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a b s t r a c t
Measurements of the isotopic composition of the net ecosystem–atmosphere exchange of CO2 (NEE) have
been desired as a means to probe ecosystem carbon cycling and in particular to partition NEE into gross
ecosystem photosynthesis and respiration. Several attempts at such measurements have combined eddy
covariance (EC) measurements of the total net CO2 ﬂux with ﬂask measurements of the isotopic composition of CO2 in ambient air – an indirect method that has never been validated. Direct EC measurements
of the isotopic composition of NEE (i.e. of the net exchanges of 12 C16 O2 , 13 C16 O2 , and 18 O12 C16 O) have
been made only twice, in short-term (2-month and 1-month) campaigns.
Here we present a full growing season of direct EC measurements of the isotopic composition of NEE in a
temperate deciduous forest, and we use these data: (1) to rigorously assess their limiting sources of error,
(2) to test the indirect EC/ﬂask method, and (3) to give an indication of the potential for ecological analyses. We describe the method and instrumentation, including the new cryogen-free, continuous-wave,
quantum cascade laser spectrometer, which can determine ␦13 C and ␦18 O in ambient CO2 with unprecedented noise levels of ±0.02‰ and ±0.03‰ (1 standard deviation), respectively, for a 100 s integration
time and a 1-h calibration interval. We ﬁnd: (1) that precision is jointly limited by the instrumentation
and by horizontal ecosystem or landscape heterogeneity, so that there is little to be gained by further
improvements to instrument performance; (2) that the isotopic composition of NEE obtained by the
EC/ﬂask method can be biased, on a monthly timescale, by 2‰; and (3) that the present measurements
are precise enough to elucidate biological mechanisms controlling the ecosystem-scale carbon balance.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The
stable
isotopic
composition
of
the
net
ecosystem–atmosphere exchange (NEE) of CO2 carries information about the mechanisms of ecosystem carbon cycling.
Processes such as carboxylation, diffusion, and dissolution of CO2
in water fractionate the isotopologues of CO2 (Farquhar et al.,
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1993, 1989). The isotopic composition of the net CO2 exchange
could therefore be used to probe these processes, and provides
an independent constraint for evaluating biophysical ecosystem
models. It could also clarify the inﬂuence of ecosystems on the
isotopic budget of the atmosphere, which has ramiﬁcations for
land/sea, source/sink partitioning (Yakir and Sternberg, 2000).
Moreover, it could be used to partition NEE into gross primary
productivity and gross ecosystem respiration (Bowling et al., 2001;
Knohl and Buchmann, 2005; Ogée et al., 2003; Saleska et al., 2006;
Zobitz et al., 2008).
Until recently, however, the isotopic composition of NEE was not
strictly measurable. NEE is normally and most directly measured
by the eddy covariance (EC) method, with the CO2 molar mixing ratio above the canopy provided by a non-dispersive infrared
gas analyzer (IRGA). To measure the isotopic composition of NEE
by EC, one must replace the IRGA with an isotopic CO2 monitor
capable of resolving the eddy-induced isotopic ﬂuctuations above
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the ecosystem over all timescales at which signiﬁcant ﬂuctuations
occur. Above a forest canopy, signiﬁcant ﬂuctuations in ␦13 C occur
over timescales from 1 s to 30 min, with a typical standard deviation
of just 0.02‰ (Saleska et al., 2006), and no capable CO2 isotope monitor existed until the development of a specialized quantum cascade
laser spectrometer (QCLS) in 2008 (Nelson et al., 2008; Tuzson et al.,
2008).
In the absence of direct isotopic ﬂux measurements, several
studies aimed at partitioning NEE (Bowling et al., 2001, 1999; Knohl
and Buchmann, 2005; Lai et al., 2003; Ogée et al., 2003, 2004; Zobitz
et al., 2008, 2007) have used what is called the EC/ﬂask method
(Bowling et al., 1999) to determine the carbon isotopic composition
of NEE indirectly. The EC/ﬂask method employs ﬂask samples of
canopy or above-canopy air (transported to a laboratory for analysis
by isotope ratio mass spectrometry, or IRMS) to establish a simple functional relationship between ␦13 C and the total CO2 molar
mixing ratio C. Given such a relationship, the carbon isotopic composition of NEE can be easily calculated. However, changes in the
relative contributions of respiration and photosynthesis to the net
ﬂux (i.e. precisely those changes of interest to ﬂux partitioning), as
well as changes in the photosynthetic fractionation, ensure that no
such relationship is exact on a diel timescale. The EC/ﬂask method
is therefore inherently approximate, and a test of the accuracy of
the approximation is needed.
The ﬁrst set of direct EC measurements of the isotopic composition of NEE was acquired using a lead salt diode laser spectrometer
(predating QCLSs) in a soybean ﬁeld over a period of 2 months
(Grifﬁs et al., 2008), but the measurement noise in the ␦13 C and
␦18 O of ambient CO2 was about ±0.25‰ for an integration time of
4.5 min, which is insufﬁcient to assess isotopic exchange in critically important forest ecosystems. The only other set of direct
isotopic ﬂux measurements (Sturm et al., 2012) was acquired using
a QCLS in a deciduous forest over a period of one month. There the
measurement noise in ␦13 C and ␦18 O was about ±0.05‰ for an
integration time of 100 s, but the spectrometer required cryogenic
cooling, restricting its long-term and remote use.
Here we describe an improved QCLS design, which we have
used to produce the ﬁrst long-term (whole growing season) record
of ecosystem–atmosphere CO2 isotopologue exchange, measured
by EC at the Harvard Forest, a temperate deciduous forest in central Massachusetts. The improved design is cryogen-free, uses a
continuous-wave laser, measures the isotopic composition of CO2
in ambient air with uncertainties of ±0.02‰ (␦13 C) and ±0.03‰
(␦18 O) for a 100 s integration time, and requires calibration only
hourly. We use our isotopic ﬂux record, ﬁrst, to test the EC/ﬂask
method, by comparing our results to those that would have been
obtained from our data by that method. Second, we assess the
sources of uncertainty that remain in state-of-the-art EC measurements of isotopic CO2 exchange, including an examination of the
report in Sturm et al. (2012) that random error associated with EC
data processing is limiting. Third, we offer some preliminary examples of how our results can elucidate ecosystem carbon dynamics,
and we consider the potential for partitioning NEE into gross photosynthesis and respiration. In a follow-up paper, we will directly
test this instrument’s capability for partitioning.

2. Theory
In this section, we review the theoretical framework for the
analysis of ﬁeld measurements. We use the following notation.
Two-digit superscripts denote (intramolecular) atoms according
to the mass of the intended isotope: “13” for 13 C, “18” for 18 O,
etc. Isotopic compositions are expressed in standard ␦ notation,
i.e. ␦18 O is the relative deviation of the isotope ratio R18 = 18 O/16 O
from that ratio in a standard material. We use the Vienna Pee Dee

Belemnite (VPDB) standard for 13 C and the Vienna Standard Mean
13
Ocean Water (VSMOW) standard for 18 O, with RVPDB
= 0.0111797
18
(Grifﬁs et al., 2004) and RVSMOW = 0.0020052 (Baertschi, 1976;
Allison et al., 1995). We abbreviate ␦13 C and ␦18 O as ı13 and ı18
(note the italics) when convenient.
Assuming horizontal homogeneity, the net ecosystem exchange
of CO2 (NEE or FN , mol m−2 s−1 ) can be written as
FN = FE + FS

(1)

where the eddy ﬂux FE and the storage ﬂux FS are deﬁned as
FE ≡ cd · w C 



h

FS ≡

cd (z)
0

(2)
dC(z)
d
dz ≈ cd
dt
dt



h

C(z)dz

(3)

0

where in turn t is time (s), z is height (m), cd is the concentration
of dry air (mol m−3 ), C = c/cd is the molar mixing ratio of CO2 to dry
air (mol mol−1 ), overbars denote time averaging over the EC integration period (30 min here), and primes denote deviations from
the corresponding EC integration period means, as per Reynolds
decomposition (a ≡ ā + a ). This result can be obtained from Eq.
(6.13) of Lee et al. (2004) by assuming horizontal homogeneity
and dropping what they call the vertical advection term, which
we found to be −0.001 ± 0.012 mol m−2 s−1 across the set of ﬂux
measurements presented here. Note that FE and FS are the net eddy
and storage ﬂuxes associated with production or consumption of
CO2 below z = h, i.e. they exclude the net eddy and storage ﬂuxes of
CO2 associated with the redistribution of dry air as a whole, which
are not negligible but which balance one another (Leuning, 2007)
and are irrelevant for ecological studies.
Equations analogous to Eqs. (1)–(3) can be written for any individual CO2 isotopologue, or for any intramolecular isotope of C or
O. Moreover, if one replaces C with the product ı13 · C, then the
ﬂuxes become 13 C isoﬂuxes (‰ mol m−2 s−1 ): the net isoﬂux IN13 ,
the eddy isoﬂux IE13 , and the storage isoﬂux IS13 . The same applies
to 18 O.
The 13 C and 18 O isotopic compositions of NEE are deﬁned as:
ı13
N ≡

(FN13 /FN12 )
13
RVPDB

− 1; ı18
N ≡

(FN18 /FN16 )
18
RVSMOW

− 1.

