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Abstract. Atmospheric radiocarbor{C) represents an im-  CO,ff emission data product as a reference. We find that CO
portant observational constraint on emissions of fossil-fuelis overestimated in the 2008 National Emissions Inventory
derived carbon into the atmosphere due to the absence ¢NEIO8) by a factor of~2. A close evaluation of the inven-
14C in fossil fuel reservoirs. The high sensitivity and pre- tory suggests that the ratio of CO emitted per unit fuel burned
cision that accelerator mass spectrometry (AMS) affords infrom on-road gasoline vehicles is likely over-estimated by a
atmospherid¢#C analysis has greatly increased the potentialfactor of 2.5. Using a wind-directional analysis of the data,
for using such measurements to evaluate bottom-up emiswe find enhanced concentrations of £ Felative to CQff, in
sions inventories of fossil fuel GCO,ff), as well as those  air influenced by emissions to the north and east of the BAO
for other co-emitted species. Here we use observations ofower when compared to air influenced by emissions in the
14C0, and a series of primary hydrocarbons and combus-Denver metro region to the south. Along with enhanced CH
tion tracers from discrete air samples collected between Junthe strongest enhancements of the-Gs alkanes are also
2009 and September 2010 at the National Oceanic and Atmdfound in the north and east wind sector, suggesting that both
spheric Administration Boulder Atmospheric Observatory the alkane and ClHenhancements are sourced from oil and
(BAO; Lat: 40.050 N, Lon: 105.004 W) to derive emis-  gas fields located to the northeast, though it was not possible
sion ratios of each species with respect to,€0Orhe BAO to rule out the contribution of non oil and gas gkburces.
tower is situated at the boundary of the Denver metropoli-
tan area to the south and a large industrial and agricultural
region to the north and east, making it an ideal location to
study the contrasting mix of emissions from the activities in 1 Introduction
each region. The species considered in this analysis are car-
bon monoxide (CO), methane (GHacetylene (gH,), ben-  The relative abundance of radiocarbéf) in CO, (*4COy)
zene (GHg), and G—Cs alkanes. We estimate emissions for is a powerful tracer that provides the least biased and most
a subset of these species by using the Vulcan high resolutiodirect means to observe fossil fuel derived €@ the at-
mosphere (Zondervan and Meijer, 1996; Levin et al., 2003;
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Turnbull et al., 2006; Hsueh et al., 2007; Levin and Karstenstor of ~1.5-2 (Parrish, 2006; Hudman et al., 2008; Miller
2007; Turnbull et al., 2009; Van der Laan et al., 2010). Fos-et al., 2008, 2012). Further, there are a number of industrial
sil fuels are completely devoid 3fC, as is the C@result-  activities that lead to non-combustion emissions of gases im-
ing from its combustion, because the half lifel6€ is short  pacting air quality and climate from leaks in transmission
(~5700yr; Godwin, 1962) in relation to the residence timeslines, venting of storage tanks, and other processes, in which
of carbon in fossil reservoirs, where no additioh&C pro- case, quantifying emissions based on readily available fuel
duction occurs. Since all other sources of {40 the atmo-  use, production, or activity statistics can lead to large uncer-
sphere stem from carbon reservoirs (the ocean and biospher&inties. In contrast, the amount of g@mitted per unit of
that are nearly in equilibrium with the isotopic composition fuel combusted can be derived stoichiometrically with rela-
of the atmosphere itself, the atmosphere exhibits gradients itively high accuracy. Accordingly, the bottom-up inventory
14C0o, that can be quantitatively traced to addition of £O of fossil fuel derived C@ in the United States (e.g. EPA,
from fossil fuel combustion (Turnbull et al., 2007; Graven et 2012) and in most developed countries is thought to be rela-
al., 2009; Levin et al., 2010). tively reliable. Estimates of annual fossil G@&missions for
Prior to nuclear weapons testing, which artificially in- developed countries are thought to be reliable to better than
creased thé*CO;, content of the atmosphere, the rise in at- ~8 % (Nassar et al., 2013), although uncertainties become
mospheric CQ resulting from fossil fuel combustion could larger at smaller spatial and temporal scales (Andres et al.,
be observed on global scales as a decrea®i@,, widely 2012).
known as the Suess effect (Suess, 1955). WHBRO; is pro- Atmospheric observations provide a direct means of im-
duced naturally in the upper atmosphere from cosmogeni@roving emissions estimates for various combustion and in-
radiation, the abundance HICO; in the modern atmosphere dustrial tracers and of evaluating existing bottom-up emis-
was strongly impacted by above-ground nuclear testing thasions estimates, and is especially important for those species
occurred in the middle part of the 20th century. Since the atthat can affect air quality, human health, and climate. One
mospheric nuclear weapons test ban was put in place, theelatively simple strategy for deriving emissions based on at-
decrease if*CO,, which has been observed at a number mospheric observations is the use of tracer/tracer enhance-
of global background monitoring sites (Levin and Kromer, ment ratios in which emission ratios of two well-correlated
2004; Turnbull et al., 2007; Currie et al., 2011; Graven et al.,species are inferred from the ratio of the observed mole frac-
2012a, b; Lehman et al., 2013), has been influenced primartion enhancements (with respect to background observations)
ily by the exchange of atmosphefCO, with the oceanic  of one species to the other. For gases with lifetimes compara-
and terrestrial carbon reservoirs. In recent years, howevele to the transit times between emission and measurement,
the atmospheric decline has been increasingly influenced bg simple photochemical age model can be used to extrapo-
isotopic dilution due to the Seuss effect, as fossil fuel com-late back from the time of the observation to derive the ra-
bustion increases and as the atmosphere, ocean, and terré®- at the time of emission (Lee et al., 2006; Warneke et al.,
trial carbon reservoirs approach equilibrium with the “bomb 2007). Then, if emissions of one of the tracers are relatively
spike”. On regional scales, locally emitted €@®@om fossil  well defined for the geographic area that the observations
fuel combustion can be detected as a depletiok*6f12C are sensitive to, emissions of the other tracer can be calcu-
relative to background air. These observed gradients resulated from the inferred emission ratio. Uncertainties for this
from what we define as “recently added” fossil-fuel £0 method are minimized when both tracers have long atmo-
(COff). spheric lifetimes and slow atmospheric production rates on
Observations of“CO, downwind of source regions are the time scales relevant to the source-receptor distances. A
of great interest, not only for the evaluation of fossil £O major advantage of this approach comes from its computa-
emissions inventories, but also as a means to better undetional simplicity. Additionally, since all tracers are expected
stand emissions of a range of trace gases associated or ct® be mixed and transported in the same way if their sources
located with the combustion of fossil fuels (Turnbull et al., are co-located, this approach reduces the sensitivity of the
2011; Miller et al., 2012). Bottom-up inventories of these analysis on uncertainties in transport and boundary layer cal-
trace gases carry significant uncertainties because of the ditulations.
ficulty in quantifying the relationship between the mass of The Vulcan high resolution fossil fuel GQlata product
fuel consumed and the mass of trace gas emitted. Emission&urney et al., 2009) provides an ideal reference emissions
of by-products, including species such as carbon monoxdataset for use in these tracer/tracer approaches at local-to-
ide (CO), methane (Ck), acetylene (gH»), and benzene regional scales, but large uncertainties in its biogenic sources
(CeHg) depend on a number of variables including fuel type, and sinks can complicate the use of £@ inferring emis-
combustion temperature, the extent of tail-pipe or flue-stacksions of other fossil fuel combustion tracers (e.g. Miller et al.,
“scrubbing”, and oxidant-to-fuel ratio. For example, it has 2012). Thus, to take advantage of the photochemical stabil-
long been known from observations that the National Emis-ity of CO; and the availability of the relatively accurate fossil
sions Inventory (NEI) appears to over-estimate observed anfuel CO, emissions inventories, measurement$*afO, can
thropogenic emissions of CO in the United States by a facbe used to isolate the fossil fuel contribution to the observed
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CO». Here we describe observations'&€0, and other trace  observations, and top-down emissions for these two tracers
gases made between late June 2009 and September 2010cain be reliably estimated for the region. The primary advan-
the Boulder Atmospheric Observatory (BAO), a 300 m tall tage of this approach is that by using the Vulcan data product
tower located 35 km north of Denver, CO (Lat 400§ Lon (Gurney et al., 2009) as a quantitative reference, which is re-
105.02 W) in Weld County. BAO is one of 9 towers in the liable nationwide to within 20 % at the county level on annual
NOAA Earth System Research Laboratory, Global Monitor- time-scales (Gurney et al., 2011), we maximize confidence in
ing Division (NOAA-GMD, hereinafter) tall tower network the derived top-down emission magnitudes.

(Andrews et al., 2013). It is one of 7 towers in the network

that is monitoring C@ and CO continuously and collecting

air samples daily for multiple species analysis and one of 62 Methods

that also measure¥C0O, in discrete air samples. The ob-

servations presented here represent the first repdfiQd, 2.1 Site description

observations from this network.

This study builds on a previous effort to characterize The BAO tower is located 25 km east-northeast of Boulder
emissions of volatile organic compounds (VOCs) and;sCH and 35 km north of Denver (40.95!, 105.02 W). The base
from oil and gas production and drilling operations in Weld of the tower is at 1584 m above sea level (a.s.l.). As shown in
County using both bottom-up and top-down approaches forFig. 1, BAO is located at the southwestern edge of the DJB
2008 (Pétron et al., 2012). We will refer to this prior study as where a very large and dense network of oil and gas wells
the Colorado Front Range Pilot Study (CFRPS, hereafter)exists. Since late 2007 NOAA-GMD has been collecting dis-
in which the authors made use of observations at BAO increte air samples approximately daily from 300 m. The air is
combination with those from a mobile platform to deter- collected in glass flasks and analyzed at NOAA-GMD for a
mine emission magnitudes and emission signatures of indisuite of ~50 trace gases and then circulated to the Univer-
vidual methane sources, including oil and gas wells, natu-sity of Colorado’s Institute of Arctic and Alpine Research
ral gas processing plants, condensate storage tanks, landfilANSTAAR) for stable isotope measurements in £&nd
cattle feed-lots, and waste water treatment plants. ContinuCH4 and preparation fo¥*CO, measurement. The Center for
ous wind measurements at BAO enabled wind-sector speAccelerator Mass Spectrometry (CAMS) at Lawrence Liv-
cific analyses of atmospheric composition, which showedermore National Laboratory (LLNL), which performed the
that trace gas concentrations measured at BAO are influencedCO, measurements reported here, has participated in the
most substantially by two different source regions: oil and NOAA-GMD 14CO; discrete air sample measurement pro-
gas fields to the northeast (from a region known as the Dengram since 2009. This study focuses on data collected be-
ver Julesberg Basin, or DJB) and urban-type emissions frontween late June 2009 and September 2010, over which time
the Denver metro region to the south. They found that air145 samples were analyzed f§€0O,. More information on
arriving at BAO from the northeast exhibits strong enhance-this site and the entire tall tower network can be found at:
ments in alkanes, including methane, resembling enhanceattp://www.esrl.noaa.gov/gmd/ccgg/towers/
ments (based on tracer/tracer ratios) similar to those sampled Standard meteorological measurements are also made
on the mobile platform within the DJB. These results sug-continuously at several levels (10 m, 100 m, and 300 m, re-
gested that oil and gas operations are the dominant emittensorted at 60s, 60 s, and 30, respectively)) on the tower by
of alkanes, including methane in the region. the NOAA ESRL Physical Sciences Division (NOAA-PSD),

