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Abstract. Direct quantification of fossil fuel C®(COxff) substantial differences (200-500%) between our measured
in atmospheric samples can be used to examine several cagmission ratios and those derived from available emission
bon cycle and air quality questions. We collected in situinventories. For the first flight, we combine in situ CO mea-
COy, CO, and CH measurements and flask samples in thesurements with the measured CO:ffCemission ratio of
boundary layer and free troposphere over Sacramento, Calit4+ 2 ppbCO/ppmCQto derive an estimate of C@ mole
fornia, USA, during two aircraft flights over and downwind fraction throughout this flight, and also estimate the bio-
of this urban area during spring of 2009. The flask samplesspheric CQ mixing ratio (CQbio) from the difference of to-
were analyzed forn14CO, and CQ to determine the re- tal and fossil CQ. The resulting C@bio varies dramatically
cently added C¢ff mole fraction. A suite of greenhouse and from up to 8+ 2 ppm in the urban plume te6+ 1 ppm in
other trace gases, including hydrocarbons and halocarbonghe surrounding boundary layer air. Finally, we use the in situ
were measured in the same samples. Strong correlationsstimates of Ceff mole fraction to infer total fossil fuel C®
were observed between Gfband numerous trace gases as- emissions from the Sacramento region, using a mass balance
sociated with urban emissions. From these correlations wapproach. The resulting emissions are uncertain to within a
estimate emission ratios between £fCand these species, factor of two due to uncertainties in wind speed and bound-
and compare these with bottom-up inventory-derived esti-ary layer height. Nevertheless, this first attempt to estimate
mates. Recent county level inventory estimates for carborurban-scale Ce¥f from atmospheric radiocarbon measure-
monoxide (CO) and benzene from the California Air Re- ments shows that Cff can be used to verify and improve
sources Board CEPAM database are in good agreement witmission inventories for many poorly known anthropogenic
our measured emission ratios, whereas older emissions irspecies, separate biospheric£@nd indicates the potential
ventories appear to overestimate emissions of these gasés constrain CQff emissions if transport uncertainties are re-
by a factor of two. For most other trace species, there araluced.
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1 Introduction spheric transport plays a decisive role in affecting measured
mixing ratios and hence reconstruction of atmospheric trans-
Accurate quantification of anthropogenic trace gas emissionport is essential for determining regional emissions using in-
is needed to improve our understanding of their impactsverse models (e.g. Zhao et al., 2009; Stephens et al., 2007;
on climate, ecosystems, and human health, and is essenti@erbig et al., 2003; Gurney et al., 2002).
for assessing whether emission control regulations are met Accurate determinations of recently added fQnole
(Pacala et al., 2010). Current knowledge of emissions forfraction (here defined as G enhancement in the bound-
most anthropogenic gases is primarily based on bottom-ufary layer relative to the overlying free troposphere) can be
inventories obtained by tabulating the estimates of emissionsised to constrain top-down estimates of trace gas emissions,
from individual known sources or sectors. Due to incom- both directly and by correlation. First, improved understand-
plete identification or inaccurate assessment of multiple poing of both fossil fuel CQ emissions and Cexchange due
tential sources and their spatial and temporal variability, theto natural biogeochemical cycling (biosphere and oceans) is
uncertainties in these inventories are challenging to quanneeded. When the G component can be isolated, then the
tify. Fossil fuel CQ (CO»ff) emissions are arguably the remaining CQ variability over continental regions (where
best known of the anthropogenic gases, as the carbon conhere is no ocean COflux) can be ascribed to terrestrial
tent of fossil fuels is well known, and fossil fuel usage is biosphere C@exchange and/or biomass burning. Secondly,
well documented through economic data for some parts ofvhen emissions of Cgf and another long-lived trace gas
the world. At the national, annual scale in North America are co-located at the scale of interest, and the emission flux
and Western Europe, uncertainties in £fGemissions are  of CO,ff is known, the measured ratidRfaceyco,ff) of the
as small as 3-5% (Boden et al., 2009), but uncertainties intwo gases can be used to determine the emissions of the trace
crease at smaller spatial and temporal scales, and, at the ugas. As long as the source region is approximately known,
ban scale, may be 50-100% (Gurney et al., 2009; Peylin eboth gases are sufficiently long-lived in the atmosphere, and
al., 2009). Uncertainties for other gases emitted during comthe emissions of both species are large enough to be distin-
bustion are generally much larger because their emissions arguished from the background mole fraction, then uncertain-
usually calculated from fuel use, using estimated emissiorties due to atmospheric transport are minimized. While the
factors (amount of the gas released per unit of fuel used)CO,ff flux is not perfectly known, the fractional uncertainty
which can vary dramatically depending on the fuel type andin CO, emission is often small compared to that of other trace
combustion conditions. For example, carbon monoxide (CO)gases. Finally, atmospheric observations of,£@an be
is produced during incomplete combustion, and the emis-used to infer the Cgif emissions flux, if atmospheric trans-
sion ratio of CO to CQff (Rcosco,f) varies from 0.1 to  port can be adequately described.
100 ppbCO/ppmCeif, with the lowest values being associ- Here, we present observations of gfdnole fraction in-
ated with large, efficient power plants, and larger values ob{erred from observations ak*CO, and a suite of trace gas
served from vehicles and domestic coal burning (e.g. Oharapecies from two aircraft flights conducted eight days apart
et al., 2007; USEPA, 2009). Recent efforts to improve airin spring of 2009 over Sacramento, California, USA. Sacra-
quality have also resulted in a decrease in CO emissions frormento is a medium sized city (1.4 million inhabitants in the
anthropogenic sources over the last decade (Hudman et almetropolitan region). There is little heavy industry in the
2008; Parrish et al., 2006; Warneke et al., 2006). For otherkity, although there are a number of oil refineries along the
gases emitted in the same urban area, such as halocarboglsipping channel to the southwest. The landscape of the
and industrial chemicals, even when production rates are welsurrounding region is dominated by agriculture. Our flights
known, the rate and location of leakage to the atmosphere dewere both made during northwesterly wind conditions, and
pends on a number of factors (e.g. TEAP, 2006; McCullochthe flights were planned to sample the urban plume down-
etal., 2003). Relating them to G@in the urban area could wind of the urban region.
help improve estimates of their emissions. Measurements oA1*CO, are used to directly constrain
At the global scale, top-down atmospheric quantificationthe COQff mole fraction in flask samples in Sect. 3.1. We
of total emissions of long-lived gases is relatively straightfor- then use the flask measurements of,@@nd other trace
ward, depending only on accurate measurements at remotgas species to identify the urban signature of the observed
locations (e.g. TEAP, 2006; Pozzer et al., 2010; Pacala et alplume in Sects. 3.2 and 3.3. We also consider the implica-
2010). In particular, “top-down” atmospheric observations of tions of using total C@ enhancement as a proxy for g
trace gases can constrain £éxchange, though continental In Sect. 3.4, we compare the trace gas observations with
to global scale studies have often used emission inventoriebottom up emission inventories. In Sect. 3.5, we combine
to prescribe C@ff emissions to obtain estimates of biosphere the A4CO,-derived estimates of the G@® mole fraction
fluxes (e.g. Gurney et al., 2002). Increasingly, there is inter-with in situ observations of CO to obtain an in situ record
est in quantifying emissions at finer spatial scales (e.g., naef CO.ff during one flight and partition the observed €O
tion, province, state, county, city), for both regulatory and into COxff and CGybio components. Finally, in Sect. 3.6, we
scientific purposes. At regional to national scales, atmo-use the in situ Cgff record to estimate the C4f emission
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flux from the Sacramento urban area, using a mass balancg Z X = = EIEET
approach. Comparison with bottom-up inventory informa- | > M wy! PPm
tion allows assessment of uncertainties in this observation-|* ey
ally based estimate of G emissions.
e
i "\.‘226%
) /ﬂv)/ﬁ/ﬂ,\ 86 ppm-—/|
2 Methods \
N < 33.9 %o \
2.1 Sample collection 2800 ) ¢ o bpm (0w |
S \\\\,,\ - 0.2 ppm (high) |
Two flights were made over the Sacramento region, on 27 e R e
February 2009 (SAC227) and 6 March 2009 (SAC306), as o Rz ,,/'/

