” emissions Iflrom [;)\gtr-oleum an? ?]a'(;y o.perat|o|r?sl|n thentervals and select flights in the Central Valley were used
an Joaquin Valley. This is accomplished using multiple gasy, o\ 51y ate the spatial distribution of methane concentrations

phase organic carbon data sets from stationary ground Site(?light dates: 5/7, 5/11, 5/12, 6/14, 6/16, 6/18, 2010)
and aircraft platforms. Our approach includes the develop- B ’ ' ’ ’ ' '

ment of a method to assess the spatial distribution of Sources 5 gource apportionment methods
(i.e., a statistical source footprint) via ground site measure-

ments and meteorological modeling. We examine the rela—2_2_1 Petroleum operations

tive abundance of emissions from petroleum and dairy op-

erations agains_t other prominent anthroppgenic SOources iﬂlsing six weeks of in situ VOC data from the Bakersfield
the San Joaquin Valley, and evaluate their potential to im- round site, we assessed emissions from petroleum opera-

pactair quality. W? also proyide a qu.an.titative as;essment ions during spring and summer 2010. Contributions to ob-
petr.oleum ?‘“?’ da|.ry operations emissIons relative to MOtOLerved VOC concentrations at the site from petroleum op-
vehicle emissions in the CARB emission inventory. erations were determined (along with other motor vehicle-

related sources) using a source receptor model with chemi-

2 Materials and methods cal mass balancing and effective variance weighting focused
on hydrocarbon emissions from petroleum-related sources
2.1 Measurement sites and instrumentation (Gentner et al., 2012). The model used 10 compounds emit-

ted from the sources of interest (petroleum operations, non-
Gas-phase organics and other gases were measured 18 Matailpipe gasoline emissions, gasoline exhaust, and diesel ex-
30 June 2010 in Bakersfield, CA during the CalNex (Cal- haust) along with reliable information on the fractional com-
ifornia Research at the Nexus of Air Quality and Cli- position of the 10 compounds from each of the sources (i.e.,
mate Change) project. The ground supersite (35.3863 source profiles). The 10 compounds used were dependent
118.9654 W) was located in southeast Bakersfield, a city species, but the model also calculated the predicted concen-
in the southern San Joaquin Valley. With the exception oftrations of all the independent compounds not included in
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the model, but emitted by the petroleum-related sources andust be attributed to other ethanol sources, but were not cor-
measured at the site. related with the petroleum operations source.
The compounds used in the over-constrained (i.e., more
tracer compounds than sources) source receptor model we2.2 Dairy operations
propane, n-butane, n-pentane, isopentane, m/p-xylene, o-
xylene, isooctane, n-nonane, n-undecane, and n-dodecarfe reliable source profile for dairy operations in the San
to model motor vehicle and petroleum operation sourcesJoaquin Valley was not available in the literature for all the
Due to high background concentrations, measurements afompounds of interest in this study, so the source profile was
propane and n-butane were corrected by local backgroundstablished using a mix of aircraft and ground measurements.
values of 500 and 100 pptv, respectively. The 10 tracer comThe emission ratios of organic compounds to methane were
pounds were carefully selected because together they cagalculated using flight and ground data for compounds that
tured the dynamics of all four petroleum-related sources. Théhad evident, quantifiable emissions from dairy operations to
atmospheric lifetimes of the more reactive species did notconstruct the source profile. The ratio of methanol to methane
bias the model since the vast majority of contributions (i.e.,in dairy operation emissions was determined using 1 min air-
emissions) were within short transport times to the site. Thecraft data points sampled in the plumes from farms and fa-
petroleum operations source had the longest transport timegilities in the San Joaquin Valley. Acetic acid and ethanol
(up to 6 h) from source to field site, which did not present aratios could not be determined using the flight data due to
problem because that source was represented and modeled Aylack of measurements and spatial incongruence of canis-
the least reactive species that had negligible degradation duter to methane data, respectively. Ratios of these two com-
ing transport. Extensive details on these methods and modgdounds to methane were determined using ground site data
validation are described in detail in Gentner et al. (2012). from Bakersfield. Dairies have been shown in previous stud-
A priori source profile information for the model was ies to be major sources of methane, methanol, ethanol, acetic
constructed using US Geological Survey data on associatedcid, and other oxygenated species; and there is a large con-
thermogenic natural gas composition from wells in the Sancentration of dairies in the San Joaquin Valley (Alanis et al.,
Joaquin Valley (Table 1) (Lillis et al., 2007) and regional 2010; Chung et al., 2010; Howard et al., 2010a, b; Malkina
gasoline/diesel fuel composition data (Gentner et al., 2012)et al., 2011; Sun et al., 2008; Shaw et al., 2007). So each
There was substantial variability between wells and samplingcompound is compared to methane via regression with close
methods in the data compiled by the USGS, so standard devattention to enhancements from other sources that may skew
ations for the petroleum operations source profile weB8—  the observed dairy operations emission ratio.
300 %. Due to this large uncertainty, we represented the un- Predicted concentrations in Bakersfield of methanol,
certainty for all the source profiles in the model by standardethanol, and acetic acid from dairy operations were estimated
errors (similar to the US EPA CMB 8.2 model), defined as using the determined emission ratios to methane and mea-
the standard deviation divided by the square root of the samsurements of methane at the Bakersfield ground site. A local
ple size (Vv = 49). background methane concentration of 1.87 ppmv was sub-
The source receptor model effectively modeled the com-tracted prior to multiplication by the emission ratio. These
pounds included in the initial petroleum operations sourcepredicted concentrations were compared with observed con-
profile (Table 1), but there were an array of hydrocarbonscentrations to determine the fraction of each compound emit-
(not among the compounds used in the model) that episodted from dairy operations.
ically exceed predicted concentrations based on emissions OH reactivities and ozone formation potentials reported
from motor vehicles. Many of the excess hydrocarbon con-in this paper are from literature on OH reaction constants
centrations were well correlated with each other and theand maximum incremental reactivities (MIRSs), respectively
petroleum operations source factor, likely indicating emis-(Carter, 2007; Atkinson and Arey, 2003).
sions from the petroleum operations source. Emissions of ad-
ditional compounds from petroleum operations (not presen.3 Methods to determine spatial distribution of
in the initial limited petroleum gas profile) are derived from emissions
the residual mass that is well correlated with the petroleum
operations source. The residuals, or excess concentratior®everal methods are used in this work to assess the spa-
beyond contributions from motor vehicles, were filtered for tial distribution of organic carbon sources. In addition to the
values that exceeded the uncertainties of model calculationgjse of aircraft data collected from the NOAA WD-P3 mo-
which are determined in part by the 10-20 % variability in bile platform during the CalNex campaign, we developed a
gasoline and diesel fuel. method that uses a Lagrangian transport and meteorological
Similarly, we calculated the expected ethanol emissionamodel (FLEXPART-WRF) to calculate the distribution of air
from gasoline vehicles for hourly data. Taking the difference parcels (i.e., back-trajectory footprints) for each hourly sam-
between these predicted concentrations and total observaule prior to measurement at a ground site. We combine these
ethanol results in non-vehicular ethanol concentrations thafootprints with ambient compound data from the CalNex site
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to assess the spatial distribution of emissions for a given com3 Results and discussion
pound in a region. Our method builds upon previous tech-
niques (i.e., TrajStat) to estimate source location(s) using=igure 3 shows measurements of a selection of compounds
ground site data and the Hybrid Single Particle Lagrangiarplotted against carbon monoxide, a common technique to as-
Integrated Trajectory Model (HYSPLIT) (Wang et al., 2009). sess contributions from anthropogenic emissions (after fil-

We generated 6 and 12 h back-trajectory footprints withtering for biomass burning events). Some compounds have
4 x 4 km resolution for each hourly sample using the FLEX- ratios to CO consistent with measurements from the Los An-
PART Lagrangian transport model with WRF meteorologi- geles air basin during the same time period (Borbon et al.,
cal modeling (Fig. 1). Simulations were initiated from the 2013). However, there are several compounds with frequent
top of the 18 m tower using WRF runs EM4N in Angevine enhancements above the Los Angeles slope, indicating ad-
et al. (2012); further details on FLEXPART and WRF mod- ditional sources of these compounds that are not abundant in
eling can also be found in Brioude et al. (2012) and MetcalfLA. Most of the compounds shown in Fig. 3 have been previ-
etal. (2012). Here, we integrate this transport/meteorologicabusly linked to petroleum and dairy operations (e.g., Gilman
model with statistical back-trajectory analysis to explore theet al., 2013 and Shaw et al., 2007), and their enhancements
distribution and relative magnitude of gas-phase organic carhere are evidence for substantial emissions in the San Joaquin
bon sources at ground level. Valley.

