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Abstract: The isotopic composition of COs and HyO,, fluxes in a managed beech forest -
Instrument tests and ecological application of two laser-based absorption spectrometers

Stable isotopes provide valuable insights into the coupled carbon dioxide (CO2) and
water vapor (H20,) cycle on scales ranging from one leaf to global. In particular for
applications under field conditions, recent progress in laser-based measurement techniques
enhanced the potential of stable isotope research to investigate COy and water vapor
(H20,) exchange processes. Here we present two experiments which use two laser-based
infrared spectrometers and two ecosystem-scale methods to measure isotopic compositions
of different parts of the CO9 and H2O, cycle. Both experiments were carried out in a
managed beech forest in central Germany and simultaneously analyze two isotopes. We
measured 6'2C and 6'¥0 of nighttime COy exchange (respiration) with the Keeling plot
method as well as 6'¥0 and 6D of evapotranspiration (ET) with the eddy covariance
method. The two laser spectrometers used in this study were newly designed and developed
and needed rigorous instrument tests. Thus, we present instrument characteristics such as
accuracy and precision for both analyzers. Our results show that, with an intense calibration
strategy, the accuracy and precision of the two laser-based analyzers are comparable to
other more frequently used laser-based spectrometers. Combining these two spectrometers
with the two ecosystem-scale methods enabled us to capture the temporal variability of
the different flux components with uncertainties below the observed seasonal variability.
With the Keeling plot approach, the uncertainty of the measured isotopic composition of
nighttime COy exchange is 0.8%o for both §'3C and §'80 (based on 90 min timescale) and
the uncertainty of the eddy covariance measurements of the isotopic composition of ET is
0.5%0 for 6'¥0 and 1 %o for 6D (on hourly timescale). The obtained time series directly
reveal distinct characteristics of the underlying processes, such as a sharp (30 %o in 10
days) decrease in the 6'%0 composition of nighttime COs exchange after a short and early
snow event. In the case of ET, the dual isotope approach (i.e. a plot in the §'¥0-§D-plane)
allows to separate the transpiration-dominated from the evaporation-dominated periods.
Further, correlating the isotopic composition of nighttime COs exchange with potential
meteorological drivers, we found that for the period when the ecosystem was a net COq
sink the §'3C of nighttime CO exchange is linked to net radiation. This correlation has
a time-lag consistent with the time lag between assimilation and respiration. However,
the sign of this correlation disagrees with an interpretation of this correlation with *C
discrimination during assimilation. Regarding the isotopic composition of H2O,, above
the forest, we found no evidence that ET dominantly drives its temporal variability on
both diurnal and seasonal timescale, even if measured close to the canopy and when
transpiration is high. Conclusively this thesis shows that measurements of the stable
isotopic compositions in CO2 and HyO, fluxes provide additional information about the
underlying processes. Simultaneous measurements of §'>C and §'%0 in CO5 on the one
hand and simultaneous measurements of 680 and 6D in HO, on the other hand highlight
the potential of instruments capable of dual isotope analysis.
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Stable isotopes, carbon dioxide, water vapor, eddy covariance, Keeling plot, respiration,
evapotranspiration






Zusammenfassung: Die Isotopenkomposition von CO5 und H2O, Flissen in einem
bewirtschafteten Buchenwald - Instrumententests und 6kologische Anwendung zweier
laserbasierter Absorptionsspektrometer

Stabile isotope bieten wertvolle Einblicke in den gekoppelten Kohlendioxid (CO2) und
Wasserdampf (H20,) Kreislauf auf Skalen von einem Blatt bis hin zu globalen Skalen.
Vor allem bezogen auf Anwendungen unter Feldbedingungen haben neuere Entwicklun-
gen laserbasierter Messtechniken das Potential der Erforschung von COs- und HO,-
Austauschprozessen mittels stabiler Isotope verstarkt. Hier stellen wir zwei Experimente
vor, in denen zwei laserbasierte Infrarotspektrometer und zwei Methoden auf Okosystem-
skala genutzt werden um die Isotopenkomposition verschiedener Komponenten des COq
und HsO, Kreislaufs zu messen. Beide Experimente wurden in einem bewirtschafteten
Buchenwald in Mitteldeutschland durchgefithrt und analysieren jeweils zwei Isotope gle-
ichzeitig. Wir haben die 6'3C- and §'80O-Komposition des nichtlichen COz-Austauschs
(Respiration) mit der Keeling-Plot-Methode gemessen, sowie die 6'*O- und §D-Komposition
der Evapotranspiration (ET) mit der Eddy-Kovarianz-Methode. Die beiden hier verwen-
deten Laserspektrometer sind neu konzipiert und entwickelt und bedurften umfassenden
Instrumententests. Deswegen zeigen wir Instrumentencharakteristika fiir beide Spektrome-
ter, beispielsweise beziiglich Prézision und Genauigkeit. Unsere Ergebnisse zeigen, dass
mit einer intensiven Kalibrierstrategie Prézisionen und Genauigkeiten erreicht werden, die
vergleichbar zu denen anderer hiufiger genutzter laserbasierter Spektrometern sind. Die
Kombination der beiden Spektrometer mit den beiden Methoden auf Okosystemskala er-
moglichte die Erfassung der zeitlichen Variabilitit der verschiedenen Flusskomponenten mit
Unsicherheiten die kleiner sind als die gemessene saisonale Variabilitdt. Die Unsicherheit
der mit der Keeling-Plot-Methode gemessenen Isotopenkomposition des néchtlichen COs-
Austauschs ist 0.8 %o fiir 613C sowie 620 (auf 90 min Zeitskala) und die Unsicherheit der
mit der Eddy-Kovarianz-Methode gemessenen Isotopenkomposition der ET ist 0.5 %o fiir
§180 und 1 %o fiir 6D (auf stiindlicher Zeitskala). Die gemessenen Zeitreihen lassen direkt
bestimmte Eigenschaften der zugrundeliegenden Prozesse erkennen, wie eine deutliche Ab-
nahme der §'80-Komposition des nichtlichen COq-Austauschs im Anschluss an ein kurzes
und frithes Schneeereignis. Im Falle der ET erlaubt der Ansatz der dualen Isotopenanalyse
(d.h. ein Plot in der 6'*O-§D-Ebene) eine Unterscheidung zwischen evaporations- und
transpirationsdominierten Perioden. Dariiber hinaus fanden wir durch die Korrelation der
Isotopenkomposition des néchtlichen COs-Austauschs mit potenziellen meteorologischen
Treibern heraus, dass die 6'2C-Werte der Respiration fiir die Zeitperiode in welcher der
Wald eine CO9-Senke darstellt mit der gemessenen Nettostrahlung zusammenhéngt. Diese
Korrelation hat einen zeitlichen Abstand, der mit der Zeit zwischen Assimilation und
Respiration iibereinstimmt. Das Vorzeichen dieser Korrelation hingegen widerspricht einer
Interpretation dieser Korrelation iiber '3C-Diskriminierung wihrend der Assimilation. Be-
zogen auf die Isotopenkomposition des HoO,, iiber dem Wald, fanden wir keinerlei Hinweise
darauf, dass ET die gemessene zeitliche Variation dominiert - weder auf taglicher noch auf
saisonaler Zeitskala, insbesondere auch nah iiber dem Blattwerk und wéhrend einer Zeit
grofler Transpiration. AbschlieBend folgern wir, dass die Messung der Isotopenkomposition
in CO2 and HyO,-Fliissen zusétzliche Informationen iiber die zugrunde liegenden Prozesse



liefert. Die simultane Messung von §'3C und §'®0 in CO4 sowie von 680 und 6D in HyO,
hebt zudem das Potential von Messgerédten hervor, die zwei Isotope gleichzeitig analysieren
kénnen.

Schlagworter: Stabile Isotope, Kohlenstoffdioxid, Wasserdampf, Eddy-Kovarianz, Keeling-
Plot, Respiration, Evapotranspiration
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2 Chapter 1 Introduction

1.1 Background: Using stable isotopes to trace CO5 and HyO exchange
1.1.1 CO3 and H2O exchange processes between the atmosphere and the biosphere

Biogeochemical cycles play an important role in the global climate system and to achieve
a better understanding of their role, research on the atmosphere-ecosystem exchange of
trace gases is fundamental (MONCRIEFF et al., 1997b). In this thesis, I focus on the
analysis of biosphere-atmosphere carbon dioxide (CO3) and water vapor (H20,,) exchange
processes of a managed beech forest on an ecosystem scale, shown in Fig. 1.1. The main
processes that yield an exchange of CO9 between the atmosphere and the biosphere are
photosynthesis and respiration. In a forest ecosystem, photosynthesis takes place in different
canopy layers (understory/overstory), plant species, and parts of the plants (sun and shade
leafs). Similarly, ecosystem integrated respiration is composed of respiration from the soil,
the stem, and the leaves. Respiration can be divided into autotrophic respiration® (the
utilization of newly assimilated carbon by living plants) and heterotrophic respiration (the
utilization of dead plant material by microorganisms), as described e.g. by AFFEK et al.
(2014). The main processes that yield an exchange of HoO between the ecosystem and the
atmosphere are precipitation and evapotranspiration (ET), the latter being composed of
evaporation and transpiration. Additionally, dew formation can remove HyO, from the
SBL. In a forest ecosystem, evaporation can originate from different sources such as from
soil, wet vegetation, rivers and lakes (see e.g. ROSENBERG, 1974) or falling raindrops (see

— H,0 flux
---- > CO, flux
Nighttime Daytime | =T =% CO0,and H,0 flux
precipitation ‘T precipitation
dew formatich entrainment dew formatich
o photosynthes_i_s“_ transpiration .
=a- L o B
é . resplratAlon resplratAlon
P : : ;
'5 [ — evaporation
T 4 advection advection
I uo'\ _ _%
0 ’, | LW ’9 ‘ v _Iv 0

Figure 1.1: CO; fluxes (red dashed arrows) and HyO fluxes (blue dashed arrows) in the
surface boundary layer (SBL) above a forest ecosystem during mghttlrne (left) and daytime
(right).

1 In particular with respect to soil respiration, the term ’autotrophic’ is used inconsistently among different
authors. In this thesis, I use the term ‘authotrophic soil respiration’ synonymously to 'root-derived
soil respiration’, which includes respiration from the living root tissue, rhizomicrobial respiration and
respiration from mycorrhizal symbiotic funghi (cf. MOYANO et al., 2009).
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e.g. AMBACH et al., 1968). Transpiration on the other hand is defined as the evaporation
of water that has passed through the plants (see e.g. ROSENBERG, 1974).