In this study, we usé*CO; to derive CQff mole frac- including wind speed and direction, relative humidity, and
tions and show that C£if exhibits strong correlations with temperature. We categorize each observation in our analysis
a variety of trace gases in the region, both from combustioraccording to wind direction (at 300 m) to facilitate a discus-
and non-combustion sources, allowing for the evaluation ofsion of two distinct emission source regions: the oil and gas
emissions from a range of different source-types. We estiindustrial region to the north and east and the Denver metro
mate emission ratios for a number of important trace gasesegion to the south. To do this, we define three wind sectors,
being transported to the site from the DJB as well as from theconsistent with those defined in the CFRPS: N/E (3&b
Denver metro region. The variability in tracer/g©ratios 120°), S (120 to 240), and W (240 to 345). These wind
with wind direction is analyzed in order to evaluate regional sectors are illustrated in Fig. 1. Wind sector boundaries are
differences in emission sources, relative tofQources.  defined based on an analysis of the JED,ff ratio variabil-

For the trace gases related to the oil and gas industry, whiclity with wind direction, which shows two distinct regimes
exhibit strong wind-direction dependent enhancement ratiogor the CHy/CO,ff ratio (see Sect. 3.2). Wind direction for
relative to CQff, deriving emissions estimates is challenging each sample is determined using the mean wind direction
due to uncertainty in the precise geographical area of emisever the 30 minutes immediately prior to sampling. Sam-
sions that the observations are sensitive to. In the cases gfles with mean wind speeds lower than 2.5Th sver this

CO and GHz, however, it is shown that the emission ratio is time period are removed from any sector-specific analysis in
insensitive to the presumed area of emissions influencing théhis study, in order to reduce the number of samples carrying
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Automated sampling consists of the following steps: (1)
a manifold flush, (2) a flask flush, and (4) pressurization of
the flask to~270 kPa. The entire process takes about 2 min.
Sampled air at BAO first passes through a drying stage (dew-
point temperature at ambient pressure-6f°C) prior to col-
lection. Sampling is done at midday (19:30 UTC) in most
cases; all samples used in this analysis were collected within
30min of 19:30UTC. Two flasks are filled within 5min of
each other {4 standard liters) which provides enough air
for analysis of the standard suite of trace gases (described
below), and for analysis of*CO,, which typically requires
0.4 to 0.5 mg C for high precision (<3 %0) AMS analysis.

|

Fort Collins

Fig. 1. Map of northeast Colorado showing the BAO tower and

the distribution of active oil and gas wells as of 2008 (updated2.3 Flask analysis

well locations available athttp:/cogcc.state.co.us/Home/gismain.

cfm). Two background sites are also shown: Niwot Ridge (NWR; Each flask pair is analyzed at NOAA-GMD for GOCO,
3523 m a.s.l.) and the Briggsdale aircraft site (CAR). Also shownCHy, SF;, H», N>O, and a suite of halocarbons and hydro-
are the three wind sectors used to filter the dataset for emission estgarbons. Stable isotopes of @@3130 and 3180) are ana-

mates in Weld/Larimer counties (North and East) and in the Denvenyzed at the INSTAAR Stable Isotope Laboratory (Vaughn et
metro counties (South). The Denver metro counties include Denverg| 2004). In this study, we use measurements 0f,GTD
Broomfield, Adams, Arapahoe, and Jefferson. Top left corner ofthis(:l_’|4 acetylene (GH) ,benzene (6He), propane (,@H8)1

map is: 41.064N, 106.248 W. n-butane (n-GH1p), n-pentane (n-§H12), and i-pentane (i-

CsH12). We also uses'3C in CO, in the calculation of

14 : : .
a disproportionate influence from sources in the immediate®  C @ccording to methods described by Stuiver and Polach
vicinity of the tower. Using a filter of greater than 2.5ms  (1977), which is required because the CAMS AMS does not

3120 vt :
leaves too few samples for a rigorous statistical analysis of'€aSuré the3C/2C ratio on-line.
the data. Supplementary Figs. S1 and S2 show the time series PrY @ mole fractions of CQ, CHs, and CO were mea-

of mean wind direction and wind speed, respectively, associSUred on one of two nearly-identical custom automated ana-

ated with each flask sample used in this analysis. !ytical systems. These_systems consist of cus_tqm-made gas
To define isotopic and mole fractions of trace gases iniN/e€t systems, calibration systems, gas-specific analyzers,

background air, measurements from two additional NOAA-and system-control software. During this project, each sys-

GMD sites were used. FdfCO,, CO,, CO, and CH, we tem used a different technique to measure CO. One used a

used weekly measurements from Niwot Ridge, CO (sitecoddieduction Gas Analyzer, where CO is separated from air
NWR, 40.08 N, 105.63 W, 3526 m a.s.l.), a site in the by gas chromatography, then passed through a heated bed of

alpine tundra with strong westerly winds that only rarely re- 19O producing Hg before it is detected by resonance absorp-
quired filtering of samples influenced by pollution from the tion (Novelli etal., 1998). The second is Vacuum UV Reso-
Denver metro area (Turnbull et al., 2007). For other gases, inhance Fluorescence (VURF), where CO is detected by fluo-
cluding acetylene, benzene, and the-Cs alkanes we used ~€Scence at150 nm. Both techniques are calibrated agglnst
weekly to fortnightly samples collected in the free tropo- the same standard scale, and uncertainties (68 % confidence
sphere from flights at a nearby location (3000 to 4000 minterval) are~1 ppb for the VURF and-2 ppb for the RGA.
a.s.l. above Briggsdale Colorado; sitecode CAR, 40187  Long-term comparison of the two systems shows agreement

104.30 W, ground elevation-1700 m a.s.l.). to within ~_1 ppb. CI—_L was _measured_ by gas chromatogra-
phy (GC) with flame ionization detection with an uncertainty
2.2 Flask sampling of ~1.4 ppb (Dlugokencky et al., 1994). A non-dispersive in-

frared analyzer is used for GQvith an uncertainty <0.1 ppm
Discrete whole air samples are collected daily (Andrews(Conway et al., 1994).
et al., 2013) from the BAO tall tower (from an air intake = The non-methane hydrocarbons kG, benzene, and 4=
at 300 m) using Programmable Flask Packages (PFPs) corcs alkanes) are measured using a gas chromatography-
nected to a Programmable Compressor Package (PCP) caiass spectrometric (GC-MS) technique, with cryogenic pre-
pable of delivering 15 standard L mih. Each PFP contains concentration (Montzka et al., 1993; Miller et al., 2012).
12 cylindrical borosilicate glass flasks (0.7 L each). On eachMeasurement uncertainties for the hydrocarbons considered
end of the flasks are automated glass-piston stopcocks, seal@u this study vary by compound, and include known is-
with Teflon O-rings. Prior to deployment, each flask in the sues regarding (1) absolute calibration standard preparation
PFP unit is flushed with clean dry air and then pressurized teerrors, (2) the transfer of the absolute scale to the dry com-
~140 kPa with synthetic air containing 330 ppm £0 pressed whole air reference gases used in routine analyses,
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(3) uncertainty in assumed detector sensitivity due to anatniversity of Colorado INSTAAR Laboratory for AMS Ra-
lyte losses during random and sporadic temperature anomatiocarbon Preparation and Research (NSRL) using an auto-
lies during the pre-concentration step, and (4) chromatoimated extraction system (Turnbull et al., 2010). Graphitiza-
graphic baseline interferences (propane only). Storage testson and AMS analysis was done at LLNL-CAMS. A de-
have shown negligible drift in the hydrocarbon mole frac- scription of the high precision methods for analysis of atmo-
tions of reference gases. Therefore, assigned total uncertairspheric samples at CAMS is given by Graven et al. (2007).
ties (o) are 5% for n-GH1, i-CsH12, N-CsH12, and GHe, The measurements are expressed as age-corraét&D,
and 15 % for GHg due to chromatographic baseline interfer- in units of per mil (%), calculated from th¥C/13C ratio
ences, and 15 % for 4B, due primarily to absolute calibra- (normalized to &13C of —25%o), measured relative to NBS
tion scale uncertainties. Measurement reproducibility)(1 Oxalic Acid | (OX1), and reported relative to the absolute ra-
is generally <2 % for compounds present at mole fractionsdiocarbon standard, as detailed in Stuiver and Polach (1977).
>10 ppt. For GH, and GHg, the most volatile of these com- It should be noted that our use af'*COy, is equivalent to
pounds, reproducibility was somewhat poorer during thesethe use ofA in Stuiver and Polach.
flask analyses due to the instability of the temperature of Uncertainty in these observations is assigned as the stan-
the cryogenic pre-concentrator (approximatel25% and  dard deviation (&) of a series of repeat measurements on
+12 %). The asymmetric reproducibility is attributed to the extraction aliquots of whole air stored in high pressure cylin-
different impact that the temperature instability has on quan-ders. Air from two surveillance cylinders having different
titation, depending on whether the anomalous temperaturéut near-ambientC activities, identified as NWT3 and
occurs during a BAO sample analysis or during analysis ofNWT4, were extracted, graphitized, and analyzed concur-
the reference gas. This is primarily a problem only for the rent with the BAO samples across 7 different measurement
higher volatility species, §H, and GHg. As this temper-  “wheels” or batches. Multiple samples of NBS Oxalic Acid
ature instability is a random, sporadic occurrence, we condl (OX2, a commonly used secondary standard) were com-
servatively allow for large negative uncertainties and smallerbusted, graphitized and analyzed simultaneously. Typically,
positive uncertainties in all analyses. An additional bias aris-in a wheel containing 25 authentic samples, 12 measure-
ing from non-linearity in the GC-MS response to varying an- ment controls and 1 process blank were analyzed. For the
alyte concentrations (except for propane, which is marginallyobservations described in this study, therITrepeatabil-
linear) is estimated to result in an overestimate in the reportedty (standard deviation) of NWT3 and NWT4 samples was
concentrations on the order of 5 % to 12 %. We do notincludet2.2%. (» = 140). AMS measurement uncertainty (based on
this bias implicitly in our emission calculations, but we dis- counting statistics) typically contributes about 1.3-1.7%. of
cuss its (minor) impact on our results and conclusions belowthe total uncertainty. In a small number of cases, the inter-
All measurements are reported as dry air mole fractionsnal variability on the measurement of an unknown sample
relative to internally consistent standard scales maintained atvas larger than the repeatability of the pool of NWT sam-
NOAA-GMD. We use the following abbreviations for mea- ples. The larger of the two is assigned as the uncertainty for
sured dry air mole fractions: ppee pmol (trace gas) mol a givenA*CO, measurement.
(dry air)~1, ppb=nmolmot?, and ppt=pmol mott. Addi-
tional details on these methods are describeuttat//www. .
esrl.noaa.gov/gmd/ccgg/aircraft/analysis.html 2.5 Calculation of CO,ff
2.4 Radiocarbon analysis Recently added fossil fuel GQCO,ff) is defined as the local
enhancement of C£) with respect to an appropriate back-
A subset (typically 1 out of every 2 pairs) of the flask ground reference site, due to fossil fuel emissions,f€O
pairs are hand selected for analysis’6€0,. The selec- is estimated using a mass balance approach (Levin et al.,
tion is based on a visual inspection of continuous CO and2003), in which the observed mole fraction of £@0,0bs)
CO», observations during the time of sampling. For a typi- is partitioned into background GQCOxbkg), fossil CQ,
cal flask package, 3 pairs (out of the 6 pairs total) are seand biogenic C@ (COybio) components. Cghio is the net
lected for radiocarbon analysis, with two pairs typically hav- balance between respired g@CO.resp) and CQ taken
ing the highest CO and COconcentrations and one pair up by photosynthesis (CPhoto). We further separate the
having CO and C@ concentrations closest to background. respired fraction into autotrophic respiration (&€2to) and
This approach maximizes the dynamic range of the observaheterotrophic respiration (Cet) that originates from older
tions over which tracer/Cg¥f ratios are estimated. Analyses soil carbon pools (which typically contain more boffiT).
of 14C0O, were done by extracting GOrom the whole air  Equations (1a) and (1b) detail this mass balance relationship,
samples using cryogenic separation, reducing the extracteds formulated in Turnbull et al. (2006), with G@sp sepa-
CO; to graphite, and atom counting via accelerator masgated into heterotrophic and autotrophic components. Simi-
spectrometry (AMS). Extractions of authentic samples, meadarly, an isotopic mass balance equation (Eg. 2) can describe
surement controls, and process blanks were performed at thbe contribution of these three end members to the total
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observedAC. conterminous United States (Miller et al., 2012) show that
] these terms contribute very little relative to the spatial gradi-