. -122.60 = =122.00 —=12140 -120.80)
part of a larger two-week campaign to measure greenhouse = = —
gases over the Sacramento and San Francisco Bay regiony sacsos %f— ;@‘ S — 7
Each of the two Sacramento flights began by flying north [~ ~ N\ r 4 Wy TS o 329%
from the Napa Airport, ascending t83000m above sea 3863{ N BE% o & 46ppm

. . . § 24ppm—y S
level (ma.s.l.) to obtain representative free tropospheric e T T o ’r"ﬁ:’w
background samples, then descended again to capture th ’\\ / N e 3 ‘\‘ 29.0 %,
boundary layer signal at 300-400 ma.s.l. (surface altitude is| " o - e N ,m”\\ﬁ;lﬂ’?”‘ .
0-25ma.s.l. for this region), flying a zigzag path over and NS ’ 36%  \
downwind of Sacramento (Fig. 1). Each downwind leg of the |38 . 2 S:lppm ‘\\\
flight crossed the entire urban plume, capturing some “back- . =~ 4 ‘
ground” boundary layer air outside the urban plume at the V™ x— ﬂ,ww\i
ends of each leg. The aircraft then flew over the Walnut o Pt //"’
Grove tower (WGC, 383N, 121.8 W; instrumented with — ———— —— 280
In Sltu CQ and CH and dally ﬂaSk Samples WhICh are also 381.0 384.0 387.0 390.0 393.0 396.0 399.0 402.0 405.0 408.0 411.0
analyzed at NOAA), where it made a pass by the tower at low €0 (ppm)

altitude and spiraled up into the free troposphere before re-
turning to Napa Airport. Both flights were about three hours Fig. 1. Flight paths and C& mole fraction (ppm) measured in

long, beginning at around 02:00 p.m. local time (22:00 UTC)_situ during two flights above Sacramento on 27 February 2009
The winds were from the northwest for both flights, with (SAC227, top) and 6 March 2009 (SAC306, bottom). Black dia-
wind speeds of 1-2 nrd monds indicate the locations where flask samples were collected.

. . . MeasuredA14C0O, and calculated recently added &fEmole frac-
In S|tu-measurements of GQvere made using a Picarro tion are indicated for each flask. One-sigma uncertainties are
CRDS fllght-ready C@CH4/H20 analyzer (mOdel G1301- 0.2 ppm for in situ CQ, 2.5%o fOfAl4C02 and~1 ppm for CQ/ff

m, unit CFADS30; Crosson, 2008; Chen et al., 2010). The(see text). County and continent boundaries are shown for refer-
analyzer pulled air from a wing-mounted inlet continuously ence.

at 300sccm and measured both gases at 0.5Hz. Refer-

ence tanks were sampled for 1.5min every 15 to 20 min.

Three standard reference gas tanks were used, calibrateffset using the value of the first in-flight reference tank, lin-
at NOAA/ESRL on the WMO standard scale with €O early interpolated with time. The remaining two tanks were
mole fractions ranging from 358 to 415ppm (Zhao and treated as unknowns for the purpose of quality control. Over-
Tans, 2006). For SAC227, the analyzer was deployed withall uncertainty of the in situ C&measurement (including the
an instrumentation box upstream that dried and pressurewater correction) is estimated as 0.2 ppm. A more detailed
controlled the sample, but which was found to be ineffec-description of the in situ analyzer system will be reported by
tive under very humid conditions and removed prior to the Karion et al. (2011).

SAC306 flight. The CQ data were corrected for water va-  The CO measurements were made with a commercial in-
por post-flight using a correction that was determined in thestrument manufactured by Aero-Laser (model AL5002). The
laboratory using the same analyzer unit. The,Gfater  instrument drew approximately 200 sccm of ambient air from
correction is consistent to within 0.1 ppm with the manu- a second wing mounted inlet, passing it through a Nafion
facturer’s correction and with the correction used by Chendryer, and detecting CO by vacuum-UV resonance fluores-
et al. (2010) for the same analyzer type. Corrections werecence (Gerbig et al., 1999). At approximately 40 min inter-
typically 0.3 ppm for SAC227 and 5 ppm for SAC306. The vals during each flight, a calibration gas prepared by Scott
resulting water-corrected data was then further corrected usSpecialty was used to track the instrument sensitivity. A
ing a linear calibration performed in the laboratory with five chemical scrubber was used to create a zero mole fraction
standard tanks prior to the campaign, and then by a singlsample for determining the instrument blank. The signal
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noise appeared to be Poisson in nature with a one-sigma prenents at NSRL (Turnbull et al., 2007; Lehman et al., 2010).
cision of 2.9 ppb in one second at typical ambient conditions.NWT3 and NWT4 are newly prepared tanks designed to re-
Cross calibration with a NOAA certified CO cylinder indi- place NWTgg, which is near exhaustion. NWT3 contains
cated agreement to within 1-2% of ambient concentrations.ambient air collected at Niwot Ridge in 2009. NWT4 is sim-

Programmable Flask Packages (PFPs) were used to colledar, but spiked witht*C-free CQ to produce a slightly lower
4-6 discrete flask sample pairs during each flight. To obtainA4CO, value.
sufficient sample fon4CO, measurement, two flasks were ~ NBS Oxalic Acid | (OxI) was used as the primary mea-
collected at each sampling location and time. Typically thesurement standard, and was prepared entirely at CAMS fol-
two flasks were flushed and filled in parallel over a period of lowing their standard procedures. NBS Oxalic Acid Il (OxII)
approximately two minutes, with almost all of the air in each was measured as an additional secondary standard, with
flask coming from the last20s. The first flask of each pair some being prepared at CAMS, and others prepared to CO
was measured for CQCO, CHy, Sk, Ho, N2O, a suite of  gas stage at NSRL. The process blank was determined in ex-
hydrocarbons and halocarbons, and stable isotopes gf CQOraction aliquots from a high pressure cylinder of synthetic
(both13C and!80) using methods documented onlitetp: ~ “C-free air at NSRL. This serves primarily as a screen for
Iwww.esrl.noaa.gov/gmd/ccgg/aircraft/index.hymdnd by possible*C contamination during preparation and measure-
Montzka et al. (1993) and Vaughn et al. (2004). The remain-ment.
ing air in this flask was combined with all air in the second This dataset was collected in three separate “wheels”
flask for a singleA1*CO, measurement, obtaining about 0.4— (measurement runs) over a period of three consecutive days.
0.5mgC from each sample. Each target was measured to a total ~ef 000000 4C

For the two flights described, we compared in sitty@@d ~ counts. The measurement protocol differed slightly from
CO data with the flask data. For SAC227, four of six flasks that described by Graven et al. (2007) in that the number of
overlapped with in situ data; the mean offset (in situ minustargets (including authentic samples and standards) in each
flask) was—0.0540.14 ppm CQ, and—6.7+5ppb for CO.  wheel was increased from 24 to 40, takin@4 h to mea-
For SAC306, five flasks were compared with a mean offset ofsure each wheel. Individual measurement wheels consisted
—0.124 0.2 ppm for CQ. Offsets were greater when flasks of eight OxI primary measurement standards, one process
were sampled during periods of high variability in concen- blank, 10 surveillance targets (four N\id, three NWT3,
tration, likely due to some uncertainty in the time synchro- three NWT4), four OxIl secondary measurement standards,
nization and real atmospheric variability during flask filling. and 17-20 authentic samples. Including eight primary stan-

dards (versus the six typically used by Graven et al., 2007)
2.2 ACO, measurements reduces potential wheel-to-wheel biases due to a single out-
lier standard target. Wheel-to-wheel differences in AMS tun-

