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[1] Quantifying isotopic CO2 exchange between the biosphere and atmosphere presents a
significant measurement challenge, but has the potential to provide important constraints
on local, regional, and global carbon cycling. Past approaches have indirectly estimated
isotopic CO2 exchange using relaxed eddy accumulation, the flask-based isoflux
method, and flux-gradient techniques. Eddy covariance (EC) is an attractive method
because it has the fewest theoretical assumptions and the potential to give a direct measure
of isotopic CO2 flux, but it requires a highly sensitive and relatively fast response
instrument. To date, no such field measurements have been reported. Here we describe
the use of a closed-path tunable diode laser absorption spectroscopy and eddy covariance
(EC-TDL) system for isotopic (C16O2,

13CO2, C
18O16O) flux measurements. Results are

presented from an intensive field experiment conducted over a soybean canopy from
18 July to 20 September 2006. This experiment represents a rigorous field test of the
EC-TDL technique because the transport was dominated by relatively high frequency
eddies. Net ecosystem CO2 exchange (FN) measured with the EC-TDL system showed
strong correlation (r2 = 0.99) in the half-hourly fluxes with an EC open-path infrared gas
analyzer (EC-IRGA) over the 60-d period. Net CO2 flux measured with the EC-IRGA and
EC-TDL systems agreed to within 9%. Flux loss associated with diminished frequency
response beyond 1 Hz for the EC-TDL system was approximately 8% during daytime
windy (>4 m s�1) conditions. There was no significant evidence of a kinetic-type
fractionation effect related to a phase shift among isotopologues due to tube attenuation.
Investigation of isotopic spectral similarity in the flux ratio (dN

x ) for both 13CO2 and
C18O16O transport showed that dN

x was relatively independent of eddy scale for this
ecosystem type. Flux loss, therefore, did not significantly bias dN

x . There was excellent
agreement between isofluxes (Fd

x) measured using the flux-gradient and eddy covariance
methods. Application of the EC-TDL technique over rougher surfaces or below canopy,
where the flux-gradient approach is difficult to apply, appears promising for obtaining
continuous long-term measurements of isotopic CO2 exchange.
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1. Introduction

[2] In the late 1930s, physicist Alfred Nier pioneered one
of the first isotope ratio mass spectrometers and conducted
some of the first carbon isotope ratio measurements
[Murphey and Nier, 1941; Nier, 1947]. Continued develop-

ment of stable isotope theory and techniques over the last
70 years has provided important tools for studying a broad
range of earth-system processes [Hoefs, 2004]. Quantifying
isotopic CO2 exchange between the biosphere and atmo-
sphere has the potential to yield important insights into local,
regional, and global carbon cycling [Farquhar et al., 1989;
Keeling, 1958; Tans et al., 1993]. Application of stable
isotope techniques to land-atmosphere CO2 exchange prob-
lems has unfortunately been limited because of the inability
to quantify the rapid fluctuations of isotopic CO2 composi-
tion within boundary layer flows. Recently, new technologies
including tunable diode laser (TDL) spectroscopy have been
developed that will undoubtedly increase our capacity to
acquire isotopic concentration and flux data with improved
temporal and spatial resolution [Bowling et al., 2003; Griffis
et al., 2004; Lee et al., 2005].
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[3] Direct measurement of isotopic CO2 exchange
between the biosphere and atmosphere should provide some
of the fundamental information needed to test the underly-
ing theory for partitioning net ecosystem CO2 exchange
(FN) into its gross components using stable isotope methods
[Bowling et al., 2001; Yakir and Sternberg, 2000; Yakir and
Wang, 1996]. Further, isotopic fluxes can provide important
diagnostic information that can be used to better understand
changes in water use efficiency [Ponton et al., 2006], help
discern the dominant substrate types consumed during
respiration [Griffis et al., 2005a], and to interpret changes
in atmospheric composition related to climate variations and
land disturbance [Welp et al., 2006]. It remains an important
challenge and goal to complement efforts within the carbon
cycle modeling community to help constrain inverse tech-
niques [Fung et al., 1997] by providing much needed data
and parameters at improved spatial and temporal resolution.
Further developments in laser spectroscopy and microme-
teorological applications will help to address these impor-
tant issues.
[4] Quantifying isotopic CO2 transport between the bio-

sphere and atmosphere represents a significant measurement
challenge. The major limitation has been the lack of suitable
fast-response analyzers capable of measuring isotopic
(C16O2,