(4)

To a very good approximation (i.e. aside from isotope clumping
effects), the carbon isotope ratio 13 C/12 C is equal to the isotopologue ratio 13 CO2 /12 CO2 while the oxygen isotope ratio 18 O/16 O
is equal to half the isotopologue ratio 18 O12 C16 O/16 O12 C16 O, and
the same holds true for the corresponding ﬂuxes (see Appendix for
more details). Using the deﬁnitions in Eqs. (4), one can write the
isoﬂuxes as IN13 = ı13
F and IN18 = ı18
F .
N N
N N
3. Methods
3.1. Site
The data presented here were collected from May to October
2011 at the Harvard Forest Environmental Measurements Site (HFEMS) in Petersham, Massachusetts, USA. Continuous measurement
of NEE, latent and sensible heat ﬂux, and associated meteorological
variables began at HF-EMS in 1989, making it the longest-running
eddy covariance measurement site in the world. The site is located
in a temperate deciduous forest dominated by red oak and red
maple, and has been described in detail previously (Goulden et al.,
1996; Barford et al., 2001; Urbanski et al., 2007; Wofsy et al., 1993).
The QCLS for real-time isotopic CO2 measurements was added
to the existing instrument shack, about 10 m from the base of the
eddy ﬂux tower, and dedicated ¼ (outside diameter) air sampling
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Fig. 1. Schematic diagram of the gas ﬂow system. Solenoid valves are shown as
black circles, ﬁxed ﬂow restrictions as paired triangles, and low-volume 2 m air
ﬁlters as gray ovals.

tubing (Eaton Synﬂex 1300) was strung up the tower. Seven lines
were added, including the main “EC” line with its inlet at a height of
29 m (on the same boom as the existing Applied Technologies Inc.
sonic anemometer and CO2 sampling inlet) and 6 “proﬁle” lines
with their inlets at 0.2, 1, 7.5, 12.7, 18.3 and 24.1 m.
Gaps in the HF-EMS meteorological record were ﬁlled with data
from Fisher Meteorological Station, about 1.5 km to the southwest,
also within the Harvard Forest.
3.2. Sampling
The 7 tower inlet lines and 5 calibration cylinder lines were
connected to a custom-built valve manifold, which was used
to select which line the spectrometer would sample from. This
manifold consisted of a datalogger (Campbell CR800) and relay controller (Campbell SDM-CD16S), which controlled 16 solenoid valves
(Entegris Galtek PFA diaphragm valves with ¼ oriﬁces, model 2031414-115) in the arrangement depicted in Fig. 1. This arrangement
was chosen to minimize dead volume and mixing volume, especially when the EC line was selected, as dead or mixing volume
would act to smear out the high-frequency information in the air
stream and reduce the measured eddy ﬂux. During normal operation, the manifold was programmed to follow a 40-min duty cycle
containing 30 min for the EC inlet, 2 min for each of two calibration
cylinders (see Section 3.5), and 1 min for each of the 6 proﬁle inlets.
The spectrometer’s vacuum pump (Varian TriScroll 600) pulled 4
standard liters per minute (slpm) through the selected line. The
tube transit time for the EC inlet was just under 10 s; the proﬁle
lines were shorter.
A 2 m Teﬂon ﬁlter in a 47 mm diameter holder was put inline
shortly after the inlet for each proﬁle line, to prevent particles from
reaching the spectrometer. For the EC line, an open-faced ﬁlter
holder made by cutting the end off an inline holder was used so
there would not be a mixing volume in the line. All the sample lines
then fed (after selection by the manifold) into a Naﬁon drier (Perma
Pure PD-200T-48) speciﬁed to lower the dew point below −32 ◦ C
(i.e. 300 ppm water vapor by volume). The goal of the drier was to
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reduce the water vapor content of the air stream to a point where
dilution of CO2 by water vapor in the spectrometer’s sample cell
(and resulting error in the CO2 dry-air molar mixing ratio measurement) would be negligible. The effectiveness of the drier was tested
by sending dry cylinder air alternately through a bubbler and not,
before the spectrometer, and checking for any change in the measured CO2 molar mixing ratio. None was detected, although errors
in the total ambient CO2 molar mixing ratio as large as 0.1 ppm
might be expected based on the drier’s speciﬁcations.
The time response of the system (including the ∼50 m of Synﬂex
tubing and the 48 long, 200-tube Naﬁon drier) was tested in the lab
at a ﬂow rate of 5 slpm by observing the instrument response to a
CO2 molar mixing ratio square wave created by switching back and
forth between two cylinders of different molar mixing ratios. The
drier was the limiting element to the response time. The 10–90%
rise time of the total system was 0.5 s, compared to 0.25 s without
the drier, and 0.15 s just to ﬂush the spectrometer’s sample cell.
We calculated theoretical tube ﬂow conditions for this test based
on Lenschow and Raupach (1991). The Reynolds number was about
1700, which is somewhat in the laminar ﬂow regime (<2300). However, the laminar transfer function for the test conditions predicts
that only 1% of a 2 Hz signal should survive the tubing, whereas the
turbulent transfer function predicts that 75% should survive. The
experimental value of 80% (corresponding to the 10–90% rise time
of 0.25 s without the drier) suggests either that the tube ﬂow was
actually turbulent or that coiling of the tubing worked to homogenize the radial velocity proﬁle and so reduce signal smearing,
as discussed in Lenschow and Raupach (1991). This test was performed with a single small-oriﬁce, 3-way switching valve, not the
large-oriﬁce, 16-valve manifold used in the ﬁnal ﬁeld conﬁguration.
The ﬂow rate was also 1 slpm higher than in the ﬁnal ﬁeld conﬁguration, and the tubing was coiled rather than (roughly) straight. Thus
some additional signal attenuation should be expected in the ﬁeld
measurements (see Section 3.6). Moreover, the ∼0.5 m horizontal
separation of the CO2 inlet from the sonic anemometer should contribute some additional high-frequency signal attenuation in the
ﬁeld.
One potential concern in the sampling system, speciﬁcally for
the 18 O12 C16 O measurements, was water condensation in the
tower tubing, particularly on hot days where the tubing enters the
air-conditioned (22 ◦ C) instrument shack. The pressure drop along
the tower tubing (∼10 kPa) reduced the dew point where the tubing enters the shack by about 2 ◦ C, so that condensation could be
expected only when the ambient dew point reached 24 ◦ C – a situation that occurred during only 1% of the measurement duty cycles
in 2011. We therefore do not expect condensation to have significantly affected our results. Moreover, the air speed in the sample
lines within the instrument room was roughly 5 m/s, and so the
time available for CO2 to interact with condensed water was only
a fraction of a second, which is not long enough for signiﬁcant CO2
or 18 O exchange.1
3.3. Spectrometer design
Here we brieﬂy describe the improved QCLS design, noting differences from the original design reported in Nelson et al. (2008).

1
Consider that when complete ␦18 O equilibration is desired in the preparation of samples for IRMS analysis, it is recommended that the CO2 and H2 O be
shaken together (to encourage dissolution) for 4–8 h (Mook, 2000). Assuming that
“complete” means 99.999% and that exchange is an exponential decay process, the
implied rate constant is at most 0.0008 s−1 , which means that even if we imagined
dissolution and hydration to occur as readily in our tube as in a shaken vial, only 0.3
out of 400 ppm CO2 would be isotopically equilibrated with H2 O in a 5 m segment
of thoroughly wet tube. The real number must be much lower.
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Fig. 2. Example QCLS spectra. The top panel shows the infrared signal measured
through the reference cell (containing roughly 400 ppm CO2 in air) in 0.25 s, where
zero volts would indicate no transmitted light. The bottom panel shows the measured sample cell spectrum (blue) after division by the measured reference cell
spectrum and subtraction of a 3rd order polynomial baseline; also shown is the
theoretical ﬁt (orange) used to retrieve the CO2 isotopologue concentrations. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

The key differences between the current spectrometer and that
of Nelson et al. (2008) and Tuzson et al. (2008) are: (1) a continuouswave QCL in place of a pulsed QCL, and (2) thermo-electrically
(TE) cooled HgCdTe detectors (Teledyne Judson Technologies) in
place of liquid nitrogen-cooled InSb detectors. The instrument is
therefore cryogen-free. In addition, we do not employ the dilution
calibration method described in Nelson et al. (2008), having found
that independent linear calibration of each isotopologue molar
mixing ratio between two standard cylinders that bracket the measured molar mixing ratios is both simpler and more accurate for this
instrument (see Section 3.5).
The spectrometer operates by repeatedly tuning its laser across
the spectral region 2309.9–2310.6 cm−1 and measuring the absorption of the laser beam by CO2 . A sample absorption spectrum is
shown in the top panel of Fig. 2. This spectral region is unique in
that it includes three well-spaced absorption lines of roughly equal
optical depth, each associated with a different CO2 isotopologue.
There are also numerous weaker lines, only two of which are strong
enough to merit inclusion in the spectral analysis: a 17 O12 C16 O line
in the shoulder of the main 12 C16 O2 line, and a very weak 12 C16 O2
line in the shoulder of the 18 O12 C16 O line. The concentration of
17 O12 C16 O is ﬁxed relative to 12 C16 O using their natural abun2
dances when ﬁtting the spectra – a good approximation in this
context.
The laser beam is split in two, and each branch passes though a
multi-pass optical cell with an optical path length of 7.44 m and a
volume of 0.3 L. The sample air stream ﬂows through one cell (the
sample cell) at a rate of 4 slpm and a pressure of 20.0 torr (2.67 kPa).
Air from a cylinder of CO2 in air (with a CO2 molar mixing ratio ﬁxed
at various values between 320 and 450 ppm over the course of the
present study) ﬂows through the other cell (the reference cell) at a
rate of 0.05 slpm and also at a pressure of 20.0 torr. The ﬂow through
both cells is pulled by the same vacuum pump (Varian TriScroll
600). The molar mixing ratio of the reference cell gas does not have
to be known accurately, as it does not affect the retrieved sample
gas molar mixing ratio after calibration; however, the closer the
reference gas molar mixing ratio is to the sample gas molar mixing
ratio, the lower the short-term instrument noise (see Section 4.1).