High precisionA4CO, measurements were made by: (a) ing can affect the measured values, so the larger wheel size
extracting the C@ from whole air, using a newly devel- with more samples can reduce overall measurement uncer-
oped automated extraction system at the University of Col-tainty by reducing the number of wheels.
orado INSTAAR Laboratory for AMS Radiocarbon Prepara- The mean measurement value and one-sigma measure-
tion and Research (NSRL) (Turnbull et al., 2010); (b) graphi- ment repeatability (across all three AMS runs) for each of
tizing the samples by reaction with hydrogen over iron cata-the surveillance materials and for OxII are given in Table 1.
lyst with magnesium perchlorate to remove water at the CenThe pooled standard deviation of all surveillance materials
ter for Accelerator Mass Spectrometry (CAMS) (Graven etis 2.5%.. Within each wheel, the pooled standard deviation
al., 2007); and (c) high count accelerator mass spectrometds smaller, at 1.8%.. The precision for this first set of sam-
(AMS) 14C measurement at CAMS using a method slightly ples measured by NSRL/CAMS was slightly poorer than is
modified from Graven et al. (2007). The methods are simi-typical for CAMS, and appears to be related to the particu-
lar to those described by Turnbull et al. (2007) but utilizing lar AMS tuning and target conformation for these measure-
a new extraction system and a different AMS system, whichments, and not due to the larger wheel size. We report the
differs slightly in both measurement technique and perfor-A4CO, uncertainty as the larger value of 2.5%.. This uncer-
mance. tainty is applied to both sample and backgroundCO; val-

Measurement uncertainties are assessed by analysis oks, resulting in an uncertainty of 1.3 ppm in &OFor ref-
repeat extraction aliquots of whole air from high pressureerence, a 1 ppm Cf signal decreasea*C0O, by ~2.6%o.
cylinders. The extraction procedure is the same as for au- The surveillance material results agree well with measure-
thentic flask samples, and there is no discernable bias banents of the same materials prepared at NSRL and measured
tween flask and cylinder extraction. For the present work,using the University of California, Irvine AMS (Table 1).
three different surveillance cylinders were used, identified as
NWTstg, NWT3, and NWT4. NWTg contains ambient air
collected at Niwot Ridge, Colorado in late 2002 and has been
used extensively to quantify uncertainties#€ O, measure-
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Apg value from a continental background site such as Niwot

Table 1. Mean A14C values of secondary standard materials mea- . . -
sured at CAMS for this experiment, and long-term measurementsR'dge’ Colorado (Turnbull et al., 2007). Two Niwot Ridge

made at UCI since 2002. Values are reported as the mean and Ongjeasurements spanning the same time period (17 Febru-

14 -
sigma repeatability of each dataset, with the number of measure@'Y 0 17 March 2009) hava™*"CO, values ranging from
targets given in brackets. 44.5+ 1.8%0 to 46.2+ 1.8%0, in agreement with our chosen

background value. We include an uncertainty of 1.0%o. in
Apg, estimated from the spread of the free troposphere and
LLNL UCI  Difference Niwot Ridge samples. The resulting Gfbvalues have an
oxll 3401+ 17(6) 339.3 2.7 (178) 0.7 0.7 uncerFainFy of 1.0—1..3 ppr&at one-sigma. Wg note glso that
NWTeq 73.642.6(12) 73.9: 1.9 (325 —0.3+0.7 any bias in the choice cA~*COp ba_ckgro_und is consistent
NWT3 41.6+ 3.5 (9) 42.4+15(24) —0.9+1.2 thr_ougho_ut the dataset and thus will not mflu_enc_e our corre-
NWT4 —32.8423(9) -31.9+1.3(23) —1.0+0.8 lations with other trace gases or the determination of emis-
sion ratios, because in those cases, it is the slope, and not the
intercept, that matters (Sects. 3.2, 3.3 and 3.4).

The ACO, and calculated Cgf values vary sub-
stantially throughout the flights (Fig. 1). The samples
taken in the boundary layer, and within the urban plume,
3.1 Calculation of COff in flask samples all have ACO, values lower than the free troposphere

samples, indicating the addition dfC-free CQff from
The CQff mole fraction in each flask sample was calculated the urban area. The values range from 3885%o to
from the measured14C0O, value and C@ mole fraction in ~ 22.6+2.5%. in ACO, and 2.4-1.0 to 8.6+1.0ppm
each flask, such that COxff, providing signals that are significantly above our de-
tection limit for COQff. The sample taken at 400ma.s.l.
COy — COzgps (Aobs— Abg) B CO2yher( Aother— Abg) ) over the Walnut Grove tower in this flight had &*CO,
f At — Apg Aft — Apg value of 33.9k 2.5%0 (4.2+ 1.0 ppm CQff), similar to the
36.5+ 2.5%0 (3.24 1.0 ppm CQOff) value for a sample taken
whereAqpsis the AYCO, value in each sample, and G at 91 m at the tower two hours earlier.
is the observed COmole fraction in the same sample\s
is, by definition, —1000%. (zero'C content). Apg is the 3.2 Emission ratio for CO
backgroundA#CO, value. The second term of the equa-
tion is a small correction for the effect of other sources of The 14C-derived CQff values in each flask were correlated
CO, which have aAl“C value differing from that of the at-  with the suite of additional trace gas species measured in the
mosphere. C@,., is the added mole fraction from these same samples. In this section, we discuss the comparison
other sources (principally heterotrophic respiration, and alsavith the CO measurements in detail, and the following sec-
including CQ from biomass burning), andger is the av-  tion covers the remaining species.
erageA*C value of these sources. We estimate this correc- The correlation between G® and CO is strong /* =
tion as—0.2+ 0.1 ppm (the correction is subtracted, hence 0.96), and consistent across both flights (Fig. 2). CO emis-
increasing CGff) for samples collected at this location and sions are associated with combustion sources (both anthro-
time of year (Turnbull et al., 2006, 2009). pogenic and natural), but also have a large source from oxi-

Apg was selected from the flask containing the lowest COdation of volatile organic compounds (VOCs), especially in
mixing ratio (113.45 ppb), which was collected in SAC227 summer (Bergamaschi et al., 2000). Although the CO at-
in the free troposphere at the end of the flight. All speciesmospheric lifetime of about two months at this latitude and
measured in this sample confirm that this is a reasonabléime of year (Spivakovsky et al., 2000) is short compared to
choice of background sample, with most hydrocarbon andhe CQ lifetime, removal of CO is negligible in this case,
halocarbon species exhibiting low values, asdfixing ra- because the samples were collected within a day of emission
tio 389.04 ppm, and, as expected, a higH'CO, value of  from the source region (maximum flight distance from Sacra-
44.6+ 2.5%0 (the addition oft“C-free CQOff works to re-  mento is~50 km, and wind speed was 1-2 m's Mesinger
duce theA*CO, value). TheA#CO, value in this sample et al., 2006, http://www.emc.ncep.noaa.gov/mmb/rreqnl/
is not distinguishable from the two other free troposphereAs we discuss later, emissions from surrounding counties
samples in these flights (44482.5%0 and 43.6t 2.5%o), may also contribute to the observed gand CO, and these
nor from free troposphere samples collected in four otheremissions also would have occurred within a day or so of
flights made in the California Central Valley region during emission.
the same two-week period (data not shown). All the free tro- We calculated the observed emission ratio of CO tef£O
posphere samples exhib&**CO, values higher than those (Rcoscoyff) using a linear regression of the correlation be-
taken in the boundary layer. We also considered using daween CO and Ceif (Fig. 2, Table 2). The regression

3 Results and discussion
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Fig. 2. Correlations between measured CO and£@nd between  Fig. 3. CO:COyff emission ratios. Gray bars: inventory based emis-

measured CO and total GOFlask measurements of CO:gfDare sion ratios, from CO and Cgf inventories. CO inventories are

shown in green, using the top x-axis. CO:g£€prrelations (flasks  from the USEPA NEI database for 2002 and 2005 and California

and in situ) are shown in blue, using the bottom x-axis. Error barsAir Resources Board CEPAM database for 2009. The emission ra-

are the one-sigma uncertainty in € uncertainties in CO and tio is calculated from each CO inventory using two £nvento-

CO, are smaller than the symbol size. Fitted lines are linear regresfies (Vulcan and CEPAM), extrapolated to the same year as the CO

sions with errors in both coordinates. inventory. Error bars are derived from the difference between the
two COyff inventories. Green:Rcoscoyff from this study. Blue:
Rcoyco, from this study (using total Corather than Cgff). Pur-

includes the uncertainties in both coordinates (Press andle: direct on-road tailpipe emission measurements from Bishop

Teukolsky, 1992), which are typically 1.0 ppm in gfand  and Stedman (2008).