The measured H2O, and CO2 mole fractions in the surface boundary layer (SBL) are
further influenced by additional exchange processes that are not directly related to the
local ecosystem, such as advection and entrainment (cf. Fig. 1.1 and 1.2). While advection
is horizontal transport due to mean horizontal wind, entrainment is related to boundary
layer growth and mixes air from the free atmosphere into the atmospheric boundary layer
(ABL), as described e.g. by STULL (1988). As the air entrained into the boundary layer
from above contains less COs and HyO, than the air in the ABL, entrainment yields a
net COy and H2O, removal from the ABL (see also LEE et al., 2006, for HoO). On an
initially cloud-free day, starting from a stable boundary layer at midnight, the turbulent
mixing layer develops about half an hour after sunrise (STULL, 1988). As the turbulence
in the mixing layer is normally convectively driven (STULL, 1988), this layer is also called
the convective mixing layer. In general, the characteristic of the atmosphere-biosphere
exchange processes in the SBL varies from the addition/removal of the respective flux
component to a stably stratified atmosphere (more prevalent during nighttime) to turbulent
transport (more prevalent during daytime), cf. Fig. 1.2. This has some consequences for
the applicability of different methods to measure fluxes on an ecosystem scale, as discussed
in section 1.2.

A free atmosphere d ti — H;0 flux
8 conaensation | ~ CO, flux
2 | =% CO0,and H,0 flux
E 1 / entrainment zone
: f
Lo
oS 4 entrainment
53
T ] recipitation
’ precip residual layer
- convective mixed layer
S -
n
Tsurf surface
J ?Iltrxgge fILlJJxes stable boundary layer
—4 bé/ ==AN surface boundary layer
lm 299090 Oo (XY X) ﬂmn 299909099 m?n 190999 900000t
0 3 6 9 12 ) 15 18 21 24
Time [h]

Figure 1.2: CO; fluxes (red dashed arrows) and HoO fluxes (blue dashed arrows) above a
forest ecosystem in combination with the evolution of the convective boundary layer throughout
the day (top panel). This graph is adapted from (STULL, 1988)*

a This graph is an adapted version of a graph provided by the wikimedia commons user ’Lethepku’ and
underlies the creative commons licence https://creativecommons.org/licenses/by-sa/3.0/deed.en
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1.1.2 Stable isotopes in atmosphere-ecosystem CO5 and H2O,, exchange processes

The analysis of stable isotopes® in carbon dioxide (CO2) and water vapor (H2O,) provides
valuable insights into atmosphere-ecosystem exchange processes (see e.g. DAWSON et
al., 2002; GRIFFIS, 2013; YAKIR et al., 2000). Such insights are particularly relevant,
because terrestrial ecosystems play an important role in the variability of atmospheric CO2
(CoNwaAy et al., 1994; SCHIMEL, 1995; YAKIR et al., 2000) and H20,, (JASECHKO et al.,
2013; WANG et al., 2000). Isotopic measurements can be used to assess the spatial and
temporal dynamics of atmospheric CO2 and H20O, (LEE et al., 2009; WANG et al., 2000).
Applications of stable-isotope-based techniques for COy and HoO, range from leaf and
branch scale measurements (e.g. DUBBERT et al., 2014; GENTSCH et al., 2014; WANG et al.,
2010) to global scale modeling (CIAIS et al., 1995; JASECHKO et al., 2013).

The biophysical cause of the applicability of stable isotope techniques to study biosphere-
atmosphere exchange processes is that different exchange components can have different
isotopic compositions due to a) variable isotopic compositions of the source material and b)
due to fractionation processes. Fractionation processes can be divided into equilibrium (also:
thermodynamic) fractionation and non-equilibrium (also: kinetic) fractionation (FARQUHAR
et al., 1989). Examples for equilibrium fractionation processes are the phase transitions
between water (or ice) and water vapor under thermodynamic equilibrium (ELLEHOJ
et al., 2013; MAJOUBE, 1970; MAJOUBE, 1971). In these cases, the different exchange
rates of isotopologues (i.e. molecules with different isotopic composition)? are related to
their different water vapor pressures (see e.g. ELLEHOJ et al., 2013). Examples for non-
equilibrium fractionation processes are diffusion, evaporation and the 3C discrimination
of photosynthetic CO2 uptake. Evaporation (e.g. from the sea surface) is related to the
relative humidity above the water body and can be described by the Craig and Gordon
model (CRAIG et al., 1965) in many cases. The '3C discrimination, i.e. the plants preference
of the lighter 12C atom during photosynthesis, on the other hand depends on COs supply
and demand (FARQUHAR et al., 1989). Thus, 3C discrimination depends on the multiple
meteorological drivers of stomatal conductance and photosynthesis (FARQUHAR et al.,
1989). In many cases, >C discrimination during photosynthesis can be described by the
Farquar model (FARQUHAR et al., 1989).

Multiple applications make use of fractionation effects and the (resulting) individual
isotopic compositions of different ecosystem components to study processes in the CO»
and HyO, cycle. One important application that uses the isotopic composition of different
fluxes and flux components is the partitioning of a net flux into its components. In the case
of CO4 flux, stable isotope measurements have been used to partition the net COy flux into
photosynthesis and respiration (e.g. BOWLING et al., 2001; KNOHL et al., 2005a; OGEE

1 Stable isotopes are non-radioactive atoms of the same element with different numbers of neutrons in the
core. Isotopic compositions of a certain element can be reported as isotope ratios R := cheavy/cnght,
with the concentrations cheavy and ciight of the heavier and lighter isotope. Conventionally, an arbitrarily
chosen standard material with an isotopic ratio Rstaq is used to define the § value as the relative deviation
of the isotope ratio R from Rq (the ratio of the standard material). Thus, 6 := (R — Rstd)/Rstd-

2 The term isotopologues is used here following the definition by COPLEN (2011) as 'molecular species
that differ only in isotopic composition’.
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et al., 2003; OIKAWA et al., 2017; WEHR et al., 2016; YAKIR et al., 1996; ZHANG et al.,
2006). Also for HoO, stable isotope measurements have been used to partition ET into
evaporation and transpiration (e.g. DUBBERT et al., 2013; Hu et al., 2014; Lu et al., 2017;
WANG et al., 2015; WEI et al., 2015; WEN et al., 2016; XU et al., 2016). However, besides
flux partitioning, there are numerous other applications in which stable isotopes were
used to provide additional information about biosphere-atmosphere exchange processes.
Examples are the use of stable isotopes in HoO to study the water uptake depth of plants
(MEISSNER et al., 2014) or the partitioning of understory and overstory vegetation (YEPEZ
et al., 2003). For COg, further examples of the potential of stable isotope research are the
quantification of the time lag between assimilation and respiration (BOWLING et al., 2002;
EKBLAD et al., 2001; KNOHL et al., 2005b) or the measurement of the ratio between above
ground and below ground respiration (FASSBINDER et al., 2012).

1.2 Methods: Ecosystem scale measurements of isotopic compositions

On an ecosystem scale, three methods are available to evaluate the isotopic composition of
a flux: the Keeling plot, the flux gradient, and the eddy covariance method. The different
underlying assumptions, advantages, and limitations of these methods are discussed in the
following paragraphs.

1.2.1 The Keeling plot method

The Keeling plot method (KEELING, 1958) describes how molecules (e.g. CO2 or HoO
molecules) from one source mix with a background gas. The basic assumption of this
method is the mixing of only one source (with constant isotopic composition Js) with
a background (with constant isotopic composition y,). If this assumption is fulfilled,
the following equation can be derived from the conservation of mass for all (relevant)
isotopologues (see e.g. PATAKI et al., 2003):

5meas = (5bg - 55) Cbg % + 53 (11)
meas

With the measured mole fraction Chyeas, the isotopic composition dpeas, and the molecule’s
background mole fraction Cyy. Thus, the intercept of a linear regression of dyeas against
1/Cmeas equals the isotopic composition of the source 5. The measured concentrations and
isotopic compositions that are used in this linear regression can be based on measurements
that are taken at different times at the same position (temporal Keeling plot), at different
positions (spatial Keeling plot), or both (spatial-temporal Keeling plot) as described e.g.
by GALEWSKY et al. (2016). A modification of the Keeling plot, the Miller-Tans plot
(MILLER et al., 2003), has been discussed as an alternative to the Keeling plot method. In
brief, for a Miller-Tans plot equation 1.1 is multiplied with Cieas. Based on the resulting
equation, different authors use different definitions of the Miller-Tans plot that a) use the
slope of the resulting linear regression between (dmeas * Creas) and Cieas Without adding
additional information about ¢y, and Cp, (see e.g. ALSTAD et al., 2007; ZOBITZ et al.,
2006) or b) use the same slope but add measurements or approximations of dpy and Cp, to
estimate d; (MILLER et al., 2003). On an ecosystem scale, Keeling plot or Miller-Tans plot
applications have been performed for 6'3C in COy (e.g. ALSTAD et al., 2007; BARBOUR
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et al., 2011; BOWLING et al., 2002; KNOHL et al., 2005b; MILLER et al., 2003; PATAKI et al.,
2003; TUzSON et al., 2008), for 680 in COy (e.g. BOWLING et al., 2003a; BOWLING et al.,
2003b; SHIM et al., 2013) or for §'80 and 6D in HO, (e.g. GOOD et al., 2012; MOREIRA
et al., 1997; YEPEZ et al., 2003) in various ecosystems. However, all these applications rely
on the assumption of the mixing of only one source (or a source that can be treated as
an integrated source) with an isotopic composition ds that is constant in space, time or
both (depending on the application). For all applications (except for those Miller-Tans
plot that additionally measure the background), one additionally assumes that Cyg and dy,
are constant in space, time or both (depending on the application). These assumptions
have been discussed to be questionable in many situations in particular for HoO (LEE
et al., 2012a; LEE et al., 2006; NOONE et al., 2013) but also for COy (GRIFFIS et al.,
2007), in particular when the mole fraction footprint largely exceeds the flux footprint.
In the present study, a spatial-temporal Keeling plot approach is used to measure the
isotopic composition of nighttime respiration in a managed beech forest (see chapter 2). In
this chapter, the Keeling plot method is described and discussed more detailed and the
measures to assure and test the applicability of the Keeling plot approach are discussed in
section 2.11.1.

1.2.2 The flux gradient method

The flux gradient method relates gradient measurements of a molecule’s mole fraction
C' to the eddy flux density F of this molecule (HATFIELD et al., 2005) and is based on
Monin-Obukhov stability theory (KAIMAL et al., 1994; MONIN et al., 1954). If the mole

fraction C only depends on the height z (which means %—g = %), the flux gradient method
can be described by the following formula:
dC
Fo=—k —_— 1.2
C C Pa dz ( )

With the eddy diffusivity k¢ and the molar air density p,. In the case of isotope applications,
the fluxes for the different isotopologues are divided by each other and a common eddy
diffusivity k¢ is assumed for both isotopologues. Thus the isotopic composition of the eddy
flux density F¢ is directly proportional! to the gradient %, with A and B indicating
two different isotopologues (see e.g. GRIFFIS et al., 2007). Flux gradient methods have
been widely used to measure the isotopic composition of fluxes for both, H,O, (GoobD
et al., 2012; Hu et al., 2014; HUANG et al., 2014; LEE et al., 2007; WANG et al., 2016;
WELP et al., 2008; WEN et al., 2016) and COy (GRIFFIS et al., 2007; GRIFFIS et al., 2008;
GRIFFIS et al., 2004; ZHANG et al., 2006). However, the Monin-Obukhov similarity theory
that underlies the flux gradient method is typically only applicable in the lowest 10 % of
the ABL (see e.g. HATFIELD et al., 2005). Additionally, flux gradient measurements can
be subject to roughness sublayer effects if measurements are carried out too close to tall
vegetation (see e.g. DENMEAD et al., 1985; HATFIELD et al., 2005). Thus, flux gradient
measurements have limited applicability above forest ecosystems (see also GRIFFIS, 2013).