The spectra are acquired at a rate of 900 Hz and averaged down
to 4 Hz to improve the signal-to-noise ratio. The 4 Hz sample cell
spectra are then divided by the 4 Hz reference cell spectra before
further analysis, in order to shrink the spectral lines and thereby
reduce the noise caused by laser frequency instability. The resulting noise reduction varies between 3× and 10× depending on the
electrical environment of the instrument. The divided spectrum is
ﬁtted for each isotopologue molar mixing ratio using Voigt proﬁles
with ﬁxed line positions, intensities, and broadening coefﬁcients
from the HITRAN database (Rothman et al., 2009) and using the
measured temperatures and pressures of the cells (which must
be closely matched and stabilized for optimal short-term precision). A third-order polynomial baseline is incorporated into the
ﬁt. An example spectrum after division and baseline subtraction is
shown in the lower panel of Fig. 2, where one can see that the linepeak fractional absorption of roughly 10% in the top panel has been
effectively reduced to less than 1% by dividing the two cell signals.
This spectrum was recorded in the early morning, when CO2 levels above the forest were still elevated from the accumulation of
respired CO2 through the night.
The total CO2 molar mixing ratio and the isotope ratios must
be calculated from the individual isotopologue molar mixing
ratios measured by the spectrometer. This calculation requires
some assumptions about the molar mixing ratio of 12 C17 O16 O
and other unmeasured isotopologues, although the results are not
signiﬁcantly affected by the uncertainties associated with these
assumptions. For the details of our procedure, see Appendix.
3.4. Spectrometer stability improvements
After initial testing, we made ﬁve key improvements to the spectrometer in order to improve its stability, which was limited by
several concurrent sensitivities to room temperature. These sensitivities were exacerbated by strong temperature cycles in the
HF-EMS shack (a 2 ◦ C drop in 2 min, on a 10- to 30-min cycle)
associated with a densely packed instrument room cooled by a
single air conditioner. We brieﬂy summarize the stability issues
here for the beneﬁt of users of similar instruments. Our experience
is that careful thermal management of internal (and some external) components is crucial to the performance of most, if not all,
high-precision laser spectrometers.
i. Detector heterogeneity. We replaced the ﬁrst set of TE-cooled
detectors (Vigo System S.A.) with Teledyne Judson HgCdTe
TE-cooled detectors. The ﬁrst set incorporated high-index
immersion lenses to couple the laser light into small detector
elements, and the overall response function was heterogeneous
across the face of the detector. The reported molar mixing ratios
were therefore ultra-sensitive to the subtle alignment changes
that accompany microscopic thermal expansion and contraction
of the optical box – even with the temperature at two thermistor locations within the optical box controlled to within 50 mK.
Switching to the Teledyne Judson detectors when they became
available effectively eliminated this problem.
ii. Optical box isolation. We added insulation with an R-value of
1.76 m2 K W−1 around the optical box, further reducing the
alignment perturbations caused by thermal expansion and contraction. We also improved the optical box air seals in order to
reduce (from 1 to 0.2 L/min) the gas ﬂow used to purge it of CO2 .
Finally we added thermal preconditioning to both the purge ﬂow
and the sample gas ﬂow by passing each gas through about 2 m
of ¼ copper tubing woven into a heated aluminum block.
iii. Cell temperature differential. We modiﬁed the instrument software to use the sample cell thermistor reading for both (sample
and reference) cells. We had found that offsets in the thermistors recording the sample and reference cell temperatures
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were larger than the actual cell temperature differences, and
introduced error into the molar mixing ratios. Ignoring the
thermistor disparity improved the stability of the mixing ratio
measurements.
iv. Synﬂex tube wall interaction. We added thermal insulation to the
Synﬂex tubing between the reference gas cylinder and the spectrometer. The reference cell gas ﬂow rate was under 0.05 slpm,
and it passed through 4 m of ¼ Synﬂex tubing on its way from
the cylinder pressure regulator to the instrument. We found
that ﬂuctuations in the temperature of this tubing were inducing variations in the real molar mixing ratio emerging from the
tubing, at the level of roughly 0.1 ppm/K. Switching the tubing to 1/8 PTFE increased the sensitivity to 0.5 ppm/K, and
switching the tubing to 1/8 stainless steel of unknown history
(presumed to have residue on the inner walls) increased the
sensitivity even further, to 5 ppm/K. Simply adding thermal insulation to the original Synﬂex tubing eliminated the sensitivity (or
reduced it to immeasurable levels). We hypothesize that CO2 is
adsorbed on the interior surface (and/or pores) of the Synﬂex
(and other) tubing in a temperature-dependent way, such that
when the temperature of the tubing increases, CO2 leaves the
tubing wall and raises the molar mixing ratio of the gas stream
temporarily. This effect was not observable at the higher ﬂow
rate (4 slpm) used in the sample cell. Whether the effect might
be eliminated by using thoroughly cleaned stainless steel tubing
has not yet been investigated, as insulating the Synﬂex tubing
was a simpler and sufﬁcient solution for the purposes of this
study.
v. Laser current drift. We enclosed the instrument electronics in
a thermally regulated box – using a Custom Chill recirculating water cooler, a tube-ﬁn heat exchanger with fan, and foam
insulation with an R-value of 1.76 m2 K W−1 . Once the effect of
the Synﬂex tube wall interaction had been eliminated, we were
able to determine that the instrument electronics were sensitive to the temperature of the room air used for cooling them.
In particular, the laser driver (ILX Lightwave 3232) seemed to
be the problematic element. The current supplied by the driver
to the laser varied with room temperature, and the instrument
in turn adjusted the laser temperature to maintain the same
infrared frequency. The combination of the current change and
the temperature change altered the laser output power as well
as its tuning rate. The tuning rate change stretched the spectrum,
causing the line center frequencies of the measured 12 CO2 and
13 CO lines to be shifted relative to where the analysis software
2
expected them to be. The molar mixing ratio of the 18 O12 C16 O
line in the middle of the scan was unaffected, as the position
of this line was constantly measured and used to maintain a
constant spectral window for the scan. Thermal regulation of
the laser driver and other electronics effectively eliminated this
problem.

3.5. Calibration
Laser absorption spectrometers do not measure ␦13 C, ␦18 O, or C
directly. Instead they measure the concentration (mol m−3 ) of each
isotopologue. Those concentrations (which are converted to molar
mixing ratios using the measured temperature and pressure) are
therefore the quantities we wish to calibrate, before using them
in calculations of ı and C. In principle, it is possible for an instrument to suffer from cross talk between the isotopologue absorption
features, so that the retrieved molar mixing ratio of, say, 13 CO2
depends on the amount of 12 CO2 or 18 O12 C16 O in the sample;
however, we did not ﬁnd cross talk in our instrument. On the contrary, we found that a plot of measured versus true molar mixing
ratio for any given isotopologue was highly linear (for repeated
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Table 1
Short-term instrument noise for C (top value), ␦13 C (middle value), and ␦18 O (bottom value), for different integration times and sample-reference gas mixing ratio
disparities.
Integration time (s)

Csam − Cref (ppm)

0

100

0.25

100

57 ppb
0.2‰
0.2‰
85 ppb
0.4‰
0.4‰

16 ppb
0.02‰
0.03‰
16 ppb
0.02‰
0.03‰

validations in the ﬁeld (see Section 4.2 and Fig. 5).2 We were therefore able to calibrate the retrieved isotopologue molar mixing ratios
independently, using just two “working tanks”: a high span gas
cylinder with roughly 450 ppm CO2 in air, and a low span cylinder with roughly 350 ppm CO2 in air. These tanks bracketed the
sample gas C except when sampling from the subcanopy at night
(when C can reach 650 ppm). Systematic extrapolation errors in the
0.2 m and 1 m tower proﬁle measurements are therefore a possibility; however, such errors are not likely to be larger than twice
our usual systematic instrument errors, which are negligible in the
context of our tower proﬁle analyses (i.e. canopy storage measurements and Keeling plot analyses). Note that it is not necessary for
the working tanks to bracket the sample gas isotope ratios, as the
variation in those ratios is small enough (always less than a few percent) that any two cylinders bracketing C also bracket the individual
isotopologue molar mixing ratios.
The working tanks were sampled for 2 min each, one after the
other, once every 40-min duty cycle, but data from the ﬁrst 30 s
of each 2-min measurement were discarded to avoid transients
during cell ﬂushing. The slopes and intercepts of the resulting calibration lines were interpolated onto the 4 Hz sample times and
used to calibrate each sample measurement. This approach is more
accurate than relying only on the previous standard measurement,
but necessitates that calibration be done in post-processing rather
than in real time.
Each pair of working tanks was calibrated in turn against three
primary standard cylinders (at 332.69(6) ppm, 431.15(6) ppm, and
496.49(6) ppm CO2 in air) when the working tanks were full
(∼2000 psi) and when they had ∼500 psi remaining, after which
the working tanks were replaced to avoid the possibility of variations in C, ␦13 C, or ␦18 O as the cylinders neared depletion. Before
deployment, the primary standards were characterized by IRMS at
the Stable Isotope Ratio Facility for Environmental Research at the
University of Utah (for the isotope ratios) and by an IRGA (calibrated
with a set of primary CO2 standards obtained from NOAA-GMD) in
the Wofsy/Munger Laboratory at Harvard University (for the CO2
molar mixing ratio). Calibration of the working tanks against the
primary standards was done using the spectrometer itself, in the
ﬁeld – an approach justiﬁed by the fact that the spectrometer’s
short-term precision (see Table 1 and Section 4.1) and long-term
repeatability (69 ppb for C, 0.05‰ for ␦13 C, and 0.06‰ for ␦18 O over
6 months; see Section 4.2) are comparable to or better than the
reported uncertainties of the IRMS- and IRGA-based techniques
used to calibrate our primary standards (60 ppb for C, 0.06‰ for
␦13 C, 0.22‰ for ␦18 O).

2
Although the measured molar mixing ratio of a given isotopologue does not
depend on the amount of any other isotopologue in the sample, the three isotopologue measurements do share some common noise sources (e.g. laser frequency
instability), so that their random measurement errors are partly correlated. The
noise correlation is strongest at high frequency (the correlation coefﬁcient can be
around 0.7 at 4 Hz) and becomes negligible with averaging to 90 s.
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3.6. Flux calculations
The eddy ﬂux calculations began with rotating the sonic
anemometer wind velocities into natural wind coordinates (Lee
et al., 2004) using double rotation rather than triple rotation, in
order to avoid the problem of over-rotation. We then linearly interpolated the vertical wind and air temperature (both recorded by
the sonic anemometer at 10 Hz) and the CO2 data (recorded by
the spectrometer at 4 Hz) onto a time grid containing 215 points
in preparation for multiresolution decomposition (MRD) (Howell
and Mahrt, 1997). MRD requires 2M points, for any positive integer M (see below). A 30-min ﬂux averaging period divided into 215
points yields a time step of 0.055 s. Next, we determined the precise
time lag between the anemometer data and the spectrometer data
(due to tube lag, sensor separation, and clock offsets) by scanning
the CO2 time series across the vertical wind time series in 0.055 s
steps and ﬁnding the lag for which the covariance was maximized.
Finally, MRD was used to compute the “multiresolution cospectrum”, i.e. to compute the eddy covariance for M different averaging
periods corresponding to 21 , 22 ,. . .,2M points. Block averaging is
implicit in MRD and so it was not necessary to block average
beforehand. The simple sum of all M terms in a multiresolution
cospectrum gives the total eddy covariance. MRD gives the same
covariance as does the ordinary calculation, but produces its multiresolution cospectra (MRCs) in the process. These cospectra are
argued to be superior to Fourier cospectra for turbulent ﬂux analysis because the multiresolution cospectra are sensitive to the scale
of the turbulent eddies whereas Fourier cospectra, being sensitive
to periodicity, are biased to longer timescales by the intermittent nature of those eddies (Howell and Mahrt, 1997). In any case,
multiresolution cospectra facilitate our spectral correction for highfrequency CO2 signal loss, described in Section 4.3.
We add a ﬁnal technical detail. Before the above-described
eddy ﬂux calculations were performed, we had to synchronize
the anemometer and spectrometer data. This synchronization
was non-trivial because the anemometer data was logged by the
existing non-isotopic EC system, which recorded all its data in a
self-consistent telemetry frame, but whose telemetry timestamp
generated by software was independent of its system clock. The
telemetry timestamp drifted away from the system clock at a constant rate of ∼30 s per day but was reset at the start of each data
ﬁle (usually every 12 h) as well as at irregular times during some
ﬁles if they were interrupted and restarted for any reason (helpfully marked by rows of zeros). Thus, although both system clocks
were regularly synchronized to NIST, the relative error between
the anemometer and spectrometer timestamps varied as a quasiperiodic, sawtooth-like function. We developed an algorithm in
Igor (Wavemetrics Inc.) that recognized and ﬁt, with a series of
straight lines, the linearly drifting and sporadically resetting timestamp error over time, based on a relatively quick comparison of
low-resolution (0.25 s) temperature and C time series across a wide
range of lags. (Using the sonic anemometer’s temperature time
series was more reliable than using the vertical wind speed.) This
method was robust despite fairly common periods when the covariance was too small for an accurate lag determination. Based on the
timestamp error retrieved by this algorithm, the sonic anemometer ﬁles were stitched together or cut apart as appropriate, and
then their time stamps were shifted and stretched to match the
spectrometer time series. The full covariance code was then run,
including the precise lag determination mentioned above.
3.7. EC/ﬂask simulation
There are several variations on the EC/ﬂask method. Knohl and
Buchmann (2005) used ﬂask samples from within- and abovecanopy heights (2–40 m), and ﬁt the linear relation ı = mC + b to