The back-trajectory footprint produced by FLEXPART-
WREF represents the area where the air parcel(s) of intere®.1 Emissions from petroleum operations
(i.e., a 30 min VOC sample) contacts the surface layer. The
statistical source footprint (the final output) represents thePetroleum operations emit a significant mass of numer-
calculated distribution of ground-level emissions. Utilizing ous hydrocarbons, which have a distribution of molecular
this concentration-weighted trajectory analysis allows us toweights smaller than emissions from gasoline sources. The
find the emissions potential of every point in a region, which 25th percentiles for propane and n-butane are similar to other
is represented by the average concentration of a compoundrban ground sites during the summer, but higher concentra-
in each cell ¢;;) on a gridded map withand representing  tions were observed for the 50th and 75th percentiles, by up

the axes: to a factor of 2 compared to Pittsburgh, PA (2002) (Millet
) 1 t et al., 2005). The 75th percentiles in the San Joaquin Val-
Cij=—— Zo (crTiji), (1) ley are also higher by 25-50 % compared to measurements
2 0(Tije) from 2005 in Riverside, CA, a much more populated region

(Gentner et al., 2009). Between the CalNex field sites at Bak-
ersfield and Pasadena, median and smaller values (10th and
25th percentiles) were similar and lower at Bakersfield, re-
spectively. Yet, 75th percentile concentrations were greater at
Bakersfield by 53 % for propane (5.6 vs. 3.7 ppbv) and 16 %
for n-butane (5.6 vs. 3.7 ppbv). Previous work in the South
Coast air basin has also reported emissions of light alkanes
Srom oil/gas operations, but there is a lesser prevalence of
oil/gas fields in that air basin compared to the San Joaquin
Valley (Peischl et al., 2013).

wheret;;; is the time each back-trajectory footprint spends
at ground level (<100m) in the 2-dimensional c&ll for
the VOC sample at time, andc¢, is the measured concen-
tration of a compound at the ground site. Each cell has
corresponding;; value, representing the number of individ-
ual footprints included in each cell, which was determined
as the number of samples contributing to a cell's averag
(C_i.,-) (Seibert et al., 1994). To reduce bias from cells with
few samples (i.e., low;; values), a weighting function mul-

tiplies the (;;) result by a factor of 1, 0.7, 0.4, or 0.05 for The source receptor model with chemical mass balancing

cells withn;; values above th@go, O75, Oso OF below the i s eniner et al, (2012) effectively modeled emissions
0Oso percentiles, respectively (Polissar et al., 2001). Contour ; . .

; , of most compounds in a motor vehicle emissions study at
maps were then plotted using these final values and show

with a 1 arcsec elevation map obtained from the USGS Na—[he Caldecott tunnel and many of the compounds that are

. o : most prevalent in gasoline and diesel emissions at Bakers-
tional Map Seamless Servdrt{p://viewer.nationalmap.gov/ .. " ;

) o - : A field. We used the non-methane composition of thermogenic
viewer)). It is insufficient to only consider the distribution

of wind directions against compound concentrations WhenWet gas reported by the USGS (Table 1) to construct the ini-

. .tial petroleum operations source profile in our source recep-
complex meteorology affects the transport of air masses. Thl%or model. The composition of unrefined natural gas has sub-
is the case in California’s Central Valley. Similarly, basic sin- :

gle HYSPLIT back-trajectory analysis can oversimplify the stantial varla_b_|l|ty among all the vyells sampled., but th? aver

: ; : age composition was very effective for modeling the in situ

footprint of measurements into one single path and not ac- ' C .

S : data from Bakersfield. In many cases, ratios in ambient data

curately represent the distribution of ground-level residence . ; ; )

: : . can be impacted by differences in the rates of chemical reac-
times for an air parcel (Fig. 2).

tion in the atmosphere; as is the case in Los Angeles (Bor-
bon et al., 2013). At Bakersfield, the timescales for transport
from source to measurement site are much shorter than the

www.atmos-chem-phys.net/14/4955/2014/ Atmos. Chem. Phys., 14, 498%8 2014
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Figure 1. 1, 3, 6 and 12 h statistical footprints for the Bakersfield ground site (markee) laweraged across the entire CalNex campaign
(y andx axes represent latitude and longitude, respectively). DaytBnéE, H, K) and nighttime(C, F, I, L) averages are filtered for
08:00-20:00 PST and 21:00-06:00 PST, respectively, and are shown with overall ayardges, J).
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Figure 2. Examples of individual probability distribution back-

trajectory footprints produced using FLEXPART-WRF (contours

with log color scale — red: max, blue: min) for the southern San

Joaquin Valley with air parcels arriving at the CalNex-Bakersfield N ]

ground site. Two examples show results for the previous 6 h with S - 7 iuf% - % Z;g: MR

air parcels comingA) along a concentrated northwest flowpath and o0 O:O_W 5 0:00_%

(B) a more dispersed footprint from the southern tip of the valley. 100 200 300 400 100 200 300 400 T 100 200 300 400

Dates and arrival times are superimposed on the panels. Also showt o Bkt Houly Concentatons = ~ Avens Sope 45, CO ot o Los e e

are comparisons of single-path HYSPLIT back-trajectories (black

lines) and FLEXPART-WRF footprints. Figure 3. Concentrations of several compounds from Bakersfield,
CA shown against carbon monoxide with the average slope of com-
pounds vs. CO during the same time period at the CalNex-LA site in

. . . . asadena, CA (Bourbon et al., 2013). Concentration enhancements
timescales of reaction for the species considered here. Séz:bove VOC/CO line are due o emissions fr¢&+-E) petroleum

variability due to che_mlcal processing is neghgl_ble for all but operations andF-G) dairy operations, neither of which emit CO.
the most reactive primary emitted compounds in our Bakers—(H_l) are shown as examples of compounds that largely agree be-

field data (Gentner et al., 2012). _ _ tween Bakersfield and Los Angeles.
In addition to the compounds known to be in thermogenic

wet gas (Table 1), the model under-predicted the observed
concentrations of numerous alkanes. These compounds are
summarized in Table 2 and Fig. 4, which show their aver-pound in the “unexplained” mass is given in Table 2 with
age unexplained concentrations and the percent of total massmilar fractions in the overall source profile as the known
that is unexplained (determined by the residuals in the chem€s_7; compounds in thermogenic wet gas (Table 1). In all,
ical mass balance source receptor model). Most of the unthe interquartile range of the unrefined petroleum gas source
explained concentrations of these alkanes were well correeontribution was 7.6—89 ppbC, with a diurnal pattern that was
lated ¢ > 0.75) with the petroleum operations source con- strongly dependent on meteorological dilution (Supplement
tribution from the model and are attributed to this source.Fig. S3). This source represented a substantial fraction of an-
The presence of the branched and cyclic alkanes in unrethropogenic emissions. For comparison, the mass concentra-
fined petroleum gas is not surprising as there are significantion of compounds emitted by the observed petroleum oper-
amounts ofCs_7 straight chain alkanes in the reported com- ations source ranged from 30—40 % to 100-150 % of the sum
position (Table 1) and a select few have been measured inf compounds from motor vehicles during the afternoon and
other studies (Gilman et al., 2013; Ryerson et al., 2011). Yetpighttime, respectively (Supplement Fig. S4).
there are limited previous in situ measurements for many of The remaining branched and cyclic compounds that were
the compounds reported here, especially many of the cyclimot highly correlated with the petroleum gas source repre-
alkanes. Concentrations of aromatics observed at Bakerssent a relatively small amount of mass and we could not
field matched predicted concentrations from motor vehicleconfidently infer a specific source for these compounds. The
sources in our model, but other studies have observed arexcessC13-16 branched alkanes were well correlated>(
matic emissions from petroleum operations (e.g., Gilman e0.80) with each other, but not with any other compounds.
al., 2013). The excess concentrations©fp_11 branched alkanes were
The additional compounds attributed here to the petroleuntorrelated with each other, and one of the compounds, 2,6-
operations source profile increase the mass of emissions bgimethyloctane, was well correlated:$ 0.80) with the three
10.6 % as shown by the regression of the correlated “un-Cg cycloalkanes that do not correlate well with the petroleum
explained” compounds with the petroleum gas source (  operations source. These remaining compounds have ozone
0.95) (Fig. 5). The weight fraction of each correlated com- formation potentials similar to other observed compounds,
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Table 2.Interquartile ranges and MIRs for alkanes discussed in this work.