COp0bs= CObkg+ COyff + COZbi0 (1a)  ents arising from fossil fuel combustion. Graven and Gruber

COzbio = COzauto+ COzhet— COzphoto (1b)  (2011) argue that in the eastern United States nuclear con-

tributions may be significant, but they predict near-zero nu-
clear influence in most of the western United States, includ-
ing Colorado. Any contribution from stratosphere or ocean

Since A4C values are all normalized by theit3C values sources at BAO is likely to simultaneously impact the NWR

and thus are not influenced by natural fractionation, we Carpackground site and, thus, can be |gnor§d in this angly5|s. Al
assume thaﬁlﬁoto aﬂdAéﬁtO are identical tm%zktg (Turnbull !east_o_ne sample was mﬂuence_d by a blomas_s burning event,
etal., 2006). The system of equations can then be solved foifientified by an anomalously high CO/Gratio, as well
CO,ff to give Eq. (3). as multiple news reports of poor alr_qughty on that par.t|cu—
lar day resulting from the Station Fire in southern Califor-
— Al COhet(Afd — Apky) 3) nia in August 2009 (e.g. Brennan, 2009). This sample, along
- NCEINCE with one other that exhibits an abnormally high COKIfO
ratio is omitted from this analysis. The sample influenced
In this equation, the variables in the first term are eitherpy the wildfire plume was collected 1 September 2009; the
known (A}*=—1000%0) or can be measured. We use ob- other sample, collected 30 January 2010, is unusual in that
servations from NWR to estima‘r@é‘k‘g. The background is the estimated Cghio mole fraction (calculated as GGbs
estimated by applying a smoothing algorithm (Thoning et— CO,ff~-CO2bkg) was very large (15 ppm), and about twice
al., 1989) to the NWR data (a curve-fit of 3 polynomials, the estimated Cgif for this sample. The large Cfio rela-
4 harmonics, and added low-pass filtered residuals), after filtive to other samples in the dataset suggests the possibility of
tering out samples influenced by upslope flows carrying lo-an undetected stratospheric or biomass burning influence or
cally influenced air, characterized by high CO/O@tios, as  an unusually large heterotrophic respiration signal. We there-
in Turnbull et al. (2007). Smoothed NWR results used herefore exclude this point (30 January 2010 sample) from our
are from Lehman et al. (2013). The standard deviation of theanalysis. In addition to CO, a large number of other anthro-
residuals from the smoothing fit are calculated to be 1.7%. .pogenic tracers were elevated in this particular sample, sug-
The selection of a proper background site is thought to in-gesting that stratospheric influence is, in the end, not likely.
troduce uncertainties on the order of the measurement uncer-
tainty (~2%o) (Turnbull et al., 2009). We define the uncer- 2.6 Estimating tracer/CO,ff enhancement ratios
tainty in CQff as 1.2 ppm, estimated from the measurement
uncertainty inAgg. and AZ{. (& 2.2%o). Tracer/CQff enhancement ratios are calculated by taking
The second term in Eq. (3) is a minor correction to the cal-the median of individual tracer/C@ ratios after subtract-
culation of CQff due to heterotrophic respiration from soils, ing the background from each trace gas. The median ra-
which can draw from carbon pools that are on the order oftios derived from individual samples provides a more ro-
tens of years old, and thus reflect the highéfCO, in the bust estimate of the apparent tracerfdQatios than that
atmosphere at the time. The magnitude of this correction camletermined from either a linear regression slope or an arith-
be estimated from a terrestrial ecosystem model, such as thmetic mean, which may give estimates that are overly sen-
CASA biogeochemical model (Thompson and Randersonsitive to ratio outliers that can result from signals due to
1999); we follow the estimates of Turnbull et al. (2009) for air masses in which emissions of various sources are not
North American mid-latitudes and set this correction-@®.2 well mixed (Miller et al., 2012). While the linear regression
(£ 0.1) ppm (thus resulting in a positive offset) from October method has the advantage of being less sensitive to the se-
to March and to-0.5 (& 0.3) ppm from April to September. lection of background site, when considering observations
Since the correction term in Eq. (3) is subtracted from theacross seasonal to annual time scales a seasonally varying
first term, the impact of heterotrophic respiration is to raisebackground may still bias the slope determination. Since the
estimates of Cgff in both seasons. BAO tower and the NWR and CAR background sites are
The influence of additional sources an'“obs is glob-  closely situated, it is likely that any background-related bi-
ally variable and has potential contributions from strato- ases are small. The tracer/gfratios are shown in Table 1.
spheric intrusion of cosmogenically produced and bomb-erd=or comparison, estimates of slopes are also provided in Ta-
14C (e.g. Levin et al., 2010; Graven et al., 2012a), nuclearble 1 for each tracer/Cgf pair, derived using a two-way
reactors (e.g. Graven and Gruber, 2011), biomass burnintgast squares regression algorithm which estimates the geo-
(e.g. Schuur et al., 2003; Vay et al., 2011), and the oceanicmetric mean of the X-Y and Y-X regressions (without forcing
atmosphere disequilibrium (e.g. Sweeney et al., 2007; Mullethe intercept through zero). Significant differences exist be-
et al., 2008). However, model-based estimates ofAR&C tween the slopes and median ratios for many of the tracers, in
signal (not including those from nuclear emissions) in the particular for those with lower coefficients of determination

AG5CO20bs= Apg CObkg+ AF'COAf + ApCObi0  (2)

COobg Al

obs
4 14
(AF" = Ajig)

C02ﬁ=<

Atmos. Chem. Phys., 13,11101412Q 2013 www.atmos-chem-phys.net/13/11101/2013/



B. W. LaFranchi et al.: Constraints on emissions of carbon monoxide, methane, and a suite of hydrocarbons 11107

Table 1.Summary of observed tracer/Gfratios and associated uncertainties. Ratios estimated using the median point-by-point calculation
as well as from a two way linear regression. Correlation coeﬁicieﬁb&a(re also provided. For the&nd G alkanes, GH», and benzene,
a nonlinearity bias in the GC-MS response results in an estimated 5-12 % overestimate in the tpdicetio©for these gases.

Species  Wind Sector  n Ratio (units) Ratio confidence  n Slope (units) Slope confidence r2
limits (20) limits (20)
min max min max
co N/E 43 88 (ppbppml) 7.3 9.4 55 85 (ppbppmt) 7.1 105 0.70
S 22 105 (ppbppmt) 7.3 13.8 31 7.2 (ppbpprit) 5.7 9.6 0.89
Combined 65 9.0 (ppbpprt) 8.1 9.8 86 7.8 (ppbppmt) 6.5 9.3 0.83
CHy N/E 43 313 (ppbppml) 243 34.9 55 30.7 (ppbpprt)  22.1 345 0.81
S 23 95 (ppbppml) 5.8 12.4 33 8.1 (ppbppm) 5.0 11.4 0.75
CoHy N/E 41 445 (pptppml)  39.8 52.5 53 63.6 (pptpprt)  37.6 73.5 0.81
S 22 449 (pptppmi) 347 61.6 32 452 (pptpprt)  36.8 62.5 0.78
Combined 63 445 (pptpprd)  40.7 51.8 85 52.1 (pptpprd)  40.4 65.6 0.79
BENZ N/E 41  29.0 (pptppml)  22.2 36.5 53 337 (pptpprd)  21.9 38.7 0.81
S 22 19.8 (pptppml) 148 26.2 32 142 (pptpprd)  10.7 19.8 0.72
iCsHi» NI/E 41 2775 (pptppml) 2431 3959 53 485.2  (pptppm) 297.9 5651 0.75
S 21 88.1 (pptppml)  47.6 120.7 31 654 (pptppm)  51.6 100.7  0.80
nCsHip, N/E 41 3141  (pptppml) 236.8  402.4 53 480.6 (pptppm) 3189 566.8 0.74
S 21 704 (pptppml)  37.4 106.0 31 545 (pptppm)  40.1 86.1 0.78
nCsHig NIE 41 899.3 (pptppml) 707.9  1248.0 53 1520.8 (pptppr) 950.3 2085.1 0.71
S 21 1933 (pptppmt) 104.8 2513 31 1523  (pptppm) 102.6 2128 0.75
CaHg N/E 41 20352 (pptppml) 1615.8 2989.2 52 3265.1 (pptppH) 2048.4 49795 0.51
S 21 4491  (pptppml) 2433  612.1 31 3527 (pptppm) 198.0 539.0 0.61