their data. Heights below 2 m were excluded to avoid a bias toward
soil respiration. Bowling et al. (2001) restricted their ﬂask samples to two above-canopy heights (26 and 37 m) and ﬁt the same
relation. Ogée et al. (2003) restricted their ﬂask samples to their
eddy covariance measurement height (25 m) and ﬁt the relation
ıC = mC + b (equivalent to the Keeling relation ı = b/C + m). All studies restricted their ﬂask samples to daylight hours (nighttime ﬂasks
were collected, but for other purposes).
We have chosen to simulate the EC/ﬂask method as implemented in Knohl and Buchmann (2005) because the other
implementations were restricted to above-canopy ﬂask measurements around midday, which would lack sufﬁcient range in C for
useful regressions at our site. Broadening the C range by using samples collected toward dawn or dusk would be problematic as any
approximate relationship between ı and C breaks down over times
longer than a few hours (as it must in order for the isotopic composition of NEE to shift from its daytime, photosynthesis-dominated
value to its nighttime respiration value). We did not collect actual
ﬂasks but instead treated the average of each of our 1-min tower
proﬁle measurements as if it were a ﬂask measurement. As in Knohl
and Buchmann (2005), we excluded heights below 2 m and considered samples only around noon (11 am–1 pm). We ﬁt the relation
ı = mC + b to our simulated ﬂask measurements, separately for each
day, and interpolated the coefﬁcients m and b in time. The isotopic
composition of the eddy ﬂux (not NEE) was then computed for each
duty cycle as ı13
= 2mC̄ + b, where C̄ is the mean value of C over the
E
30-min EC measurement. This formula follows from inserting the
relation ı = mC + b into the deﬁnition of eddy isoﬂux (see Section 2),
as shown in Bowling et al. (2001).
To obtain the isotopic composition of NEE, one would ﬁrst compute the isoﬂux as the sum of the eddy isoﬂux, IE13 = (2mC̄ + b)FE ,
and the storage isoﬂux, the latter of which would have to be
obtained from ﬂask samples taken at various heights in the canopy
and subcanopy before and after each eddy ﬂux integration period.
One would then divide the isoﬂux by NEE to obtain ı13
. We do
N
by
the
EC/ﬂask
method,
as
it
is more
not bother to compute ı13
N
straightforward to compare the EC/ﬂask and EC methods in terms
of the isotopic composition of the eddy ﬂux (Section 4.5); the storage ﬂux (and storage isoﬂux) would be identical for both methods
in a ﬂask simulation such as ours.
Note that the EC/ﬂask method is not even approximately valid
for ␦18 O (Bowling et al., 1999).
4. Results and discussion
As with standard EC systems, “lost ﬂux” was observed on calm
nights and might also play some role during other periods. Data
used for the analyses presented here were therefore ﬁltered to
exclude times when u* < 0.17 m/s (Urbanski et al., 2007).
4.1. Short-term instrument noise and stability
In this article, we use the most general deﬁnitions of signal and
noise: signal means the pattern of variation that we wish to measure in a quantity like w or C, and noise means all other variation
in that quantity, which interferes with our ability to discern the
signal. Noise in general therefore includes all measurement noise
(e.g. short-term instrument noise and instrument drift) as well as
natural noise, i.e. any variation in the real quantity that is unrelated
to what we are trying to see. In this section, however, we consider
only short-term (<3 h) instrument noise.
We quantify instrument noise by the standard deviation  m of
repeated measurements of a constant input (such as gas from a
cylinder). This deviation is inversely related to the precision and
depends on the following parameters.

R. Wehr et al. / Agricultural and Forest Meteorology 181 (2013) 69–84

Fig. 3. QCLS noise ( m ) in C (black, ppm), ␦13 C (green, ‰), and ␦18 O (blue, ‰) versus
integration time (), for a calibration interval of 40 min and for nearly equal sample
and reference cell CO2 molar mixing ratios. The thin diagonal lines are the corresponding expectations for white noise. The vertical orange dashed line marks the
dominant timescale of eddy transport at the Harvard Forest. For comparison, the
Allan deviation for ␦13 C is also plotted, without calibration (solid gray line) and
with calibration (dashed gray line). (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

i) The duration  over which each measurement is averaged. Averaging reduces noise.
ii) The time span t in which the repetitions occur. Because of noise
at long timescales (i.e. drifts), repeated measurements will typically be more precise (i.e. less noisy) if spread over 5 min than
if spread over 3 h.
iii) The time interval tcal between calibrations (if the data are
calibrated). More frequent calibrations reduce the impact of
instrument drift on noise. This is true even for t < tcal ; for
example, a linearly drifting instrument response will increase
 m for all t without calibration, but for no t with calibration.
iv) The duration  cal over which each calibration gas measurement
is integrated (if the data are calibrated). A more precise calibration gas measurement (larger  cal ) leads to better precision (and
accuracy) in the calibrated sample measurement.
v) In the case of the present spectrometer,  m also depends on
the difference C between the sample and reference gas mixing ratios of CO2 to dry air, as long as  < 100 s (owing mainly
to laser frequency instability). Optimal precision for  < 100 s is
achieved when C = 0. For  > 100 s, however, other sources of
noise become dominant and  m becomes insensitive to C (see
Table 1).
In Fig. 3, we plot  m for C, ␦13 C, and ␦18 O versus the integration
time . The values of the other parameters discussed above were:
C ≈ 0, t = 160 min, tcal = 40 min, and  cal = 90 s. These data are
based on 3 h of continuous measurement from a compressed gas
cylinder with C ≈ 450 ppm. We estimated  m by performing simulated calibrations within this continuous time series, by treating
some of the data as sample and some as calibration. The steps
involved in this simulated calibration were: (1) subtract the mean
to convert the time series into noise about the mean, (2) compute averages of duration  cal at intervals of tcal , representing
the measurement errors determined at each calibration, (3) linearly interpolate those errors between calibrations (discarding data
beyond the last calibration to avoid extrapolation), and (4) subtract
the resulting error time series from the noise time series to calibrate the data. We then divided the calibrated time series into bins
of duration  and computed  m as the standard deviation of the bin
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Fig. 4. QCLS noise ( m ) in C (black, ppm), ␦13 C (green, ‰), and ␦18 O (blue, ‰) versus
calibration interval (tcal ), for an integration time of 100 s and for nearly equal sample and reference cell CO2 molar mixing ratios. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)

averages. The noise in Fig. 3 represents the instrument as it is used
in the ﬁeld.
Eddy covariance requires a high sample rate but integrates the
data over the dominant timescale of eddy transport, roughly speaking. Our cospectra (see Section 4.3) show that eddy transport is
signiﬁcant at timescales from 1 to 1000 s at the Harvard Forest,
with a peak around 50 s or 30 s (depending on whether you consider Fourier or multiresolution cospectra). Fig. 3 thus indicates that
our effective instrument noise for EC is roughly 18 ppb for C, 0.02‰
for ␦13 C, and 0.04‰ for ␦18 O (marked by the orange vertical dashed
line at 40 s).
Note that  m differs from the Allan deviation (Werle et al.,
1993), which has also been used to characterize QCLS performance
(e.g. Nelson et al., 2008). Whereas  m is the standard deviation
of a sequence of averages, the Allan deviation  A is the standard
deviation of a sequence of differences between adjacent averages.
Because only adjacent averages are compared in computing  A , the
time span t is effectively the same as the averaging time  (and
only this one timescale is involved in the computation). The value
of  A for a given  is therefore independent of noise at timescales
longer than . In other words, for a given ,  A quantiﬁes only part
of the noise: the part with a timescale shorter than . That property
is useful for distinguishing contributions to the instrument noise
at different timescales, but not for quantifying the overall instrument noise experienced in practice for a given averaging time and
calibration interval. For comparison, we have plotted  A for ␦13 C
in gray in Fig. 3, with and without calibration. One can see that
the Allan deviation reaches a minimum at an integration time of
100 s before increasing again, while  m decreases monotonically
with increased integration time ad inﬁnitum. Indeed, the standard
deviation of repeated measurements can never increase with integration time, given a ﬁxed time span t, even in the absence of
calibration. At  = 100 s,  A is about half  m ; this difference is due
to the contribution to the latter of noise at timescales longer than
.
The exceptional stability of the spectrometer is demonstrated
in Fig. 4, where we plot  m versus tcal for  = 100 s. The noise is
nearly independent of tcal for tcal between 10 and 160 min (this
is true regardless of ), and reducing tcal to 4 min (an impractically short calibration interval) reduces the noise by less than a
factor of 2. Our 40-min calibration interval is thus a conservative
choice – though we should mention that the instrument suffered
occasional temperature regulation instabilities in 2011, which were
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Fig. 6. Average frequency-weighted Fourier cospectra (dotted lines) and average
multiresolution cospectra (solid lines) for sensible heat ﬂux (red), CO2 eddy ﬂux
(black), 13 C eddy isoﬂux (green) and 18 O eddy isoﬂux (blue), for the period July
16th–21st. These cospectra have been normalized to their peak amplitudes for
comparison. Prior to averaging, each individual cospectrum was made positive by
multiplication by the sign of the sum of the points between 0 and 60 s. The three
multiresolution CO2 cospectra lie on top of one another, apart from noise. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)