Compound name #inFig. 4 Interquartile WtC % of MIR
range [pptv]  unexplained mass  [g@~1]
propane - 1133-5602 0.49
n-butane - 230-6397 1.15
n-pentane - 221-2127 1.31
2-2-dimethylbutane 1 28.0-76.6 1.17
2-methylpentane & 2,3-dimethylbutane 2 121.6-501.0 9.92 1.2
3-methylpentane 3 50.1-253.9 7.67 1.80
2,4- & 2,2-dimethylpentane 4 13.7-54.7 1.3
3,3-dimethylpentane 5 4.0-16.6 1.20
2,3-dimethylpentane 6 19.7-93.0 1.34
2-methylhexane 7 23.2-90.3 2.73 1.19
3-methylhexane 8 28.0-124.6 3.48 1.61
2,2-dimethylhexane 9 1.0-4.0 1.02
2,5-dimethylhexane 10 6.2-35.8 1.44 1.46
2,4-dimethylhexane 11 7.4-32.0 0.84 1.73
2,2,3-trimethylpentane 12 2.7-12.1 1.22
isooctane 13 39.1-115.3 1.26
2,3,4-trimethylpentane & ctc-1,2,3-trimethylcyclopentane 14  31.6-160.2 7.38 13
2,3,3-trimethylpentane & 2,3-dimethylhexane 15 11.3-32.8 1.1
2-methylheptane 16 10.2-48.8 1.29 1.07
4-methylheptane 17 4.3-20.7 1.25
3-methylheptane 18 9.3-43.6 1.79 1.24
2,2,5-trimethylhexane 19 5.4-16.3 1.13
2,6-dimethylheptane 20 5.4-30.7 1.86 1.04
3,5-dimetylheptane 21 2.2-10.3 1.56
2,3-dimethylheptane 22 0.9-4.7 1.09
2- & 4-methyloctane 23 2.9-12.7 0.9
3-methyloctane & 4-ethylheptane 24 3.1-12.9 1.1
2,2,5-trimethylheptane 25 0.7-1.7 1.26
2,2,4-trimethylheptane 26 0.8-2.6 1.16
C10 branched alkanes (5 unknown isomers) 27 3.0-11.5 0.94
2,6-dimethyloctane 28 0.7-3.2 1.08
2- & 3- & 4-methylnonane & 3- & 4-ethyloctane & 2,3-dimetyloctane 29 6.9-24.6 0.94
C11 branched alkanes (3 unknown isomers) 30 0.7-2.6 0.73
C11 branched alkanes (10 unknown isomers) 31 5.4-17.5 0.73
dimethylundecane isomer #1 32 0.8-3.3 0.6
dimethylundecane isomer #2 33 0.8-2.6 0.6
C13 branched alkanes (2 unknown isomers) 34 2.3-5.8 0.6
C14 branched alkanes (6 unknown isomers) 35 4.4-11.3 0.55
C16 branched alkane (unknown) 36 1.3-3.1 0.47
cyclopentane 37  36.7-164.5 4.14 2.39
methylcyclopentane 38 57.4-315.3 9.24 2.19
cis-1,3-dimethylcyclopentane 39 14.8-100.1 5.09 1.94
trans-1,3-dimethylcyclopentane 40 16.4-177.7 7.70 1.94
ethylcyclopentane 41 7.9-44.4 1.89 2.01
ctc-1,2,4-trimethylcyclopentane 42 5.4-52.2 4.09 1.53
ctt-1,2,4-trimethylcyclopentane 43 1.7-15.5 1.29 1.53
Unknown methylethylcyclopentane 44 0.7-4.3 1.6
iso-propylcyclopentane 45 1.1-5.9 0.35 1.69
n-propylcyclopentane 46 2.1-10.0 0.56 1.69
cyclohexane a7 27.5-154.0 6.10 1.25
methylcyclohexane 48 20.4-147.0 7.17 1.70
cis-1,3- & 1,1-dimethylcyclohexane 49 4.6-38.4 291 1.4
trans-1,2-dimethylcyclohexane 50 4.6-42.4 3.27 1.41
trans-1,3-dimethylcyclohexane 51 2.9-17.8 0.91 1.52
cis-1,2-dimethylcyclohexane 52 1.9-9.8 0.51 141
ethylcyclohexane 53 4.8-31.9 2.31 1.47
ccc-1,3,5-trimethylcyclohexane 54 1.0-6.6 1.15
1,1,3-trimethylcyclohexane 55 2.0-20.4 2.26 1.19
1,1,4-trimethylcyclohexane 56 1.1-8.8 1.2
ctt-1,2,4- & cct-1,3,5-trimethylcyclohexane 57 0.7-3.9 1.2
ctc-1,2,4-trimethylcyclohexane 58 1.2-9.6 1.2
1,1,2-trimethylcyclohexane and isobutylcyclopentane 59 0.7-2.0 1.3
methylethylcyclohexane isomer #1 60 0.8-4.5 0.32 14
methylethylcyclohexane isomer #2 61 0.7-3.7 0.27 14
iso-propylcyclohexane 62 0.9-5.2 1.3
n-propylcyclohexane 63 2.9-15.5 1.29
unidentified C10 cyclohexane 64 2.5-7.8 1.07
unidentified C10 cyclohexanes 65 0.7-2.7 1.07
unidentified C9 cycloalkane 66 1.2-11.0 1.23 1.36
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Figure 4. Many branched and cyclic alkanes exceeded predicted concentrations based on source profiles for motor(AeBirlde

average unexplained concentration of each compound and the percentage of unexplained mass out of total observed mass. Compounds tt
are well correlatedr > 0.75) with the petroleum gas source are shown with shaded bars. A few compounds have negative réSidpls.
Examples of exceedances of observed over-predicted values are shown with a 1: 1 line.

- o of higher molecular weight organic carbon, potentially from
704 r=095 petroleum operations, but we did not observe any significant
Slope = 0.106 + 0.002 correlation with their data.

Unrefined thermogenic wet gas is largely comprised of
methane when extracted at the wells. Yet, at the Bakers-
field ground site observations of methane and contributions
from the petroleum operations source were not well cor-
related (Supplement Fig. S5). Additionally, the potential
methane emissions expected based on the thermogenic wet
gas source profile (Table 1) would exceed all of the observed
methane enhancements above background concentrations by
over 30 %. Despite the absent methane emissions, the large
source of hydrocarbons is well modeled by the source pro-

"Unexplained" Compounds [ppbC]

o file from unrefined thermogenic wet gas in the San Joaquin
T T T T T T .
0 100 200 300 400 500 600 Valley when using propane and Igrger compounds. _
Non-methane petroleum gas [ppbC] We compared the relative ratios of hydrocarbons in the

) ) thermogenic wet gas profile data to regression slopes of in
Figure 5. The sum of unexplained compounds was very well cor- iy, qata and canister data to further explore emissions from
related with gas-phase emissions from the modeled petroleum op- . - . .
erations source with a slope of 0.106. This increases emissions b etroleum operathns usllng . ethane and 'Isobutane, Wr."Ch
10.6 % from the original profile. ere not available in our in situ data. The light alkanes dis-

cussed here were very well correlated in measurements from

Bakersfield. Regressions witly@nd larger compounds have

more scatter due to emissions from gasoline-related sources,
ranging from 0.6 to 1.6 g9y, but their excess concentra- s they are excluded here and addressed using the source re-
tions after modeling were minimal — average values from Oceptor model (example in Supplement Fig. S2). For the light

to 0.15ppbC each (Fig. 4). Work by Liu et al. (2012) and glkanes, which have relatively minimal contributions from
Chan et al. (2013) at CalNex-Bakersfield inferred a source
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Table 3.0Observed light alkane ratios (gC g&) from this and other studies.

Data ethane/ propane/ n-butane/ ethane/ Sample
Source propane n-butane isobutane  n-butane size (V)
Unrefined SJV thermogenic wet gasThis 1.2+0.2 29+0.7 1.7+£04 3.4£0.8 49
[Lstd. err. &std. dev.)] study/USGS (£1.2) (+4.6) (£2.8) (£5.3)
Bakersfield ambient canister This study 0.6:0.03 1.8+0.1 1.7£0.04 11401 46
measurementst{std. dev. (r)] (r=0.93) (r=0.98) (r=0.99) (r=0.90)
Bakersfield ambient in situ This study  — 1.940.01 - - 693
measurementsHstd. dev. £)]2 (r=0.98)

Colorado Front Range ambient Gilmanet 0.86+0.06 1.5+0.1 2.3+£0.2 1.3+0.1 554
in situ measurementsdstd. err. al. (2013) (£1.41) (+£2.6) (+4.6) (+£2.2)
(+std. dev.)fd

Colorado Front Range ambient canPetron etal. — 1.5-1.7 - - 25+
ister measurements [range:gtd. (2012) (£0.01)
dev.) ()]° (r~1)
SW US (fall) ambient canister Katzenstein 1.1+0.2 1.7+£0.4 2.2+0.5 1.9+0.4 85
measurementst{std. err.f:d etal.

(2003)
SW U.S. (spring) ambient canister Katzenstein 1.4+0.1 2.0+£0.3 2.0+£0.3 29+04 261
measurementst{std. err.f.d etal.

(2003)
East Texas Condensate Tanks Hendleret 0.644+0.04 1.3+0.1 1.9+0.2 0.78+£0.07 24
[£std. err. std. dev.)] al. (2009) (£0.20) (£0.4) (£0.8) (£0.33)

Notes:

— Comparison done usingy@lkanes and smaller as there are large contributions/interference from motor vehicle sourgesrfdia@ger compounds at Bakersfield.

