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Abstract The oxygen isotope composition of evapotranspiration (§f) represents an
important tracer in the study of biosphere—atmosphere interactions, hydrology, paleocli-
mate, and carbon cycling. Here, we demonstrate direct measurement of §r based on the
eddy-covariance and tunable diode laser spectroscopy (EC-TDL) techniques. Results are
presented from laboratory experiments and field measurements in agricultural ecosystems.
The field measurements were obtained during the growing seasons of 2008 and 2009. Water
vapour mixing ratios (x,) and fluxes (F') were compared using EC-TDL and traditional
eddy-covariance and infrared gas analyser techniques over a soybean canopy in 2008. The
results indicate that x,, and F agreed to within 1 and 6%, respectively. Measurements of § p
above a corn canopy in 2009 revealed a diurnal pattern with an expected progressive 30
enrichment through the day ranging from about —20%, before sunrise to about —5%o in late
afternoon. The isotopic composition of evapotranspiration was similar to the xylem water
isotope composition (8, = —7.2%q) for short periods of time during 1400-1800 LST, indicat-
ing near steady-state conditions. Finally, the isotopic forcing values (/r) revealed a diurnal
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pattern with mean maximum values of 0.09ms~! %o at midday. The I values could
be described as an exponential relation of relative humidity confirming previous model
calculations and measurements over a soybean canopy in 2006. These patterns and com-
parisons indicate that long-term continuous isotopic water vapour flux measurements based
on the eddy-covariance technique are feasible and can provide new insights related to the
oxygen isotope fractionation processes at the canopy scale.

Keywords Eddy covariance - Evapotranspiration - Isotopic discrimination -
Isotopic forcing - Oxygen isotopes - Tunable diode laser spectroscopy - Water vapour

1 Introduction

The isotopic composition of atmospheric water vapour represents an important environmental
tracer that can be used to better understand the complex physical and biophysical processes
involved in land-atmosphere transport of water. The turbulent transport of water vapour
between the hydrosphere /biosphere and atmosphere represents the dominant energy sink for
the radiant energy absorbed at the Earth’s surface, but its influence on the atmosphere’s water
vapour isotopic budget remains poorly understood (Lee et al. 2005; Worden et al. 2007). A
considerable amount of isotope research has focused on the condensed phase. However, the
analysis of water vapour isotopic composition has been limited to relatively short-term (i.e.
less than a few weeks) campaigns. The only exceptions are the 8-year record (1981-1988)
of Jacob and Sonntag (1991) who collected and measured water vapour content once every
24 or 48h and Angert et al. (2008) who measured water vapour content collected two times
per week over a 9-year period (1998-2006). Far fewer studies have attempted to quantify the
isotope composition of the water vapour flux (Lee et al. 2007; Lai et al. 2006; Yakir and Wang
1996; He and Smith 1999). This limitation has long been recognized as an impediment to
improved understanding of the water vapour isotope budget, and the cycling of atmospheric
moisture. Progress has been limited by a lack of suitable in situ methodologies that can be
deployed in the field. However, laser-based technologies are rapidly becoming available so
that these measurements will likely be routine in the near future (Lee et al. 2005; Wang et al.
2009; Sturm and Knohl 2009).

These new optical isotope methods have the potential to provide near-continuous and fast
(~10Hz) measurements of isotopic water vapour mixing ratios. The high temporal resolution
provides a unique opportunity to directly quantify the water vapour isoflux and atmospheric
isoforcing (Lee et al. 2007, 2009; Griffis et al. 2008; Welp et al. 2008). These developing
technologies may provide a critical link to upper tropospheric observations of isotopic water
vapour based on satellites (Worden et al. 2006, 2007; Herbin et al. 2007; Brown et al. 2008).
Worden et al. (2007) used the Tropospheric Emission Spectrometer sensor on board NASA’s
Aura satellite to study the transport and cycling of tropospheric water vapour. We antici-
pate that the coupled application of ground-based optical isotope and satellite observations
will provide new insights into the links between boundary-layer and upper troposphere pro-
cesses, and should provide critical data for interpreting variations in atmospheric C'30!°0
(Welp et al. 2008; Xiao et al. 2010).

Quantifying land-atmosphere water vapour and carbon isotope exchange has been lim-
ited to a number of indirect methodologies including relaxed eddy accumulation, the
eddy-covariance/flask isotope method, and the flux-gradient technique (Bowling et al. 1999,
2001; Yakir and Wang 1996; Griffis et al. 2004, 2005; Lee et al. 2005). More recently
we demonstrated that it was possible to measure the isotopic fluxes of CO, directly using
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eddy-covariance and tunable diode laser spectroscopy (Griffis et al. 2008). The eddy-covari-
ance method has several advantages over these other techniques and is already widely used
within the Global Fluxnet network (now consisting of more than 500 sites). Despite the
simple theory and few underlying assumptions, the eddy-covariance method is technically
demanding and requires a fast-response analyser that is stable over the typical averaging
period.

