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Abstract. Current understanding of land-atmosphere exchange fluxes is limited by the fact that available observational tech-

niques mainly quantify net fluxes, which are the sum of generally larger, bi-directional fluxes that partially cancel out. As a

consequence, validation of gas exchange fluxes applied in models is challenging due to the lack of ecosystem-scale exchange

flux measurements partitioned into soil, plant, and atmospheric components. One promising experimental method to partition

measured turbulent fluxes uses the exchange-process-dependent isotopic fractionation of molecules like CO2 and H2O. When5

applying this method at a field scale, an isotope flux (δ-flux) needs to be measured. Here, we present and discuss observations

made during the LIAISE 2021 field campaign using an Eddy Covariance (EC) system coupled to two laser spectrometers for

high frequency measurement of the isotopic composition of H2O and CO2. This campaign took place in the summer of 2021

in the irrigated Ebro River basin near Mollerussa, Spain, embedded in a semi-arid region.

We present a systematic procedure to scrutinise and analyse measurements of the δ-flux variable, which plays a central role10

in flux partitioning. Our experimental data indicated a larger relative signal loss in the δ-fluxes of H2O compared to the net

ecosystem flux of H2O, while this was not true for CO2. Furthermore, we find that mole fractions and isotope ratios measured

with the same instrument can be offset in time by more than a minute for the H2O isotopologues due to the isotopic memory

effect. We discuss how such artifacts can be detected and how they impact flux partitioning. We argue that these effects are

likely due to condensation of water on a cellulose filter in our inlet system. Furthermore, we show that these artifacts can be15

resolved using physically sound corrections for inlet delays and high frequency loss. After
::::
Only

::::
after

:
such corrections and

verification’’s are made, isotopic ecosystem scale flux partitioning can be used reliably to validate
:::::::::
ecosystem

::::
scale

:::::
fluxes

::::
can

::
be

:::::::::
partitioned

:::::
using

:::::::
isotopic

:::::
fluxes

::
as

::::::::::
constraints,

:::::
which

::
in

::::
turn

:::::
allows

:::
for

:
conceptual land-atmosphere exchange models

:
to
:::
be

:::::::
validated.

1 Introduction20

Net ecosystem flux measurements of EvapoTranspiration (ET) and Net Ecosystem Exchange (NEE) are used at many sites

worldwide to study exchange of water and CO2:
between the biosphere and atmosphere. These net fluxes are the sum of partial

flux components which are often larger than the net flux and compensate each other. Each of these gross flux components has
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unique sources and dependencies on environmental variables. The Gross Primary Production (GPP) is dependent on variables

like Photosynthetic Active Radiation (PAR) and the Vapour Pressure Deficit (VPD) (van Diepen et al., 2022). On the other25

hand, ecosystem Respiration (Reco), has strong links to soil and leaf temperatures and water contents. Importantly, such envi-

ronmental dependencies are used in atmospheric models to predict the evolution of gross and net exchange fluxes in a future

changing climate. Thus, to properly validate model parameterization, we need ecosystem scale flux measurements of the gross

components.

One promising method that allows for flux partitioning uses the stable isotopic composition of the exchanged molecules.30

A trace gas has multiple stable isotopologues, or molecules with a given isotopic configuration, which undergo exchange

processes at slightly different rates. As the various exchange fluxes are caused by different physio-chemical processes, the iso-

topic fractionation differs between them. The combined effect of all fractionation processes can be measured on atmospheric

molecules and used to partition net exchange fluxes. On the global scale, the atmospheric CO2 budget constrained by mea-

surements of the mean δ18O-CO2 isotopic compositions has been used to separate annual NEE into GPP and Reco (Prentice35

et al., 2001). On smaller spatiotemporal scales (hourly, local), a different isotopic budget approach can be used to split NEE

into GPP and Reco, and ET into Evaporation (E) and Transpiration (T) (Lee et al., 2009; Vilà-Guerau de Arellano et al., 2020).

Doing so allows us to better understand, and consequently model, the drivers of each flux component, including non-linear

short term (diurnal, sub-diurnal) effects (Vilà-Guerau de Arellano et al., 2023). In 1958, Keeling introduced the well-known

“Keeling plot” budgeting approach where atmospheric isotopic composition measurements can be used to infer bulk source40

isotopic compositions. The technique can be used for flux partitioning as well, when combined with analysis and/or modelling

of specific source isotopic compositions (Good et al., 2012; Yakir and Wang, 1996). The limitation of Keeling’s approach is a

lack of insight into the turbulent processes underlying the exchange, and an ill-defined footprint. More recent approaches use

micrometeorological measurements to derive the isotopic composition of the exchanging gas flux (iso-flux) and attempt to use

it for partitioning. In that case, a mathematical framework relating ecosystem gas exchange fluxes to isotopic compositions45

needs to be used. Oikawa et al. (2017) present such a framework and clarify that accurate iso-flux measurements are key to

reliably partition fluxes.