— Standard error (aka standard deviation of the mean) is reported as the primary uncertainty for the unrefined natural gas profile and others where appropriate, and
represents the variability of the average within large highly variable data sets. Further information on statistical definitions/differences can be found in Altman and
Bland (2005). Both the standard error and deviation are provided so the reader can judge the uncertainty and variability.

— Results of positive matrix factorization (PMF), and similar studies are excluded from this comparison (Peischl et al., 2013; Buzcu and Fraser, 2006; Leuchner and
Rappengluck, 2010).

2 Measurements of ethane and isobutane were unavailable from Bakersfield in situ data.

b Range of 5 data regressions, each with 25 or more samples and very small uncertainty. Other regressions were not reported in Petron et al. (2012).

¢ Ratios calculated from mean mixing ratios and their standard deviations, with propagation of uncertainty.

d studies focused on regions with large oil and gas operations.

motor vehicles at the site, we compare ratios between atmothe canister data (14 0.1) relative to the unrefined gas data
spheric data and the source profile expected for petroleun3.44 0.8). The propane to n-butane ratios in the in situ and
operations (Table 1) with the results summarized in Table 3canister data (1.2 0.01 ¢ = 0.98) & 1.84+0.1 (- = 0.98))
Ratios of n-butane to isobutane strongly support the concluwere slightly lower than in the oil well data (2490.7). The

sion of a petroleum operations source, as they are identiselective removal of ethane and propane along with methane
cal with 1.7+ 0.4 and 1.4 0.04 ¢ =0.99) in the oil well ~ changes the overall petroleum operations source profile ob-
data and in canister measurements from Bakersfield, respeserved at Bakersfield, primarily for ethane, which was not
tively. The process of methane separation from the associtised in our source receptor model. This also results in a
ated petroleum gas can remove a fraction of very light alka-33 % decrease in the propane weight fraction of the source
nes (i.e., G_3) and affect their relative composition to other profile. A revised source profile is shown in Table 4 with
hydrocarbons in the condensate (Armendariz, 2009; Hendlethe addition of the previously “unexplained” compounds. We
et al., 2009). This is consistent with our observations of ra-modified the propane content of the source profile to reflect
tios involving G_3 alkanes. The ethane to propane ratio this slight change in the propane composition relative to n-
(gCgC1) observed via canister measurements at the Bakbutane, and it resulted in very minor changes to the source re-
ersfield site (0.6-0.06,r = 0.93) (Supplement Fig. S1) is ceptor model outputs and maintained the same robust model
significantly lower than expected based on the thermogeniaiagnostics. The results reported throughout the paper re-
wet well composition in the San Joaquin Valley (£8.2).  flect this minor change. The new source profile (Table 4)
Similarly, the ethane to n-butane ratio is significantly lower in does affect the overall ozone formation potential. Including
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Table 4. Observed petroleum operations source profile at Bakers4is not a major source of methane in this region. In many
field. cases, methane emissions are coincident with emissions of
non-methane hydrocarbons at petroleum extraction or pro-

Compound wiC % cessing sites due to either co-emission from the same equip-
ethane 19.72 ment/reservoir or co-located emission pathways at the same
propane 34.02 facility (Katzenstein et al., 2003; Petron et al., 2012; Gilman
n-butane 17.87 et al., 2013). For comparison, we include light hydrocar-
nrpenane i’;i bon ratios from other relevant studies in Table 3. Given re-
n-heptane 057 gional variability in oil/gas deposit composition, direct ex-
isobutane 10.61 trapolation between regions should only be done with care-
isopentane 2.57 ful attention to compositional differences in wells and other
neopentane 0.70 fuels, especially in urban areas where there are numerous
2-methylpentane & 2,3-dimethylbutane 095 sources of light hydrocarbons. Despite this expected het-
gjmgiﬂi:ﬁgggﬂe 8:;2 er_og_eneity, ratios are simila_r k_Jetween most of the studies
3-methylhexane 0.33 within the calculated uncertainties. The consistency between
2,5-dimethylhexane 0.14 ratios of ethane to propane and n-butane between our ambi-
2,4-dimethylhexane 0.08 ent measurements and condensate tank samples in Hendler
2,3,4-trimethylpentane & ctc-1,2,3-trimethylcyclopentane  0.71 et al. (2009) supports the case for emissions from conden-
g:mgmgmgg:gzg 8'1? sate storage tanks or associated equipment. Our observation
2,6-dimethylheptane 018 of a major petrqleum o_peratlor_ws source vv_|t_h minimal coinci-
cyclopentane 0.40 dent methane is consistent with composition measurements
methylcyclopentane 0.89 of condensate storage tank emissions in two Texas-based
cis-1,3-dimethylcyclopentane 0.49 studies. The tanks contain the separated non-methane lig-
trans-1,3-dimethylcyclopentane 0.74 uids and emissions were dominated by non-methane hydro-
itt:}/llcgi?tﬂ(;?;taﬁjcyclopentane 061389 carbons (Armendariz, 2009; Hendler et al., 2006). The stud-
ctt-1,'2,'4-trimethy|cyc|opentane 0.12 ies demonstrated that condensate tanks eml_t 4_—6 times more
iso-propylcyclopentane 0.03 VOCs than methane, whereas all other emission pathways
n-propylcyclopentane 0.05 emit 3—15 times more methane than VOCs, and methane was
cyclohexane 0.58 on average only 1% 11 wt% of 20 vent gas samples from
methylcyclohexane 0.69 condensate tanks (Armendariz, 2009; Hendler et al., 2009).
cis-1,3- & 1,1-dimethylcyclohexane 0.28 Similar results can also be found in positive matrix factor-
trans-1,2-dimethylcyclohexane 0.31 L . .
trans-1,3-dimethylcyclohexane 0.09 ization (PMF) studies in the urban area of Houston, a promi-
cis-1,2-dimethylcyclohexane 0.05 nent region for petroleum imports and refining. They re-
ethylcyclohexane 0.22 ported considerable emissions attributed to oil/gas operations
1,1,3-trimethylcyclohexane 0.22 and petrochemical production of other chemicals (Leuchner
methylethylcyclohexane isomer #1 003 and Rappengluck, 2010; Buzcu and Fraser, 2006). One evi-
methylethylcyclohexane isomer #2 0.03

dent source, termed oil/natural gas evaporation from refiner-
ies, was comprised of C7 straight and branched alkanes, as
E‘%tgjr:ce profile carbon fraction is 0.82. well as cyclopentane, cyclohexane, and mthyIcycIopentane.
— Uncertainties are defined as standard errors and conservaii&0yg) mainly due to theln Leuchner and Rappengluck (2010), a similar source ac-
variability in the oil well data. counted for 27 % of observed VOC mass at the urban site out-
side of the Houston shipping channel, and resulted in atmo-
spheric concentrations ranging from 10—40 ppbC diurnally
these “new” compounds increases the ozone forming potenfrom that source.
tial of the reported petroleum operations source profile to The good agreement of the observed non-methane hydro-
0.82gQ g1, due to the addition of more reactive cycloalka- carbon source profile with the measured composition of as-
nes and branched alkanes to the initial source profile (Tasociated gas in oil wells (accounting for the selective reduc-
ble 1). tion of C,_3 alkanes) suggests that emissions occurs via a
The successful modeling of these emissions using theathway involving volatile non-methane components sepa-
source profile constructed from well data and the consis+ated from thermogenic wet gas. This is very likely a fugitive
tency of hydrocarbon ratios between wells and Bakersfieldemission pathway(s), occurring predominantly after methane
measurements (canisters and in situ data) contributes to theeparation, during the extraction, storage, or processing of
strong evidence of emissions from petroleum operationscrude oil, associated gas, or condensate. In 2012 and 2013,
Overall, our results infer that the VOC source character-California issued targeted standards to reduce emissions of
ized and classified as petroleum operations in this analysi¥OCs and methane from oil and natural gas operations.

unidentified C9 cycloalkane 0.12
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Table 5. Interquartile range @25 — Q75) at Bakersfield shown with the source profile of dairy operations (determined using ground site
Bakersfield data and aircraft measurements in the San Joaquin Valley), and the ozone formation potential (MIR) of individual components.

Compound IQR [ppbv] wt% MIR[g@g 1] % of Observed concentrations
from dairy operations during
CalNex-Bakersfield

[avg. (range)]
Methane 1950-2380 93.3 0.014 -

Methanol ~ 9.5-25.5 1.4 067 27 % (22—37 %)
Ethanol 3.9-143 49 157 45 % (18-67 %)
Acetic acid  0.79-2.5 0.45 0.68 28 % (11-44 %)

Note:

There are potential contributions from other organic compounds (e.qg., carbonyls, larger alcohols, acids, alkenes).
Based on our data, they are either minor or much more reactive than measured species, as they could not be
apportioned with significance in ambient measurements. Nevertheless, there are potentially other compounds emitted
from dairy operations that have high ozone formation potential.