In this paper we describe a lead-salt tunable diode laser (TDL) spectroscopy system
(TGA200, Campbell Scientific Inc., Logan, Utah, USA) and the eddy-covariance (EC) appli-
cation (EC-TDL approach) for water vapour isotopic flux measurements. A similar system
(TGA100, CSI) was first used by Lee et al. (2005) to measure isotopic water vapour mixing
ratios in a flux-gradient mode. The system described here represents a redesign specific for
eddy-covariance flux measurements. Further, we build on the recent eddy-covariance CO»
isotope technique described in Griffis et al. (2008) and highlight the technical details related
to the water vapour isotope application.

2 Basic Theory

Briefly, the total water vapour flux (F, mmolm~2 s~ !) between the biosphere and atmosphere
can be obtained from,

F=@ww;+5=ﬁ¢/cw¢fwf+& (1)

where, p, is the molar density of dry air, w is the vertical wind velocity, x,, is the total H,O
molar mixing ratio, the primes indicate the differences between instantaneous and mean val-
ues and the overbar indicates an averaging operation (i.e. 30- min integration period). Here
w’ xy," 1s the covariance of w and y,, and is equivalent to the cospectral density of the fluctu-
ations in vertical wind velocity and H> O mol mixing ratio (Cw ,, ), where f is the frequency.
The storage term (.S) is defined as the rate of change in total HyO between the ground and
the eddy-covariance measurement height.
Similarly, the isotopic water vapour fluxes can be determined from,

V=mwﬂw+9=m/f@AMﬁ+V, @)

where superscript x indicates one of the isotopologues (H56O or HégO).
The isotopic composition of the water vapour flux can be determined from the flux ratio,

FlS F16
5F = 1000 (% - 1) 3)

with the isotope ratio reported relative to R, the Vienna Standard Mean Ocean Water scale.
Further, these high frequency measurements provide an opportunity to explore the cospectral
flux ratio as a function of eddy frequency. This technique may lead to new process informa-
tion regarding the source origin of water vapour in turbulent transport and in boundary-layer
flows,

“

R

18 16
() = 1000(C“’Xw (/8L 1).
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Finally, the impact on the isotopic composition of surface-layer air can be determined
from the isotopic forcing (/r) principle (Lee et al. 2009),

— F
Ir =w'é, = F(SF — ) (&)
w

where w’8] represents the mean covariance between w and the oxygen isotope composition
of water vapor (8,) (ms~! %) and C,, is water vapour molar concentration expressed here
in units of mmolm 3.

3 Methodology
3.1 Research Site and Experiments

Experiments were conducted in the laboratory and at the Rosemount Research and Outreach
Center at the University of Minnesota from August 8§ (DOY 221) to September 19 (DOY
263), 2008 and June 19 (DOY 170) to August 31 (DOY 243), 2009. The research site is
part of the AmeriFlux network and is located about 25km south of Saint Paul, Minnesota,
USA. The field site is currently managed in a conventional corn/soybean rotation. In this
study the measurements were made during the soybean (Glycine max, C3 photosynthetic
pathway) phase of the rotation (2008) and during the corn (Zea mays, C4 photosynthetic
pathway) phase (2009). The eddy-covariance system was located approximately 50 m from
the northern edge of the research field, with southerly winds producing an upwind fetch of
about 350 m. The TDL system was located about 1.5 m from the micrometeorological tower
and was exposed to the weather elements. Hé(’O and H%SO absorption were measured at
wavenumbers of 1500.546 and 1501.188 cm™", respectively. The design modifications of the
TDL system included matching the sample and reference cells in size (1.466 m path length,
300ml volume), which are now constructed from a graphite composite. These modifica-
tions were made to help reduce pressure broadening effects (a source of non-linearity) and
to improve temperature stability. Our experiments in 2008 focused on comparing the fre-
quency response, total water vapour mixing ratio, and total water vapour eddy fluxes of the
EC-TDL system versus traditional infrared gas analysis (IRGA, open and closed-path sys-
tems). In 2009 the EC-TDL experiments focused on examining the isotopic composition of
water vapour mixing ratios and fluxes with detailed comparisons with the isotope composition
of soil and plant xylem water.

3.2 Tunable Diode Laser Calibration and Air Sampling

A bubbler device was used to provide the TDL water vapour reference gas at approximately
12mlmin~! (Fig. 1). This device differs from that used by Lee et al. (2005) who provided
a pure source of water vapour by sampling the head space air volume of a water reservoir
maintained at a temperature of 40°C. Here we saturated an air stream at a set-point temper-
ature of 45°C and at an atmospheric pressure of approximately 98.5 kPa to produce a water
vapour mixing ratio of 110mmolmol~!. Ambient air was filtered and pulled into the bottom
of a glass bottle where it bubbled to the surface. Air was pulled from the head space using
a short tube with a flow restriction (0.2 mm inner diameter and 100 mm length), and which
was immersed in the water and connected to the TDL reference cell at 1.2kPa. This pre-
vented condensation from occurring inside the bubbler device. Further, the reference water
was enriched in '80 by mixing 10 mg of labeled H0 (95% 3O content) (Cambridge Isotope
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Fig. 1 Diagram of the eddy-covariance and tunable diode laser water vapour sampling system

Laboratories, Andover, Maine, USA) into 200 ml of standard liquid water. This resulted in
approximately equal effective absorption line strengths for each isotope.