1 The exact formula for this relation depends on the geometry of the molecule (cf. Eq 3.4).
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1.2.3 The eddy covariance method

The eddy covariance (EC) method directly relates the turbulent motions in the SBL to
the flux of a molecule (or another scalar). This method is based on the assumptions that
turbulence is fully developed, the terrain below the flux measurement is homogeneous, the
data is stationary, and that density fluctuations are negligible (FOKEN et al., 1996). Under
these assumptions, and when the vertical wind velocity and the molecule’s mole fraction
C' is measured fast enough (typically with a measurement frequency of 10 to 20 Hz), the
turbulent flux of the molecule is directly related to the high-frequency time series of C' and
w (see e.g. BALDOCCHI, 2003; STULL, 1988).

_JJw et
— S at

Fo = pauw'C": (1.3)

With the molecule’s eddy flux density F¢o and the mean density of air p,. Following
micrometeorological convention, overbars denote temporal means and primes denote
fluctuations from the mean (Reynolds averaging, i.e. w'=w — w). Similar to the flux
gradient approach, the isotopic composition of the flux dz is linearly related to the ratio of
the eddy flux densities FA/FB, with A and B as indicators for two different isotopologues
(see Eq. 3.4 for the case of ET). EC measurements of the isotopic composition of ET have
been carried out for 5180 by (GRIFFIS et al., 2010; GRIFFIS et al., 2011) and (based on
slow measurements) for both, 6D and 6'¥0 (GooD et al., 2012). EC measurements of the
isotopic composition of an ecosystem’s net CO, flux have been carried out for both, *C
and 80 (GRIFFIS et al., 2008; GRIFFIS et al., 2011; STURM et al., 2012; WEHR et al., 2013).
Similar to the other methods presented here, the EC technique shows limited applicability
when the above mentioned assumptions are violated. This is for example the case when
turbulence is not fully developed (particularly during nighttime). However, compared
to flux gradient and Keeling plot measurements, the EC method that is based on first
principles, relies on fewer assumptions (GRIFFIs, 2013). In chapter 3 of this thesis, the
eddy covariance method is used to measure the isotopic composition of evapotranspiration.
In this chapter, also a more detailed description of this method is presented.

1.3 Tools: Optical-based instruments to study the stable isotope composition

A widely used and well-established technique to study the stable isotopic composition of
a molecule is isotope ratio mass spectrometry (IRMS, see e.g. SEVASTYANOV, 2015, for
details). This technique separates moving ions with different mass-to-charge ratio in an
orthogonal magnetic field and is originally based on the work of THOMSON (1908). However,
in the last decade, progress in optical techniques provides new optical-based analyzers
that can complement or even compete with traditional IRMS measurements (WERNER
et al., 2012). Optical instruments are in particular useful for field applications (GRIFFIS,
2013). In this thesis, I present and characterize two different optical-based instruments
to study the isotopic composition of a molecule in air. In order to provide a framework
for a better understanding of the used instruments and to enable a comparison of these
analyzers to other optical-based instruments, here I present a classification scheme for
optical-based analyzers. This scheme is a slightly modified version of a classification scheme
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for laser-based measurements at trace gas concentrations proposed by KERSTEL et al.
(2008): One major classification of optical-based instruments can be done with respect
to the light source that is used, between 1. broadband-light-source-based instruments
and 2. laser-based instruments. A further distinction can be made, that defines three
classes of laser-based spectrometers (a) direct absorption spectrometers in mid infrared,
where strong absorption features are available (b) absorption spectrometers in near infrared
that compensate the weaker absorption in near infrared by a strongly enhanced effective
optical path length and (c) path-length-enhanced absorption spectrometers in mid infrared.
Different instruments of these classes are listed in Table 1.1 for analyzers that measure 6D
and/or %0 in Hy0,, together with literature reports of their minimum Allan deviations
(if available) as a measure of precision. A similar table is presented for instruments that
measure §13C and/or 60 in COy in chapter 2 (see Table 2.2). Please note that there is
an instrument of class 2(c) in the case of COg, but there is no such instrument for HyO,,.
A short description of the fundamental measurement principles and the most commonly
used technical implementations for the different categories of optical instruments (including
broadband-light-source-based as well as laser-based instruments) is given here.

1. Broadband-light-source-based instruments

In Fourier transform infrared (FTIR) spectrometers the complete infrared spectrum
of a black body light source is used. The emitted infrared light is modulated by an
interferometer that is (in many cases) based on a Michelson interferometer (GRIFFITHS
et al., 2007) and the resulting interferogram is converted into the absorption spectrum
mathematically by applying a Fourier transformation (GRIFFITH et al., 2012). Even
if the broadband light source used in an FTIR is generally much weaker than a laser
light source, similar precision to laser-based instruments and IRMS could be reached
with FTIR for averaging times of 10 minutes (cf. Tables 1.1 and 2.2). FTIR analyzers
have been used for example to measure 6D (and 6'%0) in HoO, (CATI et al., 2015;
HAVERD et al., 2011) and to measure 6'3C (and 6'¥0) in COy (GRIFFITH et al., 2012;
VARDAG et al., 2015).

2. Laser-based instruments
In laser absorption spectrometers a laser beam with tunable wavelength is sent
through a (multi-path or resonant) absorption cell, usually operating at low pressure
and the light intensity of the emerging laser beam is measured by a suitable detector
(WERLE, 2004).

a) Laser-based direct absorption spectrometers in mid infrared directly
capture a molecule’s rotational-vibrational absorption spectrum in mid infrared
(KERSTEL et al., 2008). As the absorption features (especially in the case of CO3)
are stronger in mid infrared (wavelength between 3 and 50 um) than in near
infrared (wavelength between 0.8 and 3 um), instruments of this kind typically
achieve signal-to-noise ratios that are suitable for trace gas concentrations.
Different implementations of this type of spectrometers use different kinds of
lasers. For COg2, quantum cascade laser spectrometers (QCLAS, Aerodyne
Research Inc., Boston, USA), were used e.g. by STURM et al. (2012) or WEHR
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et al. (2016). Likewise for CO2, a non-linear crystal is used to produce a
mid infrared laser in the isotope ratio infrared spectrometer (IRIS ,Delta Ray
Analyzer“, Thermo Scientific, Bremen, Germany) used e.g. by GELDERN et al.
(2014) and Ri1zzo et al. (2014). Further, a lead-salt diode laser spectrometer
(TGA100A /200, Campbell Scientific Inc., Logan, USA), was used for CO9 by
BOWLING et al. (2005) and BOWLING et al. (2003c) and for HoO, by WEN
et al. (2008). The TGA100A /200 requires cryogenic cooling and is no longer
manufactured (GRIFFIS, 2013).

b) Laser-based path-length-enhanced-absorption spectrometers in near
infrared measure the rotational-vibrational absorption spectra for the isotopo-
logues in near infrared, where absorption features are typically weaker than
in mid infrared. To increase the number of absorbed photons while the laser
beam passes through the absorption cell, the optical path length is increased by
using high finesse optical cavities (KERSTEL et al., 2008). There are two mayor
technical implementations of this approach that are both related to the decay
of light intensity after the laser is switched of (GRIFFIS, 2013): cavity ringdown
spectroscopy (CRDS), e.g. the G1101-i and G1101-i+ Picarro Inc.,Santa Clara,
USA see e.g. (AEMISEGGER et al., 2012; VOGEL et al., 2013), and off-axis
integrated cavity output spectroscopy (OA-ICOS), e.g. the different models
of water vapor isotope analyzers (WVIA and WVIA-EP) Los Gatos Research
Inc., San Jose, USA see e.g. (AEMISEGGER et al., 2012; GUILLON et al., 2012;
STURM et al., 2009). CRDS measures the exponential decay time after the
laser is switched off, and relates this decay time to the absorption of laser light.
For OA-ICOS, the measured quantity that is linked to the absorption of laser
light is the time-integrated radiation intensity that is leaking out of the cavity
(AEMISEGGER et al., 2012).

c) Laser-based path-length-enhanced absorption spectrometers in mid
infrared combine the wavelength range in mid infrared that is also used by
instruments of type 2.a) with an enhanced optical path length that is used by
instruments of type 2.b). An example for an instrument of category 2.c) is the
CCIA-48 Los Gatos Research. Inc, San Jose, San Jose, USA that combines
a mid-infrared quantum cascade laser with off-axis integrated cavity output
spectroscopy (Oikawa et al., 2017).

For the research presented in this thesis, we used two laser-based instruments, the isotope
ratio infrared spectrometer (IRIS ,Delta Ray Analyzer“, Thermo Scientific, Bremen,
Germany) and the high flow and high-frequency enabled water vapor isotope analyzer
(2Hz-HF-WVIA, Los Gatos Research Inc., San Jose, USA). The IRIS Delta Ray belongs
to category 2.(a), i.e. it is a direct laser-based absorption spectrometer in mid infrared.
This analyzer uses a nonlinear crystal in combination with two tunable near infrared diode
lasers to produce a laser beam in mid infrared by difference frequency generation (DFG)
(THERMO FISHER SCIENTIFIC, 2014). The used laser scans a wavelength around 4.33 ym
(GELDERN et al., 2014) and has an optical path length around 5m (THERMO FISHER
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SCIENTIFIC, 2014). The 2 Hz-HF-WVIA on the other hand belongs to the category 2.b),
i.e. it is a laser-based path-length-enhanced absorption spectrometers in near infrared.
This analyzer is an off-axis integrated cavity output spectrometer in the near infrared that
scans a region around 1.39 ym (AEMISEGGER et al., 2012) and has an enhanced optical
path length of up to 2500 m (Los GATOS RESEARCH INC., 2013).

Table 1.1: Examples for different optical instruments that measure the isotopic composition
of HoO and reported values for minimal Allan deviations 04 and the corresponding averaging
times Tmin (if not available, another definition of precision is used), see also Table 2 of the
review by GRIFFIS (2013). The indicees a) to d) refer to different definitions of precision: a)
one standard deviation of the calibrated values for repeated measurements; b) the standard
error of prediction from the regressions used for calibration; ¢) one standard deviation of the
difference between the measured value from that calculated with the Rayleigh distillation
model; d) no definition found.