(r%). Samples are only used in the median ratio calculationeach gas, and is therefore not incorporated into the reported
when the estimated C@ is above the 1.2 ppmd. detection  enhancement ratios.
limit to remove divide-by-zero errors, while no lower limitis A measure of the appropriateness of the tracesfCap-
used in the slope calculations. Removing this filter impactsproach for deriving apparent emission ratios is estimated
the uncertainties of the median ratios (by up~t60 %), but by calculating the-2 from a linear regression of tracers vs.
it has a smaller impact on the median ratios themselves, typCO,ff; a high 2 suggests that emissions of the tracers are
ically impacting the tracer/Cg&¥ ratios by less than: 10 %, appreciably co-located with fossil fuel combustion sources.
except for the @Cs alkanes in the S wind sector which Results from the tracer/C enhancement ratio calculations
are impacted by between15 and+30%. In general, the (with associated uncertainties, slopes, ahdalues) are de-
application of this filter increases the enhancement ratios irtailed in Table 1. Background observations for the different
the S wind sector and reduces them in the N/E wind sectortrace gases are taken from one of two nearby sites in the
The supplementary material accompanying this manuscripNOAA-GMD global network, either NWR (CO and GH
includes figures (Figs. S3—S10) showing the data used to dear from flights at CAR (acetylene, benzene, and the G
rive the median ratios, including time series and histogramsalkanes). CO and CHobservations are available from both
of the dataset both with and without the wind speed and lowsites and we confirmed that the enhancement ratio estimates
COxff cut-off filters. are not appreciably sensitive to the selection of background
Uncertainties in the median ratios are 95 % confidence insite (differences between 7% and 15 % in derived enhance-
tervals, defined as the 2.5-97.5 percentile rang@s(con- ment ratios).
fidence) from a distribution of 500 estimates of the median The sensitivity of this analysis to the prescribed het-
from a randomized re-sampling of the data (boot-strappingerotrophic respiration correction to Gfb(Eq. 3) was deter-
with replacement). We also estimated the uncertainty in themined by recalculating the tracer/Gfbratios with this cor-
tracer/CQOff enhancement ratios associated with measuretection term doubled, in one case, and set to zero in another.
ment uncertainty (both for the trace gas and@Oand The ratios estimated from this sensitivity test were within
found that these uncertainties (at)2vere comparable to or the 95 % confidence intervals in all but two cases (CO and
lower than the boot-strap approach in all cases. Fgi,C  CyHb), where the recalculated estimates were outside of the
n—Cy4H10, n—CsH12, i —CsH12, and GHg, the nonlinearity  confidence intervals only by a few percent. Thus, we consider
in the GC-MS response results, potentially, in an additionalthe uncertainty in the heterotrophic respiration correction to
overestimate in the tracer/Gfratios for these gases of as COff to be a largely insignificant source of error in our
much as 5-12 %. This bias has yet to be fully evaluated foranalysis. Given the relative lack of vegetation in the region
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Table 2. Summary of trace gas lifetimes and major emission sources influencing observations at BAO (Watson et al., 2001; Pétron et al.,
2012).

Species Atmospheric Lifetinfe Major sources near BAO

carbon monoxide (CO) 49 days on-road and non-road gasoline combustion

methane (Ch) 6.9yr oil and gas systefiswaste water treatment, landfills, cattle feed lots
acetylene (GH») 17 days mobile sources (combustion)

benzene (gHg) 10 days mobile sources (combustion and evaporative), oil and gas systems
iso-pentanei-CsH10) 3.0 days mobile sources (combustion and evaporative), oil and gas systems
n-pentane{—CgH1) 3.1days oil and gas systems, mobile sources (combustion and evaporative)
n-butane §—C4H1) 4.9 days oil and gas systems

propane (GHg) 12 days oil and gas systems

COff¢ N/A on-road vehicles (33%), electricity prod. (32 %),

residential (11 %), airborne (10 %), other (14 %)

2 Atmospheric lifetimes estimated for [OH] =418 cm—3 using published rate constant data (Atkinson et al., 2006; NASA, 2006).
b Sources include condensate tanks, well drilling and completion, distribution systems, refi8tasce distribution according to Vulcan v2.2 for
Weld/Larimer and Denver metro counties in 2008.

surrounding BAOQ, it is more likely that the prescribed respi- scaling procedure and associated uncertainty is provided be-
ration correction is biased high rather than low, which would low (Sect. 3.3).

result in COff values that are biased high and tracerf@O Vulcan emission rates for CQare given in Table 3 for two
enhancement ratios that are biased low. source regions that correspond to the N/E and S wind sec-
tors, as defined above (Sect. 2.6). For simplicity we define
the N/E wind sector as being influenced primarily by emis-
sions from Weld and Larimer Counties and the S wind sec-
tor as being influenced primarily by emissions from Adams,
To derive top-down emissions estimates for the observedsroomfield, Arapahoe, Jefferson, and Denver Counties (col-
trace gases via tracer/Gfbenhancement ratios, we use both |ectively referred to here as the Denver metro counties). To-
county-level and gridded bottom-up fossil fuel €8mis-  ta] CO,ff emissions, according to Vulcan02, are estimated to
sions estimates from the Vulcan data product (v2.2) (Gur-pe 2.94 TgC and 7.27 Tg C for the N/E (Weld and Larimer
ney et al., 2009) as a quantitative reference. Vuld#ttp(  Counties) and S (Denver metro counties) wind sectors, re-
Ilvulcan.project.asu.edlus a high resolution data product spectively. The on-road, electrical production, residential,
that utilizes a combination of energy, air quality, census, traf-agnd airborne sectors contribute to 86 % of the totabffO

fic, and digital road statistics to quantify fossil fuel €0  emijssions in the region (Table 2). In Sect. 3.3.1, we consider
emissions for the United States. Until recently, the Vulcanthe uncertainties associated with these assumptions about the

inventory was available only for 2002, but is now updated gepgraphic area influencing emissions in the two wind sec-
to include annual emissions at the county and state level fofgys.

all years between 1999 and 2008. The gridded high resolu-

tion product is currently available only for 2002, however. 2.8 Bottom-up trace gas emissions estimates

The Vulcan02 data product is used as the base year in this

analysis. For the Vulcan02 product, country-wide emissionsWe compare our top-down emission estimates with bottom-
are in agreement with the United States Energy Informationup estimates for CO (NEI, 2008) and acetylene (NEI, 2005).
Administration (EIA) estimates to about 2 % even though theEmissions of GH» are estimated from a gridded NEIO5 in-
different estimates were compiled using independent statistiventory of total VOC emissions in combination with the EPA
cal datasets (Gurney et al., 2011). At the county level, the esSPECIATE(v4.3) model (EPA, 2011).

timated uncertainty (@) on annual CQff emissions from the Table 3 summarizes the bottom-up emission estimates, in-
Vulcan02 data product is variable, but no more th&0 % cluding the base-year for each inventory. Scaling fact@}s (
(and typically less thaty10 %) for any given county (Gurney for the trace gases that relate the inventory base-year to the
etal., 2011). To apply the Vulcan02 data product to our anal-observation period are estimated from population statistics
ysis period (2009-2010), the Vulcan02 emissions are scaledr additional factors. Scaling of the tracer inventories, which
up to the observation period using the state-level EIA inven-are related primarily to mobile emissions, is calculated in
tory (EIA, 2012), which is currently available through 2009. proportion to the rate of increase in population according to
We use the county-level Vulcan data product for 2003—-2008statistics from the US Census Bureau. The uncertainty limits
to constrain the uncertainty in our scaling factor derived fromfor the scaled emissions are assigned as the base year es-
the state-level EIA data. A more detailed description of thetimates (i.e. no change in emissions) on the low end to an

2.7 Bottom-up fossil fuel CG emissions estimates
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Table 3. Summary of top-down and bottom-up annual emissions for CO ahtp) Gncluding the bottom-up emission source, inventory base

year, the scaling term{), and associated uncertainties derived for different regions around the sampling site in Colorado for the measurement
period. Bottom-up emissions for G@ are also summarized. Uncertainties on the scaled bottom-up emissions and the top-down emissions
are described in Sects. 3.3 and 3.3.1.

Species  Wind Sector Bottom-Up Source Base o Scaled Scaled Emissions Top-Down x E
Emissions Year (%) min/max Emissions Min/Max Emissiong)(E  Min/Max
min max min max min max
CO N/E 116.0 Gg NEIO8 2008 3.6 —105 11 120.1 Gg 103.8 128.4 624 Gg 46.0 755
S 362.1 Gg NEIO8 2008 1.7 -105 5 368.2 Gg 324.1 380.5 1825 Gg 116.8 251.2
Combined 478.1 Gg NEIO8 2008 - - - 488.3 Gg 427.9 508.9 2211 Gg 171.0 269.5
CoHa N/E 0.172 Gg NEIO5 2005 116 O 35 0.192 Gg 0.172 0.232 0.291 Gg 0.225 0.369
S 0.544 Gg NEIO5 20056 52 O 16 0.572 Gg 0.544 0.629 0.727 Gg 0.506 1.034
Combined 0.643 Gg NEIO5 2005 - - - 0.764 Gg 0.716 0.861 1.011 Gg 0.791 1.273
COp N/E 294 TgC Wulcan2.2 2002 28 - - 3.02 TgC 242 3.63 - - - -
S 727 TgC \Vulcan2.2 2002 28 - - 747 TgC 598 897 - - - -

o

estimate using a scaling factor that is 3 times the popula- ¢
tion increase on the high end. An exception to this is for the
uncertainty limits for CO emissions. There is evidence that 03
on-road mobile CO emissions have decreased in many urbanz ,,
regions over the past 15-20yr despite large population in-§
creases, and in Denver, specifically, the CO-to-fuel burnt ra-< o
tio was observed to have decreased at a rate of about 7 % per
year between 1999 and 2007 (Bishop and Stedman, 2008). 'L e TR BT R
Therefore, the bottom-up CO emissions uncertainty is brack- 25—

40

eted at the low end by an emission rate correspondingtoade- i
crease in emissions of 10.5 % from 2008 (the inventory baseg .

year) to the observation period. We acknowledge that scal-§ o |
ing up of these trace gas estimates using population statistic=,

is an unconstrained approximation, and we have, therefore,S [ W/E\‘\/Q—i\" i
assigned conservatively large uncertainties. Itis importantto  of v

note, however, that the inventory base year estimate is al- 5
ways within the uncertainty brackets of the scaled inventory
values, thus allowing the reader to evaluate the top-down andfig. 2. Time series of*CO, (a) and CQ/ff (b) from 145 discrete
bottom-up comparison independent of any scaling assumpwhole air samples (filled circles) collected at the BAO tower. Uncer-
tions made here. tainty in each'4CO, measurement i 2.2%o, which translates to

an uncertainty in each CO2ff observation of 1.2 ppm (see Sect. 3.1).