The calibration strategy is based on generating different water vapour span values having
identical isotope ratios using a dripper evaporation technique. Here, we assume that the total
water vapour mixing ratio measured by the TDL is correct. Lee et al. (2005) developed the
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Fig. 2 Time series of the dynamic water vapour mixing ratio calibration for the 2009 corn growing season.
Three span values were used to bracket the ambient water vapour mixing ratio by adjusting the pressure set
point of the calibration dripper device. The inset shows a magnified view of the time series from DOY 180 to
DOY 183 where the ambient mixing ratio was bracketed to within 1 mmol mol !

first dripper system that used a syringe pump. The dripper system used in this experiment
consisted of a 650ml water reservoir treated with ultraviolet radiation to prevent bacte-
rial/fungal growth (Biologic BIO-1.5 ultraviolet purifier, Atlantic Ultraviolet Corp., Sacra-
mento, USA). A constant drip rate was maintained by using a pressure drop laminar flow
tube (0.28 mm inner diameter and 6.1 m length), which was connected to the water reservoir
that was pressurized via compressed air up to 200 kPa above ambient. This allowed water
to displace through the laminar flow tube and drip on to a small heated (116°C) stainless
steel evaporating plate. The drip rate could be controlled with pressure over a range that was
ultimately determined by the length and diameter of the laminar flow tube. Precise pressure
control of the water reservoir was achieved by using a pressure volume with a fill and vent
valve that was controlled to a set point by the data logger. The effect of temperature on the
viscosity of water had a very minor influence on the drip rate. To reduce such effects, and
to eliminate condensation, the temperature of the dripper system was thermostatically con-
trolled. The heated evaporating plate had a shallow channel that allowed the dry air stream
to mix with the evaporated water. Further, the heat plate was covered with wicking paper
(Whatman grade 3MM chromatography paper, 20 mm, New Jersey, USA) to ensure rapid
and complete evaporation of the water droplets. The wicking paper was changed every one to
two weeks to prevent the build-up of mineral deposits. The dripper device was filled weekly
with laboratory standard water (§'%0 = —8.4%). Its isotopic ratio was measured before
and after each refill. In 2009, we used a dynamic calibration technique by spanning ambient
water vapour mixing ratio values to within approximately 8% by varying the dripper set-
point pressure. Figure 2 shows an example of this dynamic tracking over the period DOY
165-DOY 210, 2009.
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Dry air was generated in the field for the dripper calibration device and to provide purge
air to eliminate water vapour between the TDL laser source and the reference and sample
cells. The dry air (ultra zero) was generated using a three-stage process. First, air was com-
pressed and conditioned using an oil and liquid water trap; second, the compressed air was
passed through a nafion dryer (PD1000, Perma Pure Inc., New Jersey, USA) using a split
sample flow method; finally, the air was passed through two molecular sieves (Molecular
Sieve Zeolite, 13X-Z8, Agilent Technologies, California, USA) that were joined in series.
The dry air was pushed through a mass flow controller (MPCO002B, Porter Instrument Co.,
Pennsylvania, USA) into the evaporator to provide the high span calibration air stream. The
high span calibration air was further diluted downstream using the same dry air source and
a combination of three valves to produce the desired range of span values.

The air sampling system consisted of a custom designed 16 valve manifold with integrated
pressure control via a data logger (CR3000, CSI). In this application the excess flow through
the outlet of the manifold was controlled to maintain constant pressure in the manifold and
constant flow to the TDL. The TDL sample cell pressure was maintained at 1.1kPa. All of
the sample inlets use an internal bypass to allow constant flow and to reduce the equilibration
time following valve switching. This also maintains lower sample line pressure and reduces
the potential for condensation. In this field experiment three inlets were used to provide dry
air for producing the three span gases described above.

In 2008 four inlets were used for the air sampling. These included the eddy-covariance
inlet located at 2.7 m above the soil surface and three profile inlets located at 0.10, 0.85, and
1.85m. A base flow rate of 101min~! was pulled through the eddy-covariance inlet and a
base flow rate of 1.71min~! was pulled through each of the three profile inlets using a dia-
phragm pump (1-DOAVS502, Gast Manufacturing Inc., Michigan, USA). Each profile inlet
was buffered using a 51 custom-blown glass mixing volume. The base flow was sub-sampled
at 1.51min~"! through the TDL using a vacuum pump (RB0021, Busch Inc., Virginia, USA).
The sample inlets were maintained at 65.0kPa. All of the sample tubing consisted of natural
coloured high density polyethylene (HDPE, 6.25 mm outer diameter part number 50375K41,
McMaster-Carr, New Jersey, USA) and was heated with heating tape and wrapped with foam
insulation to prevent condensation, reduce adsorption, and to improve the overall frequency
response of the system.