Fig. 5. Repeated QCLS measurements (dots) of C, ␦13 C, and ␦18 O in a known target cylinder by linear interpolation between our 332 ppm and 496 ppm primary
standard cylinders. The IRGA/IRMS values for the target cylinder are indicated by
the horizontal solid lines, and the corresponding 95% conﬁdence intervals are indicated by the gray regions. The vertical orange lines mark the period in September
when an inferior instrument thermal regulation scheme was tested. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)

rendered harmless by the 40-min tcal but would have degraded
performance with a longer tcal .
4.2. Long-term calibration errors
Roughly every 2 weeks, whenever a pair of working tanks
was installed or removed, they were calibrated against 3 primary
standard cylinders, as described in Section 3.5. We took advantage
of the primary standard measurements to test for long-term stability, by treating the 496 ppm and 332 ppm primary standards as high
and low span working tanks, and measuring the 431 ppm primary
standard as if it were unknown. Fig. 5 shows 101 such measurements between May and November. The solid gray lines indicate
the pre-deployment characterization of the 431 ppm cylinder by
IRMS (for the isotope ratios) or by IRGA (for the CO2 molar mixing
ratio). The gray shaded regions between the dashed lines indicate
the 95% conﬁdence intervals on the IRMS or IRGA measurements,
which encompass the mean QCLS value in all three cases. The vertical orange lines indicate the period in September when an alternate
(and inferior) instrument cooling arrangement was tested. Excluding that period, the QCLS standard deviations over the 6 months are
69 ppb (C), 0.05‰ (␦13 C), and 0.06‰ (␦18 O). The long-term isotope
ratio noise of the QCLS is therefore less than the reported uncertainties of the IRMS characterization (0.06‰ for ␦13 C and 0.22‰

for ␦18 O, based on 5 ﬂask samples drawn from the cylinder and
shipped from Massachusetts to Utah).
The noise in C is slightly greater than the reported uncertainty of
the IRGA characterization (60 ppb), but only because of a very slow
but clear drift. The cause of this drift remains unknown; it might
result from a drift in one or more of the (steel) primary cylinders, or
else from a drift in the instrument response. Re-characterization of
our primary standards (which is planned) will not likely resolve the
issue, given the measurement uncertainties, but we are examining
possible instrumental causes. In any case, the magnitude of the drift
is too small to signiﬁcantly affect our results over the duration of
this study.
4.3. Cospectra
Fig. 6 compares average multiresolution cospectra (MRCs) and
frequency-weighted Fourier cospectra for the sensible heat ﬂux,
the CO2 ﬂux, and the two isoﬂuxes. These averages were computed
over the period July 16th–21st. Prior to averaging, each individual
cospectrum was made positive by multiplication by the sign of the
sum of its points between 0 and 60 s but was not otherwise normalized. Longer timescales were excluded from the sign determination
to avoid contamination by low-frequency noise. By not normalizing the individual cospectra before averaging, we avoid amplifying
the cospectral noise in periods with small ﬂuxes. The trade off is
that the w-C and w-T cospectra in Fig. 6 are weighted to slightly
different periods: the w-T cospectra to periods with large heat ﬂux,
and the w-C cospectra to periods with large CO2 ﬂux. Nonetheless,
those periods largely coincide.
The ﬁrst point of interest in Fig. 6 is that the Fourier cospectra
have nearly the same shape as the MRCs, but the former peak at
about 50 s while the latter peak at about 30 s. This result is consistent with the argument in Howell and Mahrt (1997) that the Fourier
cospectra are biased to longer timescales by the quasi-periodic
nature of turbulent transport. Thus the MRC peak may be the more
representative of the scale of the turbulent eddies at the Harvard
Forest. However, Fourier and multiresolution cospectra also depict
the spectral distribution of the covariance differently: a nonzero
value at 1 s in an MRC does not mean that an oscillation with a
period of 1 s is present in the time series; it means instead that an
integration period of 1 s yields a different covariance than does an
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integration period of 0.5 s, as would be the case even if the only
signal present were a perfect oscillation at 2 Hz. Thus an MRC is
expected to be weighted to higher frequencies than the corresponding Fourier cospectrum. Hereafter, we use MRCs only because they
are easier to generate and work with.
The second point of interest in Fig. 6 is that the CO2 ﬂux and
isoﬂux cospectra of a given type (Fourier or MRD) are indistinguishable from one another but fall below the corresponding heat
ﬂux cospectrum at high frequency. This behavior is expected given
the ﬁnite time response of the CO2 sampling system (dependent
on volume, ﬂow rate, and sample rate) and the ∼0.5 m separation
of the CO2 inlet from the sonic anemometer. We correct for the
high-frequency attenuation caused by the CO2 sampling system by
comparing the w-C MRCs to the w-T MRCs and making the wellestablished assumption of cospectral similarity (i.e. all cospectra
have the same shape). The speciﬁcs of our method require a few
paragraphs of explanation.
What we seek is a correction curve describing the factor by
which we should multiply each point in a CO2 ﬂux or isoﬂux MRC
to recover the MRC we would have observed without attenuation.
Assuming cospectral similarity – and negligible attenuation of the
temperature and wind data – this correction curve is given simply by the ratio of the w-T MRC to the w-C MRC, provided each
MRC is ﬁrst normalized to its value at some timescale outside the
attenuated range. We choose to normalize to the mean value of
the MRC between 10 and 100 s, which is the region where the
turbulence peak is usually found, and where we observe neither
high-frequency attenuation nor low-frequency noise (discussed
below). For convenience, we will call the 10–100 s mean the peak
mean. Given that the measured isoﬂux MRCs have the same shape
as the measured w-C MRC, the w-C correction curve applies to them
as well.
The effect of signal attenuation on a cospectrum, in general,
depends on the shape of the cospectrum. Thus the correction curve
deﬁned above depends not only on the (unchanging) CO2 sampling
system, but also on (changing) atmospheric conditions – chieﬂy
the mean wind speed and the atmospheric stability. Unfortunately,
calculating the correction curve for each individual EC integration
period is problematic due to noise in the MRCs, especially in periods
with small ﬂuxes (e.g. dawn and dusk). We therefore constructed a
lookup table of correction curves by averaging all our w-T and w-C
MRCs (∼3000 of each) in nested quantiles of the mean wind speed
ū and the nondimensional stability parameter z/L, where z is the
canopy height and L is the Monin–Obukhov length (Foken, 2006).
(Although Monin–Obukhov similarity theory is invalid below 2 or
3 times the canopy height (Foken, 2006), z/L as determined at our
ﬂux measurement height of 29 m can give at least a rough indication
of atmospheric stability: negative values of z/L indicate instability,
near-zero values indicate neutrality, and positive values indicate
stability.) The correction curve for a given combination of ū and z/L
was computed as the ratio of the average w-T MRC to the average
w-C MRC in the appropriate quantile. For z/L, we used 5 quantiles,
and within each of those, we nested 12 quantiles of ū (thus there
were 60 bins in total). The number of quantiles was chosen based
on trial and error and inspection of the resulting correction curves,
balancing the desires to reduce noise and to resolve the pattern of
variation of the correction curve. For the ﬁnal lookup table, the correction factor at each MRC timescale was smoothed versus wind
speed (using a Loess ﬁlter) in order to reduce noise with minimal
smearing of the patterns of variation. Periods for which the absolute magnitude of the uncorrected heat ﬂux was less than 10 W/m2 ,
or u* was less than 0.17, were excluded from the bin averaging. The
correction curves were set to 1 at timescales larger than 30 s to
avoid spurious corrections due to low-frequency noise.
As noted earlier, precise comparison of average MRCs like those
in Fig. 6 is problematic because they are weighted to slightly
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Fig. 7. (a) Log plots of the CO2 MRC correction factor versus wind speed, at 8 different
MRC timescales, for z/L > 0.31. The red lines show the computed attenuations in 12
wind speed bins. The black lines are smoothed versions obtained with a Loess ﬁlter.
The MRC correction factor is used to scale the CO2 ﬂux and isoﬂux MRCs in order
to correct for high frequency signal attenuation. (b) The largest and smallest MRC
correction curves in the lookup table. The solid line is for z/L < −0.24 and a mean
wind speed of 2.2 m/s. The dashed line is for z/L > 0.31 and a mean wind speed of
0.9 m/s (i.e. the leftmost points in (a)). (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)

different EC integration periods. We therefore devised the following method for averaging MRCs within each bin. First, we
normalized each individual MRC to its peak mean as deﬁned above.
We then weighted each normalized MRC, whether it be w-T or w-C,
by the product of the w-T MRC peak mean and the w-C MRC peak
mean for the same EC integration period. In this way, the average wC and w-T MRCs were weighted to exactly the same periods, which
were those periods with large (positive or negative) ﬂuxes of both
heat and CO2 .
The variation of the correction curve with z/L and ū is clear and
systematic, with the smallest corrections occurring in unstable conditions and at moderate wind speeds (∼2 m/s). Fig. 7a shows the
original and the smoothed correction factor versus ū, for z/L > 0.31,
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Fig. 8. 70-min multiresolution cospectra for CO2 , averaged by mean wind speed, for
the entire 2011 growing season (but excluding times when u* < 0.17 m/s). Color is
on a rainbow scale from violet (lowest mean wind speed bin, centered on 0.66 m/s)
to red (highest mean wind speed bin, centered on 5.0 m/s). Prior to averaging, each
individual cospectrum was multiplied by the sign of the sum of the cospectral points
between 0 and 60 s, but not otherwise normalized. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