Thirty day binned medians are shown as open circles in @)nd

(b), with error bars representing the standard error of the meahn (1

1 1 i H
1,2009 Sep 1 Nov 1 Jan 1 Mar 1 May 1 Jul 1 Sep 1, 2010

3 Results and discussion for each 30 day bin. Also shown i) is the 14CO, background
as observed at NWR (black line) (Turnbull et al., 2007; Lehman
3.1 AC and CO»ff time series et al.,2013), with the uncertainty envelope represented by the grey

shaded region.
The results of thé*CO, analyses are shown in Fig. 2a with
values ranging fron+19.4 to 50.5%.. The time series runs
from late June 2009 to September 2010, overlapping withsmall relative to those foa14C). Performing this calculation
the observation period of the CFRPS, where observationgor each BAO observation in Fig. 2a gives gfmole frac-
(from the same set of flask samples) up through the sprindions that range from below the 1.2 ppm detection limit up
of 2010 were included in their top-down emission calcula- to 25 ppm. There are occasional instances of negativgfCO
tions. Excursions ofA14CO, at BAO (relative to the NWR  values (14 % of all samples), which is not physically real-
background site) towards lower values signify the additionistic. All but 5 of these samples (3% of the entire dataset)
of recently emitted fossil fuel C&Oto the sampled air mass. lie within the 1o envelope around zero and only 1 sample
As described in Sect. 2.5, the Gfbdmole fraction can be (—3.3 ppm) lies outside of®, thus these negative values are
guantified using Eq. (3), with an uncertainty of 1.2 ppm basedstatistically consistent with C£f=0+ 1.2 ppm.
on propagation of the analytical uncertaintyAt*CO, for The most obvious feature of the Gfbvariability is that
both Al%obs andA%bkg (the uncertainty in COterms is  mole fractions are high and variable in the winter months and
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relatively constant and lower, on average, during the summer 20

: ) . = X X N/E wind
months (Fig. 2b). This trend is qualitatively consistent with (a) /E wind sector

O0O

P
/ . A g ; S wind sector
shallow, and variable, mixing layer heights in the winter and 135° bins
deep mixing layers in the summer (Turnbull et al., 2009). 15 40°bins

Mixing layer height is driven by a number of complex me-

teorological and topographical variables, but largely by sur-
face sensible heat flux, which is of course much lower dur- = 10} e B
ing the winter. Tracer/tracer ratios are expected to be much ﬁ‘ ﬁ 1?
less sensitive to variability in mixing layer height since the N

dilution and mixing of co-located and temporally co-varying

emissions will impact the different tracers equally. As we de-
scribe below, observations of a set of tracerf@@atios are

consistent with this expectation. 00 5100 150 200 250 300 350

ppb/ppm)

(R

== N
—c—
p-———

CO/CO,ff

3.2 Variability in tracer/CO » ff enhancement ratios 60 Mean Wind Direction (deg)

L. ) (b) O N/E wind sector
When sources of trace gas emissions are co-located with fos- g, 0.5 wind sector
sil fuel combustion sources, an analysis of the trace gas en-g O 135° bins

hancements relative to G provides a means to better un- 40 40° bins

o
IV . o . a
derstand the variability in the mix of emission sources in- 5

fluencing the site independent of the dilution and mixing dy- £ 30 ‘O(ﬂ; O%’ 5 bl

namics that impact absolute mole fractions. While variability o o0t vl

in the absolute mole fractions of G@has a strong seasonal &' T - T ¢
dependence (Fig. 2b), with larger enhancements observed i?. 1 ;L;g Ll T T 1.9

the winter than the summer, there is no apparent (statistically= da | T +

significant) seasonality to any of the considered tracesfCO © o 2
enhancement ratios, suggesting that boundary layer dynam-

ics are largely what are driving the seasonality in measured 1% 50 100 150 200 250 300 350
atmospheric mole fractions or that emissions of all the trace Mean Wind Direction (deg
gases have similar seasonal cycles tefEO 60 6) .
Figure 3a and b show the dependence of the CQfCO °.
and CH/COxff enhancement ratios on wind direction us- N (#) 40 . o
ing two different size wind direction bins (4Gand 1385), N o
demonstrating a significant enhancement in@GHundance 2018 e e .
(relative to CQff) when winds are arriving from the north ol ‘ ; . & i |
and east of the BAO tower. The CO/Gfbratio, on the other 0 50 100 150 200 250 300 330
hand, is relatively constant with wind direction such that Mean Wind Direction (deg)
the uncertainties in the different sectors overlap, suggest- ) ) ) o
ing a consistent mix of CO and G® combustion sources rlg. 3. Tracer/CQff ratios as a func_tlon of mean wind dlrgctlon
throughout the region. The GHCO.ff variability with wind or (2) CO and(b) CH, for each rotating 1g5W'de a.md 40-wide
direction shows two distinct wind sectors within which the wind sector wedge. The number of observations in each 48§
o i o 40° wedge is shown irfc). Also shown are the tracer/G® ratios
_CH4/CO?ff ratio Is r_elatlvely stable. A significant drop-off calculated for the N/E (red) and S (blue) wind sectors used in the
in the CHy/CO»ff ratio can be seen at around115-120, analysis.
which corresponds to sectors having fewer oil and gas wells
and stronger influence from the Denver metropolitan region.
This provides the basis for the definition of the N/E and S
wind sector boundaries, which we use to examine difference®N/E. These differences were attributed to oil and gas produc-
in emissions for each trace gas considered in the analysis thaéibn in Weld County, to the northeast of BAO. As shown on
follows. the map in Fig. 1, the majority of these wells are located in
The variability in CH/CO,ff with wind direction is con-  Weld County (COGCC, 2011), from which 17.9 million bar-
sistent with results presented in the CFRPS (Pétron et alrels of oil and 5.7 billion cubic meters of natural gas were
2012), which found significantly enhanced mole fractions of produced in 2009 (COGCC, 2011). Other sources of; CH
alkanes, including Clj CsHg, n-C4H1g, i —CsH12, and n- in this region include cattle feedlots, landfills, waste wa-
CsH12, observed at BAO in air masses arriving from the N/E. ter treatment plants, and natural gas processing plants. The
Benzene was also enhanced in air masses arriving from theansportation or mobile sector contributes significantly to a

5° bins
° bins

N
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subset of the gases considered: C@Hg CeHg, i —CsH12, 3505 Wind speed <2.5 m/s @
and, to a lesser extent—CsH12 (Watson et al., 2001). This s00r | © Q;‘;fcv?r']gussei?;‘mes
sector likely contributes significantly to emissions from the = 250l | e s wind sector
Denver metro counties, but there are also significant mobile & ,q,| < \Wind sector .
emissions in the N/E wind sector from Interstate 25, the main 2. //v
north-south route in Colorado, as well as in a number of S 100 e i i
population centers, including Fort Collins, all located due o S wl i
north of BAO, in Larimer County. Table 2 summarizes the © * - ‘;;:;j%. *
expected sources of the trace gases evaluated in this analysis, °[ * « & ¢ .
along with their expected atmospheric lifetime with respect 5% 0 5 10 15 20 25
to oxidation by OH. Lifetimes of the tracers considered range CO,ff (ppm)
from 3 days (pentanes) to 7 yr (GH(calculated with a con- 800 — : :
stant OH density of 1cm~3). The oxidation of tracers can R e . }/
potentially reduce the observed enhancement ratio, loweringg 60°r| © S wind sector T
the apparent emission ratio. However, with no statistically 3; A wipd sector
significant seasonal differences for any of the tracepf€O 5400
ratios, we see no evidence of strongly seasonal OH chemG o -.' _ |
istry impacting the tracer/Cgif ratios discussed here. This ', i 2 ,rﬂ’/- ot ///J//
is likely a result of short transit times since emission relative S of—+-% ?‘('". < SN 2
to their atmospheric lifetimes.

2005 0 5 10 15 20 25
3.2.1 Carbon monoxide CO,ff (ppm)

Figure 4a shows the relationship between CO enhancemerig. 4. Correlation plots of C@a) and CH; (b) enhancements (with
and CQff for each sample. Fits of a linear regression are in- respect to background observations) with fffOData are sepa-
cluded in the Fig. 4a for the N/E and S wind sectors, giving rated into three wind sectors (north and east: red; south: blue; and
r2 values of 0.704=55) and 0.89/ = 31), respectively. As  west: green), except in cases where average wind speeds were be-
detailed in Table 1, the point-by-point analysis of these ob-low 2.5ms ™ over the 30min prior to sampling. Best-fit lines are
servations show median (withr2equivalent confidence in- s_howr_1 for the N/E and S wm_d sectors (correlation co_efﬂments_ are
tervals) CO/CGff enhancement ratios of 8.8 (7.3-9.4) and 9/VeN In Table 1).Ir(a), two points are shown as open circles which
10.5 (7.3-13.8) for the N/E and S wind directions, respec-a.“e. om'.tted from. our analysis (see Sect. 2.5k a second bPTSt'
. ; . . o fit line (light red) is shown for the N/E data, but excludes the highest
tively. For all wind sectors combined, the median ratio is 9.0Cozfr sample.
(8.1-9.8) (2=0.83).

A comparison of these CO/CG® ratios with those found
in other studies and those predicted by bottom-up inven-
tories are shown in Fig. 5. The observed ratios from bothshort term datasets, observed ratios of COMEr indi-
wind sectors are similar to the values of &&.2 and vidual samples from the south wind sector at BAO range
11.7+ 5.5 ppb ppm?! calculated at Niwot Ridge from two from 3.6 to 13.5 ppb ppm' (1o), with a maximum observed
samples originating from the Boulder area via upslope windsvalue of 20 ppb ppm! (not including the sample impacted
in 2004 (Turnbull et al., 2006). Our estimates are somewhaby biomass burning). Differences in the influencing area of
lower, however, than previous reported values of COA£O emissions between the two studies may also play a role in the
in Denver, where ratios were derived from linear correlationsobserved differences.
across 4 different aircraft flights«d-6 samples per flight) in The main anthropogenic sources of CO in Colorado, and
May and July of 2004 (Graven et al., 2009). The observedin much of the US, are from on-road gasoline vehicles in
ratios from these flights ranged from 14-27 ppbppnRe-  the mobile sector (66 %) and from non-road gasoline-based
ductions in CO emissions from mobile sources between 200&quipment (26 %) (NEI, 2008). While the on-road and non-
and 2009 are well documented (e.g. Bishop and Stedmarrpad sectors account for 92 % of total CO emissions in Col-
2008) (part of a much longer term trend across most of theorado, these sectors contribute only 29 % of the total state
country), and could be a factor in the lower enhancement raCOxff emissions according to the Vulcan08 data product
tios observed here. The long term dataset from BAO, how-(Gurney et al., 2009). Therefore, the remaining 71% of
ever, provides a more robust estimate of the COftC@- COff sources contributes to at most 8% of the total CO
tio than either of these short-term studies where small erNEI emissions estimate in Colorado. This suggests that the
rors in individual data points could result in a large differ- average CO/Cgif emission ratio across a given region is ex-
ence in the estimated ratio and where short term variabil-pected to scale roughly with the fraction of gfemissions
ity could have a strong influence. For comparison with thesecoming from on-road and non-road combustion sources.
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Fig. 6. Observed tracer/Cgif ratios from Weld County (N/E wind
sector, red diamonds) and the Denver metro counties (S wind sector,
blue circles). Ratios are calculated as the median of the point-by-
point ratios for all data where Cf was detected above 1.2 ppm,