1. Broadband light source based instruments

Instrument: Fourier transform infrared spectrometer:

Bruker IRcube Bruker Optics, Germany

o(7=120s) =1-3%0 for Cpao between 5000 and 15000 ppm (HAVERD et al., 2011)
Fourier transform infrared spectrometer: , no name, no manufacturer
o(7=600s) ~1 %0 for Cuao between 5000 and 30000 ppm (CATI et al., 2015)

o (7=600s) 0.4 %0 for Crao between 5000 and 30000 ppm (CAI et al., 2015)

Precision® for 6D :

Instrument:

Precision? (6D) :

Precision? (§1%0) :
2. a) laser-based direct absorption spectrometers in mid infrared

Lead-salt tunable diode laser absorption spectrometer: TGA100A /200,

Campbell Scientific Inc., USA

o(7=60min)~ 0.07 at Cz2o app. 16000 ppm (WEN et al., 2008)

o(7=60min)~ 1.1 at Cr2o app. 16000 ppm (WEN et al., 2008)

2. b) laser-based path-length-enhanced absorption spectrometers in near infrared

Instrument:

Precision® (6'%0)
Precision® (D)

Instrument:
Minimal Allan deviation (6D) :
Minimal Allan deviation (6'80) :

Cavity ringdown spectrometer: L1115-i, Picarro Inc., USA
0 A(Tmin~15min) = 0.06 %eat Cuzo app. 16000 ppm (AEMISEGGER et al., 2012)
0 A(Tmin~50 min) = 0.01 %oat Cy2o app. 16000 ppm (AEMISEGGER et al., 2012)

Instrument:
Minimal Allan deviation (dD) :
Minimal Allan deviation (6'80) :

Cavity ringdown spectrometer: L2130-i, Picarro Inc., USA
0A(Tmin~170 min) = 0.02 %oat Croo app. 16000 ppm (AEMISEGGER et al., 2012)
0 4(Tmin~100 min) =0.006 %oat Cao app. 16000 ppm (AEMISEGGER et al., 2012)

Instrument:
Minimal Allan deviation (6D) :

Minimal Allan deviation (5'80) :

Off-axis integrated cavity output spectrometer:

WVIA, Los Gatos Research Inc., USA

0A(Tmin~10min) = 0.07 %eat Cuzo app. 16000 ppm (AEMISEGGER et al., 2012)
0 4(Tmin~15min) = 0.04 at Cy2o app. 14000 ppm(STURM et al., 2009)
0A(Tmin~170min) = 0.07 at Cy2o app. 16000 ppm (AEMISEGGER et al., 2012)
0A(Tmin~15min) = 0.03 at Cyzo app. 14000 ppm (STURM et al., 2009)

Instrument:

Minimal Allan deviation for 6D :

Minimal Allan deviation for §'80 :

Off-axis integrated cavity output spectrometer:

WVIA-EP, Los Gatos Research Inc., USA

0 A(Tmin~7min) = 0.02 %oat Cyao app. 16000 ppm (AEMISEGGER et al., 2012)
0 A(Tmin~30min) = 0.01 %eat Cuzo app. 16000 ppm (AEMISEGGER et al., 2012)
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1.4 Structure of the thesis

The PhD thesis "The isotopic composition of CO5 and H2O, fluxes in a managed beech
forest’ presents research to investigate COy and HyO, exchange processes between the
atmosphere and a forest in central Germany. The background of this thesis are the under-
lying physical and meteorological processes i.e. the relevant fluxes and isotope selective
fractionation processes are described in chapter 1.1. The three main methods that are
commonly used to study isotopic compositions on an ecosystem scale (Keeling plot method,
flux gradient method and eddy covariance) are briefly discussed in section 1.2. In this
section, I also discuss their main assumptions and major limitations. Further, the available
tools for stable isotope analysis (i.e. IRMS and optical-based spectrometers) are explained
in section 1.3. Further, the setup, the measured flux, the method and the used instrument
(tool) of the experiments presented in this theses are summarized in Figure 1.3 in the
context of the characteristics of the SBL.
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EXPERIMENT 1 (chapter 2) EXPERIMENT 2 (chap. 3&4)
- Measured flux: respiration - Measured flux: evapotranspiration
- Method: Keeling plot - Method: eddy covariance
- Main assumption: One source mixes - Main assumptions: turbulent conditions,
with a stable background homogeneous territory
- Slow instrument (<0.1 Hz) - Fast instrument (>2 Hz)
- Only possible during nighttime - Largest flux during daytime

Figure 1.3: Short profile of the two experiments that are carried out in this thesis in the
context of boundary layer flow.
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The introduction of the background, the available methods on an ecosystem scale, and
the available tools is followed by the three main chapters of this thesis (chapter 2 to 4).
Each of these main chapters presents a scientific contribution based on stable isotope
analysis in COy and H2O,, fluxes in a managed beech forest on an ecosystem scale. The
three scientific contributions are the following:

« A new instrument for stable isotope measurements of '*C and '#0 in CO, -
Instrument performance and ecological application of the Delta Ray IRIS
analyzer

Jelka Braden-Behrens, Yuan Yan and Alexander Knohl, published in Atmospheric
Measurement Techniques (BRADEN-BEHRENS et al., 2017a); chapter 2 of this thesis

In this publication, we use a laser-based direct absorption spectrometer in mid
infrared (Delta Ray, Thermo Scientific Inc., Waltham, USA) to measure the isotopic
composition of respiration with a Keeling plot approach. This analyzer measures
the COy mole fraction Ccoz and isotopic composition of 63C and 680 in CO»
with an effective measurement frequency below 0.1 Hz. The analyzer used in this
study is a newly developed commercially available analyzer and thus, we needed to
rigorously test and characterize the analyzer. With instrument tests, we quantify
instrument characteristics such as the dependency of the measured (raw) ¢ values from
the respective COs mole fraction, as well as the analyzers’ precision and potential
accuracy. In the field application, we chose a Keeling plot approach to measure the
isotopic composition of nighttime respiration in a managed beech forest. For this
purpose, the more direct EC method would suffer from the prevalent absence of
turbulence during nighttime and also the flux gradient method has limited applicability
above the tall vegetation at this site. We discuss the observed seasonal variability
and further focus on the influence of an early snow event on the measured isotopic
composition of nighttime CO5 flux. Additionally, we focus on the question in which
extend the measured >C composition of respiration can be explained by the Farquar
model of photosynthesis.

¢ Eddy covariance measurements of the dual-isotope composition of evapo-
transpiration
Jelka Braden-Behrens, Christian Markwitz and Alexander Knohl, Manuscript to be
submitted to Agricultural and Forest Meteorology (BRADEN-BEHRENS et al., 2018b);
chapter 3 of this thesis

In this manuscript, we use a laser-based path-length-enhanced absorption spectrome-
ter in mid-infrared (2Hz-HF-WVIA, Los Gatos Research. Inc., San Jose, CA, USA)
for EC measurements of the isotopic composition of HyO,. This instrument is a
modified version of an often-used commercially available instrument (EP-WVIA|
Los Gatos Research. Inc., San Jose, CA, USA), that is optimized for fast (> 2 Hz)
measurements of the water vapor mole fraction Cyoo and its isotopic composition in
oD and §'80. As this analyzer was highly modified and e.g. was used at a different
flow rate than the standard instrument, we first tested and characterized the analyzer
in this manuscript. For example, we measured the mole fraction range dependency of
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the measured 0 values and evaluate the analyzer’s precision and accuracy. We used
this analyzer to measure the isotopic composition of evapotranspiration (ET) in a
managed beech forest with the EC technique. The EC technique is used here as it
is the most direct technique and both, the flux gradient technique and the Keeling
plot technique are expected to have limited applicability in this setup (e.g. due to
roughness effects and temporal changes in the background mole fraction and isotopic
composition).

e Does local evapotranspiration drive seasonal and diurnal variations in the
isotopic composition of water vapor above a managed beech forest?

Jelka Braden-Behrens and Alexander Knohl, Manuscript to be submitted to Biogeo-
sciences; chapter 4 of this thesis

In this manuscript, we use the time series of the isotopic composition of water vapor
and evapotranspiration obtained in chapter 3 to answer the question : "What drives
the observed seasonal and diurnal variations in the isotopic composition of water
vapor (d,) above a managed beech forest?” We present different possible drivers
of the isotopic composition of HoO, such as entrainment, local ET and Rayleigh
distillation and discuss their influence on §,. On diurnal timescale this discussion is
based on the observed mean diurnal cycles and on seasonal scale this discussion is
based on correlations with (meteorological) quantities that are related to different
processes that potentially drive of d,, such as fractionation, ET, Rayleigh distillation,
or turbulent mixing.

The last chapter of this thesis contains a summary of the main results and conclusions,
followed by a broader discussion of dual isotope approaches. The two different laser
spectrometers that were used in this thesis are capable of dual isotope analysis and in the
synopsis, I further discuss the use of dual isotope (or even dual species approaches) in this
thesis and in related work as well as the large potential of dual isotope approaches for
future research.

1.5 Related publications

¢ Measuring the isotopic composition of ecosystem respiration in a temper-
ate beech forest

Jelka Braden-Behrens, Alexander Knohl, Hans-Jiirg Jost and Magda Mandic, Non-
peer reviewed publication Thermo Scientific White Paper (BRADEN-BEHRENS et al.,
2017b)

In this short technical publication, we present the setup of the experiment to mea-
sure the isotopic composition of respiration in a managed beech forest (chapter 2).
Additionally we show some first results of the instrument tests (described in more
detail in chapter 2 of this thesis) and discuss some obtained diurnal cycles of the
isotopic composition of net CO4 exchange.
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1.6 Objectives

In brief, the objectives of this theses are

e to characterize and test two different laser-based absorption spectrome-
ters for measurements of the stable isotope composition in COs and H>0O,;
This objective is addressed for the isotope ratio infrared analyzer for COy (Delta Ray,
Thermo Scientific Inc., Waltham, USA) in chapter 2 and for the high-frequency and
high-flow-rate-optimized water vapor isotope analyzer (2 Hz-HF-WVIA, Los Gatos
Research. Inc., San Jose, CA, USA) in chapter 3.