The valve switching sequence was controlled using the data logger and valve drive mod-
ule (SDM-CD16S, CSI). In 2008, a 10-min (600s) sample cycle included the following
sequence: (1) calibration with ultra dry air for a period of 30s; (2) calibration with span 1,
span 2, and span 3 for a period of 10s each; (3) sampling of profile inlets zy, z2, and z3 for a
period of 10s each; (4) sampling the eddy-covariance inlet for a period of 510s. At the end
of the 10- min cycle the sequence was reversed beginning with the high span calibration.

In 2009 the sampling scheme was simplified to include only the eddy-covariance inlet
mounted at 3.5 m above the soil surface and the storage term in Eq. 2 was not measured. As
discussed by Welp et al. (2008) this is unlikely to have a significant influence on § . Further,
our analyses have shown that §F is relatively insensitive to using a friction velocity filter,
which provides indirect evidence that the storage term is not significant, at least in low stature
vegetation. A base flow rate of 121min~! was pulled through the system and sub-sampled
at 1.51min~!. The sample inlet was maintained at 60.0kPa. In this sampling configuration
there was a 1.1s time delay between the sonic anemometer and the water vapour isotope
mixing ratio measurement. The majority of this delay (0.744s) was attributed to the TDL
5Hz digital filter, see Griffis et al. (2008).

A 12-min (7205s) cycle was used and the sampling sequence consisted of: (1) calibration
with ultra dry air for a period of 30s; (2) calibration with span 1, span 2, and span 3 for
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a period of 10s each; (3) sampling of the eddy-covariance inlet for a period of 660s. In
post processing, an omit time of 5s was used following valve switching to ensure that air
sample and calibration samples had equilibrated to their respective step change. An omit
time of 20s was required for the ultra dry air calibration. Figure 3 shows an example of
the transient response and equilibration time for HéC‘O associated with valve switching.
Figure 4 illustrates the transient response for the minor isotopes. These data indicate
greater noise in the deuterium signal, and what appears to be a stronger tubing effect on
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deuterium. Sturm and Knohl (2009) recently examined Teflon and Synflex (a composite of
polyethylene/aluminum with an ethylene copolymer internal coating) tube types and their
influence on water vapour attenuation and fractionation. They concluded that Synflex had a
slower equilibration time and an apparent strong kinetic fractionation effect for deuterium.
Our own laboratory tests have shown that natural coloured high density polyethylene (HDPE)
tubing performed as well or slightly better than Teflon tubing. Further, when testing Synflex,
we confirmed the longer equilibration time compared to HDPE and Teflon. However, we
were not able to confirm the strong kinetic fractionation effect for deuterium. Tube attenua-
tion and fractionation effects related to the eddy-covariance measurements are discussed in
more detail below.

3.3 Data Acquisition and Post Processing

All raw signals were recorded at 10 Hz using the data logger, with post-processing performed
using custom software developed with Matlab (The Mathworks Inc., Natick, MA, USA). The
water vapour eddy-covariance and TDL data were processed using a methodology similar to
that described in Griffis et al. (2008):

1. Dry (zero) and span values were smoothed and interpolated between calibration intervals
at 10Hz.

2. A zero offset value was removed from the measured isotopic mixing ratios for each span
gas and air sample.

3. A correction factor based on the difference between the dripper isotope ratio (standard)
and the measured isotope ratio of the span gas values was calculated for each measure-
ment cycle.

4. A linear regression equation was used to model this correction factor as a function of

total water vapour mixing ratio for each cycle.

The appropriate correction factor was then applied to the 10Hz raw data.

6. Finally, new isotopic mixing ratios were calculated for flux computations.

e

3.4 Eddy-Covariance Instrumentation

Wind velocity fluctuations were measured at 10Hz using a three-dimensional sonic
anemometer-thermometer (CSAT3, CSI). Total water vapour fluctuations were measured
at 10Hz using the TDL and open and closed-path infrared gas analyser (IRGA) (models
LI7500 and LI7000, Licor Inc., Nebraska, USA). The closed-path IRGA was maintained in
a temperature-controlled housing (TCH, Model GA-TCH, Biometeorology and Soil Physics
Group, University of British Columbia, British Columbia, Canada). Air was pulled through
the analyser at a flow rate of 101min~! and the sample cell pressure was maintained at 65 kPa.
All eddy fluxes were calculated from 30- min block averaging followed by a two-dimensional
coordinate rotation.