Two decades ago, isotopic compositions measured with laser spectrometers got precise enough to allow for gradient based

iso-flux methods (Griffis et al., 2004, 2007; Welp et al., 2012; Wei et al., 2015). Some years later, it was shown that high sample

throughput and precision could be achieved to perform direct flux measurements by combining stable isotope measurements50

with Eddy Covariance (EC) (Sturm et al., 2012; Griffis, 2013). Since then, measurement of iso-fluxes have been made with

instruments that measure isotopic compositions at high temporal resolution (faster than 1Hz). Various research groups have

contributed to advancing this combined technique (Wehr and Saleska, 2015; Oikawa et al., 2017; Wahl et al., 2021; Sturm

et al., 2012). Still, there is much to be learned about δ-fluxes
::::::::
iso-fluxes, the challenges in measuring them and how to correct

sub-optimal data (Oikawa et al., 2017). Motivated by the goal of deriving flux partitioning using a method that incorporates55

turbulence and has a field scale footprint, we focus on the measurements and corrections of turbulent iso-fluxes derived using

EC. In this manuscript, we describe the methods and measurement setup we used for making δ-flux
:::::::
iso-flux measurements of

both H2O and CO2 in the field. We present data from the LIAISE field campaign which took place in July 2021 in the Ebro
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river basin in the northeast of Spain. In this study we focus on the challenges associated with the setup, and evaluation of the

experimental isotope (flux) data. We present measurement artifacts, the most likely causes, and correction methods we applied.60

Finally, we share our outlook on flux partitioning and highlight the potential for minute scale δ-flux
::::::
iso-flux

:
measurements.

2 Theory

H2O and CO2 molecules in the natural environment consist of all possible combinations of the light and heavy hydrogen,

oxygen and carbon isotopes. Since the abundance of the heavy isotopes is very low (D/H = 1.6e�4, 17O/16O = 3.8e�4, 18O/16O

= 2.0e�3, 13C/12C = 1.1e�2), heavy isotopologues are much less abundant than the light isotopologues (H16
2 O and 12C16O2),65

and are therefore much more difficult to measure at high precision. An additional difficulty is that the natural variations in

isotopic compositions, for example due to fractionation during gas exchange in plants leaves or soil, are small. For that reason,

isotope ratios are reported in δ notation, that is, as a deviation of the heavy-to-light isotope ratio compared to that ratio in a

reference sample (Mook and Geyh, 2000).

δhX =
hRspl
hRref

� 1 =

hhX
lX

i
splhhX

lX

i
ref

� 1 (1)70

Here, X represents a molecule, h represents a heavy isotopologue of that molecule, l the abundant (i.e. light) isotopologue,

"spl" the measured sample, and "ref " the reference. For hydrogen and oxygen atoms, the Vienna Standard Mean Ocean Water

(VSMOW) is the common reference (D/H = 1.5576e�4, 18O/16O = 2.00520e�3), while for carbon this is Vienna Pee Dee

Belemnite (VPDB, 13C/12C=1.1180e�2) (IAEA, 2017; Craig, 1957).

2.1 Isotope
:::::::
Isotopic fractionation effects associated with land-atmosphere exchange75

Different processes that facilitate exchange of H2O and CO2 between the earth’s surface, plants, and the atmosphere, are

associated with isotope
::::::
isotopic

:
fractionation. One example is the phase transition from liquid water to vapour, where light

isotopologues evaporate preferentially compared to heavy isotopologues. This is due to the comparatively higher saturation

vapour pressure of light H2O compared to heavy H2O (Horita and Wesolowski, 1994). Another example is the diffusion of

gases through small openings such as stomata, where the light isotopologues enter and leave the stomata at a slightly faster80

rate than the heavy isotopologues. This is caused by the higher velocity of lighter isotopologues (Mook and Geyh, 2000). Also,

photosynthesis itself causes fractionation as 12C is preferentially taken up by RuBisCO, resulting in a slight enrichment in the

δ13C of CO2 remaining in the atmosphere (Farquhar et al., 1989; Adnew et al., 2020).