2 ppbin CO. TheRco/co,f Value is 14+ 2 ppb/ppm for both

flights combined (coefficient of determinatior? = 0.96), N

and no significant difference is seenRto/coy is calcu- ability from other sources, such as biospheric@@change

lated separately for each flight, although the correlation isand biomass combustion, including biofuel use, in the en-

slightly weaker £2 = 0.7) for the four flasks from SAC306 hancement (or depletion) of total GO In our study, the

flight alone. We also tested the possibility that the free tropo-non-fossil contribution apparently varies substantially, and

sphere samples might be influenced by different sources (anhanges sign, between the two measurement dates. We dis-

background) and therefore impact the calculated emission raCuss this further in Sect. 3.5. It follows that care should be

tio. Excluding the three free troposphere samples resulted if@ken in interpreting emission ratios based on,@®Ie frac-

Rcojcoyit 0f 12+ 3 ppb ¢2=0.90), not significantly differ-  tion alone Rcoyco,), as they may be substantially biased.

ent from that calculated including the free troposphere sam-

ples. Our empirical determination &co,co,f falls within 3.3 Emission ratios of other trace gas species

the range ofRco/co,ff Measurements made by direct mea-

surement of vehicle tailpipe emissions of CO and-d®  Numerous species associated with combustion sources, an-

several other US cities (Fig. 3) including West Los Ange- thropogenic activity and biomass burning were measured in

les (18.4 ppb/ppm in 2005), Chicago (10.7 ppb/ppm in 2006) the same flask samples analyzed Adf*CO;. A total of ten

Phoenix (9.3 ppb/ppm in 2006) and Denver (16.1 ppb/ppm insamples were measured fat*CO,, but unfortunately, in-

2007) (Bishop and Stedman, 2008). strument problems meant that two of the four flasks from

In contrast to CGff, we also determined the ratio of SAC306 were not measured for many of these additional

CO to total COy, here designatedkco/co,r When we  species, and so some correlations are for eight measurement

calculate Rcosco, for our dataset, we obtaiRco/co, of  pairs only (six from SAC227 and two from SAC306).

94 1 ppb/ppm for both flights combined (VRco/co,ft Of Hydrocarbon species that are associated with anthro-

14+ 2 ppb/ppm, Figs. 2 and 3). UnlikRco/couff, the mea-  pogenic sources (benzene, acetylene, propane, isopentane

suredRco/co, values differ by a factor of two between the and n-pentane), as well as total pentanes (isopentane plus

two flights, with values of 9.6-0.4 and 2Gt 4 ppb/ppm  n-pentane) show very strong correlations with &QOwith

for SAC227 and SAC306 flights, respectively. The in situ the coefficient of determination-q) ranging from 0.9-1.0

CO and CQ measurements from SAC227 giReo/co, Of (Fig. 5, Table 2). These correlations are robust even when the

9 ppb/ppm, roughly consistent with the flask-baged,co, three free troposphere samples are excluded from the analy-

from the same flight, but also differing fromco,coyf- sis. While benzene and acetylene are associated with an-

These results suggest that there are contributions tovam® thropogenic combustion sources and with biomass burning,
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Table 2. Inventory-based and observéaceyco,if- Emission ratios for CO and GfHare reported in ppb/ppm, all others are reported

in ppt/ppm. Inventory estimates are calculated using the CEPAMffG@entory (low value) and Vulcan C&)f inventory (high value).
Observed values are calculated from the slope of the relationship between each tracenfindl@@ with one-sigma uncertainties and
coefficient of determination of those slopes. For species where the slope differed significantly when the two flights were considered individ-
ually, or when the free troposphere samples were excluded from the fit, the slope is also given for those subsets.

Species NEI 2005 EDGAR 2005 NEI2002 CARB 20080bserved Coefficient of
gridded gridded SAC Co SAC Co 2009 determination ¢2)
Fossil fuel sources
Carbon monoxide ~ 32-36 25-28 15-%7 1442 0.96
Boundary layer samples only 3 0.90
SAC227 only 142 0.99
SAC306 only 146 0.70
Benzene 27-30 26-29 14-16 1542 0.89
Acetylene 35-39 52+7 0.97
Isopentane 6448 0.95
n-pentane 1842 0.99
Pentane¥ 234-262 82+10 0.96
Propane 30-34 109+17 0.81
Boundary layer samples only 648 0.55

Industrial solvents

Dichloromethane 8.4-9.4 6.2-6.9 4+1 0.62

Boundary layer samples only - 0.03
Perchloroethylene 6.3-7.1 1.44+0.2 0.91
Chloroform 0.1-0.1 2.0+£1.2 0.93
Carbon tetrachloride 0.001 - 0.20

Biomass burning/ocean source

Methyl bromide 1.2-1.4 1.2-1.4 - 0.28
Methyl chloride 0.04 0.04 - 0.37
Carbonyl sulfide 0.001 0.002 - 0.46

Dielectric insulator

Sulphur hexafluoride 1.8-2 0.2+0.1 0.19
SAC227 only 0.080.01 0.45
SAC306 only 0.180.05 0.81

Halocarbons

HFC-152a 3.1-34 9+1 0.92

HFC-143a 25-2.7 0.9+0.1 0.88

HFC-134a 12-13 4+1 0.96

HFC-125 1.4-1.6 0.6+0.1 0.86

HCFC-142b 2.0-2.2 0.3+0.1 0.89

HCFC-22 7+1 0.92

Multiple sources

Methane 1542 0.89
Boundary layer samples only ) 0.72
SAC227 only 153 0.93
SAC306 only T4 0.71

Nitrous oxide 0.21+0.04 0.74
SAC227 only 0.280.03  0.89
SAC306 only —-0.1+0.1  0.39