¢ to use these analyzers in combination with ecosystem scale methods to
assess different parts of the coupled CO; and H>O cycle in a managed
beech forest in central Germany;
This refers to the measurement of the isotopic composition of nighttime respiration
(chapter 2) and to the measurement of the isotopic composition of evapotranspiration
(chapter 3).

o and to use the obtained datasets to provide insights into the underlying
processes.
In particular, we use the observed isotopic compositions of respiration and evapo-
transpiration to answer the following questions:

— In how far can we explain the variability of the '3C isotopic composition of
respiration by the isotopic composition of recent assimilates which is in turn
controlled by meteorological drivers during photosynthesis? (Chapter 2)

— Does local evapotranspiration drive the diurnal and seasonal variability of the
isotopic composition of water vapor d, in the SBL? (Chapter 4)



CHAPTER 2

A new instrument for stable isotope measurements of *C and 20 in
CO, - Instrument performance and ecological application of the Delta
Ray IRIS analyzer

published in ’Atmospheric measurement techniques’ (BRADEN-BEHRENS et al., 2017a)

15
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2.1 Abstract

We used the recently developed commercially available Delta Ray isotope ratio infrared
spectrometer (IRIS) to continuously measure the CO2 mole fraction Ccoo and its isotopic
composition §3C and 6'80 in a managed beech forest in central Germany. Our objectives
are (a) to characterize the Delta Ray IRIS and evaluate its internal calibration procedure
and (b) to quantify the seasonal variability of ¢, §13C, 6*¥0 and the isotopic composition
of nighttime net ecosystem COs exchange (respiration) R!2 C and RS O derived from
Keeling plot intercepts. The analyzer’s minimal Allan deviation (as a measure of precision)
was below 0.01 ppm for the CO5 mole fraction and below 0.03 %o for both ¢ values. The
potential accuracy (defined as the 1o deviation from the respective linear regression that
was used for calibration) was approximately 0.45ppm for c, 0.24 %o for 3C and 0.3 %o
for 180. For repeated measurements of a target gas in the field, the long-term standard
deviation from the mean was 0.3 ppm for Cco2 and below 0.3 %o for both ¢ values. We
used measurements of nine different inlet heights to evaluate the isotopic compositions
of nighttime net ecosystem COj exchange R!3 C and R O in a 3 month measurement
campaign in a beech forest in autumn 2015. During this period, an early snow and frost
event occurred, coinciding with a change in the observed characteristics of both R C and
RIZ O. Before the first snow, R!2 C correlated significantly (p< 107%) with time-lagged
net radiation R,, a driver of photosynthesis and photosynthetic discrimination against
13C . This correlation became insignificant (p> 0.1) for the period after the first snow,
indicating a decoupling of §'3C of respiration from recent assimilates. For O, we measured
a decrease of 30 %o within 10 days in R O after the snow event, potentially reflecting
the influence of *O depleted snow on soil moisture. This decrease was 10 times larger
than the corresponding decrease in §'80 in ambient COs (below 3 %) and took 3 times
longer to recover (3 weeks vs. 1 week). In summary, we conclude that 1) the new Delta
Ray IRIS with its internal calibration procedure provides an opportunity to precisely and
accurately measure ¢, §13C and §'%0 at field sites and 2) even short snow or frost events
might have strong effects on the isotopic composition (in particular *0) of COs exchange

on an ecosystem scale.

2.2 Introduction

The stable isotopic compositions of CO5 and water vapor have been intensely used to study
ecosystem gas exchange (YAKIR et al., 2000). In particular, measurements of the §3C
and §'80 isotopic composition of COy have provided important insights into the carbon
cycle over a large variety of spatial and temporal scales (AFFEK et al., 2014; FLANAGAN
et al., 1998). There are many examples for the utility of the stable isotopic composition of
CO; to study biosphere-atmosphere exchange processes on an ecosystem scale, such as the
partitioning of net ecosystem COs2 exchange into respiration and photosynthesis. Different
partitioning methods include the combination of gradient approaches with stable isotope
measurements (YAKIR et al., 1996), direct isotope gradient approaches (ZHANG et al.,
2006), the combination of eddy covariance measurements with isotope flask measurements
(BOWLING et al., 2001; KNOHL et al., 2005a; OGEE et al., 2003), and direct isotope
eddy covariance measurements (OIKAWA et al., 2017; WEHR et al., 2016). Other field
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applications of stable CO9 isotopes measurements investigate the temporal variability of
the isotopic composition of a particular flux component. The temporal variability of the
isotopic composition of respiration for example has been studied on timescales ranging
from sub-diurnal (BARBOUR et al., 2011) to seasonal (BOWLING et al., 2002; EKBLAD
et al., 2001; KNOHL et al., 2005b). Further, the isotopic composition in COs profiles has
been studied on several sites over multiple years for 13C (e.g. BOWLING et al., 2002; WEHR
et al., 2016) as well as for 180 (e.g. BOWLING et al., 2003a; SHIM et al., 2013). The 3C
composition of ecosystem respiration RL3 C, on the one hand, has been used to assess the
time lag between assimilation and respiration (BOWLING et al., 2002; EXBLAD et al., 2001;
KNOHL et al., 2005b) and to evaluate biosphere models on a global scale (BALLANTYNE
et al., 2011). The 80 composition of ecosystem COy exchange RS O, on the other hand,
is particularly interesting for studying the coupled CO2 and water cycle (see e.g. YAKIR
et al., 1996).

A long-established and broadly used technique to measure stable isotopic compositions is
isotope ratio mass spectrometry (IRMS) (GRIFFIS, 2013), a technique that is based on the
fact that moving ions with different mass-to-charge ratios can be separated by (orthogonal)
magnetic fields (THOMSON, 1908). For measurements of the isotopic composition of
CO3, IRMS has typical precisions of approximately 0.02 to 0.1%oc for '3C and 0.05 to
0.2 %o for ¥O. IRMS has been widely used for isotope studies in environmental sciences,
though it shows limited applicability for in situ measurements (GRIFFIS, 2013) , but
see also the field-applicable continuous flow IRMS described by SCHNYDER et al. (2004).
Disadvantages of flask-sampling-based IRMS techniques include high sample preparation
effort and costs (GRIFFIS, 2013), low temporal resolution and discontinuous measurements.
Additionally, there are potential problems during sample storage and transport, see KNOHL
et al. (2004) for minimizing such storage effects in the case of 13C. For '¥0, storage
effects can be related to oxygen exchange between water and COg (GEMERY et al., 1996;
TUZSON et al., 2008). Optical-based techniques can compete with or complement IRMS
measurements, and progress in optical-based techniques over the last decade has enhanced
the potential of measurements of isotopic compositions (WERNER et al., 2012). These
developments have a particular impact on micrometeorological studies, as they increased
the accessibility of field-deployable optical instruments and thus enabled a number of
micrometeorological applications of stable isotope techniques, as reviewed by GRIFFIS
(2013). Optical instruments to study the isotopic composition of trace gases use the
absorption of infrared photons by exciting a molecule’s rotational and vibrational energy
states. These rotational and vibrational transitions are characteristically different for
isotopologues, defined for example by COPLEN (2011) as 'molecular species that differ
only in isotopic composition’, (see e.g. ESLER et al., 2000; KERSTEL et al., 2008)*. The
isotopologue-specific absorption lines are related to the mole fraction of the respective
isotopologue via Beer’s law and thus the isotopic composition of a certain molecule (WERLE,

1 In general this is also true for isotopomers, defined for example by COPLEN (2011) as 'molecular species
having the same number of each isotopic atom [...] but differing in their positions.’ (e.g. MOHN et al.,
2008).
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2004). Available optical instruments that are capable of measuring isotopic compositions at
trace gas mole fractions show different implementations of this principle by using different
light sources (broadband light sources, mid- or near-infrared lasers) (see e.g. GRIFFIS,
2013; KERSTEL et al., 2008) and/or different absorption cells (multipath or resonant)
(WERLE, 2004). Minimal Allan deviations o4 and the corresponding averaging times Tpin
for different optical instruments are shown in Table 2.2, but see also Table 2 in the review
of GRIFFIS (2013) for more detailed information, including instrument stability and an
overview of applications, for most of these instruments.

Table 2.1: Nomenclature and abbreviations used in this publication, numbers for reference
standards Rgtq from INTERNATIONAL ATOMIC ENERGY AGENCY (1995)

Stable isotope specific nomenclature

Rgaq  Isotope ratio cheavy/cClignt Of an (arbitrary) reference standard
6 value Relative deviation of the measured isotope ratio from Rgiq
VPDB Vienna Pee Dee Belemnite - standard for 13C (Rvppp~0.01124)
VPDB-COs Vienna Pee Dee Belemnite - standard for 180 (RvpPDB-C02~0.0020883)

Nomenclature

o4 Allan deviation
R,, Net radiation
RH Relative humidity
VPD Vapor pressure deficit
oxkp Keeling plot intercept
Reco  Isotopic composition of nighttime COg exchange (respiration)

integrated over the ecosystem

Technical abbreviations

IRIS Isotope ratio infrared spectrometer
IRMS Isotope ratio mass spectrometer
OA-ICOS Off-axis integrated cavity output spectroscopy
CRDS Cavity ring down spectroscopy
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Here we present a new laser-based direct absorption spectrometer in mid infrared, the
isotope ratio infrared spectrometer (IRIS) Delta Ray Thermo Scientific Inc., Waltham,
USA. This spectrometer uses two tunable near-infrared diode lasers in combination with a
nonlinear crystal to produce a laser beam in the mid-infrared (THERMO FISHER SCIENTIFIC,
2014). The instrument scans a spectral region from 4.3293 pm to 4.3275 um, containing
four COy absorption lines: at 4.3277 um and 4.3280 pm (both for **02C160), 4.3283 um
(for 6013C160) and 4.3286 um (for 1°02C*0) (GELDERN et al., 2014). A measured and
a fitted spectrum is shown in Fig. 2.1. The fitting procedure is based on a Voigt profile
fit, that relates the isotopologue-specific absorption lines to their respective mole fractions
(information from the manufacturer, Thermo Fisher Scientific). The instrument has a
flow rate of 0.08slpm, a cell pressure of approximately 100 mbar, an optical path length of
approximately 5m and an internal calibration procedure that automatically includes two
point calibrations for mole fraction Ccos and both § values as well as corrections for the
mole fraction dependency of the measured 0 values (THERMO FISHER SCIENTIFIC, 2014).
The objectives of our study are (a) to characterize the Delta Ray IRIS and its performance
under field conditions as well as (b) to quantify the seasonal variability of 6'3C, §'80 and
the isotopic composition of COs exchange for both 6'3C and §'%0O derived from Keeling
plot intercepts.
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Figure 2.1: Measured and fitted spectrum, as exported from the instrument’s operational
software Qtegra.
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Table 2.2: Examples for different optical instruments that measure the isotopic composition
of CO4 and reported values for minimal Allan deviations o4 and the corresponding averaging
times Tiin (if available), see also Table 2 of the review of GRIFFIS (2013).