These efforts to control VOCs are primarily directed at stor- Dairy Operation Plumes in San Joaquin Valley
age tanks and other relevant equipment, with a focus on emis- 117 Slope = 7.4 + 0.6 mmol mol '
sions during production and transmission from equipment r=089

that stores and handles crude oil or condensate, and effective 10 N =471 min. pts.)
control technologies (California Air Resources Board, 2012,
2013). Spatial mapping of emissions in Sect. 3.3 suggests an
area source with a similar distribution to oil wells in the San
Joaquin Valley.

The results of this section along with the following sec-
tions form and augment the conclusion that the vast majority Ps
of methane enhancements observed in the San Joaquin Val-
ley are due to emissions from dairy operations. In particular,
Sect. 3.3 shows the statistical source footprint of emissions
from petroleum operations in stark contrast to both the sta- . [ . . . . .
tistical source footprint of methane emissions and the spatial 19002000 2100 2200 2300 2400 2500
distribution of methane concentrations measured via aircraft cthane [ppbv]
in California’s Central Valley with large spikes over areas Figure 6. Methanol and methane concentrations are well cor-
with high concentrations of dairies. It is very possible that related in dairy operation plumes sampled via aircraft (flight
there are emissions of methane in the San Joaquin Valleglates: 5/7, 6/14, 2010). Ratios of methanol to methane average
from other petroleum operations that are downstream fron¥ -4 0.6 mmol mof! and range up to 16 mol mot due to the het-
our observed source, perhaps related to natural gas markeflogeneity in emission pathways at dairy operations. Note: the data
ing. The results of this study infer that these emissions aré"oWn here represent a subset of dairies in the valley.
minor compared to dairy operations, and are predominantly
not co-located with our characterized petroleum operations

Methanol [ppbv]

source. means were greater in Bakersfield, by approximately 300 %
o _ _ and 50 %, respectively. Despite the larger human population
3.2 Emissions from dairy operations of the South Coast air basin, nighttime geometric means were

70 % and 240 % greater in Bakersfield compared to coinci-
We observed evidence for substantial emissions from dairydent measurements at Pasadena, CA (CalNex) for ethanol
operations in the San Joaquin Valley. These emissions, unand methanol, respectively. The mean and median ethanol
like the petroleum operations source, were dominated byconcentrations at the urban Bakersfield site were 12.8 and
small alcohols, acetic acid, and methane. Concentration3.6 ppbv, respectively. These values are several times greater
of the major non-methane organic compounds — methanolthan observations of urban and continental ethanol mixing ra-
ethanol, and acetic acid (average and interquartile range cortios globally, as reported by Kirstine et al. (2012). However, a
centrations in Table 5) — are higher than previous measureecomparison of methanol concentrations is within the typical
ments at other locations. Compared to another urban grounthnge of observed values globally (Heikes et al., 2002).
site in Pittsburgh during summer 2002 (Millet et al., 2005), The methanol to methane emission ratio in dairy operation
the ethanol and methanol interquartile ranges and geometriplumes measured on the aircraft was #.@.6 mmol mott
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Figure 7. Observations of non-vehicular ethanol vs. methane arerigure 8. Acetic acid vs. methane shown with the inferred acetic
correlated and shown with the inferred emission ratio from dairy acid : methane emission ratio from dairy operations. Acetic acid ex-
operations. Enhancements of ethanol from a source other than thgeedances above the emission ratio are due to other sources of acetic

dominant source of methane and ethanol are shown by enhancegid coincident with emissions o) formic acid,(B) acetone, and
ments in(A) chloroform, (B) trichloroethylene, andC) carbon  (c)isoprene.

disulfide. No major enhancements of methane are observed beyond
the inferred slope with non-vehicular ethanol.

ing a larger sample size of data from more locations in future
source characterization studies.
Ground site ethanol and acetic acid data were compared
(aka ppbv ppmv?); this slope of the regression4 0.89) is  to methane to determine their emission ratios with close at-
nearer to the lower limit of the 7-16 mmolmdl range in  tention to enhancements from other sources. For ethanol and
the plumes (Fig. 6). This ratio was constructed from mul- somewhat for acetic acid, there is a clear slope that emerges
tiple transects and shows a range of ratios indicating soméFigs. 7—8) against methane with occasional enhancements in
near-source variability in emissions from the different path- ethanol or acetic acid that are coincident with high concen-
ways of emissions. This ratio could be improved by collect- trations of tracers for other sources. In contrast, there were
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no enhancements in methane concentrations past these basie cultivation in the San Joaquin Valley. The bulk of Cal-
line slopes in the data. This is indicative of a singular majorifornian rice cultivation is located in the Sacramento Valley
source of methane that is clearly related to ethanol and acetie the northern portion of California’s Central Valley. In the
acid. This result, along with the results of Sect. 3.3 show-San Joaquin Valley, emissions from dairy operations should
ing the agreement of dairy locations with the spatial distri- far outweigh those from rice cultivation. This work is fo-
bution of concentrations (measured via aircraft) and the stacused on sources in the San Joaquin Valley, but data from
tistical source footprint of both methane and ethanol, sup-aircraft canister measurements suggest that dairy operations
ports the conclusion that dairies are the predominant sourcand rice cultivation have different emission ratios of ethanol
of methane in the San Joaquin Valley and emissions fronto methanol (Supplement Fig. S6). In general, observations
petroleum are minor in comparison. To calculate emissionbetween the two valleys are heavily influenced by the major
ratios, data points with enhancements due to other sourcesource that dominates in each air basin (Figs. 13, S11).
(determined and shown by correlation with other tracer com- Constructing an overall source profile for dairy operations
pounds) were not considered in the emission ratio assesss difficult since methane, light alcohols, and acetic acid all
ment. Thus isolating the ethanol and acetic acid associatetave different emission rates from specific source pathways
with dairy operations. With dairy (and other cattle) oper- at dairies. Previous studies report that methane emissions are
ations responsible for the vast majority of methane emis-minimal from animal waste and greatest from enteric fermen-
sions observed at the Bakersfield site, the emission ratios dfation in cows, whereas emissions of non-methane gas-phase
ethanol and acetic acid to methane are effectively the loweorganic carbon come predominately from animal feed, fol-
limit of slopes versus methane when enhancements fronbowed by waste, with minor contributions from the animals
other sources of ethanol or acetic acid are at their minimumthemselves (Chung et al., 2010; Howard et al., 2010b; Shaw
At the Bakersfield ground site, concentrations of non-et al., 2007; Sun et al., 2008). Further variability is intro-
vehicular ethanol (calculated via the source receptor modelluced by factors such as feed composition, temperature, and
were well correlated with methane, except for outliers with specifics of feed and waste handling. Table 5 summarizes the
enhancements in ethanol that were coincident with largeaverage regional source profile for dairy operations, deter-
enhancements in tracers of other ethanol sources (Fig. 7mined via downwind sampling of a large collection of indi-
Other potential sources of alcohols and oxygenated gasvidual farms/feedlots in the San Joaquin Valley. Comparison
phase organic carbon are wastewater treatment, vegetationgainst other studies is limited by the lack of a similar set of
soil processes, motor vehicles, and landfill/composting facil-compounds. Previous studies report high emission rates for a
ities. At low concentrations of these tracers, non-vehicularselection of the primary compounds in Table 5, but there is no
ethanol and methane are very well correlated with a slope ofull set for comparison, and other work is focused on singu-
18 mmol mot L. Chloroform, trichloroethylene, and carbon lar emission pathways rather than the overall source profile.
disulfide correlate with different points that deviate from the Extrapolation to other regions must be done with caution, as
emission ratio, suggesting multiple other minor sources ofthe emission ratios reported here are region specific. So here
ethanol. we compare our results to other studies to the extent that it is
The results of the acetic acid versus methane assessmepobssible.
(Fig. 8) at the Bakersfield ground site produced similar re- In this and other studies, emissions of ethanol are typically
sults to that of non-vehicular ethanol versus methane. The engreater than methanol, ranging 1.3—2.4 molntoBased on
hancements of acetic acid above the emission ratio slope cdhe literature and our results, it is apparent that the ratios of
incided with tracers of other primary and secondary sourcesthe two main alcohols to methane can vary depending on
We calculated an emission ratio for acetic acid to methane othe relative amount of animals versus feed and waste, and
1.3mmol mot 1. This value represents a lower limit of acetic the specifics of feed/waste storage and processing. Our re-
acid emissions associated with dairy operations. There is reported ratios represent the average for the region; the ratio of
maining uncertainty in this emission ratio and, based on thesthanol to methane reported by Sun et al. (2008) for lactating
data shown in Fig. 8, the ratio of acetic acid to methane coulccows and waste (24 mmol mdl) is slightly higher than our
be up to 50 % greater. The diurnal profile of acetic acid alsovalue (18 mmol mot?). Their ratio of methanol to methane
suggests emissions from local/regional sources since conceif19 mmol motl) was greater by 150 %, but is within the
trations are at their maxima during the night when emissiongange observed in our analysis of aircraft data. The differ-
accumulate in the nocturnal boundary layer with minimal ences between results can potentially be attributed to the ab-
horizontal or vertical dilution. The results of our study show sence of feed, which will increase alcohol emissions. Mea-
that there are high concentrations of acetic acid that are assgurements of acetic acid are less common so there are few
ciated with methane, formic acid, acetone, or isoprene. Thistudies to compare emission ratios. Shaw et al. (2007) re-
indicates that there are multiple major biogenic and anthroported ratios of acetic acid to methanol ranging from 0.05 to
pogenic sources of acetic acid in the San Joaquin Valley.  0.94 mol mot! for cows and their waste. In this work, we
Rice cultivation could also be an important source of light observed a ratio of 0.18 mol nol.
alcohols and methane (Peischl et al., 2012), but there is little
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Emissions of other compounds have been reported fron87 %. 28 % of observed acetic acid was from dairies with
dairy and other livestock operations, most in relatively minor a diurnal range of 11-44%. As mentioned previously, the
quantities compared to the dominant compounds presented iemission ratios for methanol and acetic acid are conservative
this work. There are likely small emissions of low molecular estimates that may tend towards lower limits. In this case, the
weight aldehydes (e.g., propanal, butanal), ketones (e.g., acéaction of methanol and acetic acid from dairy operations
tone), other alcohols (e.g., propanol, phenols), alkenes, andill increase slightly, but since ethanol makes up a dominant
esters (e.g., propyl acetate, propyl propionate) from dairy opfraction of the non-methane source profile (Table 5) these
erations (Chung et al., 2010; Howard et al., 2010b; Malkinachanges will have a negligible impact on the overall source
et al., 2011). In general, a major source of many oxygenategrofile and implications of dairy operations on air quality
species is secondary production from the chemical oxidatiorin the valley (Sect. 3.4). Due to the increased use of gaso-
of other compounds. The measurements used in this studline, 9.6+ 5.8 % of ethanol was emitted by gasoline-related
similarly suggest substantial contributions from secondarysources. Of the remainder, 48 % was from dairy operations
production for many of the measured carbonyls and acidson average with a diurnal range of 30-71 %.