1 also sourced from biomass burning and VOCs;
2 calculated for 2009, see text;
3includes both i- and n-pentanes.
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propane, isopentane and n-pentane are strongly associateelate strongly with C&Xf in our samples#? = 0.89 for CHy
with vehicular emissions and evaporation of fuel from ve- andr2 =0.74 for N,O, Fig. 5, Table 2). However, the regres-
hicles and fueling stations as well as refineries (Watson esion slopes are likely to be influenced by contributions from
al., 2001; Baker et al., 2008). The very strong correlationssources other than combustion, in particular, dairy farming
between CGff and these species suggest that the observednd wetlands in the region. These two species also show
COoff is due in large part to vehicles, consistent with expec- some differences between the two flights, with strong cor-
tations for an urban region. relations in SAC227, and weaker correlations in SAC306,
A suite of halocarbons and solvents that are currently insuggesting that there are subtle differences in the source re-
use in industrial and commercial applications also show verygion, background values and/or emissions for the two flights.
strong correlations with Cg¥ (r? = 0.85-0.96, Fig. 5, Ta-  Further discussion of the GHand NbO measurements is the
ble 2). HFC-134a (1,1,1,2-tetrafluoroethane) is used in mofocus of a forthcoming companion paper by Karion et al.
bile (vehicle) air conditioners and home refrigerators, and
shows the strongest correlation (highe$t with COyff. 3.4 Comparison of measured emission ratios with
HCFC-22 (chlorodifluoromethane, used in building air con- inventory data
ditioning), HFC-152a (difluoroethane, aerosol propellant
used in air dusters and deodorants), HFC-125 (pentafluoCurrently, most information about anthropogenic trace
roethane, refrigerant used in supermarket cooling), chlorogas emissions is determined from bottom-up inventories,
form and perchloroethylene (industrial solvents) also showwhereby emissions from all known sources are tallied to ob-
significant positive correlations with G®. This provides tain total emissions for a given region and time period. It
further confirmation that the observed plume is from the ur-is difficult to ascertain the uncertainty of these inventories,
ban region. as numerous factors contribute to total uncertainty (IPCC,
Conversely, tracers associated with other types of sourceg000). Generally, emissions of Gfdare assumed to be bet-
do not have statistically significant correlations with 40  ter quantified in inventory data than those of other species
in our samples (Fig. 5, Table 2). Methyl chloride and methyl including CO, especially at large scales, because the usage
bromide are emitted from biomass burning, and also haveand carbon content of fossil fuels are relatively well known.
significant ocean and natural vegetative sources, and the lackt the annual, national level, uncertainties in £f@re 3-5%
of enhancement in these species in the plume indicates an afPacala et al., 2010). At the county scale in California, com-
sence of biomass burning influence from our measurementgarisons of CQff from two different (albeit not completely
The slight negative relationship between methyl chloride andndependent) inventories suggest somewhat larger uncertain-
COyff (Fig. 5) is consistent with a strong surface-related sink ties of at least 10-20% (de la Rue du Can, private communi-
for methyl chloride. Halocarbons that are being phased outation). For many other species, including CO, emissions are
(CFC-11, CFC-12) do not correlate with Gfin our mea-  calculated from fossil fuel use, using an estimated emission

surements, suggesting very low or no emissions. factor for each individual source or source type, and uncer-
Sulphur hexafluoride (S enhancements vary dramat- tainties are difficult to quantify (Frey and Small, 2003).
ically between the two flights. For SAC306, &K en- We now compare our atmospheric observations with the

hanced in all the samples, and correlates quite well tofCO bottom-up inventory data, recognizing that our observations
(> =0.81), but almost no correlation is seen in SAC227 are from only two mid-afternoon flights in February/March,
(Fig. 5, Table 2). Skis entirely anthropogenic and used to and the available inventory data is usually annual averages.
guench sparks in electrical facilities, and is extremely stablein order to make this comparison, we must first estimate
in the troposphere (Geller et al., 1997). Although it has beerthe source region influencing sampled air. Based on the
suggested as a potential proxy for &f)e.g. Rivier et al.,  plume location (Fig. 1) and back-trajectories obtained from
2006; Potosnak et al., 1999; Bakwin et al., 1998; Wofsy etthe HYSplit model (Draxler and Rolph, 2010) we approxi-
al., 1994), atmospheric measurements suggest that the poimate the region of influence as Sacramento County, which
source nature of §ffesults in a variable SFCO,ff emission  includes all of the Sacramento metropolitan area.
ratio (Rsrs/co,ff), €specially at small scales (Turnbull etal., We use several different inventory datasets. Fonf€O
2006). Our results indicate that althouB&o,co,ff appears  we use the Vulcan inventory for Sacramento County (Gur-
homogenous for our two measurement daRsy;/co,ff IS ney et al.,, 2009). The Vulcan inventory is available only
not, perhaps because SEomes from only a few localized for 2002, so we assume a 1.1% yrincrease in CGf
point sources within the urban region, and/or those emission§CEPAM databasehttp://www.arb.ca.gov/ei/ei.htjrand ex-
might be episodic. trapolate the Vulcan Cg¥ value to 2009. The Vulcan Cgf
Methane (CH) and nitrous oxide (MO) are both pro- estimate for Sacramento County is 2.8 MtC¥ifor 2002,
duced during combustion, but also have numerous biologicaind the 2009 extrapolated value is 3.0 MtCYr The Cal-
sources, including a large source from cattle and dairy farmsfornia Air Resources Board CEPAM database also inven-
(Bousquet et al., 2006; Hirsch et al., 2006), both of which aretories CQff emissions. The most recent available estimate
common in the California Central Valley. Both species cor- for Sacramento County is 2.5 MtCy for 2004 (S. de la
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Rue de la Can, personal communication, 2010), which we 400,000
extrapolate to 2.6 MtC yr' in 2009. The difference between A NEI
the Vulcan and CEPAM inventories is likely larger than the & 350000 | A ¢ CEPAM
uncertainty related to the extrapolation procedure. For each
inventory-based emission ratio, we calculate the emission ra-
tio using both Vulcan and CEPAM C@; with the CEPAM
value resulting in the higher emission ratio estimates shown
in Table 2.

The US Environmental Protection Agency NEI database
(http://www.epa.gov/ttn/chief/eiinformation.htinlprovides
county level CO emissions inventories. However, the latest
available NEI county level data is for 2002, and extrapola-
tion of the preceding years’ estimates to 2009 would result 0
in a zero value for CO emissions (Fig. 4). Instead, we do 1995 2000 peqr 2005 2010
not extrapolate, but use the 2002 NEI CO value (and the
Vulcan COff estimate for 2002) to calculate a NEI/Vulcan Fig. 4. Inventory-based estimates of CO emissions for Sacramento
2002 Rco/coyft Value of 25-28 ppb/ppm, somewhat higher County, California. Red points are from USEPA NEI county level
than our observationally-based estimate (Table 2, Fig. 3). Adatabasetp://www.epa.gov/ttn/chief/eiinformation.htnl Solid
more recent gridded (0?1 0.1°) NEI CO inventory is avail- blue points are from the Californ.ia.Air Resources Board (?EE’AM
able for 2005, but is for July averages only (Frost et al. databasehttp://www.arb.ca.gov/ei/ei.hti The open blue point is

2005). We therefore extract the annual CO emissions for gnterpolated for 2009 from the fitted curve (blue line) to the CEPAM

gridbox approximating Sacramento County (38.2—-38L7 datapoints.
121.0-121.6W) and assume flat emission throughout the
year. We also extract Vulcan G@missions for the same
gridded region and extrapolate them to 2005. We obtaindata is sparser than for CO, and we cannot accurately deter-
NEI/Vulcan 2005 Rco/co,ff Of 32-36 ppb/ppm, which is mine a trend, we use the most recent inventory data avail-
substantially higher than the county level estimate (Table 2able from each source without extrapolation. As for the CO
Fig. 3). We also obtain an estimate of CO emissions fromresults, we find good agreement between our observations
the California Air Resources Board CEPAM databastp( from the two flights with the annual benzene emission ratio
Ilwww.arb.ca.gov/ei/ei.htirby applying an exponential fitto  estimate from the 2008 CEPAM inventory for Sacramento
extrapolate the 5 yearly inventory estimates (Fig. 4). The ex-County (using CGff from Vulcan and CEPAM for 2008),
ponential fit was chosen, as it is gives an extremely good fitwhereas the two NEI inventories for 2002 and 2005 overes-
(%2 =0.99) to the 1995-2010 CEPAM values. This gives a timate the observed values by about a factor of two (Table 2,
CEPAM/Vulcan 200Rco,co,f Value of 15-17 ppb/ppm for  Fig. 6). For the other hydrocarbon species (acetylene, the
2009, the same year as our measurements (Table 2, Fig. 3)entanes and propane), the most recent and most detailed in-
This is in agreement with our atmospheric observation ofventory is the NEI July 2005 gridded dataset. This inven-
14+ 2 ppb/ppm, but we note that our measurement is fortory underestimates the acetylene and propane emissions we
only two afternoons during the year, versus the inventory datalerive from ratios to Ceff by a factor of 2-3, and over-
which are averaged over the entire year. The agreement witbstimates pentane emissions (Table 2). We also compare
our empirical observations does not rule out a possible bias iremission ratios for other atmospheric measurements made
both the CO and Cgif inventories, especially since the two in Los Angeles in 2002, and Boston and New York in 2004
inventories are not entirely independent, with a small com-(Warneke et al., 2007) and from Boston and New York be-
ponent of the Vulcan Cgif inventory (area emissions) being tween 1999-2005 (Baker et al., 2008). These emissions ra-
derived from CO inventories (Gurney et al., 2009) and vicetios are reported with respect to CO rather thampfLG~or
versa (USEPA, 2001). In addition, seasonal variations of thehe purposes of comparison with our data and with the in-
emissions ratio around the annual mean may influence thgentories, we convert theRyaceyco ratios to Riraceyco,ff
comparison. Our results are nevertheless consistent with sesassumingRco,co,ff = 14 ppb/ppm. The measured emission
eral studies which have shown that the NEI inventories are aatios vary by about 50% across the different urban areas and
factor of two too high at several locations in the US (Graventime periods, likely due to differences in fuel mix, tempera-
et al., 2009; Hudman et al., 2008; Parrish et al., 2006; Turnture and combustion efficiencies. Despite these differences
bull et al., 2006; Warneke et al., 2006), and suggest that thébetween the observations, and the short time period over
CEPAM CO inventory is a substantial improvement over thewhich our observations were made, all of the observations
older bottom-up CO emission inventories. tend to be broadly consistent, whereas we see differences
We also compare the observed benzenefCftio with between the inventories and observations of 200-500% for
ratios derived from inventory data. As the benzene inventorymany of the species (Fig. 6). The benzene inventories are