The preferential uptake or emission of light or heavy isotopologues at the land-atmosphere interface, combined with turbulent

transport in the boundary layer, leads to vertical gradients of the different isotopologues, and thus the δ-values, in the boundary85

layer. These idealized gradients are displayed in Figure 1 to conceptually visualize the processes. Note that no gradient-based

methods were used. For H2O, plant transpiration is generally enriched in 18O compared to the atmospheric reservoir (Yakir
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et al., 1994). This leads to negative atmospheric gradients (∆�
18O

∆z ) of δ18O which will result in a positive (upward) δ-flux

(Sect. 2.2). For CO2, the main driver of the gradients is photosynthetic uptake. CO2 near the surface gets enriched in 13C-

CO2, again leading to upward transport of δ13C, which is in this case opposite to the flux of CO2 itself.90

Figure 1. Conceptual view of the idealized gradients of mole fractions and �-values in the atmospheric surface layer (ASL) during midday

(z/Lob < 0) over a vegetated area.

2.2 �-flux definitions

Turbulent vertical mixing of air in the boundary layer results in a reduction of the concentration and isotope gradients that are

illustrated in Fig 1. For the isotopic compositions, expressed as δ-values, this results in a δ-flux.

F� = w0 δ0 (2)

Here, F� is the δ-flux in ‰ms�1, w0 represents the perturbations in the vertical wind speed in ms�1, and δ0 the perturbations95

in the δ-values of the molecule in question. Lee et al. (2012) and peers, refer to the δ-flux variable as an iso-forcing since it links

the isotopic composition of the flux source to a pertubation in the atmospheric isotopic composition. From an experimental

perspective, naming it a δ-flux best expresses that we are referring to a flux of measured δ-values.

Next to the δ-flux, we also derive the isotopic composition of the flux itself (δhXF , Eq. 3), which can be interpreted as the

isotopic composition at the exchange interface (Griffis et al., 2004; Lee et al., 2012). Together with the atmospheric isotopic100

composition, this variable allows us to describe the strength and sign of the isotopic gradient (in ‰ z�1) in the atmospheric

surface layer. See Fig. 1 for an example of such a gradient. The isotopic composition of the flux can be derived using either the

volume flux ratios of the major and minor isotopologues or by combining the δ-flux, δhXatm, the net exchange flux, and the

atmospheric concentration of the molecule.

δhXF =
hRF
hRref

� 1 = δhXatm+F�
Cx
Fx

(3)105

hRF =
w0 q0hx
w0 q0lx

(4)
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Here,� h X F is the isotopic composition of the �ux,h RF is a ratio of isotopologue �uxes,q0
h x represents the deviations in the

mass fraction of an isotopologue with respect to the 30 minute mean.� h X atm is the atmospheric isotopic composition of the

compound,Cx is the total concentration of the molecule inmol m� 3, andFx is the �ux of the molecule inmol m� 2 s� 1. When

only one process (e.g. photosynthesis) with a given fractionation in�uences the atmospheric composition,� h X F - � h X atm110

should be equal to the magnitude of that fractionation (Fig. 1). In more complex environments,� h X F - � h X atm is still good

indicator of which process is dominant, given that the respective fractionation effects are known. Together,F� and� h X F are

variables that complement the more common� h X atm and net gas exchange measurements by linking them to the physio-

chemical processes in the �ux footprint.

3 LIAISE �eld campaign115

3.1 Site description

We performed� -�ux measurements during the LIAISE (Land surface Interactions with the Atmosphere over the Iberian Semi-

arid Environment) �eld campaign in the summer of 2021 (Boone et al., 2021). This campaign took place in the irrigated Ebro

basin near Mollerussa, Spain. The focus of the effort was to investigate the effects of large scale irrigation on the atmospheric

boundary layer and large scale circulation (Mangan et al., 2023). Iso-�ux measurements were made in the middle of a 300 x120

400m �eld with �ood irrigated alfalfa (C3), a fast growing crop with large ET. The alfalfa grew from 50 to 65cm above ground

level during the measurement period described in this manuscript (25-30 July) and covered the entire �eld during that period.

Importantly, the combination of large ET and GPP caused signi�cant isotopic fractionation effects and related iso-�uxes with

diurnal cycles to emerge. Flood irrigation took place once during the campaign, two days before our isotope measurement

period started. During the measurement period one precipitation event occurred (26th ). Otherwise, measurement days showed125

a comparable diurnal weather cycle with largely clear sky conditions and some cirrus, 32� C mean peak temperatures, and 650

Wm � 2 mean peak net radiation. Despite the high temperature and radiation levels, the alfalfa was not water stressed according

to leaf-level measurements of stomatal conductance. Wind speeds at 2.45m were below 2.5ms� 1 for 90% of the time, while

the wind direction alternated between easterly and south westerly due to a sea breeze circulation. In Appendix A1 we included

�gure is included
:
a

:::::
�gure

:
which displays the behaviour of some general meteorological variables during the measurement130

period. The presence of comprehensive measurements of auxiliary variables (like soil moisture contents, stomatal aperture,

etc.) will allow us to investigate the iso-�uxes and their main drivers environmental in later work (Mangan et al., 2023; Boone

et al., 2021).

