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Abstract. We use the Kapuni Gas Treatment Plant to ex-1 Introduction
amine methodologies for atmospheric monitoring of point
source fossil fuel C@(CO,ff) emissions. The Kapuni plant,
located in rural New Zealand, removes £@m locally ex-

tracted natural gas and vents that {10 the atmosphere, at fracti IPCC. 2007- T L 1990). K ed fth
a rate of~0.1Tg carbon per year. The plant is located in raction ( ' » Tans et al,, ) Knowledge of the

a rural dairy farming area, with no other significant 0 sources and magnitude.of C_a‘h‘)emiss,ions is critical to im- .
sources nearby, but large, diurnally varying, biospherig CO proving our understandmg of Earth's car.bpn cycle apd cli-
fluxes from the surrounding highly productive agricultural mate system. Large point sources (electrICI'[y_generatlon and
grassland. We made flask measurements of &@14CO, large-scale industry) make up roughly one third of all@o
(from which we derive the CgIf component) and in situ emissions (_IPCC, 2007). These point sources are thg first
measurements of GQlownwind of the Kapuni plant, using a COuff emissions sector to be regulated under various national

Helikite to sample transects across the emission plume fron"fmd mtgrnauonal carbon tax a.nd cap and trade schemes ©g.
the surface up to 100 m above ground level. We also dete'ﬁu_strallan Government, 2013; Goyernment (.)f India, 2010.)'
mined the surface C£if content averaged over several weeks P_omt sources are also the most likely candldates_ for emis-
from thel“C content of grass samples collected from the sur-S'ons reduction by carbon capture and sequestration (IPCC,
rounding area. We use the WindTrax plume dispersion modelzo%z)' ¢ | h d q he abili
to compare the atmospheric observations with the emissions € success of regu gtory schemes depends on the ani ity
reported by the Kapuni plant, and to determine how well at-1° demo.nstrate' th?t emissions targets are aptuglly a.ch.|eved.
mospheric measurements can constrain the emissions. TH%eguIatlng emissions without monitoring “is like dieting

model has difficulty accurately capturing the fluctuations andW'thloUt V\_/elghmg ones_elf_” (lebetdand V\_/els(,js, 2010)b Cur-
short-term variability in the Helikite samples, but does quite "€Nt!Y: PoInt source emissions are determined using “bottom-

well in representing the observed @i6in 15 min averaged up” estimates from self-reported inventory data. Emissions
surface flask samples and inone week integrated G@ estimates are typically obtained from the volume of fossil

averages from grass samples. In this pilot study, we founJUEI (coal, oil or natural gas) consumed and carbon content
that using grass samples, the modeled and observed CO of_th_at fL_Jel (Andres etal., 201_2;_Gurne)_/ etal., 2009). Ur?c?‘r'
emissions averaged over one week agreed to within 3O%Ea|nt|es in the calculated emissions arise from uncertglr!tles
The results imply that greater verification accuracy may be'" the amount of f_uel useq, which may include transcnpthn
achieved by including more detailed meteorological obser-£M°rS and errors in collating the data, and from uncertainties
vations and refining*C sampling strategies. in the carbon content of fthe' fuels themselves. In some coun-
tries, smokestack C£emissions are directly measured (e.g.
CEMS in the US), with a likely uncertainty of 20% (Ack-
erman and Sundquist, 2008). In upcoming regulatory envi-