3.5 Liquid Water Isotope Analysis

Liquid water, including precipitation, soil, xylem, and the dripper calibration water, were
analyzed using a distributed feedback (DFB, near-infrared) tunable diode laser with off-axis
integrated-cavity-output spectroscopy (DLT-100, Los Gatos Research Inc., Mountain View,
California, USA) (Lis et al. 2008). The DLT-100 was integrated with an autosampler
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(HT300A, HTA Srl, Brescia, Italy) using an embedded National Instruments controller
(cFP-2120, National Instruments, Austin, Texas) to translate the communications. Soil and
xylem water were extracted on a custom designed glass vacuum line. All water isotope
analyses were conducted by running each sample six times to reduce memory effects. We
rejected the first three measurements and used the final three measurements to characterize
the isotope ratio of each sample. For each run, water standards were chosen to bracket the
expected values for that set of unknown samples. In some cases, samples were re-analysed
to provide an optimal set of calibration standards. Typical precision was 0.2%c for §'30.
Research has demonstrated excellent agreement between these relatively new optical isotope
techniques with traditional mass spectrometer methods (Brand et al. 2009). However, there
is emerging evidence that organic contaminants can produce large errors in the measurement
and care should be taken to identify such artifacts (Brand et al. 2009; West et al. 2010).
We followed the sampling protocol proposed by the Moisture Isotopes in the Biosphere and
Atmosphere (MIBA, http://ib.berkeley.edu/labs/dawson/MIBA-US/) program for sampling
soil and xylem water. Xylem water was collected near midday (1200 LST) and samples were
sealed in glass vials, wrapped with paraffin, and frozen until cryogenic water extraction on
the glass line.

4 Results and Discussion
4.1 Evaluation of EC-TDL Performance
4.1.1 Precision and Accuracy

The precision of an earlier version of the TDL was reported previously by Lee et al.
(2005) and Wen et al. (2008). Their results showed that the 25-s and 1-h average pre-
cision for 880 were 0.33 and 0.07%o, respectively when measured at a mixing ratio of
15.9mmol mol~!. Performance degraded slightly at lower water vapour mixing ratios. The
short-term (10 Hz) noise of the TDL was determined under field conditions from the stan-
dard deviation of 10Hz measurements when measuring a constant water vapour source
(i.e. during calibration periods and measurement from a dew point generator). The 10Hz
noise values were typically 20.1 and 0.04 umolmol~! for H%6O and H%SO and 1.6%o for
8180. These noise values were compared to the measured water vapour fluctuations (i.e.
the departures from the mean values over the calibration intervals, 10 or 12-min means)
over a 3-day period (DOY 180-DOY 182, 2009) and indicated that the signal-to-noise
ratios were 46 and 16 for H;GO and H%SO, respectively. Compared to our EC-TDL CO,
isotope application at the same site (Griffis et al. 2008), the signal-to-noise ratio was bet-
ter by a factor of 2 to 3 for water vapour isotopes. Figure 5 provides an example of the
10Hz fluctuations in w, sonic temperature (7s), 8,, and x, for a 10-min period near
midday on DOY 184, 2009. These high frequency time series illustrate a number of key
features including ramp structures that can be observed simultaneously in each of the
traces. A lowpass filter (1-s running mean) applied to the 10Hz §, signal indicates that
its behaviour is strongly correlated with the other scalars (7y and x,,) and the atmospheric
motion.

Following a similar approach to Lee et al. (2005), Wen et al. (2008), and Wang et al.
(2009), we used a mixing ratio generator and the Rayleigh distillation model to evaluate
the accuracy of the TDL system and our calibration technique described above. In this
case, mixing ratios were generated in the laboratory using a custom designed mixing ratio
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Fig. 5 Time series of high frequency (10Hz) fluctuations of a Héﬁo mixing ratio; b oxygen isotope com-
position of water vapour; ¢ sonic temperature; d vertical wind velocity. The gray trace in b represents the
calibrated 10Hz signal. The black trace shows the effect of adding a low pass (1-s running mean) filter

generator that was developed specifically for generating water vapour with a known iso-
tope ratio (Baker and Griffis 2010). The generator was filled with 20 ml of de-ionized water
with known isotope ratio. Air from a compressed cylinder was passed through two molecular
sieves and through the mixing ratio generator at a flow rate of approximately 0.51min~'. The
isotope ratio of the vapour (R,) was predicted forward in time using the Rayleigh distillation
model,

a—1
R, =X (ﬁ) ©)