300,000 |

250,000 |

200,000 |

150,000 [

100,000 [

CO (short tons per year)

50,000 |

www.atmos-chem-phys.net/11/705/2011/ Atmos. Chem. Phys., 1172052011


http://www.epa.gov/ttn/chief/eiinformation.html
http://www.arb.ca.gov/ei/ei.htm
http://www.arb.ca.gov/ei/ei.htm
http://www.epa.gov/ttn/chief/eiinformation.html
http://www.arb.ca.gov/ei/ei.htm

714 J. C. Turnbull et al.: Fossil fuel carbon dioxide and other anthropogenic trace gas emissions

000 00— 700 [T g 00—
180 F -9 -&-
160 > | = °0 - = 500} - = 150} ag
2 ) 4 2 g g K=
S 140} s 1 g 400 S oot é E
[0} ) '~ 4 o)
g 120} S £ 300 5 ¢ ® § 100f < 1
8 £ Z 400 - 1% &
g 100 12 200 - g g .
80 ¢ 17 & = 300 | I e ]
ok ] 100 L 4 #
] 0 s 200 s 0 fﬁ
1289 et 803 - 99 i Feaainatans 23
i * o ¢ = od 13 * g
. 1000 ) 9 g 600} - ] 2 S st -1
Q o
S goof N = 8 S 12 5
© 5 £ .
5 £ 400¢ g M £ 10f R ol
Q o} <} o
& 600 = -4 S 10 s €
& £ 200f 1 & ’* 5 st L 2
wof @& 1 R L 4 9 5 4=
o
200 ‘ et 0 8 ¢ 0
90 |* 80 12 =" 260 e
¢ ¢ 4 250 ¢
ot 1t 1 i i
Z 80 2 60 = =
o k=] o N o 240
= - = 2 10 4 bt
3 70 N S 40f & & 8§ 200 *.
- Y o 9F i
2 4 2 L 2 re y S 220 e
T 60} ® 1 T 201 Y ] sl h ] >
: . :*: 210
50 Pttt 0 7 T 200 ' et
74 \ 4 1960 & = 324.0 §00 W
1940 : 1 + g 595}
721 PN 1 ’\ o 3235} ) 2
_ < ~ 1920} Y 1 PN (N o 590t
é \> a S @ a 9 v a 2
= 70 2 1900f A = s2s0f ' 4 2 550 _o
[Th T 3]
@ ﬂ &) z * =
—s 1880 F 1 2580 @@ 1
68| - 1 3225} i v *‘
. 1860 | 3 = 575 2 3
660 i 1340#:2:‘ e 322.0 ‘ S70b
2 0 2 4 6 8 10 2 0 2 4 6 8 10 2 0 2 4 6 8 10 2 0 2 4 6 8 10
COff (ppm) COff (ppm) COff (ppm) CO,ff (ppm)

Fig. 5. Correlations between Cf and selected species measured in the same flasks. Dark and light green symbols are flasks from SAC227
and SAC306, respectively. Lines are the linear regression with errors in both coordinates for flasks from both flights combined. Errors on the
y-axis are often smaller than the symbol size.

most consistent with the observations, whereas the inventoscale of our observations, and the potential temporal bias in
ries for acetylene and propane are consistently lower thathe comparison of our small observational dataset and the an-
the observations. The pentane inventories are consistentlgual inventories. The exceptions aregSthd HCFC-142b,

higher than the observations, although this may be biased bfor which the observed emissions are an order of magni-
the shorter atmospheric lifetime of the pentanes (Atkinson etude smaller than the inventory values. HCFC-142b is be-
al., 2007). ing phased out, so lower emissions than the 2005 inventories

The observed emission ratios for the industrial solvents;mlght be expected, although there is as yet no other atmo-

dichloromethane and perchloroethylene are lower than thgphenc data to support this observation.¢ fnissions are

inventory data. The chloroform emissions are subst(,m,[i(,i"yassomated with leaks at electrical facilities, and the spatial

higher than the inventories, which may be related to the po—and temporal pattern of these may be very different than the

tentially large natural sources of chloroform. With such aspatlal allocation used in the EDGAR database.
small dataset and no additional observations for comparison,

it is difficult to further assess the source of the differences3.5 In situ CO,ff and COsbio

between inventories and observations.

For the halocarbon species andsSfo county level datais CO measurements can potentially be used to determine
available. Instead, we extract estimates from the EDGAR v4CO,ff at lower cost and higher resolution than is currently
2005 gridded emission inventory (EDGAR, 2009), the samepossible withA1*CO, measurements alone,Rco/co,ff can
gridded region as for the NEI 2005 gridded inventory. The be accurately determined. Levin and Karstens (2007) and
gridded EDGAR emissions are for the most part obtained byWogel et al. (2010) have demonstrated the feasibility of us-
disaggregating country level emissions, rather than on fineing A*CO, and CO measurements in flasks to determine
scale bottom-up inventories. We find that the observationsRco,co,ff for a particular location and time period, and then
and inventories typically agree within a factor of three, quite applied thisRco,co,f to in situ CO measurements to obtain
reasonable given the uncertainty in the inventory at the urbarm high resolution Cgff record (here designated as gf€5©).
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Fig. 6. Hydrocarbon emission ratios from inventories and observa- . f
tions. For each species, up to four inventory estimates are showr 399 . 10 g
in grays, and are (from left to right): New York/Boston NEI 1999 . o
inventory, Sacramento NEI/Vulcan 2002 inventory, Sacramento § . . 2
NEI/Mulcan 2005 inventory, Sacramento CEPAM/Vulcan 2009 in- 5 394 1 e ¢35 I° C%
ventory. Observation-based estimates from this study are shown in © ] s =
green. Three blue bars are (from left to right) observations from Los 389 1 o 0 8
Angeles in 2002, Boston/New York in 2004 (Warneke et al., 2007), ] * o
and Boston/New York in 1993-2005 (Baker et al., 2008). .
384 . 5
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CO,ffCO = —COObS_ COg ) . . .
Fig. 7. Top panel: flask (diamonds) and in situ (lines) measurements

R
Co/CoAt of CO from SAC227 and SAC306. The black line indicates times

where CQpsis the observed CO mole fraction, and gg@ when the aircraft was within the boundary layer. Bottom panel:
a background CO value. We use in situ (two second) obserflask (diamonds) and Clrcl) situ (lines) measurements of: totap CO
vations of CO from SAC227 (Fig. 7), and a g§value of  (black, left axis); CQff*> calculated fromRco,co,ff and contin-