while Fig. 7b shows the largest and smallest correction curves in
the lookup table. We tried additional binning by wind direction,
but the added noise associated with the reduced number of cospectra in each bin masked any directional variation. On average, our
correction for high-frequency attenuation increases the absolute
magnitude of the eddy ﬂux by 0.48 mol m−2 s−1 .
Having explained our correction for high-frequency attenuation, we return to Fig. 6. The third and ﬁnal point of interest in Fig. 6
is that the cospectra do not quite reach zero at low frequency, raising the possibility that 30 min might be too short an EC integration
period to capture all the eddy ﬂux at the Harvard Forest under some
conditions. To test this possibility, we combined our 30 min (1800 s)
EC integration periods in pairs to form 70 min (4200 s) periods, each
with a 10 min gap in the middle for calibration and canopy proﬁle
measurements. As required by MRD, a regular grid of 216 points
was made to span the 70 min, and those points interpolated across
the gap had their values of w set to zero so that they would not
contribute to the MRC, which was scaled by ∼6/7 to account for
the reduced number of points used. The nature of MRD (recalculating the mean covariance as the time series is successively halved)
is such that introducing a gap in the way just described has no
effect on the MRC (barring any difference in the properties of the
turbulence inside and outside the gap).
Fig. 8 shows our 70-min CO2 MRCs bin-averaged by ū. As in Fig. 6,
each individual cospectrum was made positive by multiplication by
the sign of the sum of its points between 0 and 60 s. Fig. 8 shows that

the MRC is effectively zero at 70 min even for the lowest ū, i.e. there
is no signiﬁcant ﬂux signal past 35 min. The same is true when we
restrict the averaging to unstable atmospheric conditions (z/L < 0)
(results not shown). As a ﬁnal check, we compared our 70-min CO2
eddy ﬂuxes with a linear interpolation of our usual 30-min ﬂuxes
onto the 70-min time grid, throughout the growing season (results
not shown). We found that the two values typically agreed to within
0.5 mol m−2 s−1 , with the mean difference over the season being
just 0.02 mol m−2 s−1 and the root-mean-square difference over
the season being 2.4 mol m−2 s−1 . When there was disagreement,
the 30-min ﬂuxes were typically less noisy and more plausible (the
70-min ﬂuxes being more prone to being near zero or negative at
night, due to noise). Thus 70 min is probably too long an integration
period at the Harvard Forest, capturing more low-frequency noise
but no more signal than is captured in 30 min.
4.4. (Iso)ﬂuxes
Our isotopic ﬂux data can be used to compute the individual isotopologue ﬂuxes and the 13 C and 18 O isoﬂuxes (see
Section 2). The data can also be used, of course, to compute
the total CO2 ﬂux. All our isotopic ﬂux data are available in the
Harvard Forest Data Archive (online at http://harvardforest.fas.
harvard.edu/data-archive) and on the Saleska group website
(http://www.eebweb.arizona.edu/faculty/saleska/lab.htm).
We
encourage researchers to use these data to constrain or test isotopeenabled ecosystem–atmosphere models. Here we illustrate a
couple of broad patterns.
In Fig. 9, we attempt to provide a sense of the diel and seasonal variations in NEE, IN13 , and IN18 by plotting them over two
5-day periods, one at the beginning and one at the end of summer.
Both daytime photosynthetic and nighttime respiratory activity are
clearly reduced by the end of summer. Throughout, IN13 is nearly
proportional to NEE, and always of opposite sign, as expected for
variations of only a few ‰ in ı13
. On the other hand, IN18 tends to
N
be roughly proportional to NEE at night and in the mornings only,
indicating a strong change in ı18
over the course of the day.
N
We explore that diurnal change in Fig. 10, where we show
monthly average diel cycles of ı18
, smoothed to 2 h. To reduce the
N
,
inﬂuence of periods with low ﬂux and thus highly uncertain ı18
N
we have ﬂux-weighted the average ı18
for
each
diel
time
bin
by
N
calculating it as the slope of a straight line ﬁt to IN18 versus FN in that
bin. The behavior of ı18
is fairly consistent from month to month,
N
with a decrease from roughly 30 to 10‰ over the course of the
daylight hours, and then a sudden return to the nighttime value
around sunset. The same pattern appeared in Fig. 9b of Sturm et al.
(2012) (also a forest study), and a similar pattern but with a different nighttime value appeared in Fig. 15d of Grifﬁs et al. (2008)

Fig. 9. NEE (black), the 13 C isoﬂux (green), and the 18 O isoﬂux (blue) for two periods, one at the beginning and one at the end of summer, 2011. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 10. Monthly average diel cycles of ı18
for June (orange), July (green), August
N
(blue), and September (purple). Cycles have been smoothed to 2 h. Details of the
averaging procedure are given in the text. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

(an agricultural ﬁeld study). Note that those studies used the VPDB
scale for ␦18 O rather than the VSMOW scale used here. We suggest that the decrease in ı18
over the course of the day should
N
result from a gradual increase in the ␦18 O of leaf water by evaporative enrichment, because: (1) CO2 readily exchanges 18 O with
leaf water due to the action of carbonic anhydrase, so that the ␦18 O
of leaf CO2 would also increase over the course of the day, (2) both
18 O12 C16 O and 12 C16 O are less abundant in the leaf than in the
2
atmosphere due to photosynthetic drawdown, so that an increase
in the ␦18 O of leaf CO2 means a decrease in the atmosphere-leaf gradient of 18 O12 C16 O relative to that of 12 C16 O2 , and (3) a decrease
in the atmosphere-leaf gradient of 18 O12 C16 O relative to that of
12 C16 O would effect a reduction in the ﬂux of 18 O12 C16 O relative
2
to that of 12 C16 O2 , which is to say a reduction of ı18
. The sudden
N
to 30‰ around sunset may indicate that during the
return of ı18
N
is primarily inﬂuday, when photosynthesis dominates NEE, ı18
N
enced by leaf water, while at night, when root and soil respiration
dominate NEE, the primary inﬂuence is soil water, which does not
become enriched in 18 O as rapidly as leaf water.
4.5. EC/ﬂask comparison
Fig. 11 compares monthly average diel cycles of ı13
obtained
E
by direct EC measurement and by the EC/ﬂask method. The corresponding cycles in ı13
are nearly indistinguishable from those in
N
13 for more direct comparison of the two meth,
but
we
show
ı
ı13
E
E
ods. To focus on the photosynthetic period, we have only shown
data for the portion of the day when the monthly average eddy ﬂux
was less than −2 mol m−2 s−1 . To further reduce the inﬂuence of
, we have ﬂuxperiods with low ﬂux and thus highly uncertain ı13
E
weighted the average ı13
for each diel time bin by calculating it as
E
the slope of a straight line ﬁt to IE13 versus FE in that bin. The dashed
lines indicate the EC/ﬂask values (following the implementation of
Knohl and Buchmann, 2005) while the solid lines indicate the pure
EC values, which have been smoothed to 2 h. Even around midday (when ﬂasks would be ﬁlled), the EC/ﬂask values in June, July,
and August are biased high relative to the EC values by about 1‰.
Moreover, the direct EC measurements reveal diurnal patterns in
ı13
that the EC/ﬂask method, having assumed a constant relationE
ship between ␦13 C and C, cannot detect. These patterns likely reﬂect
a shifting balance between diffusive and biochemical limitations
on photosynthesis over the course of the day, which is important for isotopic ﬂux partitioning. The direct EC measurements also
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Fig. 11. Monthly average diel cycles of ı13
, as measured by EC (solid lines) and as
E
estimated by the EC/ﬂask approach (dashed lines), for June (orange), July (green),
August (blue), and September (purple). The EC cycles have been smoothed to 2 h,
and only times for which the average CO2 ﬂux was less than −2 mol m−2 s−1 are
shown. Details of the averaging procedure are given in the text. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

indicate an evolution of these patterns over the growing season,
with a trend toward more diffusive limitation (less light limitation) in the mornings, while seasonal variation using the EC/ﬂask
method is limited to a wholesale shift of the diurnal curve.
Another problem with the EC/ﬂask method is that the results
are sensitive to the assumptions and data selection criteria used,
but there is no best choice for those assumptions and criteria. For
example, we can compare the well-reasoned EC/ﬂask implementation discussed thus far (omitting samples below 2 m, using a ␦13 C
versus C ﬁt, restricting sampling to midday) with a crude implementation that uses samples from all tower inlet heights, at all
times of the day and night, in a single month-long global Keeling ﬁt.
This crude implementation, in other words, treats ı13
as a constant
E
over the entire month. Nonetheless, it typically does as well as the
well-reasoned implementation, with a bias of similar magnitude in
the opposite direction (roughly −1‰ at noon rather than +1‰).
An EC/ﬂask bias of 1–2‰ in daytime ı13
would be expected
N
to lead to nearly the same bias in the isotopic signature of photosynthesis estimated in the course of isotopic ﬂux partitioning,
because daytime NEE is dominated by photosynthesis. In this light,
the ∼+2‰ offset between the isotopic signatures of photosynthesis and respiration observed and discussed in Knohl and Buchmann
(2005) was probably within the uncertainty of the EC/ﬂask method.
For more on errors in partitioning, see Section 4.8.
4.6. Limits on noise in the isotopic ﬂux
Though we restrict our discussion in this section to 13 CO2 and
the same arguments apply to 18 O12 C16 O, for which the
instrument noise is similar.
In order to investigate the contribution of instrument noise to
the total noise in the eddy ﬂux FE , the eddy isoﬂux IE13 , and the
isotopic composition of the eddy ﬂux ı13
, we analyzed simulated
E
data for the period from July 16th to 21st. The advantage of simulated data is that the signal and the noise are known, so that we
can quantify exactly how the noise propagates into derived quantities like ı13
. The ﬁrst task in the simulation was to generate ‘true’
E
signals for w, C, and ı13 ; we denote these simulated signals by a
subscript T. For wT , we used our real measured w , whose measure,
ment noise was <0.001 m/s and therefore negligible. For CT and ı13
T
12 CO ,
2
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we tried two approaches, which we will call the perfect-correlation
and zero-correlation approaches.
In the perfect-correlation approach, we assumed the true variation of C at the EC inlet to be perfectly correlated with w . (In
reality, there is only a partial correlation, as the w-C cospectrum
is weighted to substantially lower frequencies than the w power
spectrum.) Thus we generated CT = aw + 380, where the constant
a was chosen separately for each 30-min EC integration period in
order to make the covariance wT CT equal to our measured covari-

