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Abstract. We examine the utility of tree ring 14C archives for
detecting long-term changes in fossil CO, emissions from a
point source. Trees assimilate carbon from the atmosphere
during photosynthesis, in the process faithfully recording the
average atmospheric *C content in each new annual tree
ring. Using 14C as a proxy for fossil CO;, we examing inter-
annual variability over six years of fossil CO, observations
between 2004-2005 and 2011-2012 from two trees growing
near the Kapuni Gas Treatment Plant in rural Taranaki, New
Zealand. We quantify the amount of variability that can be
attributed to transport and meteorology by simulating con-
stant point-source fossil CO2 emissions over the observation
period with the atmospheric transport model WindTrax. We
compare model simulation results to observations and calcu-
late the amount of change in emissions that we can detect
with new observations over annual or multi-year time peri-
ods, given both the measurement uncertainty of 1ppm and the
modelled variation in transport. In particular, we ask, what is
the minimum amount of change in emissions that we can de-
tect using this method, given a reference period of six years?
We find that changes of 42 % or more could be detected in
a new sample from one year at the same observation loca-
tion or 22 % in the case of four years of new samples. This
threshold is reduced and the method becomes more practical
the more the size of the signal increases. For point sources
10 times larger than the Kapuni plant (a more typical size for
power plants worldwide), it would be possible to detect sus-
tained emissions changes on the order of 10 %, given suitable
meteorology and observations.

1 Introduction

Carbon dioxide (CO) emitted by anthropogenic activity is
the largest single contributor to the radiative forcing causing
climate change (Pachauri et al., 2014). It thus plays a cru-
cial role in any attempt to prevent or mitigate further warm-
ing. Large point sources (mainly from electricity generation
and industry) contribute around a third of the total fossil-
fuel derived CO, (CO-ff) emissions (Pachauri et al., 2014)
and in many places are included in government regulatory
schemes that aim to reduce emissions (e.g. European Union
ETS, South Korea, Switzerland, and others at the city/state
level; Serre et al., 2015). Emissions are typically reported on
an annual basis, and commonly agreed-upon reduction tar-
gets are annual or multi-year caps, often requiring changes
in emissions relative to a baseline year (e.g. the Kyoto Pro-
tocol and the new intended nationally determined contribu-
tions, INDCs; UNFCCC, 2015a, b).

Emissions are currently known from bottom-up techniques
such as self-reported data from fuel-usage statistics (Boden et
al., 2015) and/or continuous stack monitoring (U.S. Environ-
mental Protection Agency, 2005; eGRID, 2014) and are sub-
ject to significant uncertainties (Ackerman and Sundquist,
2008; Gurney et al., 2009, 2012). This uncertainty might in-
clude not only methodological biases and possible deliberate
underreporting but also simple error in compiling statistics.
The integrity of regulation schemes and their effectiveness
at limiting future climate change will require independent
methods of evaluating reported emissions and improvement
in the accuracy of emissions inventories (Tans and Wallace,
1999; Nisbet and Weiss, 2010; National Research Council,
2010; Gurney, 2013).
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Top-down atmospheric observations can provide an inde-
pendent method for evaluating emissions. This involves tak-
ing observations of atmospheric gas mole fractions in com-
bination with atmospheric transport modelling to infer the
magnitude of emissions from a source or region over a par-
ticular time period (e.g. McKain et al., 2012; Lindenmaier et
al., 2014; Brioude et al., 2013). It can be quite challenging
to quantify absolute values of emissions and CO» fluxes in
general because of the large errors and biases typically en-
countered in transport models (e.g. Stephens et al., 2007; Lin
and Gerbig, 2005; Gerbig et al., 2008; Prather et al., 2008;
Geels et al., 2007; Liu et al., 2011; Kretschmer et al., 2012).
However, relative changes in emissions are usually easier to
determine, since any consistent bias in the model will can-
cel out. By establishing a baseline measurement over a ref-
erence period, we can compare future observations to this
reference and calculate relative changes that occur. In this
manner, we can potentially verify relative emission reduction
targets without requiring precise knowledge of the absolute
levels of emissions.