113 ppb, obtained from the free troposphere flask samples!ous CO (red, right axis); and GOio calculated as the residual
described in Sect. 3.1. Unfortunately, no in situ CO mea-2f 10tal C& and CQff ™ (green). Uncertainties are 1ppb in CO,
surements were made during SAC306. 0.1ppmin CQ, 1 ppm in CQff and CObio from flasks, and 0.2—

: 2 in CQff €O and CGbio from in situ ob tions.
Uncertainties in C@ff¢C are dominated by the uncer- ppm in CQ and CQbio from in situ observations
tainty in Rcosco, and by the choice of CgJ. We neglect

the additional uncertainty and possible bias due to the in- The contribution of CGbio can be calculated as the resid-

fluence of CO from sources other than fossil fuel combus-,5] of the difference between total Gand COff, such that
tion (e.g. open biomass burning, oxidation of hydrocarbons),

as we have concluded that these sources are small for thi§Ozbio = CO,0bs— CObg— COff 3)
dataset. The uncertainty in GEC due to uncertainty in

Rcoyco,ff is about 15%, or 0.1 to 2 ppm, with the largest ~ ~ ~ .
uncertainties when CgfCO is largest. The uncertainty in ©F N Situ measurement, GOg is the background Cvalue,

CQOyyg is estimated as 10 ppb from the range of free tropo-and CQfis frgg‘ eitherAl“C_:Oz_measurements (for flasks)
sphere measurements in both flasks and in situ measuréy from Qosz - The contnbuuon_of CQfrom ocean ex-
ments, contributing 0.7 ppm uncertainty to g€5°. Thus change is assumed to be zero, since th.e measurement§ are
when COff<0 is small, the uncertainty is dominated by the made over land, and any ocean contribution is effectively in-
uncertainty in C@g, but when CGfCC is large, the uncer- ¢luded in CQbg. We use Cebg of 389.0 ppm, the value

tainty is dominated by the uncertainty Reo,co,f- The re- measured in the same flask used 4gjg and CQy, and as-
sulting COff©C values appear reasonable, with large valuesS!9n an uncertainty of 0.3ppm to this value, based on the

in the area over and downwind of Sacramento (Figs. 7 anda@nge of flask and in sitq free troposphere mgasure-
8), low values of~1ppm COff in the boundary layer out- ments. We calculate GDio fqr the SAC227 in situ mea-
side of the urban plume, and values indistinguishable fromgurements, and for the flasks in both flights. The uncertainty
zero in the free troposphere. in COzbio ranges from 0.4 to 2 ppm.

where CQobs is the observed GOnole fraction in the flask
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Andreae and Merlet, 2001) is not observed, because air tem-
peratures were 14-2C (i.e. warm enough that home heat-
ing from wood fires is not likely), and because no enhance-
ments occur in either methyl chloride or methyl bromide
(Fig. 5), both of which are produced during biomass burn-
ing (Andreae and Merlet, 2001).

Use of biofuels likely contributes up to 1 ppm of the pos-
itive COpbio signal, as California required8% ethanol in
gasoline in 2009 (CARB, 2008), and this ethanol is usu-
ally derived from biological sources. Differences in vege-
tation between the urban and surrounding rural areas may
explain the remaining difference in Glio, with the rural
[T I I I I T areas dominated by agriculture and grasslands, whereas trees
2000 20 40 60 80 100 120 140 160 180 are more dominant in the urban area, especially since our

-~ ¢ 1 e measurements are in the spring, when biomes are transition-
i SN ing from a net CQ source to a net sink. In the SAC306 flask
— AN a — ! samples, we find that Cio is close to zero inside the urban
s ;/ .3 » . plume (Fig. 7), suggesting that a substantial bias in owfCO
kS C rin 7’* or COpbio calculations (e.g. due to our choice of background
\ f— - e CO and CQ values) is an unlikely explanation for the large
. L4 ~ N COybio values inside the plume from SAC227.
soo (o s R T\\ The near-zero Cghio values inside the urban plume from
T s SAC306 also indicate a weaker respiration/biofuel source
=, { e and/or stronger photosynthetic uptake on this day. This ob-

—=12+40 -120.80]

e servation is consistent with frontal activity that brought rain
12140 -120.80 to the area between the dates of the two flights (California Air
T T T T T s Resources Board AQMIS2 data archivetp://www.arb.ca.
' T S ' gov/agmis2/metselect.phpvhich may have resulted in dif-
fering CQybio fluxes on the two flight dates.

Fig. 8. Continuous C&ff (top) and CQbio (bottom) for SAC227

shown as a function of flight path. Units are ppm.
3.6 Estimate of the COff flux

The in situ measurements show large peaks in @0le In Sects. 3.2 and 3.3, we reported emission ratios of vari-
fraction over and downwind of Sacramento. While £fO  ous trace gas species to &ff) making the case that C@
makes up most of the GOenhancement in these peaks, it emissions are likely the best known of any trace gas from
is not sufficient to explain the entire enhancement (Figs. 7inventories. Yet the uncertainty in G@® from inventories
and 8). We considered the possibility that £fOvas un- is still significant, especially at the regional and urban scale.
derestimated, but it is difficult to explain the required un- For California, the uncertainty in C@ inventories at the
derestimate of up to 6 ppm in G (17%. in A*COy), by county level is estimated to be at least 10-20% (S. de la Rue
biases such as the choice af,g, COyg and measurement de la Can, personal communication, 2010). Atmospheric ob-
uncertainty, which we estimate equates to an uncertainty ogervations of C@ff can potentially be used to quantify these
0.2 to 2ppm. Thus a positive contribution of up to 8 ppm emissions, if the atmospheric transport is known.
to the CQ enhancement over the urban region on Febru- We use a simple mass balance approach to estimate the
ary 27 is apparently from Cgbio. Conversely, in the ru-  COff flux from Sacramento County for flight SAC227. We
ral areas outside the urban plume, 6@ is negative, with  carry out this estimate to demonstrate the utility of the ap-
a minimum of —6 ppm CQbio. Positive biosphere contri- proach, acknowledging that the large uncertainties reported
butions could be from above and below ground respiration here could be substantially reduced by incorporation of more
biofuel use such as in liquid fuels, anthropogenic combus-detailed meteorological information. In this method, an air-
tion of biomass such as for home heating, or forest fires andraft flies transects across an emission plume, downwind of
other open biomass burning. Photosynthesis has a negative source, in the boundary layer. The method was origi-
contribution to CQbio. nally developed for trace gas emissions from point sources

Low temperature biomass combustion (e.g. wood fires)such as smokestacks, and here we apply it to the urban area
is unlikely to contribute to Cgbio in SAC227 as the high source, implicitly treating the urban plume as a single well-
CO:CO ratio expected from this source (40-70 ppb/ppm, mixed source. The measured mole fraction can be integrated
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direction. Wind direction was approximately 33@onsis-
tent between the NARR reanalysis (horizontal resolution of
32km and 3 hourly time step, Mesinger et al., 2006p://
www.emc.ncep.noaa.gov/mmb/rrednkheasurements from
the WGC tower at the same time, and the observed plume
downwind of Sacramento urban area. The NARR reanaly-
sis indicates that the wind speed over the city was 1.0Im's
and increased to 1.7 m&in the downwind plume. Measure-
ments from the WGC tower, further downwind from our air-
craft transects, indicate that the wind speed at 490 m ranged
between 2.0 and 3.3 1§ during the same time period. We
use the highest and lowest wind speed estimates as end mem-
bers in our calculation. The NARR reanalysis estimates the
boundary layer height as 1500 m, but is known to overes-
Distance across transect (km) timate the boundary layer height in the California Central
Valley. Instead, we directly estimated boundary layer height
Fig. 9. Xmeas(COff €O — background C@) used to integrate for  from the aircraft measurements of gGCH,, CO and tem-
the flux calculation for each of four downwind transects in SAC227. perature when the aircraft flew out of the boundary layer into
Solid Iir?es indicate thg areas _ins_id_e the plume for e_ach transecthe free troposphere. The boundary layer height from these
Inset, ﬂlg_ht map showing the individual transects, with the sameynservations appears much lower, at about 700 m, and is con-
color coding. sistent with that obtained from a sounding over Oakland, Cal-
ifornia the same afternoon. We therefore use upper and lower