ronments, it is also possible that deliberate falsification of

Emissions of fossil fuel carbon dioxide (Gff) are the main
driver of the post-industrial increase in atmosphere @0le
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reported emissions will occur. Thus there is a need for inde-averageA1#C of the assimilated C£) and hence the overly-
pendent, objective measurements of these emissions both tng atmosphere at the time of uptake, can be determined from
improve the accuracy of the reported emissions, and to prothe 1C content of plant materials (e.g. Hsueh et al., 2007;
vide independent monitoring as we move into a regulatoryPalstra et al., 2008). GQOassimilation rates vary with lo-
environment. cal climatic weather conditions, plant type, and plant growth
Atmospheric measurements of recently added fossip CO phase, meaning that a complex weighting function may be
mole fraction can be combined with knowledge of atmo- needed to describe the averaging period (Bozhinova et al.,
spheric transport in a “top-down” approach to inferthex 80  2013). CQ absorption by an alkaline solution (sodium hy-
emission flux, providing an emission estimate with quan-droxide, NaOH) is another commonly used method to obtain
tifiable uncertainties, that is independent from the bottom-time-integrated averag&!“C in the atmosphere (e.g. Levin
up approaches. In the top-down approach, two key compoet al., 2010; Currie et al., 2009; van der Laan et al., 2010).
nents are needed: measurements offCMole fraction and A number of studies have used correlate tracers to esti-
a model of the atmospheric transport. mate COff. In this method, a trace gas that is co-emitted
COxff cannot be directly measured in the atmosphere,with CO,ff, such as carbon monoxide (CO), is monitored
since CQff is but one component of the total GOnole in the atmosphere. If the emission ratio of CO :£fGs
fraction. The CQ background mole fraction is- 400 parts  known, then CQff can easily be determined (Levin and
per million (ppm) and increasing by 1-2 ppnTyrprimarily Karstens, 2007). CO is much more readily measured than
due to global CGff emissions (IPCC, 2007; Conway et al., ACO,, so this method can obtain Gmole fractions at
2011). Large diurnal and seasonal cycles are superimposeuigher spatial and temporal resolution (Vogel et al., 2010;
on this, mainly due to the seasonally and diurnally vary- Turnbull et al., 2011a). Unfortunately, the emission ratio
ing exchange with the terrestrial biosphere by photosyntheCO : CO:(ff is imperfectly known, variable by combustion ef-
sis and respiration as well as biomass burning (IPCC, 2007)ficiency and method, and large power plants typically emit
Ocean exchange of carbon, although having a gross flux ofittle or no CO (USEPA, 2012). Other correlate tracers have
similar magnitude, is of lesser importance over the land ar-been considered, including sulphur hexafluoride (Turnbull et
eas where most Cfif emissions occur. The COmole frac-  al., 2006), perchloroethylene (Miller et al., 2012), and acety-
tion at a given site will also vary with meteorology as dif- lene (LaFranchi et al., 2013), but most of these tracers are
ferent air masses are advected to the location and as verticahly indirectly associated with C&f combustion sources, so
mixing varies through time. When the Gfomole fraction  are likely not appropriate for monitoring of individual point
added by a point source is large relative to the variability in source emissions. Further, the amount of correlate trace gases
the CQ background, C@measurements alone may be suf- emitted directly from the point source may vary widely de-
ficient to determine added G® mole fraction. However, in  pending on the fuel used, combustion process, and “scrub-
many cases, variability in C{background is large relative to  bing” of pollutant gases before they are emitted into the at-
the added Cgff mole fraction. This is particularly important mosphere. Henca#CO, remains the most robust method
when there is a strong biospheric carbon flux nearby. Loh efor quantifying CQff across a range of environments. Once
al. (2009) used the WindTrax Lagrangian particle dispersionthe CQff mole fraction has been determined, the emission
model to evaluate atmospheric measurements of point sourdéux can be modeled or estimated by using a description
CO, and methane emissions at a local scale. They showedf atmospheric transport from the emission source to the
that the method could be useful for methane, where the emismeasurement location. This has been performed at various
sions were large relative to the methane background variabilscales using techniques ranging from a simple mass balance
ity, but was more difficult for CQ, where background vari- model for urban scale emissions (Turnbull et al., 2011a), to
ability was a dominant source of uncertainty. a Lagrangian particle dispersion model for the regional scale
CO, derived from fossil sources is entirely free of the iso- (Turnbull et al., 2011b), to tracer : tracer flux estimates using
topel*C, which is removed by radioactive decay with a half- radon (Levin et al., 2003; Van der Laan et al, 2010). Mod-
life of 5730 yr (Karlen et al., 1968). All other sources of €O eling studies have demonstrated that long-term trends in re-
contain'“C at levels close to that of the current atmospheregional CGOff emissions could be determined from a com-
(Randerson et al., 2002; Turnbull et al., 2009). Thus meabination of A}*C observations and regional or global model-
surements of the radiocarbon content of J@A*CO,) can ing (Levin and Rddenbeck, 2007). Monitoring of gffrom
be used to quantify the C@ mole fraction (Suess, 1955; point sources has not previously been attempted, but other
Tans et al., 1979). In the current atmosphere, 1 ppm of addedpecies emitted by point sources have been monitored in the
COuff decreasesA#CO, by about 2.6 %o (Turnbull et al., atmosphere. Mass balance modeling has been successfully
2009). used to monitor ozone from large power plants (Trainer et
ACO; can be determined directly from measurements ofal., 1995; Ryerson et al., 2001). This method uses aircraft
14C in CO, extracted from flask samples of air (e.g. Turnbull sampling at high temporal resolution across transects down-
et al., 2007; Graven et al., 2007). TH&C content of CQ is wind of the point source, and a simple description of plume
also maintained in carbon assimilated by plants so that thelispersion to quantify emissions. It can estimate emissions
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Figure 1. Map showing location of Kapuni processing plant and kite sampling locations.

to within ~50% under consistent wind conditions when 2 Methods

emissions are large relative to the background mole fraction.

More commonly, Lagrangian atmospheric transport model-2.1  Sampling location and point source description

ing is used to both identify emission sources and to quantify ) o )

those emissions. Point source emissions of numerous poll @Yl experimental site is the Kapuni Gas Treatment Plant,
tant species have been evaluated using this method, includinigc@ted in rural New Zealand and run by Vector (Fig. 1).
SO, NOy and particulates (e.g. Dresser and Huizer, 2011: he Kapuni plant processes natural gas extracted from

Ghannam and El-Fadel, 2013). These studies are focused difarby onshore natural gas wells in tr;e Taranaki Basin.
air quality impacts, and there is little detailed information Natural gas from this field contains 40% CQ. At the

about the quality of total flux estimates in the models. Kapuni plant, the C® is stripped from the natural gas
Here we examine methodologies for atmospheric monitor-21d vented to the atmosphere at a rate~d.1TgCyr

ing of point source Cgff emissions. Our experimental site (NZMED, 2010). This equates to average emissions of about

is a small, isolated industrial G& emission source in ru- 33009CS”". The emissions are small relative to many in-

ral New Zealand. Our focus is on GBquantification from dustrial facilities and power plants around the world, for ex-

A4CO, measurements, examining two different sampling ample, the world’s largest power plant (Taichung, Taiwan)

methods: snapshot flask sampling in the atmosphere, an@Mits ~ 300000 gCs' (Ummel, 2012; Wheeler and Um-

time-integrated sampling from grass. We use a Lagrangiarﬂ“eL 2008). We recognize that there will be' dlfferences in
plume dispersion model run forward in time to predict the 2PPIYing the results of our study to larger emission sources.
CO,ff mole fraction from the known emissions and meteo- 1 "€ Kapuni plant is located in a rural dairy farming area,

rological data. We then compare the predicted and observelyith no other significant C&if sources nearby. The agricul-
CO,ff mole fractions to examine the different methods. tural urea plant located 500 m west of the Kapuni plant does