At the ground site and from the aircraft, emissions of many The diurnal average of the percent contribution from dairy
of these carbonyls from dairy operations could not be de-sources (Supplement Fig. S8) shows minima during the day-
tected due to the magnitude of other sources, and there wettme for acetic acid and non-vehicular ethanol. These ratios
no measurements of esters or larger alcohols. In this studwary widely with time of day and meteorology. This day-
dairy operation emissions of these minor compounds (acetime minimum can be attributed in part to biogenic emis-
tone, methyl ethyl ketone, propanal, butanal, and other oxysions of ethanol when emissions from natural vegetation
genated VOCs measured at the Bakersfield site) make onlgnd agriculture are likely highest. For acetic acid, the min-
minimal contributions to total emissions of these compoundsmum is likely due to secondary production from the oxi-
on a valley-wide basis. One potential exception is acetaldedation of isoprene and other reactive precursors. Methanol
hyde; previous work reported emissions equivalent to 20-did not have a strong diurnal pattern, since other major day
110 % of ethanol emissions from feed and relatively minorand nighttime sources have similar emission patterns (e.g.,
emissions from cows and their manure (Makina et al., 2007 vegetation). The remaining methanol observed at the Bak-
Shaw et al., 2007). In this study, no significant correlation ersfield site can be attributed to a mix of emissions from
was observed between acetaldehyde and methane in the daianthropogenic urban sources, natural vegetation, and bio-
plumes measured by aircraft, and insufficient data exist fromgenic emissions from agriculture. A recent study by Hu et
the ground site to check for emissions of acetaldehyde. Alsoal. (2011) found that 90 % of methanol was biogenic dur-
neither methyl ethyl ketone nor acetone were well correlatedng the summer in the Midwestern US, with the remainder
(r = 0.55-0.65) with methane in the dairy plumes measuredbeing anthropogenic. Heikes et al. (2002) reports a similar
by the aircraft. Other studies on volatile organic acids havevalue with primary biogenic emissions responsible for 81 %
also reported emissions of propanoic acid and butanoic aci@f non-oceanic emissions. Dairies are an important source
with relative emission rates ranging from an order of mag-of methanol in the San Joaquin Valley along with emissions
nitude below acetic acid to the same order of magnitude agrom agriculture and natural vegetation. The methods used
acetic acid (Alanis et al., 2010; Shaw et al., 2007; Sun et al.jn these studies to allocate emissions will determine whether
2008). We did not measure propanoic or butanoic acid, butairy (and other cattle) operations are categorized as biogenic
we did not observe any correlation between measured coner anthropogenic sources. In this work we consider emis-
centrations of either formic or oxalic acid and the prominentsions from dairy operations to be anthropogenic, similar to
compounds emitted from dairies at the Bakersfield groundthe CARB inventory.

site. Based on our work and the literature, acetic acid appears Pusede et al. (2014) found that daytime average concen-
to be the most prominent acid emitted by dairy operations. trations of light alcohols, aldehydes, and acids at the Bak-

One of the objectives of this study was to provide a ba-ersfield site increased with daily maximum temperature. It is
sic source profile, averaged over the bulk of dairy oper-possible that increases in ambient temperature could lead to
ations in the San Joaquin Valley with the understandingincreases in silage emissions due to enhanced volatilization
that the profile can potentially vary between individual op- of some compounds (e.g., alcohols), which would change the
erations. Methanol, ethanol, and acetic acid were the prereported source profiles slightly. Yet, ethanol was the most
dominant non-methane compounds emitted from dairy op-prominent non-methane compound in our source profile and
erations. Figure 9 shows comparisons of the concentrationsesults from Pusede et al. (2014, Table A2) show that day-
of these compounds attributed to dairy operations versusime averages of ethanol did not increase between moderate
the total observed concentrations for each hourly sample irand high temperatures. So, we do not expect major changes
Bakersfield. The percentage of each compound from dairiesvith temperature for the dairy source profile reported in this
ranged widely with some significant diurnal patterns (Sup-work and recommend further research to identify other high-
plement Fig. S8). On average, 27 % of observed methanolemperature sources of oxygenated compounds.
was from dairies with hourly averages ranging diurnally 22—
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Table 6.Quartiles [ppbC] for ambient concentrations from major petroleum-based sources measured at the Bakersfield site (does not include
methane emissions) shown with average maximum incremental reactivity (MIR) values and secondary organic aerosol (SOA) yields for each
source.

025 0s0 Q75 MIR[gO3g™Y] SOAyield [gSOA g™}

Gasoline exhaust 12 21 35 45 0.628.007
Diesel exhaust 15 28 54 25 0.£9.05
Non-tailpipe gasoline 4.1 8.1 18 2.0 0.0G24.0001
Petroleum gas source 7.6 20 89 0.82 ~0

Dairy operations 5.7 11 26 1.3 ~0

Note:

— Gasoline and diesel exhaust include both emissions of unburned fuel and products of incomplete combustion. MIR and
SOA yield values for motor vehicle sources shown for comparison from Gentner et al. (2013) and Gentner et al. (2012)
for comparison.

— Dairy operations include other cattle farming in the San Joaquin Valley, and the MIR value is for the NMOC fraction of
the source profile.

— The average ozone formation potential (MIR) value is potentially an underestimate due to other organic compounds
emitted, which may also impact the SOA formation potential (see Table 5 note).