ance w C  and thereby ensure a realistic magnitude for the variation
in CT . For ı13
, we assumed a Keeling line with a source signature of
T
-26‰, a background signature of −9‰, and a background mixing
ratio of 380 ppm, and then calculated ı13
from CT . Though KeelT
ing lines are not valid when there is both a source and a sink
of CO2 , they can serve as a sufﬁcient approximation for our purposes here. An approximate value sufﬁces also for the constant
a.
In the zero-correlation approach, we simply set CT = 380 ppm
= −90 ‰, with no variations, so that the true ﬂuxes and
and ı13
T
isoﬂuxes would be zero.
Having generated CT and ı13
by one or the other approach, we
T
then added randomly generated noise to each signal at several
timescales such that the overall noise power spectrum was nearly
indistinguishable from our corresponding real instrument noise
power spectrum. (For a description of our real instrument noise,
see Section 4.1.) We then used the resulting “instrument noise only”
time series to compute FE , IE13 , and ı13
as usual – though in order
E
to compute ı13
in the zero-correlation approach, we had to treat
E
our measured eddy (iso)ﬂuxes as approximate true values and add
them to the computed zero-centered (iso)ﬂuxes, before dividing
the isoﬂux by the ﬂux (otherwise we would be dividing ∼0 by ∼0).
For both approaches, we repeated the noise generation and EC calculation steps 64 times for each EC integration period in order to
determine standard deviations.
The perfect-correlation and zero-correlation approaches gave
nearly indistinguishable results, indicating that the detailed structure of the true C and ı13 signals is unimportant for the purposes
of simulating the propagation of noise from those quantities. The
detailed structure of the w signal is important, however; indeed
the task of the simulations is to quantify how instrument noise
produces spurious correlations with w .
We found that instrument noise in C contributes a mean
standard deviation of 0.024 mol m−2 s−1 to FE , with the noise
for individual integration periods ranging from 0.0077 to
0.062 mol m−2 s−1 depending on the magnitude of the ﬂuctuations in C (which get larger as FE gets larger and as the ﬂuctuations
in w get smaller). Instrument noise in C and ı13 contributes a
mean standard deviation of 18‰ mol m−2 s−1 to IE13 , with individual periods ranging from 7.7 to 35‰ mol m−2 s−1 , and a mean
, with individual periods ranging
standard deviation of 5.4‰ to ı13
E
from 0.53 to 64‰. Note that the mean standard deviation for ı13
E
is dominated by large values in periods with low ﬂux (i.e. those
periods we care least about) because ı13
becomes undeﬁned as FE
E
approaches zero. The standard deviation for ı13
is typically about
E
1.5‰ around midday.
Having quantiﬁed our instrument noise, it remains to estimate
the total noise, which can be nuanced because the true net CO2
exchange can ﬂuctuate signiﬁcantly due to changing cloud cover.
Nonetheless, by considering select periods (especially night), we
can conclude that the standard deviation of the total point-to-point
noise in FE is roughly 1 mol m−2 s−1 while that in IE13 is roughly
25‰ mol m−2 s−1 . Thus the instrument noise contribution to FE
is negligible while that to IE13 is signiﬁcant, in agreement with the
prediction in Saleska et al. (2006) for an instrument with the nearly
the present speciﬁcations at this site.

Fig. 12. The observed cumulative distribution of ı13
about its smoothed variant
E
resulting from
(thick black line), and the expected cumulative distribution of ı13
E
instrument noise alone (red dashed line). The deviations have been normalized to
the standard deviation expected for instrument noise alone, on a period-by-period
basis. The thin black lines bounding the gray region are observed distributions
obtained using extremely mild and extremely strong smoothing. The 95% conﬁdence interval and 95% observations line are marked in blue. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

We have quantiﬁed the relative importance of instrument noise
more precisely by assuming that its true value, averaged
to ı13
E
over the ecosystem, varied over the diel cycle but did not ﬂuctuate
measurably from hour to hour. This assumption was supported a
posteriori by the fact that our estimates of the ratio of total noise
to instrument noise were actually slightly larger, on average, when
using only nighttime data. We began by smoothing the measured
values of ı13
using Igor’s built-in Loess (i.e. local regression) ﬁlter
E
with rejection of extreme values. The degree of smoothing by a
Loess ﬁlter is characterized by the smoothing parameter ˛, which
describes the proportion of the dataset used for the local regression
around each point. Given our 6-day dataset, the value ˛ = 0.15 effectively removed ﬂuctuations with periods less than about 6 h. We
then took the variations of our measured ı13
about the smoothed
E
13 . Because the degree of
ı13
to
approximate
the
total
noise
in
ı
E
E
smoothing was somewhat arbitrary, we tested two extremes as
well, corresponding to ˛ = 0.09 (no ﬂuctuations faster than ∼3 h)
and ˛ = 0.5 (no ﬂuctuations faster than ∼2 days).
Our results are presented in Fig. 12, where we compare the
observed cumulative distribution of ı13
about the smoothed, “true”
E
curve to the cumulative distribution expected for instrument noise
alone, according to our noise simulation. To allow this comparison
across integration periods, members of each distribution were ﬁrst
normalized to the standard deviation expected from instrument
noise alone for their particular period. Thus the curve shown for
instrument noise alone is simply the cumulative Gaussian distribution. One can see, ﬁrst, that the observed distribution is also roughly
Gaussian, and second, that the effect of ˛ on the cumulative distribution is minor; ˛ = 0.15 gives the ratio of total noise to instrument
noise as ∼1.5, while ˛ = 0.09 gives the ratio as ∼1.3 and ˛ = 0.5 gives
it as ∼1.7. Throughout this plausible range, the contributions of
instrument and non-instrument noise to the total noise are roughly
equal, with the ratio of non-instrument to instrument noise being at
least 0.8 and at most 1.4 (1.32 = 12 + 0.82 and 1.72 = 12 + 1.42 ). Given
that signiﬁcant diel variation in ı13
is expected, a reasonable value
E
is 1.1, obtained using ˛ = 0.15. Thus we can say that improvements
to the instrument precision will yield only minor improvements
can be measured by eddy
to the overall precision with which ı13
E
covariance. Even progressing to a perfect instrument, the noise in
should only be reduced by about 25%.
ı13
E
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In principle, non-instrument noise in FE , IE13 , and ı13
can arise
E
either because of a randomly varying disparity between the CO2
isotopologue mixing ratios (to dry air) in the spectrometer and
those at the sonic anemometer (after accounting for the sampling
system transit time), or else because of a randomly varying disparity between the CO2 isotopologue ﬂuxes at the sonic anemometer
and those averaged over the ecosystem. In practice, only the latter cause is plausible – and it is not merely plausible, but probable.
Ecosystem–atmosphere gas exchange is a three-dimensional, volumetric process that we attempt to measure at a single point in
space; as a result, and as noted in Section 2, the EC method is valid
only under the assumption of horizontal homogeneity. Because
the ecosystem, the landscape, and the air motions at the Harvard
Forest are all signiﬁcantly heterogeneous on both small and large
scales, some ﬂuctuation of the measured eddy ﬂux (and its isotopic
composition) about the ecosystem average is expected.

4.7. Sensitivity of the isotopic ﬂux to EC data processing
Our conclusion in Section 4.6 that the uncertainty in ı13
is
E
limited jointly by instrument noise and by horizontal heterogeneity
is similar to the conclusion recently reported by Sturm et al. (2012),
that their uncertainty in ı13
was limited jointly by instrument
E
noise and by “random error associated with EC data processing”.
There are, however, two problems with this latter conclusion. The
ﬁrst borders on semantic but is nonetheless important: the random error in question cannot derive from the processing of the
data; it must derive from the data themselves (e.g. because they
are single-point measurements of a volumetric exchange process,
as discussed in Section 4.6). The processing is deterministic. Only
the data possess a random element. The second problem is that
the analysis presented in Sturm et al. (2012) was not capable of
assessing the contribution of instrument noise to the uncertainty
in ı13
. Sturm et al. (2012) considered all the EC measurements of
E
ı13
in
their one-month study as an ensemble and examined the
E
statistical effects on that ensemble of various changes to the EC
calculation – such as using triple rather than double rotation of
the wind coordinates, or using linear detrending rather than simple Reynolds block averaging. They found that the differences in
between one version of the calculation and another were ranı13
E
domly scattered about zero. That is, a change to the calculation
go up and others go down, with
made some measurements of ı13
E
no signiﬁcant shift in the mean. They also found that the magnitude
of the scatter in the differences, for each of the calculation changes
they tested, was as large as the magnitude of the scatter induced
by adding simulated instrument noise (of the same magnitude as
their real instrument noise) to their data. They concluded that the
uncertainty in ı13
for a given integration period resulted as much
E
from “inherent EC uncertainty” as from instrument noise.
In drawing that conclusion, it was implicitly assumed that the
scatter in the differences in ı13
between one version of the EC calE
culation and another resulted from some source of noise other than
the instrument (i.e. “inherent EC uncertainty”). But any kind of
noise in the data, including instrument noise, can produce those
same scattered differences in ı13
between one version of the EC
E
calculation and another. The magnitude of the scatter depends on
the pattern of noise (but not its origin) and on how each version
of the calculation translates that noise into ı13
. So, in principle, the
E
results reported in Sturm et al. (2012) might have been obtained
for any weighting of instrument and non-instrument noise.
We should also report that we performed four of the sensitivity analyses described in Sturm et al. (2012) on our own data, and
associated with each change to the EC
found that the scatter in ı13
E
calculation was much smaller than the scatter associated with the
instrument noise described in Sturm et al. (2012). We chose one
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Fig. 13. Box and whisker plots directly comparable to those in Sturm et al. (2012),
associated with increased instrument
showing the distribution of changes to ı13
E
noise and three changes to the EC calculation. Boxes span the 25th to 75th percentiles
and whiskers span the 10th to 90th percentiles. Numbers at right are the box widths.

sensitivity analysis of each type represented in Sturm et al. (2012):
instrument noise, averaging scheme, integration period, and wind
coordinate rotation. Our results are presented in Fig. 13, whose box
and whisker plots have been crafted for direct visual comparison
with those in Sturm et al. (2012). As in Sturm et al. (2012), we
used double rotation and block averaging over 30 min for our reference calculation. The instrument noise added was 4 Hz Gaussian
white noise with a standard deviation of 0.13 ppm in C and 0.38‰
in ␦13 C; this noise exactly follows the description in Sturm et al.
(2012), and is therefore about twice as large as our actual instrument noise, though we had to scale
 the standard deviations from
10 to 4 Hz values by dividing by 10/4. Unsurprisingly, the scatter
resulting from this noise was nearly the same here (8.2‰) as in
Sturm et al. (2012) (8.8‰). The scatter associated with the change
to triple rotation, on the other hand, was 42 times smaller here
(0.23‰ versus 9.7‰). The scatter for the switch to linear detrending was 4 times smaller here (1.2‰ versus 5.0‰), and the scatter
for the switch to 15-min (block) averaging was 7 times smaller
here (1.0‰ versus 7.0‰). So at our site, using our spectrometer,
the particulars of the EC data processing had a negligible inﬂuence
on ı13
even in a stochastic sense. Note that these results do not
E
imply that the simulated instrument noise would be the dominant
source of uncertainty in ı13
at our site; they might simply indiE
cate that the various versions of the EC calculation do not differ
much in how they translate the data noise into noise in ı13
. We
E
excluded periods when u* < 0.17 m/s (Urbanski et al., 2007) from
these statistical tests, although this ﬁltering did not much affect
the results.
4.8. Prognosis for isotopic ﬂux partitioning
A proper treatment of the isotopic partitioning of NEE is too elaborate to include here, and is therefore to be presented in a separate
article. Nonetheless, we can give a brief indication of the potential
for partitioning using the present measurements.
Isotopic ﬂux partitioning amounts to solving the combined mass
balance equation for 12 CO2 and 13 CO2 :
FA =