to obtain a measure of the flux (Mays et al., 2009: Ryersonboundary layer height estimates of 600 and 800 m in our cal-

et al., 2001; Trainer et al., 1995; White et al., 1976): culations. ,
We calculate the flux independently for each of the four

transects that were made in the downwind plume (Fig. 9,
flux=v-cosx- / n(z)dz«/Xmeagly 4) Table 3). For each transect we obtain a range of flux esti-
mates calculated from the range of wind speeds and bound-
ary layer heights. The mean flux estimate for Sacramento
Flux is the total flux of CQff in MtCyr—1, from the emis-  County from all four transects is 3.5 MtCV, with a range
sion area from which the plume is sourced. The source mustf 1.3-7.0 MtCyr!. Our observational estimate of Gfb
be isolated, so that there are no overlapping plumes. We tredlux during the afternoon of 27 February 2009 is comparable
the Sacramento metropolitan area as the source of a singl® the annual Vulcan and CEPAM estimates for Sacramento
homogenous plume. The wind speed {s assumed to be County (extrapolated to 2009) of 3.0 and 2.6 MtCrre-
constant through the time and space between the site of emispectively. Our observational estimate likely also includes
sion and the observation aircraft. The angléetween the some contribution from surrounding counties, which would
aircraft track and the direction normal to the wind direction bias it high relative to the inventory estimates. The large
is here assumed to be zero. The number density of the atmaange of values in the observations estimate predominantly
sphere #) is integrated vertically throughout the boundary reflects the large uncertainty in wind speed and boundary
layer, assuming that the plume is well-mixed in the vertical, layer height for this experiment. We also see a difference
and no leakage through the top of the boundary layer hasn flux estimates amongst the four transects, with the closer
occurred. The mole fraction enhancement over backgroundransects about 25% higher than the ones further downwind,
(Xmeas is integrated across the entire horizontal span of thewhich could be related to variability in wind speed during
plume from location—y to y. The boundary layer C&¥ the experiment, or leakage out of the boundary layer that is
values outside the plume are elevated by about 1 ppm aboveot accounted for. The-100% uncertainty in this result is
the free troposphere measurements, indicating somgfCO consistent with other studies using this mass balance method
is due to regional sources, and we subtract a mean boundaiRyerson et al., 2001; Trainer et al., 1995).
layer background of 0.95 ppm of G®from each CQff¢©
measurement to obtaiXineasat each point. This allows us to
determine the flux contributing to the urban plume itself. We 4 Conclusions
select the endpointsy andy subjectively from the shape of
the plume for each transect (Fig. 9). This study demonstrates the utility of measurements of
No meteorological measurements were made onboard th€O,ff mole fraction in the atmosphere. Flask measurements
aircraft during this flight, and instead we use a variety of es-of ACO, allow us to directly constrain C£f mole frac-
timates for the boundary layer height, wind speed and windtions and fluxes. The combination of flask CO anCO,
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Table 3. COxff flux estimates for the Sacramento urban region from ciated only with blomass burnllng show no elevgtlon in these
measurements made on 27 February 2009, and scaled to the anni@@MPles. Gases associated with both combustion sources and
total COyff emissions, assuming constant emissions throughout thedgricultural sources show weaker and more variable correla-
year. Transects are the four downwind flight segments shown irfions with CQff.

Fig. 9. Flux estimates for each transect are reported as the range of Using an emission ratio approach, we compared our
values using four different wind speed and boundary layer heightobservation-based results from two flights in February and
estimates (see text). “Mean all observations” is the mean of all 16March 2009 with annual bottom-up inventory estimates for
realizations (fourtransects, fqur estimates each) of the calcqlat.ionsd host of trace gases. Recent annual, county level CEPAM
Two bottom-up inventory estimates of the annual total emissionsg mission inventories for CO and benzene agreed very well

from Sacramento County from Vulcan (Gurney et al., 2009) and theW- : : : :
ith our rvation ite the difference in temporal
California Air Resources Board CEPAM database (S. de la Rue de our observations (despite the difference empora

o . -tesolution of the observations and inventories), whereas
la Can, personal communication, 2010) are included for compari- . . . .
older inventories appeared to overestimate emissions of these

son: species by a factor of two; this conclusion is consistent with
Annual total COff other recent atmospheric studies. For other hydrocarbon
flux estimate (MtC yr1) species, our results are broadly consistent with atmospheric
observations of emissions from other US cities, whereas they
Transect 1 1.6-7.0 often differ from inventory data. These discrepancies are
Transect 2 1.4-6.2

likely due in part to the method of disaggregation of national

Ezzzgg:i 13:2; level inventories to the regional scgle. A Ia'rger observational
Mean All Observational 35 dataset, collected over a longer time period and at varying
Flux Estimates times during the day, would be needed to confirm that the
Vulcan 3.0 differences between the inventories and our observations are
CEPAM 2.6 not an artifact of the particular sampling period.

Finally, we used a simple mass balance approach to
demonstrate, albeit with observations from a single flight,
that in situ CQff observations, obtained from flask measure-
ments of A1*CO, and CO and in situ measurements of CO,

Oan be used to quantify G® flux at the urban scale. In
this initial study, where the experiment was not specifically
designed to this end, and we did not collect meteorological
{fita, we were able to estimate the £idlux with an uncer-

measurements with high-resolution CO measurements pr
vides a method to estimate Gfbmole fractions at high reso-
lution. Although the emission ratio of CO to GfDis consis-
tent across the measurements presented here, the emission

tio can be expected to vary for different locations and tlmes.tainty of ~100%. Nevertheless, our estimated flux from this

Therefor_e th_e emission ratio s_hould b_e determined on a regs';ingle flight agrees with annual bottom-up inventories within
ular basis, either from every fllght, or in the case of surfacezo%. Improved measurement of wind speed and boundary
measurements, at regular time intervals. layer height would dramatically improve the precision of this
Using A'CO, and CO measurements as a proxy for calculation. More sophisticated transport models, with reso-
COff reveals structural detail in the distribution of G®  |ytion sufficient to evaluate transport at the urban scale, and
and CQbio which cannot be obtained from G@neasure-  \hich are able to account for changing meteorological condi-
ments alone. The enhancement in total G&er Sacra-  tjons during the experiment (e.g. regional a transport model
mento is largely due to C&f, but also includes a significant  sych as WRF) could also be used to improve the flux esti-
contribution from CQbio (photosynthesis, respiration, and mate. The uncertainty, as well as temporal variability, in the
biomass combustion such as biofuel use), and the sign of thgyx estimate could also be reduced by a larger suite of ob-
COpbio contribution varies within the urban plume even on geryations.
dates only a week apart. The sign of theAB{® contribution
is also seen to change within and outside the urban plumeAcknowledgementsAircraft infrastructure development and
If CO-ff was approximated only by the total G@nhance- flight missions were supported by the Small Business Innovative

ment, large and unpredictable biases in calculated emissioRReésearch program administered the US Department of Energy’s
ratios would have resulted. Office of Biological and Environmental Research to Kalscott
Engineering (Lawrence, KS) contract No. DE-FG02-04ER83986,

The large suite of gases measured in flask samples PELhd to the Lawrence Berkeley National Laboratory under contract

mit us to identify the sources contributing to the observedy, pE-AC02-05CH11231. Thanks to Paula Zermeno for assis-
COcff plume. Strong correlations between gftand a suite  tance and advice oH*CO, sample preparation. Two anonymous
of hydrocarbons indicate that much of the £fin the Sacra-  reviewers provided helpful feedback on an earlier draft of this paper.
mento plume comes from vehicle emissions. A suite of halo-

carbons associated with vehicle use and urban sources aldglited by: C. Gerbig

correlate extremely well with Cgf. Conversely, gases asso-
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