Broadband-light-source-based instruments

Instrument: Fourier transform infrared spectrometer:
Spectronus analyzer, Ecotech Pty Ltd., Australia
Minimal Allan deviation for 6'3C : 04 (Tinin~6000s)=0.01%0 (GRIFFITH et al., 2012)

Minimal Allan deviation for 60 : ¢ 4(Tmin~72005)=0.1%0 (VARDAG et al., 2015)

Instrument: Fourier transform infrared spectrometer:
Nicolet Avatar, Thermo Electron, USA
Minimal Allan deviation for §13C : g 4(Tmin=960s)=0.15%0 (MOHN et al., 2007)

Laser-based direct absorption spectrometers in mid infrared

Instrument: Quantum cascade laser absorption spectrometer:
QCLAS Aerodyne Research Inc., USA

Minimal Allan deviation for 6'3C : 04 (Timin~1005)=0.01%0 (WEHR et al., 2013)
04(Tmin~100s)=0.06 %0 (STURM et al., 2012)

Minimal Allan deviation for 6'%0 : 0 4(Tmin~100)=0.06%0 (STURM et al., 2012)

Instrument: Lead-salt tunable diode laser absorption spectrometer:
TGA100A /200,
Campbell Scientific Inc., USA

Minimal Allan deviation: no data for uncalibrated minimal o 4,
ideal averaging time Tmin~30s (BOWLING et al., 2003c)

High-frequency Allan deviation: 04(1=0.18)=1.5%0 for §'3C and 2.2 %o for §'¥0 (BOWLING et al., 2003c)

Instrument: Isotope ratio infrared spectrometer:
Delta Ray, Thermo Scientific Inc., USA
Minimal Allan deviation for §'3C : 0 4(Tmin~ 5008)=0.04 %0 (GELDERN et al., 2014);
0A(Tmin= 300 5)=0.02 %o (this study, table 2.5)
Minimal Allan deviation for 6'¥0 : ¢ 4(Tmin~3005)=0.04 %o (this study, table 2.5)

Laser-based path-length-enhanced absorption spectrometers in near infrared

Instrument: Cavity ringdown spectrometer:
G1101-i+, Picarro Inc., USA
Minimal Allan deviation for 6'3C : 0 4(Tmin~36005) < 0.1%0 (VOGEL et al., 2013)

Instrument: Off-axis integrated cavity output spectrometer:
CCIA DLT-100, Los Gatos Research Inc., USA

Minimal Allan deviation for 6'3C : 0 4(Tmin~2005s )=0.04 %0 (at approximately 20 000 ppm CO) (GUILLON et al., 2012);
0A(Tmin~200s)=0.6 %0 (at approximately 2000 ppm COz) (GUILLON et al., 2012)

Laser-based path-length-enhanced absorption spectrometers in mid infrared

Instrument: Quantum cascade laser absorption spectrometer:
CCIA-48, Los Gatos Research Inc., USA

Minimal Allan deviation for 6'3C : 0 4(Tmin~3005s)=0.06 % (OIKAWA et al., 2017)

Minimal Allan deviation for §1%0 : 0 4(Tmin~300s)=0.04 %0 (OIKAWA et al., 2017)
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2.3 Material and methods
2.3.1 Field site

This study was conducted at a meteorological tower in a managed beech forest (Fagus
sylvatica L.) in Thuringia (central Germany) at 51°19’41,58” N; 10°22°04,08” E at 450
meters above sea level. The forest in the dominant wind direction of the tower has an
average canopy height of approximately 34 m with approximately 120-year-old trees, a
top-weighted canopy and a homogeneous stand structure, surrounded by trees of three age
classes (approximately 30-40, 80 and 160 years), (ANTHONI et al., 2004). The field site
is described in detail by ANTHONI et al. (2004), and soil characteristics of this site were
analyzed by MUND (2004).

2.3.2 Campaign design

We measured the COy mole fraction Ccoz and its isotopic composition §3C and §'%0 in
ambient air from 215t August 2015 to 16" November 2015. We measured these quantities
with the field deployable isotope ratio infrared spectrometer Delta Ray (Thermo Scientific,
Waltham, USA) at nine inlet heights ranging from 0.1 to 45m in an automatic measurement
setup. After the tubing was purged for 60s, each inlet was measured for 80s, (consisting
of four measurements each averaged for 20 s - thus the averaging time is longer than
the instrument internal cell response time 7yqy, cf. section 2.4.1.4). A full measurement
cycle took 30 minutes and consisted of measurements of all nine inlet heights and a target
standard with known COs mole fraction and isotopic composition (COsz in synthetic air,
tank ’SA-COq-5 in Table 2.3), supplemented by an internal calibration measurement, called
'referencing’ (cf. Sect. 2.3.8). In less detail, the experimental setup is also described in
BRADEN-BEHRENS et al. (2017b).

We used the nighttime measurements of ¢, §3C and §'80 of the different inlet heights in
a Keeling plot approach (KEELING, 1958) to calculate the nighttime Keeling plot intercept
that can be used to estimate the isotopic composition of nighttime net ecosystem COq
exchange (respiration) 6 Reco for both measured 6 values: '3C and '¥0. Additionally, we
used the half-hourly measurements of the target standard to track the repeatability of the
Delta Ray analyzer and performed additional (manual) measurements to characterize the
analyzer.

2.3.3 Spectrometer setup

We set up the spectrometer to use the absorption lines at 4.3277 pum (for '°012C'0),
4.3283 pm (for 003C0) and 4.3286 um (for 8012C0). Thus, only three of the four
absorption lines in the instrument’s measured spectra (Fig. 2.1), were used for the spectral
fit. In particular, for 150™2C0, we did not use the strong absorption line at 4.3280 um.
The corresponding mode of operation is called "high-mole fraction mode’ in the instrument’s
operational software Qtegra. Additionally, the sample was dried before it entered the
measurement cell with the (instrument’s internal) Nafion drier.

2.3.4 Application of the Keeling plot approach

The Keeling plot approach (KEELING, 1958) is based on a simple two-component mixing
model that describes how air from a source with effectively constant isotopic composition &
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Table 2.3: Known CO5 mole fractions Cco2 and § values for gas tanks used for calibration and
instrument performance measurements. All measured mole fractions and 0 values refer to mea-
surements that were performed at the Max-Planck Institute for Biogeochemistry in Jena and
the 6'3C values of the two pure CO5 tanks. The pure CO; tanks 'bio’ and ambient’ were addi-
tionally measured with IRMS at the Geoscience Center in Gottingen (Isotope Geology Division,
Géttingen University) for their 13C composition. Abbreviations for the purpose of the tanks:
cCAL=mole fraction calibration; dCAL=4-calibration; REF=referencing; EC=evaluating
calibration ; pcCAL=post mole fraction calibration; REP=repeatability measurement

Gas tank Used for Cco2 3¢ 5180
[ppm] [%VPDB]  [% VPDB-COq]
Pure COy (ambient) dCAL, REF, EC - -9.94 £+ 0.01 -17.5 £ 0.3
Pure CO; (bio) dCAL, EC - -28.25 + 0.01 -27.2 £ 0.3
Pure CO2 (bio-2) EC - -26.1 £ 0.3 -24.3 £0.3
Pressurized air "PA-tank’ pcCAL, EC 413.7+£ 0.2 -9.7 £0.2 -5.3£04

Synthetic air with CO2 (SA-CO9-1) c¢CAL, pcCAL, EC 349.5 £ 0.1 -37.01 &+ 0.02 -341+04

Synthetic air with COg (SA-CO2-2) c¢CAL, pcCAL 4539 + 0.1 -36.98 + 0.02 -34.2 £ 0.6
Synthetic air with CO2 (SA-CO2-3) pcCAL 349.6 +£ 0.1 -37.02 £ 0.01 -34.3 £ 04
Synthetic air with CO2 (SA-CO2-4) pcCAL, EC 453.2 £ 0.1 -37.02 = 0.02 -34.8 £ 04
Synthetic air with COg (SA-CO2-5) pcCAL, REP 396.5 + 0.1 -37.02 &+ 0.02 -34.7 +£ 0.2
Synthetic air with CO2 (SA-CO2-6) EC 496.0 £ 0.1 -37.02 + 0.02 -34.8 £ 0.1

mixes with a background (with constant cpy and dy4). For this simple two-component mixing
model, one can derive a linear relationship between the measured isotopic composition
dmeas and the reciprocal mole fraction 1/cmeas by applying conservation of mass for the total
mole fraction as well as for each isotopologue separately (for derivation see e.g. PATAKI
et al., 2003).

Omeas = (Opg — Os) Cag p— +\5f_/ (2.1)
mKp dxp

This linear relationship with slope mgp and intercept dxp can be derived for each isotopic
species independently, so in our case for both §'3C or 6'80. The applicability of the
Keeling plot approach to a certain experimental setup essentially depends on the question
of whether ¢4, 05y and 0, are constant over the spatial and temporal distribution of all
measurements that are taken into account for the linear regression. In this study we apply a
Keeling plot approach to a forest ecosystem, aiming at measuring the isotopic composition
of ecosystem-integrated CO+ exchange. The source of COs is thus composed of different
individual source components i (e.g. stem, leaf and soil respiration), with each accounting
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for the individual components with their isotopic compositions ds; . The corresponding
isotopic composition of the integrated source d; can be expressed by defining «; as the
relative contributions of the individual source components to the integrated source.

(55 = 2(5571' (67 with Z o = 1 (2.2)

If the relative distributions among the different source components «; produce significant
changes in Js over the spatial and temporal distribution of measurements, the basic two-
component assumption of stable & is violated. During daytime the application of a Keeling
plot approach on an ecosystem scale in a forest is in general problematic, as photosynthesis
and respiration are two separately controlled and spatially separated processes - so we
generally cannot assume spatiotemporally constant «;. However, for nighttime, when there
is only respiration, the nighttime Keeling plot intercept dxp can be interpreted as the
isotopic composition of nighttime net ecosystem COg exchange (respiration) §'3C Reco or
880 Reco. Measures to assure and test the applicability of this two-component approach
and to improve the quality of the calculated Keeling plot intercepts are discussed and
evaluated in appendix 2.11.1. In brief, they include the minimization of the sampling time
for each Keeling plot, an inclusion of all inlet heights into each Keeling plot analysis to
increase the COs mole fraction range, data filtering and weighted averaging of Keeling
plots on smaller timescales.

2.3.5 Material and technical specifications

Technical specifications of the setup including plumbing and the automatic switching
unit are shown schematically in Fig. 2.2. The automatic switching unit consisted of 10
electromagnetic 3/2 directional control valves (Fig. 2.2) and was operated by a PC using
software for measuring technology (ProfiLab Expert 4.0, Abacom, Germany). The operating
software controlled the valve positions using two USB relay boards (Abacom, Germany).
When switching the valves to a new position, the operating software additionally sent a 1s
long rectangular trigger pulse with 5V DC to one of the Delta Ray analyzer’s two different
analogue input channels. One of these channels was used when a target gas measurement
had to be started, while a trigger pulse at the other input channel initialized the height
measurements. After the Delta Ray analyzer received one of the trigger pulses, the tubes
and the measurement cell were purged for 60s before the analyzer took measurements
for 80s. This purging time was used to ensure that the first measurement after switching
contained less than 0.1% of the previously measured sample (cf. Sect. 2.4.1.4).