13CO2, C18O16O) mixing ratios at the required
precision for biosphere-atmosphere investigations. Past
approaches have estimated isotopic CO2 exchange using
relaxed eddy accumulation (REA), the EC/flask isoflux
method, and flux-gradient techniques [Bowling et al.,
1999, 2001; Yakir and Wang, 1996; Griffis et al., 2004].
Each method has its advantages, disadvantages, and logis-
tical challenges.
[5] REA has been used to measure both the carbon and

oxygen isotope composition of CO2 transport over forests
[Bowling et al., 1999]. The main challenge is to resolve
isotopic differences in the separated updraft and downdraft
air streams captured in flasks using mass spectrometry.
While this approach has been used in the short term with
some success, it is not suited to longer-term campaigns
because of the large number of flasks and time required for
analysis. REA requires a relatively large dead-band
(±0.8sw) to resolve the small differences in scalar mixing
ratios between the updrafts and downdrafts. Baker [2000]
demonstrated that the use of a dead-band generally reduces
random noise in REA flux estimates. A dead-band, however,
ultimately limits the sampling to only the largest eddies. This
limits the amount of analyte and requires isotopic similarity
with respect to eddy scale. A dead-band also directly impacts
the value and physical interpretation of the REA proportion-
ality coefficient, b. This parameter is derived from the
statistical relationship between joint Gaussian distributions
having a theoretical value of approximately 0.62 [Baker,
2000], but empirical studies have shown b to vary for
different scalars and among sampling periods [Baker,
2000; Katul et al., 1996].
[6] The EC/flask approach [Bowling et al., 1999, 2001]

relies on air captured in flasks over time periods ranging
from a few minutes to a day to determine the relation
between the isotope ratio (da

13) and the CO2 mixing ratio
of air. This relation is then used to estimate high-frequency
(i.e., 10 Hz) fluctuations in 13CO2 on the basis of real-time
high-frequency measurements of total CO2 mixing ratio.

The covariance of this 13CO2 estimate with fluctuations in
vertical wind velocity provides an approximation of the
13CO2 flux. The fundamental limitation with the EC/flask
approach is that it uses a very limited set of flask measure-
ments to characterize the dynamic behavior of isotopic
fluctuations in the atmosphere that occur over a broad range
of temporal scales (seconds to hours). Other potential
limitations to this approach include: uncertainty in the
transfer function parameters given the limited range in
CO2 mixing ratio that is typically observed at shorter time
intervals (i.e., minutes); the mismatch between the concen-
tration (flask data) and the flux (EC data) footprints, which
is problematic if terrain is heterogeneous [Griffis et al.,
2007]; and the assumption that there are only two end-
members, which is an optimistic view when considering the
C18O16O flux [Ogée et al., 2004].
[7] The flux-gradient method and Monin-Obukhov sim-

ilarity theory have been applied to isotopic transport of CO2

over agricultural surfaces [Yakir and Wang, 1996; Griffis et
al., 2004] and water vapor over forests [Lee et al., 2007].
Recent studies have demonstrated that the TDL technique
can greatly increase the temporal resolution of isotopic flux
transport, yet it remains a very challenging task to resolve
the relatively small daytime gradients above both agricul-
tural and forest ecosystems. While the sampling method-
ology has improved considerably over the last few years to
help resolve such small gradients, there are the usual
concerns associated with gradient measurements including
a potential mismatch in footprint for each inlet, counter-
gradient transport, decoupling of the mixing ratio gradient
from the local vertical flux density within the roughness
sublayer, nonuniform sink/source distribution, etc. [Kaimal
and Finnigan, 1994; Raupach, 1989].
[8] The limitations inherent in each of these techniques

provides motivation to apply the eddy covariance (EC)
approach [Swinbank, 1951] to the carbon isotope transport
problem, which has a number of fundamental advantages:
[9] 1. It measures scalar transport between the biosphere

and the atmosphere at relatively large spatial scales (eco-
system) and this measurement footprint is more consistent
and better defined than for the flux-gradient or EC/flask
approaches.
[10] 2. It provides continuous measurement at higher

temporal resolution (hourly) than is practical with a flask-
based approach.
[11] 3. Compared to other micrometeorological approaches,

such as REA, flux-gradient or Monin-Obukhov similarity
theory, it has the fewest underlying assumptions.
[12] 4. The EC approach can be used to study within-

canopy turbulent exchange processes where gradient
techniques break down because of concentration plumes
originating from near-field sources [Blanken et al., 1998].
[13] 5. Gradient measurements require that two inlets

produce unbiased data for each isotopologue: four measure-
ments are required to obtain the isotope flux ratio, which is
a fairly stringent requirement over extended field cam-
paigns. The EC application requires only a single inlet,
thereby eliminating a potential source of bias.
[14] Saleska et al. [2006] have examined the feasibility

and instrument requirements needed in order to quantify
isotopic fluxes directly using the EC approach. At the
present time, however, field measurements of the isotopic
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