Our goal is to evaluate the methods from both scientific €Mit @ small amount of C&but this is approximately 1 % of
and application perspectives, considering: the Kapuni plant emissions (NZMED, 2010). We avoid sam-

pling close to local roads, and also note that traffic counts are
— Measurement cost and complexity. How easily can thelow (one vehicle every- 10 min), so the overall contribution
sampling method be deployed at field sites, and how dif-0f traffic COff in our measurements is expected to be min-
ficult is the measurement? imal. There is a small Cgf source from residential heating
using natural gas and from farm vehicle exhaust, but farm and
— What sampling methods are most compatible with theresidential power are typically from mains electrical supply
strengths of the current generation of atmospheric transwith no local CQff emissions. The farmland is highly pro-
port models? Models imperfectly simulate atmosphericductive grassland, with large, diurnally varying, biospheric
transport, and emissions detection will be more or lessCO; fluxes. The surrounding terrain is relatively flat, with
robust depending on how the model is used. elevations within 2 km of the Kapuni plant varying by about
10 m. There are some trees-o20 m height to the south and
— What are the uncertainties in the estimate of thef£fO west of the plant, and a dip to lower elevation directly to the
emission flux, and how could these uncertainties be re-east where a stream flows (Fig. 1).
duced?
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2.2 Sampling methods for the flask sampling pump (KNF, model N814KNE) and
scaling the resulting function by flask size. The weighting
2.2.1 Kite platform function was then approximated by fitting a polynomial to

the pressure change through time, which approximates the

A Helikite, a patented combination kite and helium balloon fill rate well (-2 = 0.99).
(Allsopp Helikites Ltd, Hampshire, England) was used to
sample air from the surface up to 100 m above ground level2.2.2 Surface flasks
downwind of the Kapuni plant, on 26 October, 2012. The
Helikite was fitted with a GPS (Garmin 60CSx) to deter- Five surface samplers were also deployed on 26 October
mine location at 1 s time resolution. A tethersonde (Graham2012 at one location upwind of the Kapuni plant and four
Digital Design, Amberley, New Zealand) with an anemome- locations downwind and beneath the Helikite track. For each
ter was used to measure wind speed and direction, temperaampler, the air is drawn in through an inlet line (6 mm OD,
ture, and pressure at 10 s resolution. Transmitted data wengolyethylene) from an intake 3 m off the ground. A deflated
received at a ground station providing real-time height and4 L Tedlar bag is slowly filled at a designated flow rate from
wind data. The anemometer cups tangled with the tether line@ manifold operating at a preset overpressure. In this case,
for short periods during the measurement campaign, identithree liters of air was collected over 15min. Each sampler
fied as zero wind speeds; we exclude these periods from ouwere pre-programmed to purge the sample lines for 1 min
data set. 300 m of 4 mm OD polyethylene (Leda Extrusions,and then collect a 15 min sample once every 18 min. After
New Zealand) tubing was attached to the kite tether closesampling was complete, a small aliquot was used to deter-
to the tethersonde, bringing air from the kite to our mobile mine the CQ mole fraction on the CRDS, and then the air
lab. A diaphragm pump (KNF, model # N186.1.2KN.18) was sample was transferred into a pre-evacuated glass flask using
placed halfway along the inlet line on the ground to improve the flask pump and pressurization method described above.
flow rate. A subset of these surface samples was selected ¥6€0,

The inlet line ran to a cavity ring down spectrometer analysis.
(CRDS, Picarro model G1301) inside a mobile laboratory.
The CRDS provided real-time mole fractions for £i@ the 2.2.3 Grass samples
air arriving from the intake on the Helikite. Individual obser-
vations were made at 2 s intervals. The measurement pre- When plants photosynthesize g@he*C/22C ratio of that
cision for CQ is better than 0.1 ppm, determined from the CO; is altered only by isotopic fractionation during pho-
spread of repeat measurements of an air standard sampled ussynthesis (Suess et al., 1955). THE/2C fractionation
ing an experimental setup similar to that used for this exper<an be quantified from th€C/*2C fractionation §3C), and
iment. The CQ measurements are referenced to the World A4C for CO, and plant material is normalized tosa3C
Meteorological Organization WMO-X2007-GOnole frac-  of —25 %o (Stuiver and Polach, 1977). Thus thé*C of the
tion scale to within 0.05 ppm, and one-minute averages ofplant material can be considered identical to the photosyn-
transfer gases have also been determined to a standard dizesized CQ, integrated over the period of plant growth.
viation on replicates of 0.05ppm. Methane (gHvas si- A number of studies have shown that plant material
multaneously measured but is not discussed here singe CHecords the broad spatial patterns/f*CO; in the modern
sources in the area are complex. The transit time from theatmosphere, using corn leaves (Hsueh et al., 2007; Riley et
inlet to the mobile lab was determined from timed puffs of al., 2008), wine ethanol (Palstra et al., 2008), and rice grains
(high CQ) human breath, and determined as 173 secondg(Shibata et al., 2005). Several of these studies compared the
The flask filling and C@mole fraction measurements are ad- observations with model predictions, and achieved reason-
justed for this time delay and matched to the GPS and meteable agreement at the continental and regional scales, mostly
orological measurements, which were operating on the sameeflecting the spatial pattern of G emissions. However,
time stamp. the exactA*C measured will depend on the growth period

Previously evacuated glass flasks (0.8-2 L volume) wereof the plant, variations in photosynthetic uptake during the
filled by opening a valve directly upstream of the CRDS unit growth period (e.g. weather conditions) and how the plant
without reducing sample flow to the CRDS. The air was driedallocates the photosynthesized carbon among different parts
using magnesium perchlorate and then passed through a dif the plant (Bozhinova et al., 2013). The resulting sample
aphragm pump to fill the flasks to a pressure of 2 bar absointegrates over variable rates of photosynthesis but can gen-
lute. Flask fill times varied from 2 to 6 min, depending on erally be viewed as an integrator of the daytime photoperiod
the flask volume. We determine the €@ole fractioninthe  A14CO,.
flask sample as a weighted average of the @®le fraction We collected samples of grass from farmland around the
measured on the CRDS made during the flask filling time.Kapuni plant on 15 August 2012 and 24 October 2012. The
The weighting function for the flask fill was obtained by log- grass species was not specifically identified for these sam-
ging the pressure increase in a flask, as a function of timeples, but the dominant species in South Taranaki is a ryegrass,
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Lolium perennéRoberts and Thomson, 1984). The farmland surement (as derived from the scatter of the calibration stan-
in this region is divided into small paddocks (fenced fields) dards), resulted in overall uncertainties of 2.0-2.5%.. Be-
and each paddock is grazed by the dairy cow herd for onéween 4 and 10 secondary standards were also measured
day every 18-25 days. The grass grow20 cm during the  in each wheel, and the scatter of these secondary standards
regrowth period, and regrazing occurs before any floweringwithin each wheel is, in all cases, consistent with their as-
has begun. We sampled grass from paddocks that had beeigned uncertainties.