3.2 Setup

The Iso-�ux setup consisted of an Eddy Covariance (EC) station with the addition of two laser spectrometers. The EC station135

was an IRGASON EC-100 (Campbell Scienti�c, Logan, USA), which combines a Sonic Anemometer with an Open Path Gas

Analyser (OPGA) sampling at 20Hz (Fig. 2). It was installed on a tripod at 2.45m above ground level and faced South (180� ).
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We used EddyPro version 7.06 (Fratini and Mauder, 2014) from LI-COR Inc (Lincoln, U.S.A.) to output level 6 processed

raw data of the IRGASON dataset which includes corrections for raw data screening including spike removal (Vickers and

Mahrt, 1997) and axis rotation with the planar-�t procedure (Wilczak et al., 2001). Processing of the high frequency data to140

�uxes was done using our own code to be able to include our own spectral corrections. By keeping the �ux processing chain

equal between OPGA and LS's we ensure that all differences were instrument related. The raw scalar data from the OPGA and

LS's were detrended and subsequently �ltered for outliers using anInterQuartile
:::::::::::
Inter-Quartile

:
Range (IQR) �lter of 2.5x the

interquartile
:::::::::::
inter-quartile range deviation from the mean interval value. For the �ux calculations, we applied density and sonic-

T corrections. No spectral �ux corrections (as described in e.g. Moore, 1986) were applied to prevent interference with our145

own spectral correction method described in Sect 4.3.2 (note that raw data can't be regenerated from a corrected cospectrum).

Moreover, the OPGA and spectral scaling corrections we �nd for the� -�uxes (Sect 5.3) are an order magnitude larger compared

to the 5-10% loss a spectral �ux correction compensates for (Foken, 2008). A 1D �ux footprint analysis performed using the

Kljun et al. (2004) footprint model implemented in EddyPro indicated that 90% of the �ux originated from within 85m radius

around the measurement setup, con�rming that �uxes from all wind sectors originated from within the alfalfa �eld.150

20 cm below the anemometer's center an inlet line continuously sampled atmospheric air for analysis in the laser spec-

trometers. The tubing and instruments downstream were kept free from dust and insects using a Whatmann cellulose thimble

inlet �lter (Whatmann plc, Maidstone, UK) that was placed at the air inlet. To prevent the bulky instrument enclosures from

impacting the turbulence measurements, they were placed away from the EC mast and connected via a 9m inlet line (3/8"

OD, 5/16" ID tubing). This inlet was kept to a reasonably short length to prevent mixing of air samples in the inlet. A total air155

�ow rate of approximately 30l min � 1 was generated using the suction of the laser spectrometers (9.9l min � 1), and anscroll

additional scroll pump with a �ow rate of 20+l min � 1. This high �ow rate assured turbulent �ow inlet conditions (Re > 3000).

The side panel in Fig. 2 illustrates the layout of the inlet system. Lag times between the EC-system and the isotope analysers

caused by the inlet tubing were corrected during post processing (Sect. 4.2). Also, we con�rmed no major leaks were present

in the inlet tubes by drawing a vacuum on the entire inlet system. To reduce the isotopic exchange between the air and the wall160

of the inlet tube, the copper inlet line was heated to a 50� C setpoint using a heating wire and tube isolation.

The inlet line separated in between the instruments, downstream of the main inlet, as shown in the �ow diagram of Fig. 2.

There, 0.9l min � 1 of air was directed to a Picarro L2130-i laser spectrometer (Picarro, Santa Clara, USA) measuring H2O

isotopologues (H2O, DHO, H18
2 O) and modi�ed to run at higher sample �ow-rates. Another 9l min � 1 was directed to an

Aerodyne TILDAS-CS laser spectrometer (Aerodyne Research, Billerica, USA) measuring CO2 isotopologues (CO2, 13CO2,165

CO18O). These instruments have measurement frequencies of 4Hz and 10Hz respectively, whichwhich allows for eddies

of the smaller turbulent scales (cm) to be distinguished, and therefore most of the turbulent energy spectrum to be resolved

(Moene and Van Dam, 2014). Both instruments were installed in weatherproof, temperature controlled enclosures which were

placed on pallets to protect them from (�ood irrigation) water and dirt.

For the TILDAS-CS, we used a �eld enclosure manufactured by Aerodyne Research Inc., which we purged with N2 to170

prevent CO2 absorption in the instruments optics (Fig. 2). Additionally, the dry N2 prevents water from condensing on the

Peltier thermoelectric cooler used in the setup. The temperature setpoint in the enclosure was 35� C, matching the setpoint
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