o \\mo

where R; is the initial isotope ratio of water used to fill the dew point generator, m is the initial
mass of water, m is the residual mass of water in the vapour pressure generator, and « is the
temperature-dependent equilibrium fractionation factor for oxygen-18 (Majoube 1971). The
absolute isotope ratio of the water vapour (R,) was converted to delta notation and compared
directly with the TDL measurements. Figure 6 shows the laboratory Rayleigh test results for
four different mixing ratios (18, 15, 12, and 9 mmol mol_l) measured over a period of about
18-24h. These data show good agreement between the measured and modelled §'30 based
on Rayleigh theory. The difference between the measured and predicted values at the end of
the experiment was at best less than 0.14%, and on average 0.89%. The calculated isotopic
ratio of the vapour in equilibrium with the liquid water is also shown for the beginning and
end of each experiment as triangles (measured independently using the liquid water isotope
analyser). The difference between these values and the TDL measurement was at best 0.09%o
and on average 0.50%.
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Fig. 6 Comparisons of the tunable diode laser water vapour isotope measurement versus values predicted
from a Rayleigh distillation method. These tests were conducted under laboratory conditions over an 18-24h
period for mixing ratios (dew-point temperature) of: a 18 mmol mol ! (15°C); b 15 mmol mol ! (12°0);
¢ 12 mmol mol ! (9°C); and d 9 mmol mol ! (4.6°C). Triangles indicate the calculated isotope ratio of the
vapour in equilibrium with the liquid water at the beginning and end of the experiments. These end point
values were measured using a distributed feedback tunable diode laser with off-axis integrated-cavity output
spectroscopy

4.1.2 Linearity and Stability

Lee et al. (2005) showed that the tunable diode laser (TGA100) §'80 sensitivity to water
vapour mixing ratio was strongly non-linear. This presents an important challenge to mea-
suring fluxes using the gradient or eddy-covariance approach. Their calibration strategy was
to closely bracket (to within 10%) the ambient conditions using an upper and lower water
vapour span value that was continuously adjusted based on an environmental feedback mea-
surement loop. In the 2009 field experiment we adopted a similar strategy. Examples of the
instrument 830 sensitivity to water vapour mixing ratio are shown for DOY 174 (Fig. 7a, b)
and DOY 199 (Fig. 7c, d). The data points (solid circles) represent the median hourly values
and the solid lines indicate the linear regression. Examples are shown for 0800 local standard
time (upper panels) and 1600 local standard time (lower panels). The sensitivity of §'80 to
a change in mixing ratio was typically about 1%o permmol mol~!. This non-linear response
illustrates the importance of using the dynamic calibration. Previous studies have examined
the calibration stability of the TDL for CO, and H»O isotopes (Griffis et al. 2008; Wen et al.
2008). These studies demonstrated that the mixing ratio calibration precision was relatively
stable for about 30- min and that the isotope ratio calibration precision was stable from about
1h (H2O) to nearly 3h (CO;) because the gain factor errors tended to be correlated.
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Fig. 7 Examples of the typical range of calibration correction factors and their dependence on the water
vapour mixing ratio. The values shown are median hourly values for typical days during the 2009 corn field
experiment. These values are corrected for a zero offset. A gain correction was not applied

4.1.3 Comparison of Tunable Diode Laser and Infrared Gas Analyser Measurements

A comparison of the total water vapour mixing ratio measured using the TDL and the open
and closed-path IRGAs is shown in Fig. 8 (top panels) for the 2008 soybean experiment.
In this case the TDL was calibrated at the beginning and end of the experimental period
using a dew point generator. The water vapour mixing ratios were computed relative to the
TDL reference cell mixing ratio. These results demonstrate relatively good agreement among
each of the systems. There was slightly more scatter in the open-path IRGA because of its
susceptibility to condensation/precipitation events and its calibration span value appeared
to be low by approximately 10% compared to the closed-path IRGA. The linear regression
equations for the TDL versus open-path IRGA and TDL versus closed-path IRGA were
y = 1.lx — 1.2 (! = 0.92 and RMSE=1.05) and y = 0.99x + 1.2 (+> = 0.99 and
RMSE =0.30), respectively.

The time series of water vapour fluxes for each of the eddy-covariance systems is also
shown in Fig. 8 (lower panels). In this case, we adjusted the open-path IRGA fluxes upward
by 10% to account for the calibration span error. There was good agreement between the
EC-TDL and EC-IRGA systems. The linear regression equations for the EC-TDL versus
open-path EC-IRGA and the EC-TDL and closed-path EC-IRGA were y = 0.99x — 0.01
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Fig. 8 Time series of water vapour mixing ratio measured with the TDL, IRGA, and open-path IRGA (a)
and their 1:1 comparison (b); time series of the water vapour flux measured over the soybean canopy using
eddy covariance based on three methods including the TDL, IRGA, and open-path IRGA (¢) and their 1:1
comparison (d)

(r* = 0.997 and RMSE=0.11) and y = 1.06x 4 0.009 (+* = 0.999 and RMSE =0.058),
respectively and indicate agreement to within about 6%. Although the frequency response
of the EC-TDL system was lower at frequencies >0.6 Hz compared to the open-path IRGA
(Fig. 9) it appears that the flux contribution (covariance) at these frequencies was not signif-
icant, resulting in an excellent comparison between these different measurement systems.