Fig. 5. A comparison of CO/CGHf ratios observed or estimated in as described in Sect. 3.3. Uncertainties in the median ratios are the
9. > par . 95 % confidence intervals, defined as the 2.5-97.5 percentile range
various US locations. The bars are calculated from bottom-up emis;

) . (~20 confidence) from a distribution of 500 median estimates from
sions estimates (NEIO8 CO and Vulcan2.2 ££@nd color-coded . ’ . ) . : i
by the contribution of different sectors to the total CO emissions: a randomized re-sampling of the data (boot-strapping with replace

. . . ment). Note that the figure is presented using a logarithmic scale.
on-road gasoline, non-road gasoline, and other. Observations from ) 9 P 9 9

each location are shown, including those from our observations at

BAO (split into Weld/Larimer and Denver metro influence based . . L .
on wind sector) and observations from other studies: Denver (Turn-Ctof (~19 ppm CQff); removing this single data point re-

bull et al., 2006; Graven et al., 2009)), Sacramento (Turnbull et al. duces the-2 to 0.65, but has little to no impact on the me-
2011), LA Basin (which includes Los Angeles, Riverside, Orange, dian enhancement ratio (30.2 (22.6-34.9) ppbphmThe
and San Bernardino counties) (Djuricin et al., 2010), and for themedian enhancement ratio is higher by a factor of 3 in the
northeastern US (Miller et al., 2012). N/E wind sector relative to the S wind sector, implying that
emissions of Chj, relative to CQff, are 3 times higher in the
N/E sector than the S sector. The added source of iGHu-
Similar observed CO/Cgf ratios for both N/E and S wind  encing air samples arriving from the N/E likely results from
sectors, therefore, suggests a similar contribution of on-roac mix of emissions from oil and gas operations in the DJB
and non-road Cgif sources in both Weld/Larimer counties (Pétron et al., 2012), and other non oil and gas sources, such
and the Denver metro counties, consistent with the Vulcaras cattle feedlots.
data product which estimates that the on-road plus non-road Entrained CGff can be co-emitted from natural gas wells,
sectors (the dominant CO contributors) combine for 29 %but CG is only a small fraction (3-5% by mass) of raw
and 41 % of the total C®emissions, for Weld/Larimer and natural gas (COGCC, 2011), and constitutes only a negli-
Denver metro area respectively (Gurney et al., 2009). This igyible fraction (<0.1%) of total Weld/Larimer county GO
in contrast to ClH and other trace gases, as we discuss belowemissions, based on the CFRPS estimates. This suggests that
where there is a clear enhancement due to non-combustiowhile emissions of Cil and CQff likely stem from sepa-
sources related to oil and gas production in the N/E sector. rate processes, there is sufficient co-location of sources such
that air mass mixing prior to sampling has led to good corre-
3.2.2 Methane lations between these two gases in the BAO record. Further

S ) ) ) evidence of this can be found in a consideration of multiple
We find significant differences in the mole fraction enhance-iracer/CGff ratios, as discussed below.

ment of CH, relative to CQff depending on wind direction

(Fig. 4b). The ratio in air arriving from the N/E sector is 3.2.3 Other trace gases

31.3 (24.3-34.9) ppb ppm and that for air traveling from

the S wind sector is 9.5 (5.8-12.4) ppb ppmThis higher  To further understand the differences in emission sources be-
enhancement ratio in the N/E wind sector can also be vitween the two wind sectors, we consider the tracepf€O
sualized in the correlation plot of GHenhancement with ratios for a number of additional gases. Figure 6 shows
COff (Fig. 4b), where filtering by wind sector results in two the difference in median tracer/Gfbratios for CO, GHo,
highly correlated relationships with different slopes. #h  CHg, C3—Cs alkanes, and benzene when winds are from the
of 0.81 @=55) and 0.754=33) is calculated for the N/E N/E and S sectors. Like CO,28> is known to be emit-
and S wind sectors, respectively. The high correlation in theted in industrialized and urban regions primarily from com-
N/E wind sector is influenced by the sample at relatively highbustion sources (Whitby and Altwicker, 1978), while the
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o
]
£
=
]
=
<
3
2

Los Angeles Basin

Atmos. Chem. Phys., 13,11101412Q 2013 www.atmos-chem-phys.net/13/11101/2013/



B. W. LaFranchi et al.: Constraints on emissions of carbon monoxide, methane, and a suite of hydrocarbons 11113

other gases are emitted either from non-combustion sources__ 1400

(CsHs, n—CaH1o, andn—CsHip) or from a combination L 4, W This Study |
of sources (GHg and i-GsH12). Both CO and GHa (rel- = mhE

. . . & 1000 NEI Modified
ative to CQff) show no appreciable dependence on wind §
direction in our data, suggesting that both gases are emit-a  soo

ted primarily from combustion processes that are common to'g
Weld/Larimer counties and the Denver metro counties. The -
median ratio of GH, enhancement to C{f observed at
BAO (N/E and S combined) is 44.5 (40.7-51.8) ppt pgm
(16th—84th percentile range)%=0.79, n=85), which is
consistent with observations from two previous studies in o0 €O (Gg)
different US locations: 52 (45-59) ppt pprhdownwind of 400.0
Sacramento, CA (Turnbull et al., 2011) and 45.9 (28.6— L 550
102.9) ppt ppm? off the east coast of the United States dur-
ing winter (Miller et al., 2012). This consistency suggests a
relative insensitivity of this ratio to a particular mix of emis-
sion type across the United States, an important criterion if -
one were to consider usingBy as a proxy for CGff in the
absence ofA1*CO, observations. However, the large spread
observed in the enhancement ratio off the eastern US coas
by Miller et al. (2012) (as reflected by the 16th and 84th per-
centiles of the distribution of observed ratios) suggests that 00
there can be more variability in this ratio than indicated by
the range of median values alone. Further, biomass bumgig. 7. Emissions estimates of CO angg; from Weld/Larimer
ing can be a significant source obig;, likely impacting counties (top) and the Denver metro counties (bottom). Top-down
the GHy/COxff ratio in different regions at different times emissions, calculated using Eq. (4), are shown as blue bars, with
of year and from one year to the next. Additional researchuncertainties given as described in Sect. 3.3. Bottom-up emissions
is required to better evaluate the potential for usingdie  estimates from the NEI (2005 fora€i; and 2008 for CO) inven-
as a secondary G/ tracer and whether it would prove ad- tory (red) are included for comparison for each species, as well as a
vantageous over the use of CO (Turnbull et al., 2006; Levinmodified bo_ttom-_up CO inventory as described in the text. Note the
and Karstens, 2007), which may be problematic in locationgJifferences in units for the two trace gases.
where significant in situ CO production results from VOC
oxidation.

As with CH,, there are significant differences in the
tracer/CQff enhancement ratios for thes€Cs alkanes and g the observations described above as well as those re-

benzene with wind direction, which suggests that enhanced,teq in the CFRPS, it is clear that air sampled at the BAO
emissions of these chemicals in the N/E are associated Witk tower is strongly influenced by emissions on local-to-

gas and oil operations (Bar-llan et al., 2008a, b; Pétron ePegionaI scales¥ 103 - ~10P kmz). Changes in wind direc-
al., 2012). In general, ratios 0f:€Cs alkanes are enhanced jon 4t the site result in these local emissions coming from
relative to CQff by about a factor of 4-5 in the N/E wind  4ne of two primary source regions: (1) gas and oil operations
sector compared to the S wind sector. Benzene is enhanceg the north and east and (2) the Denver metro region to the
in the N/E wind sector compared to the S wind sector by asoyth, Given the distinct geographical separation of sources,
factor of 1.5. Despite the significant non-combustion sourcesye se the wind sector specific observations, in conjunction

of the VOCs related to gas and oil production, we see Very;ith county-level CQ emissions from the Vulcan data prod-
good correlations of these species with£H air arriving ¢t (Gumney et al., 2009) as a means of estimating emissions

2 2
from the N/E ¢°>0.71, except for §Hg for whichr“=0.51  {q these trace gases using a tracer ratio approach.
and 0.61 for N/E and S, respectively) — an indication of in-

tegra_tion of emissio_ns by air mass mixing or substantia_l CO-Ey = Ecoyff (1+a /100 R (4)
location of combustion sources with oil and gas operations.

The enhancement of the alkane/gf@atios suggests, atleast Equation (4) describes the annual average top-down emis-
qualitatively, that a significant portion of the Gldetected at  sions for a series of trace gasds). For reasons described
BAO stems from activities related to the oil and gas indus-below in Sect. 3.3.1, in this study we apply Eq. (4) to esti-
try (Pétron et al., 2012), since agricultural emissions offCH mate emission magnitudes for CO angH3 only. In Eq. (4),

are not expected to be associated with emissionszefCg R is the median observed tracer/gfOratio, Eco,f isS the
alkanes. annual average Vulcan G emission rate for the region of
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3.3 Estimating emission magnitudes
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interest, andv is a scaling factor that is designed to account our Zr analysis) for the two wind sectors results in differ-
for changes in emissions from the emission base year to thences from the central estimate of 7% (upper estimate) and
observation period. For G emissions, this factor is equal 11 % (lower estimate) for Weld/Larimer counties and 7 %
to the change in emissions (expressed as a %) for the ElAupper) and 10 % (lower) for the Denver metro counties. We
inventory for Colorado between 2002 (the Vulcan base year}herefore assign a conservative uncertainty-&f0 % to the
and the most current EIA inventory year, 2009. Equation (4)scaled bottom-up C&¥ emissions estimates in this analysis,
is applied independently to the N/E and S wind sectors forin which includes both uncertainty in bofico,+ ande.
each tracer, wittk calculated for the N/E and S wind sectors It should be noted that the Vulcan estimates may include
paired withEco, estimates for Weld/Larimer counties and emissions of modern (non-fossil) G&om the on-road sec-
the metro Denver counties, respectively. Sinds based on  tor in locations where biofuels (ethanol) are used, including
state wide changes iBico,f, this scaling factor is equivalent Colorado, which would lead to a positive biasAg@o,f, and
for both wind sectors. Tracer/G®ratios (R) are calculated therefore,Ex. This bias would scale directly with the frac-
as discussed in Sect. 3.2. Tables 1 and 3 summarize the péien of total CQOff (all sectors) in the Vulcan estimate that
rameters used to calculakg for Weld/Larimer counties and is from biofuels. For some perspective, a fleet-wide 15 %
the Denver metro counties. Note that after applying the windbiofuel blend in the on-road sector (33 % of the total O
direction, wind speed, and low G® cut-off filters to the  emissions in the region; see Table 2) would result #1506
dataset there are more accepted measurements in the databg&ts in our estimates dfy, which we consider small com-
during winter than summer, and thus any seasonal bias in thpared to other uncertainties. This would be roughly equiva-
observed valu® would lead to winter emissions being over- lent to assigning a value 6f950%o. (rather than -1000%o) for
represented in the estimatesBf. From the available data, Aflf“ in our derived COff estimate.
however, we can detect no significant differences (with re- The calculated top-down emission magnitude estimates
spect to the @ confidence intervals) iR with season for the  (Ex) are given as a central estimate or ‘best guess’ for the an-
two gases considered. Additionally, we do not consider po-nual emissions plus 95 % confidence intervals calculated by
tential diurnal or day-of-week variability in emissions in this propagation of the uncertainties described above. The boot-
analysis. Since all the samples were collected at the samstrap determination of uncertainties for the enhancement ra-
time of day — within 30 min of 12:30 local time, the derived tio provides a reasonable approximation of the impact of the
emissions and emission ratios will be biased towards daytimeariability of the tracer/CeXf ratios. Figure 7 summarizes
(vs. nighttime) emissions. Weekends are slightly over sam+the top-down estimates and confidence intervals (whiskers),
pled in this dataset (2.5 weekend samples for every 7 totablong with the available bottom-up estimates, for CO and
samples) which could lead to a slight bias towards weekend€,H, for each wind sector.
in the annual emissions estimates; however, we do not find
any statistically significant weekday-to-weekend differences3.3.1  Spatial considerations
in the tracer/CGQff ratios.