grazed one to two weeks previously, so our samples likely Results are reported as'“C, the deviation of the sample
represent an average over one to two weeks. We collecte$'C content from that of the absolute radiocarbon standard,
samples of the- 20 cm regrowth, and radiocarbon measure- and corrected for radioactive decay since time of collection
ment was performed on part of an individual grass leaf fromand normalized to @3C of —25 %o (Stuiver and Polach,
each sample. As all growth is in the vegetative phase, allo1977). CQff is determined from theA#C of the grass or
cation of carbon to the leaves is likely consistent across thdlask sample, taking advantage of the fact thapEontains
growth period, but there will be some variability in uptake zero4C (A14C = —1000 %o), whereas all other G@ources

with weather patterns, which we do not account for. We makehaveA'4C values close to that of the atmosphere. Thef€O

the simplifying assumption that the leaf samples represenadded relative to a clean air background measurement can be
the daytime average for the one-week period preceding sanmdetermined using mass balance (Levin et al., 2003).

pling. Sample locations were determined using a handheld When the CQ content of the observed sample is known,
GPS, and locations close to obstructions such as hedges ard for our flask samples, G®is calculated from

buildings were avoided, as were sites close to roads. Couff COsobs( Aobs— Abg)

v (1)
following equation 3 in Turnbull et al. (2009). GObs is the
CO;, was cryogenically extracted from the flask samples byCO, mole fraction in the observed sample, alg,; andApg
slowly flowing the air over a Russian doll type liquid nitrogen are theA4C of the observed sample and background sample,
trap (Brenninkmeijer and Rockmann, 1996). In the case ofrespectivelyA 7 is the AYC of COff, and is assigned to be
grass samples, pieces of grass were acid washed (0.5 M HGI1000 %.. Apg for the flask samples was determined from
at 85°C for 30 min) to remove any adhering material, then surface flasks collected upwind of the Kapuni plant (Fig. 1)
rinsed to neutral and freeze dried, prior to sealed tube comen the same day, at about the same time of day.
bustion with copper oxide and silver wire at 9GD. The B is a small correction term to account for the fact that
resulting CQ was cryogenically purified. COfrom either  the AC of CO, from other sources may be slightly differ-
sample type was then reduced to graphite with hydrogerent from that of the atmosphere, and may include contribu-
over an iron catalyst, using methods adapted from Turnbull etions from heterotrophic respiration, oceanic £€burces,
al. (2007). Thet*C content was measured using acceleratorand nuclear-industry-producédC. Here, we seB to zero,
mass spectrometry at GNS Science (Baisden et al., 2013). and justify this choice for each possible contribution. The
Measurement uncertainty in each sample was derived fronbbackground sample was collected close to our observational
three sources: counting error 81C atoms in the sample, sampling sites in both space and time, so that at our site a
counting error in the standards used for calibration, and adfew tens of kilometers from the ocean, it is likely that ocean
ditional variability amongst those standards. While countingCO, exchange has alteres!*C, but this alteration occurred
errors in the measurement process are governed by Poissam both background and observed samples. There is no nu-
statistics, we regard the variability in excess of counting er-clear industry activity in New Zealand and only a handful
rors as being representative of an additional source of unceref reactors elsewhere in the Southern Hemisphere (Graven
tainty in the measurement and/or sample preparation. Sincand Gruber, 2011), so we assume there is no nuclear indus-
these three error sources are assumed independent, they drg bias in our samples. Of most importance is the effect
added in quadrature. All samples in each experimental dataf heterotrophic respiration occurring throughout the land-
set (two grass sampling experiments, and one flask experiscape. This is expected to have equally impacted both back-
ment) were measured in the same AMS measurement wheefiround and observed*C, and hence the heterotrophic res-
Therefore, we do not include additional uncertainty due topiration correction is implicitly included in the background.
wheel-to-wheel scatter in secondary standards (Turnbull etWe tested how important this assumption might be, using the
al., 2007; Graven et al., 2007). The grass samples were me&iome-BGC model v4.2 (Thornton et al., 2002; Thornton et
sured to 1000006“C counts or until the graphite target al., 2005), calibrated to New Zealand pasture (Baisden and
was exhausted, resulting in overall, single sample precisiorKeller, 2013; Keller et al., 2014). The Biome-BGC model is
of 1.1-1.5%.. Anticipating large C£f contributions in the  an ecosystem process model that simulates the biological and
flask samples, they were counted to 650000 counts or unphysical processes controlling cycles of carbon, nitrogen and
til the graphite target was exhausted. This, combined withwater of vegetation and soil in terrestrial ecosystems. Impor-
poorer AMS stability during the flask sample wheel mea- tant inputs include weather conditions at a daily time step and

2.3 14C measurement and COff determination

www.atmos-chem-phys.net/14/5001/2014/ Atmos. Chem. Phys., 14, 5@04 2014
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site-specific information such as elevation, soil composition2.4 Atmospheric transport model
and rooting depth. The model has a set of 43 ecological pa-
rameters that can be customized for a particular ecosystem.
In previous work, using pasture clipping data from severalWindTrax (Thunder Beach Scientific, Nanaimo, Canada) is
sites distributed across New Zealand, we adjusted selected Lagrangian stochastic particle dispersion model, designed
model parameters to fit modeled pasture growth to the data téor modeling short-range atmospheric dispersion (horizon-
obtain a national model of pasture production for both dairytal distances of less than 1 km from source). The physics
and sheep/beef pasture at a grid scale-&km (Keller et  is described by Flesch et al. (2004) and Wilson and Saw-
al., 2014). We ran the dairy model for the grid location that ford (1996). We run the model in forward mode, in which
includes the Kapuni processing plant to arrive at an estimate&O,ff emissions are assumed known and gas concentrations
for the respiration C@ flux and its A1*C at the sampling or mole fractions at any given location are unknowns to be
sites. We assume a boundary layer flushing time of one dagletermined. We set the model to releasé ffirticles from
at our site, and using the Biome-BGC estimatedue tothe  the simulated stack at every time step, enough to reduce
heterotrophic respiration flux could be 0.2—0.4 ppm. This ismodel uncertainty to satisfactory levels (the more particles
the maximum bias if the heterotrophic respiration flux occursreleased, the lower the uncertainty in model predictions).
at the observation site but not in the background, an unlikelyEach particle is transported according to the model physics
scenario. and specified meteorological conditions. Concentration sen-
In the case of the grass samples, the,@Ontent of the  sors are placed at the observation locations, and the model
sampled air is unknown, so G® was calculated using the outputs a prediction of C&f mole fraction at each sensor
slightly different formulation reported as equation 6 in Turn- for each time step. The wind speed and direction (along with
bull et al. (2009), which requires that the g0f the back-  other atmospheric conditions), combined with the prescribed