− ı13
)
(ı13
N
NR
(ı13
− ı13
)
NR
A

FN

(5)

where FA is the net photosynthetic assimilation ﬂux, and ı13
and
A
ı13
are
the
carbon
isotope
signatures
of
net
photosynthetic
assimiNR
lation and of nonfoliar ecosystem respiration, respectively (Saleska
et al., 2006). The difference between these signatures, appearing
as the denominator in Eq. (5), is called the isotopic disequilibrium.
It is clear that partitioning is impossible when the signatures are
identical, and that the error in FA becomes inﬁnite as the disequi). In line with expectations,
librium approaches zero (for a given ı13
N
we have found that the actual disequilibrium at the Harvard Forest
is roughly 2‰. Thus it would seem impractical to partition NEE if
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the uncertainties in ı13
, ı13
, and ı13
have standard deviations on
NR
N
A
the order of 1‰.
However, in isotopic ﬂux partitioning as conceived by Bowling
et al. (2001) and developed thereafter, ı13
is not measured; rather,
A
it is related to FA by additional equations describing CO2 diffusion
within the leaf, and solved for as an unknown alongside FA . Error
or ı13
is thus divided between ı13
and FA , so that the latter
in ı13
N
NR
A
is less sensitive to said error than expected.
. For
Put another way, FA is constrained by its relationship to ı13
A
example, if isotopic measurement error were to cause the magnitude of the retrieved FA to increase from its true value, then the
retrieved ı13
would have to move toward the diffusion-limited
A
extreme of ∼−13‰, which the equations could not support given
that: (1) both ı13
and ı13
are ﬁxed by measurement at around −25%,
N
NR
and (2) the photosynthetic ﬂux is a greater contributor to FN than
is the respiratory ﬂux (through most of the daylight hours). Going
in the other direction, ı13
moves toward the biochemistry-limited
A
extreme of ∼−36‰, which is equally insupportable except for a
secondary, ecologically implausible solution to the equations near
becomes irrelevant.
FA = 0, where the value of ı13
A
In practice, we ﬁnd that an intentionally introduced error of
induces an error of about +0.5‰ in ı13
and an error
+1‰ in ı13
N
A
varying between just −1 and −2 mol m−2 s−1 in FA (+1 and
+2 mol m−2 s−1 in FNR ). Thus the present measurement precision
around midday should be sufﬁcient for partitionof 1.5‰ in ı13
N
ing individual 40-min measurements of NEE with an uncertainty
of about 2 mol m−2 s−1 .

5. Conclusion
We have presented eddy covariance measurements of the
ecosystem–atmosphere exchange of 13 C16 O2 , 18 O12 C16 O, and
12 C16 O at the Harvard Forest over the 2011 growing season. This
2
isotopic EC measurement dataset is the ﬁrst to extend to the seasonal timescale, and only the third ever recorded in any ecosystem.
We have featured three prominent patterns. First, the 13 C composition of NEE exhibits a pattern of daytime variation likely reﬂecting
a shifting balance between the diffusive and biochemical limitations on photosynthesis. Second, the 18 O isoﬂux exhibits features
associated with evaporative 18 O enrichment of leaf water over the
course of the daylight hours. Third, there are clear seasonal variations in both isoﬂuxes and in the 13 C composition of NEE. The 18 O
composition of NEE is more consistent from month to month.
Using our measurements, we have demonstrated that the previously used EC/ﬂask method for approximating the 13 C isotopic
composition of NEE cannot resolve the daytime variation just mentioned, and can be biased relative to pure EC measurements, on a
monthly timescale, by 2‰.
We have also rigorously assessed the limiting sources of uncertainty in our measurements, ﬁnding in particular that uncertainty
in the isotopic composition of NEE is jointly limited by instrument
noise and by ecological and environmental heterogeneity, so that
further improvements to instrument performance will be of little
beneﬁt. We have also clariﬁed that the EC data processing does not
contribute signiﬁcantly to the uncertainty, contrary to the implication in Sturm et al. (2012). Instrument noise was determined
based on our detailed characterization of the new cryogen-free,
continuous-wave, quantum cascade laser spectrometer that was
used to measure the CO2 isotopologue molar mixing ratios. The
precision and stability of this spectrometer – when its electronics
are housed in a thermally regulated container – are unprecedented
among laser spectrometers, and on par with isotope ratio mass
spectrometers.
Finally, we have argued that the precision with which we can
measure the isotopic composition of NEE is sufﬁcient to provide

insight into the biological mechanisms controlling ecosystem-scale
carbon balance, and in particular to partition NEE into gross ecosystem photosynthesis and respiration.
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Appendix A.
Here we present the equations used to convert back and forth
between a set of CO2 isotopologue molar mixing ratios {C626 , C636 ,
C826 } and the corresponding set {C, ␦13 C, ␦18 O}. Three-digit superscripts denote molecules according to the old Air Force Geophysics
Laboratory (AFGL) shorthand notation: “626” for 16 O12 C16 O, “636”
for 16 O13 C16 O, and “826” for 18 O12 C16 O. Two-digit superscripts
continue to denote atoms, as in Section 2. We use the following values for the isotopic ratios of the Vienna Pee Dee Belemnite
(VPDB) and Vienna Standard Mean Ocean Water (VSMOW) standards (Grifﬁs et al., 2004; Baertschi, 1976; Allison et al., 1995; Li
et al., 1988):
13
RVPDB
= 0.0111797
18
RVSMOW
= 0.0020052
17
RVSMOW
= 0.0003799

Given the total molar mixing ratio C and the isotopic compositions
␦13 C and ␦18 O, one can calculate the isotopologue molar mixing
ratios C626 , C636 , and C826 as follows. First we convert the deltas to
isotope ratios:
13
R13 = RVPDB
(ı13 C + 1)

(A.1)

18
R18 = RVSMOW
(ı18 O + 1)

(A.2)

17
(ı18 O + 1)
R17 = RVSMOW

0.516

(A.3)

where we have used the relationship,



R17
17
RVSMOW

=

R18
18
RVSMOW

0.516
(A.4)

(Matsuhisa et al., 1978; Allison et al., 1995). We have no means
to verify this relationship between 18 O and 17 O, but it is unlikely
17
to be worse than simply assuming that R17 = RVSMOW
, with respect
to which Eq. (A.4) represents a correction of roughly 2.5%. A 2.5%
error in R17 would correspond to about 1 in 105 oxygen atoms and
lead to a 7 ppb error in the calculation of C626 when C = 400 ppm.
Next we ﬁnd the fractions of the total carbon that are 12 C and
13 C:
f 12 =

1
(1 + R13 )

(A.5)
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f 13 = R13 · f 12

(A.6)

And we ﬁnd the fractions of total oxygen that are 16 O, 18 O, and 17 O:

f 16 =

1
(1 + R18 + R17 )

(A.7)

f 18 = R18 · f 16

(A.8)

f 17 = R17 · f 16

(A.9)

The isotopologue molar mixing ratios are then calculated as:
C 626 = C · f 16 · f 12 · f 16

(A.10)

C 636 = C · f 16 · f 13 · f 16

(A.11)

C 826 = C · 2 · (f 18 · f 12 · f 16 )

(A.12)

where we have assumed that the probability of a site in the
molecule being occupied by a given isotope is equal to the relative abundance of that isotope, i.e. a given atom has no preference
for bonding with one isotope over another. In reality, multiply
substituted isotopologues, known as “clumps”, are slightly favored
thermodynamically (Eiler, 2007). Neglecting clumping, the carbon
isotope ﬂux ratio FN13 /FN12 is equal to the isotopologue ﬂux ratio
FN636 /FN626 while the oxygen isotope ﬂux ratio FN18 /FN16 is equal to
half the isotopologue ﬂux ratio FN826 /FN626 , as there are two indistinguishable oxygen sites in the CO2 molecule.
We now consider the reverse calculation. Given the isotopologue molar mixing ratios C626 , C636 , and C826 , one can ﬁnd the total
molar mixing ratio C and the isotopic compositions ␦13 C and ␦18 O
as follows. For carbon, which appears only once in the molecule and
has only two relevant isotopes (we neglect 14 C), the atomic isotopic
composition is given by:



13

ı C=

R13



13
RVPDB

− 1; R13 =

C 636
C 626

(A.13)

For oxygen, which appears twice in the molecule, the atomic isotopic composition is given by:



ı18 O =

R18
18
RVSMOW



− 1; R18 =

C 826
(2C 626 )

(A.14)

To calculate the total CO2 molar mixing ratio, we need to determine
the molar mixing ratios of the minor, unmeasured isotopologues. We start by calculating R17 from Eq. (A.3) and using Eqs.
(A.5)–(A.9) to calculate f12 , f13 , etc. We then make the approximation C ≈ Cguess = C626 + C636 + C826 , which allows us to calculate the
molar mixing ratios of the minor isotopologues involving 12 C as:
C 726 = C · 2 · f 17 · f 12 · f 16

(A.15)

C 827 = C · 2 · f 18 · f 12 · f 17

(A.16)

C 828 = C · f 18 · f 12 · f 18

(A.17)

C 727 = C · f 17 · f 12 · f 17

(A.18)

Finally, the total molar mixing ratio is obtained as:
C = C 626 + C 826 + C 726 + C 828 + C 827 + C 727 + (C 636 + C 638 + C 637
+ C 838 + C 837 + C 737 ) = (C 626 + C 826 + C 726 + C 828 + C 827
+ C 727 ) · (1 + C 636 /C 626 )

(A.19)
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