The midday spectral densities for H56O, H;SO, and H,O from an open and closed-path
IRGA are shown in Fig. 9. All scalars (excluding deuterium) show a similar response at lower
frequencies up to about 0.6 Hz. The TDL spectral response begins to diverge from that of the
open-path IRGA beyond 1 Hz, falling to one-half at approximately 3 Hz. The TDL sample
cell residence time is 130 ms, based on its volume (300 ml), flow (1.5 standard lmin_l), and
pressure (1.1kPa). Assuming there is no mixing in the sample cell, and no attenuation of
high frequencies in the tubing or other sampling system components, the ideal half-power
response frequency is 3.4 Hz. This good agreement between the ideal and measured frequency
response shows there is very little mixing in the sampling system or TDL. In contrast, the
residence time of the closed-path IRGA sample cell is 42 ms, based on its volume (10.9ml),
flow (10 standard Imin~'), and pressure (65kPa), giving it an ideal frequency response of
10.5Hz. The measured response of the closed-path IRGA falls to half that of the open-path
IRGA at approximately 1.5 Hz, much worse than expected. This comparison indicates the
frequency response of the closed-path IRGA is dominated by mixing in the analyser, tubing,
or other sampling system components.

It is also important to note the similar behaviour between the two isotopes (H%6O and
H;SO), which provides evidence that any tube attenuation is similar for both species. This
suggests, therefore, that kinetic fractionation resulting from tubing effects is not likely to be
significant at these high flow rates/Reynolds numbers. This is further supported by the fact
that the maximum covariance between these isotopes and the vertical wind fluctuations was
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Fig. 9 Spectral density analysis. Normalised spectrum of TDL and IRGA 10 Hz time series over a 3-h period
(12001500 local time) on DOY 228, 2008 soybean canopy. Spectra were computed at 10- min intervals using
Welch’s averages periodogram method using Matlab. The spectra were bin averaged using 10 logarithmi-
cally spaced intervals per decade. Wind direction was 150° from north and wind speeds were approximately
15ms~ L F ranged between 8 and 9mmolm~2s~

found with the same median lag factor (*1.7s) and so were highly correlated (r = 0.999).
The potential kinetic fractionation effect resulting from tube attenuation was also found to
be negligible for CO; isotopes (Griffis et al. 2008). While deuterium is not the focus of our
study, Fig. 9 indicates that the spectral density of deuterium is more variable, which may be
a consequence of tube attenuation. The lag factor associated with the maximum covariance
between vertical wind fluctuations and deuterium was highly variable and poorly correlated
(r = 0.349) with H§6O, and may be related to both tubing effects and low signal-to-noise
ratio. Finally, the spectral densities of §H and 8'® (Fig. 10) indicate that the noise increases
significantly at frequencies above 1.4 Hz. The §H spectrum shows greater variability than
8!8 and the response falls far below it at about 0.4 Hz suggesting that there is a greater tube
effect on deuterium.

4.1.4 Discrimination Patterns and Processes

Fast measurement of the water vapour isotopes should provide new insights regarding the
nature of turbulent transport of water vapour between the surface and atmosphere. We hypoth-
esise that different scales of turbulent motion in the boundary layer would have distinct or
persistent isotopic signatures. Small scales of motion may bear an isotopic signal more char-
acteristic of the vegetation/canopy. Larger organised scales of motion, which are relatively
long-lived, may be linked to entrainment processes and/or penetration deep into the canopy
layer. In such cases the isotopic signal would be significantly different than the canopy or
the average isotope flux ratio. Figure 11 shows the normalised cospectra for temperature
and the water vapour isotopes for July 7, 2009 over the corn canopy (1200-1800 LST). The
top panel illustrates that there is cospectral similarity among the sensible heat and water
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Fig. 10 Spectral density analysis. Normalised spectrum of §H and §'8 10Hz time series over a 3-h period
(12001500 local time) on DOY 196, 2009 corn canopy. Spectra were computed at 12-min intervals using
Welch’s averages periodogram method using Matlab. The spectra were bin averaged using 10 logarithmi-
cally spaced intervals per decade. Wind direction was 260° from north and wind speeds were approximately
40ms~ L. F ranged between 3 and 4mmolm™~ s~

vapour isotopic fluxes. Further, it illustrates that the majority of the flux transport can be
attributed to frequencies between about 1 and 0.0062 Hz. The lower panel shows an exam-
ple of the cospectral flux ratio. Three features should be noted. First, at the very high and
low frequencies (2Hz < f <0.0062 Hz) where the flux contribution is small, the flux isotope
ratio is very noisy. Second, the frequencies most important for flux transport have an isoto-
pic composition that fluctuates between —7 and —5%o. This compares favourably with the
measured isotopic ratio of the extracted corn xylem water (8, = —7.1%0) and the soil water
(8s = —5.3%o0 at 0.1 m depth) for midday on July 7, 2009. During this time period the leaf
area index was ~2.0 and midday soil evaporation, measured with an automated chamber
system, represented less than 6% of evapotranspiration. Assuming steady-state conditions
during midday to late afternoon, we expect that §7 ~ &, (Lee et al. 2007; Welp et al. 2008).
It appears from Fig. 11 that this condition is satisfied for some scales of motion. Departures
from &, during this time period represent differences in sources as related to the scales of
atmospheric motion/transport or in some instances may be an artifact of the instrument noise.