3.3 Spatial distribution of sources and aircraft measurements of ethanol and methane (Figs. 13,
14). While there are dairy operations within the 12 h foot-

Using FLEXPART-WRF meteorological data and methods,print and the .em.itted methar_mt and_ ”th alcohols haye long
distributions of back-trajectories were calculated for 6 anga{mospheric lifetimes, the dairies within the 6 h footprint are

12 h prior to arrival and measurement at the Bakersfield site.mUCh more influential on elevated concentrations, especially

Overall averages, as well as day and nighttime averages, afd night. The spatial distributions of petroleum and dairy op-
shown for the entire campaign in Fig. 1. The influence of eration emissions clearly show that they are coming from dif-

local emissions near the site is important at all times. Day_ferent parts of the valley. The maps in this section provide

time measurements are largely impacted by transport fron?tro”g supporting evidence that the vast majority of methane

the north-northwest due to consistent up-valley flows duringIS emitted from dairy (and other cattle) operations.

the day. In contrast, at night the wind speeds and direction areh,The stat'|st|cal efml's_s'ons r'napp;ng method i de"e"?pﬁ‘? in
more variable and irregular with flows that arrive from all this paperis a useful integration of concentration-weighting

directions, but originate as up-valley flows from the north- trajectory methods with the FLEXPART-WRF modeling

northwest. Extensive reviews of meteorology and flow pat_platform. This emissions mapping tool is effective at locat-

terns in the San Joaquin Valley found elsewhere are consié:—ng point and area sources, especially for prominent Sources
tent with the results presented in this work (Bao et al., 2007;" th? San Joe.lqu.ln Valley. The analyses of the spatlal' dis-
Beaver and Palazoglu, 2009). The footprint analysis used irJir|but|on of emissions from petroleum and dairy operations

this study provides a good representation of the distributionShOWn in this work are two applications of this technique. For

of surface-level areas that influence parcels’ contact with thd €S€ PUTPOSes, either cogc?ntratmtr; datagr ?ogel;nghgurtlputs
surface layer and associated sources, but potentially has son\gJ-+ SOurce receptor models) can be used, both of which ap-

uncertainty given the complexities of Bakersfield meteorol-P€a" in this work. Further development of this approach will
ogy (Angevine et al., 2013). continue to improve its utility and quantitative outputs, but

Statistical meteorological modeling using ground site datacaut|0n must be given to the transport timescales and tracer

resulted in a spatial distribution of petroleum gas emissiong'rf]et'me'_ T_he:e IS onef I|m|te_1t|on tol th_e cur:rent versf|on Olf
similar to that of oil wells in the southern San Joaquin Valley (€ Statistical source footprint analysis. The area of analy-
(Fig. 10). Additionally, canister samples taken via aircraft in sis is limited to the distribution of sample footprints across

the region show higher propane (a major component of thé’;l" runs, and there is likely insufficient data to assess areas
source profile) concentrations for some points in the southQutside that total footprint. Nevertheless, the current method

| is excellent for looking at the most important sources that
dimpact an area, such as Bakersfield in this study. Coverage
é:ould be improved in other studies by using data from multi-
le sites in a region, but care must be exercised to ensure the
ata is properly weighted. Overall, this work demonstrates
The statistical distribution of emissions of non-vehicular (€ €fficacy and usefulness of this tool, warrants f_urther de-
velopment, and future work should apply it on regional and

ethanol and methane were similar for both 6 and 12 h back " : .
trajectories. The map of emissions is consistent with the dis_contmental scales, as appropriate, to locate primary sources

tribution of dairies in the San Joaquin Valley (Figs. 11, 12) of pollution.

ern part of the valley (Fig. 10c). Given the co-location of oi
wells in the region and the spatial distribution of elevate
concentrations of petroleum gas compounds, it is probabl
that the observed emissions occur at or near the wells during
extraction, storage, and initial processing.
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Joaquin Valley. On a mass basis, observed VOC concentra-

2

_ T 11,7 tions from petroleum extraction/processing were on the same
g - /// order as emissions from motor vehicles. Yet, they represent
= L7 a relatively minor contribution to potential ozone formation,
é 60 et as the average MIR value for the source (0.82g9) is
g // ~ 3-6 times less than that of motor vehicle sources. Direct
ii 40 - . contributions to secondary organic aerosol (SOA) from the
8 petroleum operations source profile in this study are likely
é to be minimal, given that the yields for all of the alkanes
S o with eight or less carbon atoms will be 0.002 gSOA gt
§ | most, with an organic particle loading of 10 pgm(Gen-
0 20 40 60 80 100 tner et al., 2012). The potential ozone and SOA implications
- Observed Ethanal [ppbv] of petroleum operation emissions will depend greatly upon
100 —_— composition, which varies between regions. We did not ob-
d serve any aromatic content, but other studies have observed
80 /7 aromatic and other larger compound fractions (Carter and
. Seinfeld, 2012; Gilman et al., 2013). Aromatics have been

o))
o
|

\

shown to be very effective precursors to SOA and ozone
(Gentner et al., 2012; Carter, 2007). So, their presence in
oil/gas emissions will have further implications for air qual-
ity.

Dairy operations in the San Joaquin Valley are largely re-
sponsible for the higher than typical ethanol concentrations
in the San Joaquin Valley. Based on the primary compounds
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Methanol from Dairy Operations [ppbv]
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Observed Methanol [ppbv] observed from dairy operations (ethanol, methanol, acetic
© 15 , acid), we infer that emissions have minor impacts on SOA
1:,1’ formation, but have a greater potential to impact ozone for-

109 it mation with an MIR of 1.3g@g 1. The inclusion of other

oxygenated compounds previously observed from dairy op-
erations (e.g., Hafner et al., 2013) to the basic source profile
in Table 5 may increase the ozone and SOA formation poten-
tial. Yet, in this study they were minor and not significantly
correlated with other dairy emissions (see Sect. 3.2).
In Bakersfield during spring/summer, dairy operations
g were responsible for 22 % of anthropogenic non-methane or-
N B N N ganic carbon emissions and 13 % of potential anthropogenic
L . e ozone formation. Similarly, petroleum operations were re-
sponsible for 22 % of anthropogenic emissions and 8% of
Figure 9. Estimated concentrations of non-methane organic com-Potential ozone. Motor vehicles were responsible for the re-
pounds emitted by dairy operations shown against ambient obsermaining 56 % of anthropogenic emissions, 79 % of anthro-
vations at the Bakersfield ground site. Emissions are apportioned tpogenic potential ozone formation, and essentially all of the
dairy operations using the emission ratios of methane determineghotential anthropogenic SOA formation. It is important to
using aircraft and ground site measurements. On average, 45% giote that emissions from petroleum and dairy operations
observedA) ethanol is from dairies, whereas, smaller fractions of hgve substantial potential to impact the atmospheric chem-
(B) methanol (27 %) andC) acetic acid (28 %) are from dairy op- jstry |eading to secondary pollution, but they themselves
er_atlons. These fractions vary W|t_h tlme of day an_d source _strengthare not a major source of SOA precursors (note: does not
Diurnal patterns of percent contributions from dairy operations are . . .
shown in Supplement Fig. S8. consider aqueous chemical processing). These res_ults apply
to the emissions of VOCs from petroleum operations ob-
served and characterized in this work; other recent work on
petroleum operations has reported emissions of larger hy-
3.4 Implications for air quality and emissions drocarbons that have higher SOA vyields (Chan et al., 2013;
inventories Gilman et al., 2013). These five main sources are summa-
rized in Fig. 15 and are very important sources for the San
Both petroleum and dairy (and other cattle) operations areJoaquin Valley. There are other anthropogenic sources that
important sources of reactive organic carbon in the Sarikely contribute emissions on smaller urban scales that are

Acetic Acid from Dairy Operations [ppbv] &
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Figure 10. Maps of the southern part of the San Joaquin Valley #th the location of oil and gas well§¢B) the spatial distribution of
petroleum gas emissions determined using statistical footprint analysis (6 HiC patcraft canister measurements of propane, sized and
colored by concentration. Together the maps show a similar distribution of wells and emissions in the region. Note: meteorological conditions,
altitude, and local dilution varies between canister measurements.

Table 7. Comparison of the relative abundance of VOC emissions from each source observed in Bakersfield to CARB inventory for the San
Joaquin Valley (SJV) and the portion of Kern County in the San Joaquin Valley including Bakersfield (SJV-Kern).

Relative mass  Fraction of emissions [%] in in-
abundance in ventory (absolute emission

Bakersfield rate [tons day?])
(this study)
SJV inventory SJV-Kern
inventory
Petroleum operations 22% 15 % (28) 53 % (26)
Dairy operations 22% 30% (57) 9% (4.5)
On- & off-road motor 56 % 559% (104) 389% (19)

vehicles

Notes:

— Motor vehicle emissions are sum of on- and off-road since ambient source apportionment cannot discern
between them; includes gasoline and diesel exhaust, and non-tailpipe gasoline emissions.