ground air (CQbg) be known. emission rate, determine the predicted B@ole fraction
at that location and time. We then compare the model pre-
COop — COag(Aobs— Abg) 2 diction with the observed mole fractions. Alternatively, the
Opf = B 2) . . .
Afi — Aobs model can be run in backward mode to predict the emis-

sions from the observed G® mole fractions, but this is
The grassApg values were from samples collected20 km . .
computationally more expensive, and forward mode allows

tothe north of the Kapuni plant in similar dairy farmland, on us to also investigate the broader patterns of the predicted
the same day as the observed samples were collected. Th

background C@ mole fraction was estimated as 390 ppm p‘?ume dispersion. The model is stochastic, not deterministic,

from measured values at Baring Head, New Zealand at the&? the outcome of model runs will vary even with the same

same time (Currie et al., 2009; data set extended to 2012). ,%n r'::)arl tﬁ(;?:jsltl(zﬂasngfri]: dp;rsgitzﬁézgs ISTr?eSt(c)a L::;ﬁ] (t)aflg?/gggrl]
4 ppm error in the choice of C{observed (Eq. 1) or back- q P

ground (Eq. 2) value equates to a 1% error in the determined&1es by about 10 m across our sampling area, and this is not

. . accounted for in our model simulations.
COxff mole fraction, small relative to the measurement and : . . :
. S : Daily emissions were provided by the Kapuni plant oper-
atmospheric transport uncertaintigs.is also a bias correc-

tion, formulated slightly differently tg, but accounting for ator, Vector (P. Stephens_on_, personal communlcgnon, 2012).
. . We assume constant emissions for each 24 h period, although
the same biases. We also set this value to zero. . .
S 3 Vector estimates that emission rates may vary by up to 3%
A further very small bias is induced by t4é3C normal- . . o .
o . 14 : 13 during that time. Emission rates were 3100-3750gCis
ization in the calculation ofA-“C, since the5*°C of COyff ;
I the two weeks of August 2012 preceding the day when the
is different from that of the atmosphere (Vogel et al., 2013). .
. . . : first grass samples were collected, 2700-3500d@isiring
In our case, this is of minimal importance, since the,@€0O . .
. 0 . .~ the two weeks prior to grass sample collection on 25 October
from Kapuni is—13.8 %o (measured in our laboratory using

CO, supplied by the Vector Kapuni plant), quite close to that 2012, and 32009Cs on 26 _Ogtober 2012 when the flask
S ' samples were collected. Emissions are from two stacks, both
of the atmosphere. This implies an overestimate obfCa¥

1-2 %, less than 0.1 ppm for most of our measurements. W35m high, and~ 10m apart. In the model, we assume that

; o 3 ?he stacks are close enough in space to be modeled as a sin-
ignore this bias, a&'3C was not measured on these samples, . o
gle point source. We release the emissions from the known

- 3 -
and in fact, the atmospheré¢3C value cannot be easily de- .
. P . . . Y de- stack height of 35 m above ground level. We also tested an
termined from the grass samples since isotopic fractionation ) . .
. o alternative scenario where emissions were released from a
occurs during assimilation of CQOnto the plant. Note that

although1#C fractionation also occurs during assimilation, height of 45m above ground level, 10m higher than the ac-

this is corrected for mathematically in t€"*C notation. wal 'stack helght,.to account for. buoyant rise of thg warm,
moving plume (Briggs, 1975). This value was determined us-

ing the known emission temperature (8089 and stack di-
ameter (0.6 m), and a velocity estimated from thex@dis-
sion rate. Under the unstable atmospheric conditions during
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our measurement campaigns, the difference in effective stack
height did not make a significant difference in our results.

For the flask samples, we use a model time step of ap-
proximately 10 s, commensurate with the wind data collected
from the Helikite at 10 s resolution which was used as input _
to the model. We note that previous studies have shown thal'@
WindTrax performs best over much longer averaging periods £
(Flesch et el., 2004), on the order of 10-30 min, and using the-J
model with very short time intervals (i.e., less than 1 min) is 2 —
problematic, as the relationships built into the model assume< 200 -
atmospheric equilibrium, which might not be the case at such
short time scales. Our results should be interpreted with cau-
tion, as they might reflect the inability of the model to re- I Ground level|
solve atmospheric instability and rapid fluctuations at such 150 L 0 o

fine time scales. _ _ -39.4800 -39.4795 -39.4790 -39.4785 -39.4780
In the case of the grass samples, 10-minute time steps wer: Latitude

used with wind data from the stationary meteorological sta- e ‘ | |
tion installed close to the site (Fig. 1). Wind information was L.

not available from the local site for the August grass growth 35%20382.5 405.8 429.0 452.3 475.6 498.8 522.1 545.4 568.7 591.9
period. Instead, we used the meteorological data obtained foi 2 (PPM)

the week directly following the grass sampling. We justify Figure 2. Measured C@ mole fraction across transect from south

this by comparing data from the two weeks at a long-termyq north, Large black circles indicate the flask sampling locations.
station~ 20 km away in Hawera, which provides hourly tem-

perature and pressure data. This long-term station data could
not be used as a proxy for wind speed and direction at oua square 30.5 30.5 m, with the actual sample location in the
Kapuni site because the particular locations and orientationgenter. The model output was averaged over all daytime time
of the two sites relative to Mt. Taranaki result in large dif- steps for the week prior to grass sampling to arrive at a final
ferences in wind direction between the two sites. However,predicted CGff mole fraction.
we found that the weeks preceding and following our August
grass sampling had similar wind patterns at Hawera. )