Uncertainties inR (as described in Sect. 3.8 co.#, and Additional uncertainty inEco,ff arises as a result of our as-
a are considered in the estimation of top-down emissionssumptions regarding the geographic footprint (area of emis-
The scaling termg, is 2.8 % for the state of Colorado ac- sions) influencing the observations. Obviously, the emissions
cording to the EIA inventory. While this scaling term indi- influencing the observations are not strictly confined to the
cates almost no change between 2002 and 2009 emissionspunty boundaries that we have selected, based on the simple
in actuality, EIA emissions increased by 9% by 2007 andwind sector analysis. This matters only to the extent that the
then decreased over the next 2yr (presumably related tgpatial distribution of tracer/C£f emission ratios varies be-
the economic downturn in the United States during this pe-tween the presumed footprint and the actual footprint. This
riod). Similar trends are observed in the county level Vul- may be an issue especially for emissions estimates in the
can emissions over this time period, though the peak year ilN/E wind sector where we expect VOC and £émissions
both Denver Metro and Weld/Larimer counties occurs earlierfrom the DJB to be primarily confined to within Weld County
than 2007. Using changes in the annual EIA-based Coloradavhile CO, emissions are likely significant over a larger spa-
emissions to scale the Denver Metro and Weld/Larimer Vul-tial scale. For example, there are significant Gnissions
can02 estimates, gives, in general, very good agreement withlong the 1-25 corridor (in Larimer County) to the north of
the Vulcan estimates for these counties from 2003—2008 (tBAO, where there are relatively few active gas wells (see
within 10 % for any given year and about 5% on average).Fig. 1). Further, whereas G emissions are significant in
The Vulcan02 uncertainties ¢} for the annual emission es- both Weld (55 %) and Larimer (45 %) counties (according
timates from individual counties considered here are of sim-to Vulcan08), the vast majority~99.8 %) of natural gas
ilar order, ranging from 4.6 % to 10.6 %, (K. Gurney, unpub- and oil production (and, presumably, associated emissions)
lished results) with less uncertainty associated with the comin the two counties is confined to Weld County (COGCC,
bined larger county “sectors” that we use in our wind sector2011). Thus, the top-down emissions estimates of the trace
analysis. Doubling these uncertainties (to be consistent wittgases from oil and gas production will be sensitive to our
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assumptions regarding the location and scale of areas influal., 2012), while both California-based studies find that the
encing the observations: specifically, whether the observaebserved CO/Cgif ratio closely matches the estimates from
tions are influenced by emission fluxes from southwest WeldCalifornia bottom-up inventories (Fig. 5). The Sacramento
County only or from a larger area that extends into the eastresults were found to be in agreement with the California Air
ern part of Larimer County or other locations where f#O Resources Board (CARB) 2008 inventory, but the NEIO5 in-
emissions are significant. Conversely, for CO antig; the ventory was high by about a factor of two (Turnbull et al.,
consistency in the enhancement ratio across all wind sector2011). From our analysis, it appears as though this overesti-
supports the contention that the emissions estimates of thesaate in the NEI inventory for California has been corrected
tracers are insensitive to presumptions about the precise aréa the 2008 release, perhaps a result of adopting the CARB
of emissions influencing the observations. Thus, we contenestimates, as previously suggested by Turnbull et al. (2011).
that the approach outlined above provides robust emissioisimilarly, the observations in Irvine (Djuricin et al., 2010)
estimates for these two gases. are in good agreement with the NEIO8 inventory for the LA
Because our analysis of trace gas emissions related to thBasin (Los Angeles, Orange County, San Bernardino, and
oil and gas industry in the N/E wind sector is expected to beRiverside counties). From the BAO observations and those
sensitive to the uncertainty in the spatial footprint of observa-off the east coast of the US, it appears as though corrections
tions, we refrain from estimating absolute emission rates forwere not made for the rest of the country.
the trace gases related specifically to the oil and gas indus- As with the previous Denver observations, the Sacramento
try in Weld County (CH, benzene, and thes€Cs alkanes). and Irvine observations are representative of shorter time
Reliable estimation of emissions from this critically impor- periods: the Sacramento observations were compiled from
tant sector is a matter of ongoing research, using a variety ofinear correlations of 10 samples collected during 2 aircraft
observational platforms. Improved transport models that carflights, while the Irvine observations were from 3 discrete
accurately represent and account for the unique topographgamples collected over a few different months at a surface
and meteorology of the Colorado Front Range will also besite on the campus of UC Irvine. The Miller et al. study pro-
required, whether using a tracer/tracer approach or inverseides a longer term average, similar to the BAO observations,
techniques. A more in depth study of the relationship be-but is more representative of northeast US regional-scale
tween observed C£f at BAO and trace gases linked to the (~10°—~10°km?) sources rather than the local-to-regional

oil and gas sector is planned for a future publication. (~10°3—~10° km?) influence at BAO. Given the large differ-
ences in time and space scales relevant to each of these stud-
3.3.2 Carbon monoxide emission estimate ies, the comparisons of CO/GfDratios in the various loca-

tions are not necessarily conclusive. However, as we will dis-
We estimate annual CO emissions (shown in Fig. 7) to becuss in Sect. 4, we find that a closer inspection of the NEIO8
62.4 (46.0-75.5) Gg yr* CO for Weld/Larimer counties and  inventory reveals a significant difference in the CO inventory
182.5 (116.8—-251.2) Ggyt CO for the metro Denver coun- in California vs. Colorado that is not supported by observa-
ties. The NEIO8 estimates for these regions are 120.1 Gg C@ions.
and 368.2 Ggyr! CO, corresponding to overestimates by a  In situ production or loss of CO could also potentially bias
factor of 1.9 and 2.0 for Weld/Larimer and metro Denver these results. The most likely scenario would be the pro-
counties, respectively (Fig. 7). Our analysis indicates that to-duction of CO from the oxidation of VOCs by OH (Grif-
tal emissions for the two regions are overestimated by a facfin et al., 2007) which can be significant in some locations,
tor of 2.2 (1.8-2.9) in the NEIO8 bottom-up inventory. These especially during summer when oxidation rates are intensi-
values are consistent with prior studies evaluating the accufied and biogenic VOC emissions are high (Turnbull et al.,
racy of the NEIO8 (and prior versions) CO emissions (Par-2006). At BAO, we do not see an appreciable difference in
rish, 2006; Hudman et al., 2008; Miller et al., 2008; Turnbull the CO/CQff ratio from winter to summer, which suggests
etal., 2011; Miller et al., 2012). little photochemical influence on CO abundance at BAO. The

Comparing the results of different studies where radiocar-atmospheric lifetime of CO is sufficiently long~60 days)