— Comparison is limited to discussed sources, biogenic emissions and other potentially important sources are
excluded (for biogenic emissions from agriculture see Gentner et al., 2014).

not enumerated in this work. Such as the contributions of bio-county (Table 7), the ratio is similar to the valley-wide ratio
genic sources, which are another major factor for air qualityof 3: 2 for light-duty vehicles to livestock feed modeled by
in California’s Central Valley. Hu et al. (2012). Overall, this, and other recent work (Howard
In the comparison of the sources discussed in this worket al., 2010a; Hu et al., 2012), demonstrates that motor ve-
the percent contribution of vehicular sources is larger in Bak-hicles and multiple source pathways at dairy operations are
ersfield than it would be most places in the region. In non-major emitters of reactive ozone precursors throughout the
urban areas of the San Joaquin Valley, motor vehicle emisSan Joaquin Valley. Elevated concentrations of non-vehicular
sions will still be important, but emissions from petroleum ethanol that are largely linked to dairy operations warrants
and dairy operations will make up a greater fraction of non-further evaluation of emission processes involving livestock
methane organic carbon in the atmosphere and will be resilage, as ethanol has been demonstrated as a primary com-
sponsible for a greater fraction of potential ozone forma-ponent of those emissions (Hafner et al., 2013; Howard et al.,
tion. The results from Bakersfield in this study confirm the 2010a; Malkina et al., 2011).
transport and importance of emissions from dairy operations Our results on the relative contributions from each source
throughout the San Joaquin Valley. Our results for potentialindicate a mix of influential sources. Given our location in
ozone give a 3.5: 1 ratio of potential ozone from gasoline ve-an urban area in the southern San Joaquin Valley, where
hicles to dairy operations in Bakersfield. When consideringoil wells are concentrated, emissions from motor vehicles
that there is a greater prevalence of motor vehicles around ouand petroleum operations are likely higher than other parts
measurement site and most dairy emissions are outside thaf the valley. The San Joaquin Valley has an abundance of
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Figure 11. Statistical distribution of emissions of non-vehicular ethanol in the San Joaquin Valley shown as colored contours for 6 and 12 h
footprints. Modeling results shown with the location of dairies as markers (0) scaled by the size of each dairy.
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Figure 12. Statistical distribution of emissions of methane in the San Joaquin Valley shown as colored contours for 6 and 12 h footprints.
Modeling results shown with the location of dairies as markers (0) scaled by the size of each dairy.

agriculture and is surrounded by natural vegetation that repations) since our observed source is clearly related to unre-
resents a large potential source of emissions following transfined petroleum. While there are likely some differences in
port to other parts of the valley. Comprehensive modeling asemissions, it is difficult to separate dairy cattle from other
sessments need to evaluate the sources discussed here alaragtle, so we have assumed that we are observing all cattle in
with biogenic emissions of reactive organic gases from boththis study and include them with dairy operations. Although
agriculture and natural vegetation. in the CARB inventory, dairy cattle represent almost 80 % of
Comparing different assessments for emissions from mul-cattle-related emissions in the San Joaquin Valley. Similarly,
tiple sources presents challenges relating to the definition ofve compare these sources to on- and off-road mobile sources
sources and spatial boundaries. Here, we provide a compaas that is the best representation of the observed motor vehi-
ison of our relative emission magnitudes at the Bakersfieldcle sources in our source apportionment.
site to the CARB emission inventory for the San Joaquin There are potential seasonal effects among the 5 sources
Valley (Table 7). To promote consistency with our observedshown in Tables 6 and 7 and Fig. 15. The composition of
sources, we compare our petroleum operations source tgasoline fuel changes seasonally to reduce volatility by vary-
emissions from oil/gas production and refining, and excludeing formulation, which affects the composition and magni-
petroleum marketing (and combustion from petroleum opertude of emissions. In the CARB almanac, VOC emissions
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Figure 13. Aircraft canister measurements of ethanol in Califor- Figure 14. Map of observed methane concentrations over 7 flights
nia’s Central Valley shown as individual circles, sized and coloredin California’s Central Valley shown as individual circles, sized and
by ethanol concentration. Data were taken at varying altitudes abovéolored by methane concentration. Data were taken at varying al-
and below the boundary layer with a general filter for below 1000 m. titudes above and below the boundary layer with general filter for
Vertical gradients are responsible for some variability, but aircraft below 1000 m. Vertical gradients and multiple flights are responsi-
data support conclusions of other analyses showing large ethandlle for some variability, but methane enhancements in aircraft data
sources in the Central Valley: dairy operations in the San Joaquirshow good correlation with the location of dairy operations (open
Valley and rice cultivation in the Sacramento Valley. Note: meteo- black circles sized by bovine population). A map including the en-
rological conditions and local dilution varies between canister mea-ire Sacramento Valley can be found in the Supplement (Fig. S11).
surements. Also, alcohol measurements made using the canisters

were prone to significant losses, so their use is only relative.

to 139 % of on- and off-road mobile sources (California Air
Resources Board, 2010). These observations are consistent

from dairy operations and petroleum production and refiningwith the statistical footprints shown in this work as daytime
have no seasonal change between summer and winter. THeotprints encompass a larger area that stretches into other
emissions we observe from both sources could be hypothecounties, while nighttime footprints are more heavily influ-
sized to volatilize more in warmer weather, but we have in-enced by local emissions.
sufficient data to assess seasonal changes and effects otherAccording to the CARB emission inventory, dairy and
than temperature may potentially play a role. other cattle operations in the San Joaquin Valley emit 57

The CARB emissions inventory for the San Joaquin Valley tons ROG per day, which is 80 % of non-vegetation farming-
reports an average of 28 tons ROG per day from petroleunrelated emissions (California Air Resources Board, 2010).
operations (production and refining), which is equal to 27 % These emissions from dairy and cattle operations are equiv-
of on-and off-road mobile source emissions-(&2 tons per  alent to 55 % of on- and off-road motor vehicle emissions in
day) in the air basin (California Air Resources Board, 2010).the inventory, which is higher than the average non-methane
This value is consistent with daytime ratios (18-51 %) ob- organic carbon (NMOC) mass comparison at the Bakersfield
served at the Bakersfield site (Supplement Fig. S4) when vemeasurement site (40 %). The CARB inventory for the San
hicular emissions are greatest, but is smaller than nighttimeloaquin Valley states that emissions from dairy operations
ratios (62—120 %) and the overall ratio (39 %). Bakersfield isare twice those from petroleum operations (dairy & other
in much closer proximity to potential petroleum operations cattle operations ROG emissioas2.0 x oil/gas production
sources compared to other parts of the air basin, so nighttimand refining ROG emissions). The average measured contri-
ratios are significantly higher with relatively less vehicular butions from petroleum and dairy sources were equivalent at
traffic and local emissions play a larger role when there isthe Bakersfield site (Fig. 15). This is largely dependent on the
less atmospheric dilution. A comparison on a smaller scaledistribution of petroleum operations relative to dairy opera-
for the portion of Kern County in the San Joaquin Valley tions, which is greatest in the southern part of the San Joaquin
demonstrates the local importance of petroleum operationsyalley (e.g., Bakersfield) where the oil wells and related op-
as much of the San Joaquin Valley's petroleum operationerations are concentrated. Thus, the ratio of petroleum to
emissions are in this county. For this area, petroleum produceairy operation contributions goes up by several factors with
tion/refining emissions in the CARB inventory are equivalent decreased dilution and a greater influence of local sources
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(A) Average NMOC Mass

20% Gasoline Exhaust

22% Petroleum
Operations

28% Diesel

Exhaust 22% Dairy

Operations

8% Non-tailpipe Gasoline

(B) Contributions to SOA Precursors

<1% Non-tailpipe Gasoline

10% Gasoline Exhaust

90% Diesel Exhaust

(C) Contributions to Ozone Precursors

41% Gasoline Exhaust

8% Petroleum
Operations

13% Dairy
Operations

32% Diesel Exhaust
7% Non-tailpipe Gasoline

(Table 6). This is likely also the reason for the greater contri-
bution from motor vehicles relative to dairy operations at the
Bakersfield site versus the inventory. The greater prevalence
of motor vehicles near the site increases its impact relative to
the whole valley.

A comparison of the dairy operations source profile (Ta-
ble 5) with the CARB emission inventory reveals that the
ratio of methane to NMOC is consistent between our results
and the inventory, 93 % vs. 92 % methane. Additionally, the
existing CARB inventory for the San Joaquin Valley reflects
the difference in the magnitude of methane emissions be-
tween the two sources, with total methane emissions from
dairy (and other cattle) operations being an order of magni-
tude greater than petroleum production operations, and re-
sponsible for at least 87 % of methane emissions. Further-
more, for petroleum operations, the majority (81 %) of fugi-
tive methane (and ethane by inventory definition) emissions
are from oil/gas marketing rather than production/refining
(California Air Resources Board, 2010). Overall, these inter-
comparisons, while rough, provide validation of the CARB
emission inventory for relative emission rates of dairy and
petroleum operations in the San Joaquin Valley.

The San Joaquin Valley, and the Central Valley as a whole,
contains a complex mixture of both anthropogenic and bio-
genic sources of reactive gas-phase organic carbon on both
regional and urban scales. Our focus in this paper has been
quantifying regional emissions from petroleum and dairy
operations, comparing their emission rates to other anthro-
pogenic sources, and evaluating their importance for air qual-
ity in the urban area of Bakersfield and the San Joaquin Val-
ley. The dairy and petroleum sources are clearly relevant to
air quality on both local and regional scales for ozone forma-
tion, but are likely not as important as sources of precursors
to SOA. This study provides important new information, ex-
panding knowledge on the suite of compounds emitted from
these sources and providing new useful information on their
sources profiles.

The Supplement related to this article is available online

Figure 15. Breakdown of the contributions of prominent anthro-
pogenic sources in Bakersfield f¢A) total non-methane or-
ganic carbon (NMOC) mass (g)B) precursors to secondary
organic aerosol (SOA), andqC) precursors to ozone. Other
sources/compounds may impact SOA formation indirectly via
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