In the absence of detailed measurements of turbulence angl  OPservational Results
atmospheric stability, a general stability category was speci-
fied in WindTrax using the Pasquill-Gifford classes (Pasquill, 3.1 CO, measurements

1961, Gifford, 1961). The Monin—Ql_oukhov length L (a me- During the Helikite sampling period on 26 October 2012, the
teorological measure.ment of stability) was then calculatedmeasured Comole fraction varied from 360 ppm at ground
by the model along with other related variables. As the Meayayel to 592 ppm in samples within the Kapuni emission

surements necessary for a more exact quantification Werﬁlume (Figs. 2 and 3). The emission plume moved during

HOt lr(‘nade, \I/ve assgrped(‘j‘shghtlly unstag:e: cong!t[ons 1;or tr;ethe four-hour sampling period, so that our Helikite observed
ask samples, and ‘mo erately u_nsta e con |t|ons_ or theyhe plume at different locations across the north—south tran-
grass sampling. The meteorological conditions during the

. , sect at different times. The plume also moved in the vertical,
grass sampling periods may more correctly match neutral ' nd was more dispersed at some times than at others.

slightly unstable conditions, but we found that under these In Fig. 3, strong photosynthetic drawdown can be seen in
conditions, the model underestimated the observed plum?newﬂﬁ a’bove the surface, with G@nole fractions as low

dispersion. This is discussed further in Sect. 4.2. as 360 ppm, about 30 ppm of drawdown. Above 7 m, the CO
The model output was sampled at the location and corre ackground can be estimated from the Iowesh@(ble'frac—
sponding time step(s) for each sample. As the Helikite mOVE(ﬁons observed (Fig. 3). This background varied from 390—
during the flask filling procedure, the modeled sensor waszor ppm with height, and also evolved during the 4-hour
moyed bOth harizontally and vertically. according t(.) the I,O' measurement time. GOnole fraction in the upwind surface
cation obtained from the GPS on the kite. For the S|mulat|onflask samples (collected three meters above ground) varied

with the grass samples, the model was sampled at the GP§Om 386.3 to 387.4 ppm over the 4-hour measurement pe-
location and 1.5m above ground level to avoid surface ef-

fects. We found that grouping several model sensors arounQOd'
the GPS location and then averaging their output was more
accurate than using just one. In all results reported for the
grass samples, we used four sensors placed at the corners of

3007 o ‘ ‘ ‘ ‘ OFIasksamplef’

250
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Figure 3. Measured C@ mole fraction as a function of altitude.  Figure 4. CO,ff calculated from flask samples from the Helikite
Colors indicate the time of day. and surface flasks on 26 October 2013.
We determine the C®enhancement over background
(ACOp) in each CRDS or flask sample by subtracting the
estimated height-dependent €8ackground value (Fig. 3) 201 *
from the observed COmole fraction. In this method, uncer- 'S
tainty in the background mole fraction propagates directly *

to uncertainty in the C®enhancement. The GOneasure-
ment uncertainty is small relative to the background uncer-

tainty, so the total uncertainty in the enhancement for this 101 #“ '_
data set is determined from the range of backgroung G0 : +
? Te
L 4

CO2:COo2ff

ues, and ist 15 ppm in the lowest 7 m, ant 2.5 ppm above

7 m. This level of uncertainty is quite significant for most of

the measurements, except those where the enhancements are
very large. The median COnole fraction for samples taken
above 7m was 397 ppm, so that the majority of measure- 0.0 Ll

0.5

ments are difficult to distinguish from the G®ackground 0.0 10.0 20.0 30.0 40.0 50.0
of 390-395 ppm. CO,ff (opm)
3.2 COzand COff from 4C in flasks Figure 5. Rco,:couff in each flask sample. Blue points use the

assigned C@background values, red points apply a 3 ppm bias to

COxff in the flask samples ranged from 0.6 to 52 ppm, with the CQ background values in calculatiR-o, . co,ff -
one-sigma uncertainties of 1.3 ppm (Fig. 4). Background
AC is not changed by Cfdrawdown, and hence was less
variable than background GOApg varied from 39.2: 2.6 tribution of non-fossil CQ in the Kapuni emission plume.
to 43.94+ 2.8%., (using Student’s test, these values do not However, when we increase the g@ackground values by
differ significantly,p = 0.39). 3 ppm (within the range of background variability), we find

We compare thé*C-derived CQff with ACO, using the  Rco,:coyff = 1.0+ 0.3 ppm ppmi? (blue points in Fig. 5),
ratio ACO, : COuff (Rco,:.couff) (Fig. 5). If the CQ emit- indicating that the plume C£s entirely fossil derived. The
ted from the Kapuni plant is entirely fossil-derived, then variability in Rco,:.co. is therefore likely predominantly
ACOp should be equal to C&f, and Rco,:.co,ff €qual to  due to uncertainties in determining the flas€O, and back-
one. We find that for the 15 Helikite sampld&o,.co.ff = ground CQ, and also to uncertainties in Gfd which are
1.3+ 0.4 ppm ppm1, suggesting that there may be a con- important in the lower mole fraction samples. The emitted
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consistently downwind of the plant, and locations closer to
the plant typically had higher Cf values (Fig. 6). In Au-
gust, the wind direction was somewhat variable, dominantly
bringing the plume to the east or south of the plant, but sites
to the northwest were also occasionally downwind, resulting
in small COff values at all these locations. In October, the
winds were consistently from the west, resulting in larger en-
hancements to the east of the Kapuni plant than in the August
samples, and no C@ detected in the sample to the north-
west.