bon observations were used to derive COf€@atios pro-  that consumption of CO by OH is also likely to be negligible
vides some insight into the ubiquity of the overestimate ofin this analysis.
CO emissions in the NEI inventory. A survey of observed
CO/COff ratios from different locations, including Sacra- 3.3.3 Acetylene emission estimate
mento, CA (Turnbull et al., 2011), Denver (Turnbull et al.,
2006; Graven et al., 2009), Irvine, CA (Djuricin et al., 2010), Acetylene emissions are estimated to be 0.29 (0.23-
and off the eastern coast of the United States (Miller et al.,0.37) Ggyr! in Weld/Larimer counties and 0.73 (0.51—
2012), reveals regional differences in the comparison be1.0)Ggyr?! in the Denver Metro counties. These values
tween observations and bottom-up estimates (Fig. 5). Thare higher than the bottom-up estimates by factors of 1.5
observations from the eastern seaboard of the United Statg4.2—-1.9) and 1.3 (0.9-1.8) for Weld/Larimer and Denver
point to an overestimate of NEIO8 CO emissions (Miller et metro, respectively (Fig. 7). Nonlinearity issues with the
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CoH2 measurements may result in a positive bias for our An analysis of the on-road sector CO (NEI08) and-8O
emission estimates by as much as 12 % (see Sect. 2.3), b(¥ulcan08) emissions in comparison with the on-road obser-
this is not enough to bring the top-down and bottom-up esti-vations of tail-pipe emissions of CO by Bishop and Sted-
mates into agreement. In contrast to carbon monoxide, therenan (2008) in Denver and Los Angeles (Fig. 8) suggests
has been very little evaluation of,8, emissions invento- that NEIO8 CO emissions in the on-road sector, specifi-
ries in the United States. Warneke et al. (2007) comparectally, are biased high in Colorado. These on-road observa-
the GH» : CO ratio from observations in Boston, New York, tions show only very small differences between the CO:fuel-
and Los Angeles to that in the NEI99 emissions databaseburnt ratio (and therefore the CO/G@atio) emitted from
and found the ratio to be underestimated in each locationyehicles in Denver (in 2006) and Los Angeles (in 2008).
suggesting a systematic underestimation of acetylene emisFhe CO:fuel-burnt ratios observed in the two cities corre-
sions by the NEI database. However, it is unclear whethespond to CO/C@ emission ratios of 16 ppb ppm (Den-
this underestimation of theJ8l, : CO ratio is a result of an  ver in 2006) and 18 ppb ppm (Los Angeles in 2006). In
underestimate of £, or an overestimate of CO (as detailed Los Angeles, the observed ratio (Bishop and Stedman, 2008)
above). Using observations 8fCO,, the GH> inventory  closely resembles the bottom-up ratio of 17 ppb pproal-
can be evaluated independently of any biases in the CO emiszulated from the NEIO8 and Vulcan08 inventories for the on-
sions inventory. There have been two recent examples conroad sector only; however, the on-road sector bottom-up ra-
paring top-down estimates o8, emissions in the United tio (NEI08:Vulcan08) for Denver is 40 ppb pprh, which is
States to bottom-up inventories usiffCO, observations: 2.5 times the observed ratio (Bishop and Stedman, 2008).
Miller et al. (2012) estimated £, emissions for the en-  Similarly, in Weld/Larimer counties the bottom-up ratio is
tire United States (assuming northeast ratios were nationally3 ppb ppnt! and US-wide it is 38 ppb pprt. It should be
representative) and found relatively good agreement (withimnoted that the on-road CO emissions in California are esti-
6 %) with the NEIO5 GH, emissions inventory (the same mated using a different mobile source model, EMFAC2007
gridded inventory used for comparison in this study and de-{(EMFAC, hereafter) (CARB, 2007) than that used for the
scribed above); Turnbull et al. (2011) published a comparisorrest of the United States, MOBILE6.2 (MOBILE, hereafter)
of CoH2:COff ratios from observations of the Sacramento (EPA, 2012b). In light of our comparison of CO/Gfbobser-
urban plume with that calculated from bottom-up invento- vations between California and other regions, and given the
ries and found &30 % underestimate offEl, in the NEIO5  Bishop and Stedman (2008) observations in comparison with
inventory for Sacramento, CA. Both of these estimates, itthe on-road sector bottom up inventories, it appears likely
should be noted, were made relative to the sanid,Gtan-  that the MOBILE CO emission factor outputs are biased high
dard scale as in our estimates. AdditioH4 O, observations  relative to the EMFAC model.
co-measured with §H, in more locations and comparison  This is also consistent with a recent comparison (Fujita et
with contemporaneous NEIO5 values are required to come t@l., 2012) of these two mobile source models, along with the
any definitive conclusions regarding the accuracy e  MOVES2010a (MOVES, hereafter) model, which was re-
emissions in the NEIO5 database. The use gfifas a sec- cently adopted by the EPA (EPA, 2010). This study showed
ondary fossil fuel tracer or a proxy for G seems promis- that MOBILE emission factor outputs are biased high rel-
ing, however, given the limited evaluation ofld; emission  ative to the EMFAC and MOVES outputs, both of which
sources in the literature as of today, further studies are recshowed close agreement with observations in a Los Ange-
ommended. les tunnel study. This analysis showed that CO was over-
estimated by the MOBILE model by a factor of 1.6-2.0
o ) across a range of temperatures and traffic conditions and was
4 Implications for Carbon Monoxide Inventory found to be relatively insensitive to whether emission control
programs were included in the model inputs. Both EMFAC

As discussed in Sect. 3.3.2, our observations and evaluatio . ) L
. ) . o and MOBILE use a region-wide average driving schedule
of the NEIO8 inventory are consistent with prior findings that . . . .
. . . . and speed to compile emission factors for different vehicle
CO emissions are overestimated at the national level in pre; . "
. . : . ) types and model years, while MOVES uses a more specific
vious versions of the NEI inventory (Parrish, 2006 Hudmana roach, where emission factors are calculated for differ
et al., 2008; Miller et al., 2008). There is evidence, albeit bp '

from a limited number of samples, that the California county- ent speed and power bins. The consistency between MOVES,

. EMFAC, and the observations detailed in Fujita et al. (2012),
level bottom-up emissions of CO more accurately reflect the
S . . ; ; suggests that the general framework of the MOBILE model
emissions estimated from atmospheric observations (Fig. 4) : S o .
. . L : . for scaling up emission factors from individual vehicles for
This provides the motivation to investigate whether there are L S .
. ) . an average driving schedule, which is essentially the same
fundamental differences in the methods for compiling the . .
: . o as that used by the EMFAC model, is not the issue. Rather,
bottom-up CO inventory in California vs. Colorado, as well

as in other states the emission ratios associated with individual vehicle types
' and model years need to be adjusted. A separate study by the
Federal Highway Administration Resource Center (Claggett
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N~
[

= NEI/Vulcan On_Road at smaller spatial scales and shorter temporal scales. With
m B8 On-fioad these caveats acknowledged, scaling-up of this modified CO
407 inventory reduces the total anthropogenic source of CO in
the United States from 60 Tgyt to 39 Tgyr?, close to

the 60 % reduction suggested by Hudman et al. (2008) for
anthropogenic CO emissions in the United States and close
to the national*CO, based estimate of 41 (33-53) Tgyr
(Miller et al., 2012).

25 -

20 -

15 4
5 Summary and conclusions

10

We have analyzed 145 whole air samples A0CO; col-
lected across 15 months at the NOAA BAO tall tower in
Erie, Colorado. Air sampled at this site is heavily impacted
by emissions from a variety of local sources including ur-
Fig. 8. On-road sector CO/C&¥ emission ratios derived from the ban, rural, and industrial activities. The oil and gas indus-
tailpipe observations of Bishop and Stedman (2008) (B&S, red) andry, in particular, was found to contribute to enhancements
from the sector-specific NEIO8 CO and Vulcan 2.2 Cé&nissions  in a number of industry-related trace gases relative to fossil
estimates (blue) for Denver, Los Angeles, and the US. fuel CO, when the tower is downwind of oil and gas activi-

ties, which are concentrated in Weld County to the north and

east of the sampling tower, although the relative contribution
and Houk, 2008) also analyzed differences in emission facof other sources of CHin this sector were not determined.
tor outputs by the EMFAC and MOBILE models and found The observed enhancements suggest that emissions f CH
that across a spectrum of average vehicle speeds for identic@l3—Cs alkanes, and benzene (relative to £fGemissions)
vehicle fleets in 2010 (a future scenario in the 2008 study),are a factor of 3~4-5, and 1.5 greater, respectively, in air
the MOBILE model CO emission factors were higher than masses travelling from Weld and Larimer counties (north and
the EMFAC output by 50-300 %, depending on the averageesast) over those originating from the Denver metro counties
vehicle speed. (south).

With the EPA soon to adopt MOVES2010a for the NEI,  With the availability of a spatially resolved bottom-up
and given the analysis of Fujita et al. (2012), future release<CO,ff emissions data product from the Vulcan Project, we
of the NEI inventory can be expected to produce more ac-are able to take a tracer/tracer approach usingfC@erived
curate estimates of CO emissions for Colorado and the resrom A14CO, observations, as a reference tracer, to critically
of the US. However, continued evaluations of these mobileevaluate the accuracy of the bottom-up emissions inventories
source models should be performed alongside observationfor CO and GH». For these two gases, we find no signifi-
such as those presented here, as well as those from Bishagant differences in apparent emission ratio relative taf€O
and Stedman (2008) and Fujita et al. (2012). between the metro Denver region and Weld/Larimer coun-

We derive a modified bottom-up CO estimate for the Den-ties, which suggests that top-down emissions estimates are
ver metro counties and Weld/Larimer counties in which thelargely insensitive to the assumptions about the sample foot-
NEIO8 on-road sector CO emission rate is replaced with aprint. We show that for both Weld/Larimer counties and the
new estimate calculated from the Vulcan08 on-road sectoDenver metro counties,#l, is underestimated in the NEIO5
CO, emission rate and the observed on-road sector CQ/COinventory by a factor of about 0.66 while CO is overestimated
ratio of 16 ppbppm?! from Bishop and Stedman (2008). in the NEIO8 inventory by a factor of2. From the NEIO8
This new estimate, shown in Fig. 7 and labeled as “ModifiedCO and Vulcan08 Ceif emissions estimates, we calculate
NEI", brings the top-down and bottom-up values to within that the average emission factor from on-road gasoline ve-
24 % for the Denver metro counties and to within 18 % for hicles is~40 ppb CO ppm?! CO, for the region, while our
Weld/Larimer counties. The remaining discrepancy betweerpbservations suggest an emission ratio of 16 ppbppfor
these modified estimates and the observations could be a réhese vehicles.
sult of some combination of: (1) diesel vehicles that con- For the trace gases originating from activities of the oil
tribute significantly to the on-road sector g@missions but  and gas industry to the north and east of the sampling tower,
are not a significant source of CO; and (2) a reduction inthe primary barrier to estimating absolute emissions is the
the CO-to-fuel-burnt emission ratio between 2008 and 2009-uncertainty in the spatial extent of the observation foot-
2010. Additionally, this crude scaling exercise does not takeprint, and therefore, the precise reference emissions value
into account changes in the CO/g®mission ratio during for COoff. Weld and Larimer counties present an extreme
“cold starts”, which likely introduces significant variability case, in this regard, where emissions related to the oil and

w
|

On-Road CO/CO,ff ratio (ppb/ppm)

o
I

Denver Los Angeles U.S. Wide
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gas industry are confined to a well-defined region within Bar-llan, A., Moore, T., Gribovicz, L., Sgamma, K., Pollack, A., and

a larger region of significant C4&f emissions from mobile Henderer, D.: Development of baseline 2006 emissions from oil
sources and where there is significant spatial heterogeneity and gas activity in the Denver-Julesburg Basin, WRAP Phase III
in tracer/CQff emission ratios. The incorporation of a reli- report http://www.wrapair.org/forums/ogwg/Phaselll_Inventory.

able mesoscale atmospheric transport model into the analysig htlrlnl, 34App'\./,| 2008"’_}' Gribovics. L. S < Pollack. A
may allow for a more reliable estimation of absolute emis->& " an: A., NOOre, 1., Lribovicz, L., sgamma, «., Follack, A.,

sions for these gases. The increasing economic importance and Henderer, D.: Development of 2010 oil and gas emissions
9 ’ 9 P projections for the Denver-Julesburg Basin, WRAP Phase llI

of the natural gas '”‘?'!Js”_y in the L,JS and the unc_ert"’,“n cli- reporthttp://www.wrapair.org/forums/ogwg/Phaselll_Inventory.

mate and health ramifications provides strong motivation for pm 26 pp., 2008b.

a detailed study of the atmospheric transport in this region s®jshop, G. A. and Stedman, D. H.: A decade of on-road emissions

that theA14CO; observations at the BAO tower may be used  measurements, Environ. Sci. Technol., 42, 16511656, 2008.

to derive accurate emissions estimates of,CH Brennan, P. J.: Los Angeles Wildfire Sends Pollution as Far
as Denver, Bloomberdhttp://mww.bloomberg.com/apps/news?
pid=_newsarchive&sid=_aJrSkTFsldL4last access: 2009),

Supplementary material related to this article is 2009.
available online athttp://www.atmos-chem-phys.net/13/ California Air Resources Board Mobile Sources Emissions In-
11101/2013/acp-13-11101-2013-supplement.pdf ventory, available athttp://www.arb.ca.gov/msei/onroad/latest_

version.htm(last access: 10 October 2012), 2007.
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