One of the biggest challenges of atmospheric observations
of CO,ff is distinguishing the fossil component from the con-
siderable background level of CO, that occurs naturally in
the atmosphere, currently about 400 parts per million (ppm;
Mauna Loa observation record; re3data.org, 2015). In addi-
tion, there are large diurnally and seasonally varying CO;
fluxes from the biosphere, which may result in changes in
CO, mole fraction of tens of ppm within a single day at
near-surface sites (e.g. Miles et al., 2012). This problem can
be avoided by using the 14C isotopic content as a tracer
for CO,ff. CO,ff contains no 4C: the half-life of 4C is
5730 years (Karlen et al., 1968) and all of the 1*C has de-
cayed away from fossil fuels. Other sources of CO; have
roughly the same 14C content as the atmosphere. By mea-
suring the #C content of CO, or a proxy for CO», we can
calculate the portion of observed CO» that comes from re-
cently added fossil fuel emissions (Levin et al., 2003; Meijer
etal., 1996; Turnbull et al., 2006).

Plant material can be used as a proxy for atmospheric
CO,ff because plants assimilate carbon from the atmosphere
during photosynthesis, in the process faithfully recording the
14C content in new plant material. Tree rings represent an in-
tegrated average of daytime CO, atmospheric mole fractions
and 1*C content over the tree’s annual growth period, and
can be independently dated using dendrochronology meth-
ods. This allows for a retroactive analysis of CO,ff mole frac-
tions over many years, including any trends in emissions that
occurred during the life of the tree. The radiocarbon content
in tree rings has been well established as a tracer for fossil
CO3 emissions (Suess, 1955; Tans et al., 1979; Djuricin et
al., 2012; Rakowski et al., 2013) and as a method to detect
leaks from CO; geosequestration (Donders et al., 2013).

In this study, we evaluate whether we can detect changes
in COff emission rates from a point source on an annual
timescale using the CO,ff mole fraction derived from the
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14C content of tree ring archives. Variations in the observed
CO-ff mole fraction at a given location are dependent on
not only the emission rate but also on atmospheric trans-
port, which in turn is subject to naturally varying meteoro-
logical conditions (e.g. wind speed and direction, tempera-
ture, pressure, etc.). Detecting a change in the emission rate
requires disentangling this change from the natural variabil-
ity in transport and meteorology as well as from measure-
ment uncertainty in the observations. The question we ask in
this paper is: can we use tree ring archives to detect changes
in CO,ff emissions from a point source, and if so, what is
the minimum change in annual emissions that we can detect
given the typical measurement uncertainty of 1ppm and nat-
ural variability in transport? A similar analysis was carried
out by Levin and Roédenbeck (2007) at the regional scale,
using a 20-year time series of *C observations over Ger-
many. McKain et al. (2012) also assessed the ability of an
observation-model framework to detect changes in regional
urban CO; emissions on a monthly timescale. We re-examine
this question on the scale of an individual point source with
mean annual observations.

We calculate interannual variability in observations from
tree ring archives of annual (growing season) CO-ff between
2004-2005 and 201120121, taken from two different trees
growing south of the Kapuni Gas Treatment Plant in rural
New Zealand (Norris, 2015). We then use an atmospheric
transport model, WindTrax, with local meteorological data
to quantify the interannual variability that can be expected
due to measurement uncertainty, transport, and meteorology
at different distances and orientations from the source, in-
cluding the locations of the trees. Finally, we look at what
this implies for detection limits in the context of emissions
monitoring or verification and practical considerations in the
presence of multiple sources of uncertainty.

2 Methods
2.1 Site

The site of our study is the Kapuni Gas Treatment Plant
in rural Taranaki, New Zealand (39.477°S, 174.1725°E,
170ma.s.l.; Fig. 1). This site was chosen because it is located
in flat terrain and is relatively isolated from other sources
of CO,ff, considerably simplifying measurement and analy-
sis. The gas treatment plant, owned and operated by Vector,
processes natural gas extracted from natural gas wells in the
Taranaki Basin. The gas contains around 40 % CO,, which is
removed during processing and vented to the atmosphere at
arate of ~0.1 TgCyr—! (NZMED, 2010). In addition, there
is an ammonia urea manufacturing plant 500 m to the west of
the gas plant (Fig. 1a), operated by Ballance Agri-Nutrients,