5 Comparison of observation and model CQff
5.1 Kite and surface flask samples

The model predicts CgFf in the Helikite and surface flask
samples of 0 to 19.1 ppm. The model results for the kite sam-
ples are generally lower than the observed @€ QFig. 7),
except for a few samples where observed,&@as quite
small. Other work shows that small errors in the simulated
wind direction can result in large errors in the modele€O
mole fraction for individual samples (Dresser and Huizer,
2011). Thus the model may frequently miss the location of
the plume over short time periods of a few minutes when the
wind direction is fluctuating rapidly. We deliberately sam-
pled in the center of the plume in the area of highest mole
fraction, and the likelihood of modeling this specific point
accurately is low given the error inherent in these types of
models. The assumption that the time-averaging interval rep-
resents an equilibrium state of the atmosphere is built into
Figure 6. COyffin grass samples collected on 14 August 2012 (top) the model. However, these conditions are most likely not
and 24 October 2012 (bottom). The observed,@@erived from met in our simulations. As mentioned earlier, WindTrax is
AY4C is shown in yellow, and the modeled G®prediction is known to perform poorly at time resolutions of less than
shown in white. Markers indicate the exact sampling location. A about 10 min (Flesch et al., 2004). Our results reflect the bias
wind rose showing the direction of the wind patterns over the previ-in our sampling method as well as the model error associ-
ous one-week period is inset (bars indicate the direction the wind isated with non-equilibrium conditions over very short time-
traveling to). In the lower panel the point indicated with the arrow gyeraging periods. The agreement is much better for the sur-
was measured 500 m to the north-west, off the map. face flasks, likely because of the longer averaging period of
15 min (Fig. 8).

-
-
o
=
H
=
-
-
-

plume appears to be entirely fossil-derived, within the uncer-5.2  Grass samples
tainties of our measurements.
The modeled Ceff values for the grass samples are shown in
Fig. 6 and range from 0.4 to 4.9 ppm in the August samples
4 CO,ff from grass samples and 0.7 to 17.4 ppm in the October samples. The modeled
predictions, like the observations, have the highesifo@l-
The derived CQff in the grass samples for the two sampling ues in the dominant wind direction, and samples taken closer
dates of 14 August and 24 October, 2012 are shown in Fig. 6to the source have higher modeled £iQFig. 8). However,
Grass samples were measuredNH'C precision of 1.1 to it can be seen that the model significantly underestimates
1.5%0. This equates to 0.6 to 0.7 ppm uncertainty in,€O COxff in a number of the October samples collected to the
COuff mole fraction derived from the grass samples variessoutheast of the Kapuni plant. In August, the samples were
from 0.4 to 3.9ppm in the August samples, ar0.2 to  collected from sites surrounding the Kapuni plant in all di-
17.0 ppm in the October samples. A negative,€@alue is rections, and the wind direction was more variable, whereas
non-physical, but-0.2 ppm is within one sigma of zero. The in the October case, the wind direction was consistently from
highest COff values were observed in areas that were mostthe west (Fig. 6). Discrepancies at the edge of the plume in
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Figure 7. Observed C@ff versus modeled Cgif for the kite (red) face flasks (grey). The 1:1 line is shown in black.

and surface (grey) flask samples. Error bars are omitted for clarity.

2012, we find good overall agreement between the model

the October samples suggest the model is not sufficiently disand observations-¢ = 0.8, Fig. 8). The meammodel:obs=
persive in the horizontal. 0.8+ 0.5. That is, on average, the modeled Qs 20 %

The model simulations assumed moderately unstable atower than the observed G®, but with significant scatter
mospheric conditions. We tested the model with neutral and@mong the individual measurements. Using the August and
slightly unstable conditions but found that under these con-October grass samples alone, we fRigbdel:ops0f 0.8+ 0.6.
ditions, the model was even less dispersive in the horizontaFxamining just the August data set< 8), we find a less bi-
(results not shown). This was most apparent in the Octobefsed but more uncertain agreement between observation and
samples, where the slightly unstable model simulation pre-nodel, with meanRmoger.obs0f 1.0+ 0.7. The larger scatter
dicted larger CGff in the samples taken directly west of the 0N this data set is mainly because the8@alues are quite
plant, but very low CGff in the samples taken to the north small for this data set. Looking at the October measurements
and south along the same transect shown in Figs. 1 and 6lone, we find a slightly larger underestimate in the model,
We also tested our choice of effective stack height for theWith Rmodel:obs= 0.7 £0.3. In all cases, the model remains
emissions (45m), but found little change in the modeled re-Within one sigma of a 1: 1 match with observations.
sults, with a significant change in the modeled result for only ~ T0 infer the uncertainty in emissions from our study, we
one of the sampling locations. There was no change overafiested the model response across a wide range of emission

in the coefficient of determination?) between model and rates, and found that it is, as expected, linear. Thus, if model
observations. transport were correct, we would infer from this that the re-