Figure 12 shows the diurnal ensemble patterns of §,, F, §r, and Ir for the corn canopy
June (black circles), July (blue squares), and August (red triangles) 2009. The isotopic com-
position of water vapour was relatively more depleted during peak canopy growth, ranging
from about —18%o at night to about —20%o before midday. Similar patterns were reported
by Welp et al. (2008) and are directly related to variations in synoptic meteorology. F, was
similar for June, July, and August, with mean maximum values of about 5.5 mmolm~2s~! in
June. The ensemble patterns of 8 show progressive 80 enrichment through the day ranging
from about —20%o before sunrise to about —5%o in late afternoon. Nighttime values were
highly variable and depended on the formation and presence of dew. If dew events were
filtered from the dataset, 5 values were generally more positive at night (up to 20 or 30%o).
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Fig. 11 Normalised cospectrum for temperature and water vapour isotopes (a) and investigation of isotope
ratio spectral similarity (b). The isotopic composition of the water vapour flux was computed from the ratio
of cospectral densities and plotted in delta notation (%o) as a function of frequency. The thick black dashed
line indicates the isotope ratio of the corn xylem water, 8, = —7.1%o. The thick dashed red line indicates the
isotope ratio of the soil water, §5 = —5.3%¢ measured at a depth of 0.1 m. Data are shown for DOY 188, 2009

The values of § 7 were similar to §, values (—7.2%qo) for only short periods of time from about
1400 to 1800 LST, indicating near steady-state conditions.

The influence of soil evaporation on §r was minor since soil evaporation was typically
less than 10% during midday. Soil water extraction from a depth of 0.1 m indicated that the
soil water isotope composition was on average, —5.4, —3.9, and —6.2%o for June, July, and
August, respectively. Therefore, based on the isotopic mass balance we calculated that the
isotopic composition of transpiration was slightly more enriched (0.2-0.6%0) compared to § .
This small difference indicates that § is a close approximation of the transpiration isotope
signal. During the 2009 measurement period (about 74 days), the flux-weighted 6 ranged
from —9.6 to —7.2%o and was within the bounds of the local ground water and precipitation
isotopic ratio.

Finally, the isotopic forcing values and patterns shown in Fig. 12 are in excellent agreement
with those reported previously by Welp et al. (2008). It is interesting to note that the isoforc-
ing is nearly always positive, yet the §, values do not reveal significant daytime enrichment.
These patterns suggest that the isoforcing related to boundary-layer growth and entrainment
is very strong and has a dominant influence on surface-layer air. As shown by the model-
ling and measurement analyses of Xiao et al. (2010), isoforcing associated with '80-CO, is
dependent on relative humidity. Figure 13 provides additional support for this relationship and
indicates that higher relative humidity acts to lower the water vapour isoforcing. The relation
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triangles), 2009 corn growing season. The horizontal line in panel ¢ indicates the mean isotope ratio of the
xylem water
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Fig. 13 The influence of relative humidity on the isotopic forcing (/) during the 2009 growing period. The
values shown are half-hourly values for the growing season. Here, relative humidity is referenced to the canopy
temperature
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can be described with a simple exponential function (y = 0.422¢(—4.4RH), r> = 0.68,
RMSE =0.02) and is intimately connected to the '0-CO, exchange between the biosphere
and atmosphere (Xiao et al. 2010). These patterns and processes are being investigated in
greater detail to help understand the oxygen isotope composition of evapotranspiration and
its relation to C4 '80-CO; photosynthetic discrimination. The ability to quantify these fluxes
and discrimination factors at the canopy scale are expected to help provide the fundamental
data needed to develop and validate land-surface models that consider isotopic budgets of
both water and carbon (Xiao et al. 2010).

5 Conclusions

Eddy covariance and tunable diode laser spectroscopy were combined to measure the oxy-
gen isotope composition of evapotranspiration and the isotopic forcing on surface-layer air.
Total water vapour mixing ratio and fluxes with traditional eddy-covariance and infrared gas
analysers were in good agreement with the eddy-covariance tunable diode laser technique.
There did not appear to be a significant phase shift among isotopes or kinetic fractionation
caused by the tube attenuation. The isotope composition of evapotranspiration was in close
agreement with the isotope composition of the corn xylem water in late afternoon indicating
near steady-state conditions. The diurnal patterns in the isotopic fluxes, isotopic forcing, and
their functional relationship with relative humidity provide strong evidence that the meth-
odology is robust and shows considerable promise for long-term continuous measurements
under field conditions. The broader application of this technique should provide new insights
regarding water and carbon cycle processes and should increase the power of the '30-H,0
and '8 0-CO, isotope tracers.
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