IHenceforth in this paper, the growing season spanning
1 September to 30 April will be referred to by the year in which
the season began, i.e. 2004—2005 will be designated 2004.
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Figure 1. (a) Aerial view of Kapuni area, with the sampled pine
and chestnut trees, Kapuni Stream, and Vector gas treatment plant
and Ballance Agri-Nutrient urea plant labelled. (b) The Taranaki
region, with Mount Taranaki, Kapuni, and Hawera labelled. Inset:
New Zealand, with the Taranaki region outlined in yellow.

which also releases COff to the atmosphere during the man-
ufacturing process. This site emits roughly a third of the
amount of the Vector gas plant (~0.03 Tg Cyr—1; Taranaki
Regional Council, 2013). Although the signal from the Vec-
tor plant is much stronger, especially to the east (downwind
from the dominant westerly winds), emissions from the Bal-
lance plant are potentially large enough to detect at some lo-
cations and are included in our simulations unless otherwise
specified.

The surrounding terrain is flat and mostly free of obstruc-
tions, with elevation varying no more than 10 m within 2 km
of the plant. The largest nearby topographic feature is a dip of
~5m into the Kapuni Stream immediately east of the Vec-
tor emission source. The landscape is dominated by highly
productive pasture grazed by dairy cows, with large and di-
urnally varying CO, fluxes. The prevailing wind direction is
from the west, with a smaller proportion from the south-east
and north (Figs. 2 and 3).
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2.2 CO5 emissions

Emissions data were supplied by Vector as monthly totals
(P. Stephenson, personal communication, 2014), which we
have converted to average daily rates for the purpose of mod-
elling. Mean annual daily emissions for each year between
2004 and 2011 from 1 September to 30 April are shown
in Fig. 4; data are listed in Table S1 in the Supplement.
The long-term mean is 5341gCs~!, with a standard de-
viation in annual means of 388 (7.3%). There are annual
fluctuations but no long-term trend over the modelled pe-
riod 2004-2011. The largest change during a single year oc-
curred in 2007, when the emissions dropped by 14 % relative
to the mean. On a longer timescale, there are more signifi-
cant changes, including the start of operations at the Vector
plant in 1971. However, we focus on the 2004-2011 period
during which high-resolution local meteorological data are
available. There are no significant seasonal or diurnal varia-
tions in the emissions of which we are aware.

The Ballance Agri-Nutrients plant emissions are reported
on an annual basis (Taranaki Regional Council, 2013). Aver-
age daily rates in each growing season are depicted in Fig. 4.
The mean daily rate of emissions over the period 2004-2011
is 1512 g Cs—! with a standard deviation in annual means of
88 (18 %), which is more variable than the emissions from
the Vector plant, but smaller in absolute terms. Emissions
vary somewhat from day to day according to production lev-
els, but more detailed daily or monthly information is un-
available; for simplicity we assume a constant emissions rate
in each year. We note that emissions are much lower in 2011,
which is due to downtime after both a fire and scheduled
maintenance (Taranaki Regional Council, 2013).

2.3 Tree ring observations

Tree rings faithfully record the *C content of assimilated
CO3, so when the rings are independently dated by den-
drochronology, we can determine an average 1*C content and
recently added CO,ff in the local atmosphere for the period
during which the tree ring was laid down. We use core sam-
ples from two individual trees located south of the plant: one
pine tree, Pinus radiata, and one chestnut tree, Castanea
sativa (Fig. la; Norris, 2015). The pine tree is located in
a stand of trees within 5m of the Kapuni Stream, with the
crown reaching 10 m above the associated terrain dip. The
chestnut is isolated in a flat paddock.

Each tree ring is assumed to represent the Southern Hemi-
sphere summer growth period from 1 September to 30 April,
as this is when the majority of plant photosynthesis occurs
and new plant material is produced. The sample prepara-
tion, measurement, and determination of CO,ff are described
in detail by Norris (2015). In summary, wood was sampled
from the trees using a Hagloff incremental borer. Four cores
were extracted per tree at equidistant points at a height of ap-
proximately 1.2 m from the base of the tree. One core from
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