ported emission rate was too low by 30 % in our worst case
for the October grass samples. For this experiment, we as-
6 Uncertainty in emissions estimated from comparison ~ Sume that the reported emissions from the Kapuni plant are
of observations and model correct, and therefore, any differences between the modeled
and observed Cgf mole fractions must be due to uncertain-
We further quantify the comparison between the model andies in our methods and modeling. Thus we estimate, from
observations for the surface flasks and grass samples arlr worst case model-observation mismatch that the uncer-
evaluate the model-observation mismatch by determining theainty in emissions from our grass sample pilot study is 30 %
ratio COxff model: COxffops (Rmodel:obg for each individual  or better.
grass sample, and then calculate the mRagyel-obs We also
report the one-sigma scatter of the individihogel:obsre-
sults. Since the model does a very poor job of simulating the7 Discussion and recommendations
Helikite observed Ceff, we exclude these samples from this
analysis. In this pilot study, we found that atmosphektC measure-
Using all 21 measurements, including the four surfacements of~ 1 week integrated samples could be used to es-
flasks collected on 26 October 2012, eight grass sampleimate CQff emissions from a point source to 30 % or bet-
from August 2012, and nine grass samples from Octobeter. This uncertainty estimate is derived from the comparison
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of our top-down observations with forward modeling, so in- this method challenging in other locations. In future work,
corporates all sources of error, including model transportwe will examine alternative integrated sampling techniques
errors, sampling biases and measurement uncertainties. Waich as NaOH absorption that provide a similar integration
now consider those various sources of error, the practicaliperiod, but allow more control over when @@ collected.
ties of field measurements, and outline some improvement3his type of sampler would require more complex field sam-
that could substantially improve the method and reduce unpling than plant material, but could still be relatively easily
certainties in the near future. deployed in the field, allows collection of large amounts of
Large CQff mole fractions were observed in the “snap- CO,, and laboratory methods are well-established.
shot” Helikite samples collected over a few minutes, but the Uncertainties in observed G® for the grass samples
WindTrax model was unable to accurately predict the highcome from the'“C measurement uncertainty, uncertainties
observed CEXf mole fractions. Conversely, the model was in the CQ assimilation period represented by the grass sam-
quite skillful in predicting the observed G®mole fractions  ple, and from the choice of background. Large gain¥'®
in the long-term averaged grass samples and in 15 min avmeasurement uncertainty are unlikely in the near future, but
eraged surface flasks. The model performed best in captuthe impact of measurement uncertainties could be reduced by
ing the broad spatial pattern of emissions around the Kapunimeasuring multiple aliquots of each sample, or preferably by
plant as shown in the August sampling pattern. The modekollecting and measuring more samples at higher spatial and
was less skillful at capturing the somewhat finer-scale pattemporal resolutions to obtain a greater data resolution for
tern of the October grass samples, which were predominantlyhe model — observation comparison. As already discussed,
sampled in the same sector. This result is consistent withuncertainties in the C&assimilation period could be reduced
findings from other studies (e.g. Dresser and Huizer, 2011y using an alternative integrated sampling technique such as
that show that small errors in model transport of point sourceNaOH absorption. We prepared and measured an individual
emissions can result in the emission plume being incorrectlygrass leaf from each sample, but homogenizing and measur-
located. Averaging the model results over time can reduceng a mixture of several leaves, possibly from several grass
the impact of these errors. This conclusion is likely broadly plants, might give a more representative sample. There is also
applicable to local scale plume dispersion models such apotential for bias in observed G from the choice of back-
WindTrax, as well as to regional scale Lagrangian modelsground. We used a single background measurement for each
The model skill will likely also be improved by more de- data set, and any bias in that background will result in a con-
tailed meteorological measurements, including estimates o$istent bias ilRmogel:obscalculated for each sample. Making
boundary layer turbulence and atmospheric stability. several background measurements would reduce background
We found the long-term averaged grass sampling betteuncertainty and bias.
suited to the model skill than the snapshot Helikite flask sam- The Kapuni plant emissions are quite small (two orders of
ples. Grass sampling is also far cheaper and easier than flaskagnitude) relative to many fossil fuel power plants around
sampling, particularly from an elevated platform such as thethe world. Larger point sources will produce larger observed
Helikite. Flask sampling requires flasks and the equipmentCO,ff mole fractions, and hence relatively smaller measure-
to fill them, which may run to many thousands of dollars per ment uncertainties. However, many large power plants will
sampling system. Elevated platforms such as the Helikite, abave much higher stack emission heights of 100 to 800 m,
well as aircraft and unmanned aerial vehicles can also be exand plume buoyancy due to hot emissions might raise the
pensive, can only operate under specific meteorological coneffective emission height even further. Therefore surface or
ditions and may be subject to air traffic regulations. In con-near-surface measurements might need to be made further
trast, plant sampling can be done simply and quickly usingdownwind to observe the plume. At these larger distances
only a few plastic bags and a handheld GPS to record locafrom the source, the plume will be more dispersed and hence
tions. Whereas flask samples may be limited in size by theobserved C@ff mole fractions will be reduced, likely to sim-
practicalities of flask volumes and pumping rates, large planilar magnitude to those we observed at Kapuni. A further
material samples can be collected to facilitate replicate meamodeling consideration is that in this study we used only
surements if required. Plant sampling is also less intrusivedaytime measurements. It is well-known that atmospheric
and less visible to the power plant operators and the publictransport models perform best in the mid-afternoon when
which may be advantageous in some situations. The laborathe boundary layer is well-mixed, but have difficulty in accu-
tory 14C preparation, while slightly different for each sample rately representing the nocturnal boundary layer. Thus most
type, is of similar complexity and cost. However, plant sam- researchers utilize only daytime measurements. This repre-
pling may suffer biases that cannot be easily quantified. Thesents an unresolved difficulty in assessing overall emissions
particular environment at our Kapuni site is conducive to thefor power plants, which may have significant diurnal vari-
grass sampling method, with rapid grass growth and regulagbility in their emission rates.
grazing to consistently remove old growth before flowering. We deliberately selected a location with reasonably flat
Biases in theAl#C of grass or other plant material due to terrain where atmospheric transport is straightforward. More
the details of plant C@assimilation through time may make complex terrain will make the transport modeling more
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difficult and will require additional care in selection of op- Briggs, G.: Plume rise predictions, in: Lectures on Air Pollution

timal sampling locations and times. Extending this work to  and Environmental Impact Analysis, American Meteorological

sites with multiple emission sources will also complicate in- ~ Society, Boston, Massachusetts, 59-111, 1975.

terpretation. Conway, T. J., Lang, P. M., and Masarie, K. A.: Atmospheric carbon
From this pilot experiment, we believe that it is realistic to ~ dioxide dry air mole fractions from the NOAA/ESRL Carbon

- . . - . Cycle Global Cooperative Network, 1968-2010, version 2011-
supstantlally reduce the uncertalpty ”? atmospheric determi 06-21, available atftp://ftp.cmdl.noaa.gov/ccg/co2/flask/event/
nation of point source C&¥ emissions in the near future. A

. - (last access: 9 September 2013), 2011.

goal of 10—20 % overall uncertainty appears realistic. Currie, K. 1., Brailsford, G., Nichol, S., Gomez, A., Sparks, R.,
Lassey, K. R., and Riedel, K.: TroposphettCO, at Welling-
ton, New Zealand: the world’s longest record, Biogeochemistry,
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