We used polyethylene (PE) tubes with 6 mm outer diameter and 4 mm inner diameter
(Landefeld GmbH, Kassel, Germany) for the plumbing in the switching unit as well as for the
nine height inlets. These inlets were additionally equipped with biweekly replaced 1.2 ym
polytetrafluoroethylene PTFE membrane filters (Rettberg GmbH, Gottingen, Germany).
The tubes for the 9 height inlets (cf. Fig. 2.2) were all equally long (50 m) - except for
the highest inlet that had to be extended to 52m for practical reasons. The equal (or
similar) length of the inlet tubes lead to similar flow rates in the tubing system and similar
inlet pressures for the analyzer regardless of the valve position. This decreased pressure
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Figure 2.2: Plumbing scheme for the measurements of nine heights and a target standards,
the example shows the valve positions when height 5 is sampled.

jumps when switching from one height position to another. We purged the main tube to
reduce the time the air masses spend in the tubing. To avoid condensation, we heated the
valve box (at which we expected a pressure drop) and the adjacent tubing. For heating
we used self-regulating heating wires (Horst GmbH, Lorsch, Germany) which produce a
constant temperature of 65°C. The flow rate in the height inlet tubes was approximately
1.5slpm for all heights all the time and the major part of the gas flow was directed into
the purging pump. In the case of the target standard, the tubing was only purged when
the target standard was measured. In this case, an overblow opened to enable gas release
at approximately 1slpm (Fig. 2.2). For the target measurements as well as for the height
measurements the analyzer took a subsample of the corresponding inlet line with a flow
rate of approximately 0.08 slpm. The flow in all the tubing was laminar with Reynolds
numbers below 100.

For measurements as well as calibration, we used gas tanks in 501 steel containers at
150 to 200 bar pressure containing synthetic air, synthetic air with different COs mole
fractions and pressurized air (Westfalen AG, Gleichen, Germany). Additionally, we used
three 11 gas tanks at 10 bar pressure with pure CO; at different (known) § values that
were shipped with the Delta Ray analyzer (Air Liquide, Diisseldorf, Germany). All used
CO2-containing gas tanks were measured high precisely for their COs mole fraction and
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isotopic composition in 13C and ¥O at the Max Planck Institute (MPI) for Biogeochemistry
in Jena. There, the CO2 mole fractions were measured with a Picarro CRDS G1301 and
the isotopic composition was measured with IRMS linked to VPDB (VPDP-COz) by using
the multipoint scale anchor JRA-S06 (WENDEBERG et al., 2013). The pure COy tanks
that were used for § calibration were additionally measured for their '3C composition with
IRMS at Geoscience Center in Gottingen (Isotope Geology Division, Gottingen University).
All known § values and mole fractions for the gas tanks used in this application can be
found in Table 2.3 with their corresponding uncertainties.

2.3.6 Instrument characterization measurements

We carried out additional measurement in the field and in the lab to quantify precision, eval-
uate the calibration strategy and quantify the instrument’s response time and repeatability.
These measurements involved changes in the analyzers plumbing. For all measurements
that required connecting different gas tanks to the analyzer, they were either connected
directly to the analyzer’s internal ports (Refl, Ref2, CRefl and CRef2) or the plumbing
was equivalent to the plumbing of the target gas (Fig.2.2).

1. Lab measurements to quantify precision and evaluate the calibration strategy

e We measured the Allan deviation by connecting pressurized air at atmospheric
0 values to the analyzer and took measurements at the analyzer’s maximum
data acquisition rate of 1 Hz for two hours.

o We diluted pure COy with synthetic air over a COg mole fraction range of 200
to 1500 ppm to measure the mole fraction dependency of the measured (raw) §
values. This dilution experiment was carried out for three different tanks with
pure CO; at different § values. Each gas tank was measured twice. (Used gas
tanks: ambient, biol and bio2, cf. Table 2.3).

« We measured the mole fraction Ccoz and the isotopic compositions §3C and
5180 of gases with mole fractions ranging from (350 to 500 ppm) and isotopic
compositions ranging from -37 to -9.7 %o for §'3C and from -35 to -5 %o for
5180 . Each of these measurements was performed three times. (Used gas tanks:
ambient, biol, bio2, PA-tank, SA-CO2-1,SA-CO3-4, SA-CO9-6; cf. Table 2.3).

e We carried out repeated measurements of two pure COs gas tanks at different §
values (diluted to different mole fractions between 200 and 3000 ppm) as well
as measurements of two gas tanks at different CO2 mole fractions (350 and
500 ppm). These measurements were repeated every 6 h for a period of 9 days.
(Used gas tanks: ambient, bio, SA-COz-1 and SA-CO2-6, cf. Table 2.3.)

2. Field measurements to quantify the setup’s response time and repeatability.

e The response time of the tubing and the analyzer was measured by using the
automatic switching unit (Fig. 2.2) to switch from ambient air (height9) to the
target standard. We superimposed the measurements of four switching events
to observe the adjacent temporal response processes.

e The analyzer’s repeatability under field conditions was quantified by the half-
hourly target measurements described in Sect. 2.3.5
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2.3.7 Meteorological measurements

Supplementary to the measurements with the Delta Ray analyzer, the meteorological
tower at the field site is equipped with an eddy covariance system to measure COs and
H>0, fluxes as well as latent and sensible heat fluxes. Additional standard meteorological
measurements include continuous measurements of shortwave and longwave radiation, wind
speed and direction, precipitation, air and soil temperature and air and soil humidity
(ANTHONI et al., 2004).

2.3.8 Calibration
2.3.8.1 Instrument internal calibration

The Delta Ray analyzer is equipped with three different internal calibration routines
(Thermo Fisher Scientific, 2014). We performed these routines at the field site (in situ)
each time the analyzer had to be restarted e.g. after power supply failures, instrument
issues or when we manually turned off the analyzer for other reasons. All three instrument
internal calibration procedures were usually done one day after restarting the analyzer,
thus the instrument was in thermal equilibrium during calibration. The three different
instrument internal calibration procedures are described below:

o Correction of mole fraction dependency. This correction is called ’linearity calibration’
in the instrument’s documentation and operational software)
The calibration routine evaluates the mole fraction dependency of § value measure-
ments (Thermo Fisher Scientific, 2014). Mathematically, an experimentally derived
correction factor feorrect (Craw) is multiplied with the raw isotopic ratio R (information
from the manufacturer, Thermo Fisher Scientific):

RC—Corrected = f correct (Craw) X Rraw (23)

This factor as a function of mole fraction is determined via a natural spline fit
of measurements of a gas tank with constant § value at different mole fractions
(information from the manufacturer, Thermo Fisher Scientific). This is implemented
by mixing pure CO2 with COs-free air, yielding mole fractions between 200 and 3500
ppm. In our setup we used the pure COy with near-to-ambient J values (ambient
tank , cf. Table 2.3) and synthetic air for this calibration.

e Delta scale calibration. This calibration routine is based on a two-point calibration
of § values using two tanks of pure COy with different § values that are diluted with
synthetic air. For this calibration, we used the pure COy tanks ambient and bio (cf.
Table 2.3).

o Mole fraction calibration. This calibration routine performs a two-point calibration
for CO2 mole fraction using two gas tanks with different COy mole fractions. We
performed this measurement simultaneously to the other two calibration routines in
the field, but for one particular calibration on 15" of October, we had to replace it
by a post-calibration, which is described in Sect. 2.3.8.2.

The instrument’s internal calibration procedure is based on the measurement of these
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calibration curves after the instrument is started in combination with repeated measure-
ments of a known gas, so-called 'referencing’ (see below). As the different calibrations
are only performed once after the instrument is restarted, the accuracy and repeatability
of measurements is further based on the assumption that, these relationships remain
sufficiently constant, and temporal changes are corrected by ’'referencing’.

e Referencing.

This procedure applies an offset correction of the calibrated ¢ values using a gas
with known § values that is measured at a freely selectable mole fraction at regular
intervals (information from the manufacturer, Thermo Fisher Scientific). In our
experimental setup, referencing is carried out every 30 minutes for 80 s after the
tubes have been purged for 60s using the pure COy standard (ambient’; cf. Table
2.3) diluted with synthetic air. We chose the reference mole fraction to be the same
as the mole fraction at the highest inlet in the adjacent measurement cycle, because
most of the measurement inlets had mole fractions close to those at the highest inlet
and the temporal variability of the measured mole fractions generally decreased with
height. Thus, we performed the 'referencing’ as close as possible to as many height
measurements as possible by using these settings.

Thus, the calibration procedure for ¢ values can be expressed with the following formula
with the correction factor feorrect(Craw) as determined from the mole fraction-dependency
correction, and the slope mggcale derived from the 0 scale calibration (information from the
manufacturer, Thermo Fisher Scientific).

T Craw ) Rraw
5calibrated(Rraw§ Craw;t) = Myscale X <fco eCt](% Z ) = 1> +5Offset(t) (24)
st

5cfcorrected (Craw)

2.3.8.2 Post-processing for mole fraction calibration

For the time period from the 15" of October to 15" of November, we replaced the
instrument’s internal mole fraction calibration by a manual linear calibration, based on
manual measurements with six different gas tanks in the field. This was necessary, because
measurements with these different gas tanks (including the target standard) showed a
consistent linear relationship between raw and known mole fractions, that deviated from
the linear relationship that was used in the instrument’s internal calibration. Thus, we
conclude that during this period there was a problem with the instrument’s internal mole
fraction calibration which might be related to gas flow or a leak during this particular mole
fraction calibration.

2.3.9 Multilayer modeling

To test if the measured variability of the *C composition of respiration can be partly
explained by the variability of the *C composition of recent assimilates, we used the
multilayer model CANVEG to simulate the isotopic composition of assimilated material
during our measurement campaign. In particular, we analyzed the correlation of modeled
13C g5 With net radiation R, a driver of photosynthesis and photosynthetic discrimination,
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during our measurement period in autumn 2015. We further compared the resulting
relationship between R, and '3Cj4 to the observed (time lagged) relationship between
R,, and the ¥C composition of ecosystem respiration R C, derived from the measured
Keeling plots cf. section 2.4.2.2. This analysis was performed to test the hypotheses of a
link between  values in assimilated material and respiration. We used the multilayer model
CANVEG to calculate the isotopic composition of assimilated material §'3Cs. CANVEG
is a biophysical one-dimensional multilayer canopy model, (see e.g. BALDOCCHI, 1997;
BALDOCCHI et al., 2001). This multilayer model uses hourly meteorological inputs (among
others, temperature, radiation, vapor pressure deficit[VPD], wind velocity and COy mole
fraction) as main drivers, as well as site-specific parameters (leaf area index, leaf clumping
status, canopy height et. al.). Based on these input variables, CANVEG iteratively
computes the biosphere-atmosphere exchange of water, carbon dioxide and energy as well
as the microclimate within and above the canopy at hourly time steps. The carbon, water
and energy modules have been validated for various environmental conditions and forest
types (see e.g. BALDOCCHI et al., 2002; BALDOCCHI et al., 1999; BALDOCCHI et al., 1997).
In particular, the model has also been applied to an unmanaged beech-dominated forest
field site in approximately 30 km air-line distance to the measurement site of this study
(KNOHL et al., 2008a). The isotope-enabled version of this model additionally calculates
§13C;;, the 13C composition of CO; for each canopy layer i and each hourly time step j
and the corresponding '3C composition of assimilated material §'3C Ass,ij (BALDOCCHI
et al., 2003). In our application, we set up the model to use 40 equally thick layers i and
we used our meteorological measurements at the field site, described in Sect. 2.3.7, as
input variables. We validated the model with eddy covariance measurements (Table 2.4)
and used the model to calculate the isotopic composition of assimilated material §13C Ass,ij
for each of the 40 canopy layers i and for each hourly time step j. The C composition of
assimilated material 613Caq on daily timescale was calculated as an assimilation-weighted
sum over all layers and time steps, with the modeled assimilation rate A;; as a weighting
factor:
13 ngl ?il Aij : 613CAss,ij
0°Cass = 10 24 (25)
>im1 2. j=1 Aij

We included only hours j and layers i during photosynthesis (with positive assimilation
rates).

Table 2.4: Validation of the multilayer model CAN-

SLOPE R? NSEE VEG using eddy covariance measurements of gross

GPP 0.92 0.90 026 primary productivity (GPP), net ecosystem exchange
(NEE), latent and sensible heat flux (LE and H). Slopes,

NEE 0.97 092 0.28 R? values and normalized standard error estimates
LE 1.03 0.78  0.16 (NSEE) of linear regressions between modeled and mea-

sured values are comparable to the numbers given by
H 096  0.87 0.37 KNOHL et al. (2008a).
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2.4 Results and discussion
2.4.1 Instrument characteristics
2.4.1.1 Precision

We use the Allan deviation o4 at different averaging times 7 (Table 2.5) to characterize the
Delta Ray IRIS analyzer’s precision. Starting at an averaging time of 1s, that corresponds
to the analyzer’s maximum data acquisition frequency, the Allan deviation o4 decreased
with 771/2 (Fig. 2.3). This matches the expected behavior of a system that is dominated
by white frequency noise. The measured Allan deviation o4 followed this slope up to
averaging times for approximately 300s for § value measurements and approximately 200s
for mole fraction measurements. At these timescales the analyzer showed its maximum
precision of 0.02 % VPDB for 6'3C, 0.03 % VPDB-CO, for 680 and 0.007 ppm for COs
mole fraction. For averaging times above 200-300s other error sources (such as instrument
drift) became significant. For 6'3C, the precision of an earlier version of the instrument has
also been measured by GELDERN et al. (2014), reporting a minimum of o4 at around 0.04 %o
for an averaging time of 7 ~ 550s. At this averaging time, we measured a comparable
(slightly better) Allan deviation below 0.03 %o (cf. Table 2.5). Two other averaging times are
particularly interesting for our application: Firstly, the averaging period of 20s yields Allan
variances below 0.1 %o for both ¢ values and 0.02 ppm for CO2 mole fraction. Secondly, we
set the IRIS analyzer’s internal referencing procedure (described in Sect. 2.3.8) to 1800s,
which corresponds to an Allan variance of 0.03 %o for §'3C and 0.08 %o for 580 values and
0.01 ppm for CO2 mole fraction.
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Figure 2.3: Allan deviation o4 in % VPDB for '3C, in %, VPDB-CO, for '¥0 and in ppm

for CO2 mole fraction; solid lines show the calculated Allan deviation and dashed lines show
the typical white frequency noise error scaling.
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T §B3C 6180 c
5] [ho]  [%o] [ppm]

1 029 040 0.09
20 0.06 0.09 0.02
80 0.03 0.06 0.02

Table 2.5: Allan deviation o4 for

Tmin  0.02 0.03 0.007 different averaging times 7, with
500 0.03 0.04 0.01 the minimum Allan deviation for
Tmin = 290 s for both § values and

1800 0.03 0.08 0.01 170 s for CO4 mole fraction ¢

2.4.1.2 Evaluation of the calibration strategy

The instrument’s internal calibration strategy (described in section 2.3.8) is based on the
following:

e A nonlinear relationship between raw § values and mole fractions (Fig. 2.4).

o A linear relationship between the calibrated ¢ value (measured with IRMS) and the
mole fraction-corrected § value - dc—corrected it Eq. 2.4 (Fig. 2.5, middle and right
panel).

o A linear relationship between measured (raw) and real mole fractions (Fig. 2.5, left
panel).

e The repeatability of the calibration curves — for ¢ values modulo the offset correction
that is applied by the instrument’s internal 'referencing’ (Fig.2.6 and Table 2.6).

Raw § values show a nonlinear dependency from raw mole fractions (Fig. 2.4). This
nonlinear relationship deviates from the mole fraction-dependency correction applied by
the instrument, d.—corrected (Craw) in Eq. 2.4, as shown in Fig. 2.4. Here, the instrument
internal mole fraction-dependency correction is shown for the used gas tank ’ambient’ after
an offset correction at a mole fraction of 400 ppm, which is similar to the instrument’s
internal 'referencing’. Thus, the mean deviations of the measured § values from the mole
fraction-dependency correction (top panel of Fig.2.4) give an estimate of the uncertainty
of measurements that is related to the deviation from the reference mole fraction. For
referencing at 400 ppm, these deviations were approximately below 0.2 %o for 3C and 0.4
%o for 180.

The measured linear relationships for mole fraction and § scale calibration (Fig. 2.5) have
R? values of above 0.9999 for mole fractions, above 0.999 for § 3C and above 0.998 for § 80.
The linearity and potential accuracy, as defined by TUZSON et al. (2008), can be quantified
as the 1o standard deviation from the linear fits. The so defined potential accuracy of the
instrument internal linear calibrations is 0.45 ppm for CO5 mole fraction, 0.24 %o for §'3C
and 0.3 %o for 6'30. For both § values, this is comparable to the uncertainty related to
the nonlinear mole fraction calibration that varies with 6 and Ccog as discussed above.
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Figure 2.4: Box-and-whisker plot showing the nonlinear mole fraction dependency (c-
dependency) of raw § values for 13C and '®O respectively, here as an example for the COy
tank ’ambient’. The measured c-dependency is compared to the respective c-dependency cor-
rection (black line, with grey symbols marking the data points used during the corresponding
calibration measurement). The c-dependency correction is offset corrected to match the raw §
values at 400 ppm, and the mean deviation from the offset-corrected fit is shown in the top
panel for two measurements (different symbols) with three different gas tanks (ambient’ in
blue, ’bio’ in black and ’bio2’ in red).
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Table 2.6: Standard deviations o of the measured (calibrated) ¢ values over a large mole
fraction range based on 6-hourly lab measurements over a period of 9 days.

mole fraction 0 (Omeas — Otank)
ppm Yoo
tank: ambient tank: bio
130 180y Bo 180
202 0.07 0.14 0.09 0.13
396 0.04  0.05 0.08 0.08
600 0.09 0.08 0.12 0.12
807 0.08 0.08 0.11 0.11
1018 0.10 0.08 0.13 0.11
1232 0.12 0.09 0.13 0.11
1450 0.14 0.11 0.15 0.12
1664 0.14 0.11 0.14 0.12
3145 0.17 0.15 0.17 0.15

The repeatability of the calibration curves is discussed here based on measurements
of the nonlinear mole fraction dependency (Fig. 2.4) and repeated measurements of gas
tanks with two different C'cos and 6 values to evaluate temporal changes in the respective
linear relationships (Fig. 2.5). These measurements were taken every six hours for a period
of nine days. For these repeated measurements the standard deviation of the calibrated
values was below 0.2 ppm for mole fractions and (if delta values were measured at 400 ppm
and referenced at 380 ppm) below 0.05 and 0.1 %o for *C and *O respectively. Thus,
the uncertainty related to the repeatability of the linear calibrations is smaller than the
potential accuracy discussed above. For § values, these values are comparable to the
repeatability measured with other laser spectrometers, as reported by several authors, (e.g.
STURM et al., 2012; STURM et al., 2013; VOGEL et al., 2013). For mole fractions on the
other hand, STURM et al. (2013) reported a much smaller value of 0.03 ppm, based on more
frequent calibration. In our setup, the mole fraction calibration is only performed once after
the instrument is restarted; thus there might be a potential for better repeatability in mole
fraction measurements with more frequent mole fraction calibration. For § values measured
at mole fractions that deviate further from the reference mole fraction (here 380 ppm), the
repeatability also depends on mole fraction (Table 2.6). Repeated measurements of these
deviations have standard deviations below 0.15 %o for both § values for mole fractions
between 200 and 1600 ppm.

For mole fraction measurements, the uncertainty related to the linear calibration domi-
nates the overall uncertainty, whereas the uncertainty of & value measurements depends on
the setup, in particular on the 'referencing’. If measurements were carried out at the mole
fraction used during ’referencing’, the accuracy would be limited by the linear calibrations
and the corresponding repeatability (c.f Table 2.7). If measurements were carried out
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Figure 2.6: Box-and-whisker
plots for the deviations of cali-
brated mole fractions and ¢ values
from laboratory measurements (at
MPT in Jena) for repeated measure-
ments of different calibration tanks
(cf. Table 2.3 for Cco2 and 6 values
of the gas tanks) over a period of
9 days (N=36). Delta values were
measured at 400 ppm and ’referenc-
ing’ was done approximately every
30 minutes at 380 ppm to simulate
conditions during a measurement
campaign.

at mole fractions that deviate from the ’referencing’ mole fraction, the accuracy would
be limited by the actual mole fraction dependency that deviates from the instrument
internal correction of mole fraction dependency (cf. Fig. 2.4 and Table 2.7). In this case,
the accuracy could be further improved by applying a correction of the mole fraction

dependency based on more points.

Table 2.7: Uncertainties related to the different calibration steps and their repeatability
defined as 1o standard deviation of the respective calibration step.

Calibration s13C 60 c
(%] [%o]  [ppm]
Linear calibrations 0.24 0.3 0.45
Corresponding repeatability 0.05 0.1 0.2
Correction of c-dependency 0.2 0.4 -
Corresponding repeatability 0.15 0.15 -

2.4.1.3 Repeatability during the field campaign

We analyzed the repeatability of the Delta Ray analyzer under field conditions by evaluating
half-hourly measurements of the same gas tank (SA-CO2-5) during the whole measurement
period. We use the standard deviations of measured mole fractions and delta values to
quantify the repeatability of our setup in the field including our calibration strategy. The
standard deviations of these long-term measurements were below 0.3 ppm for CO2 mole
fraction, below 0.2 %o for 6'3C and below 0.25 %o for 6180 (frequency distributions and
time series of the long term measurements are shown with color-coded metadata in Fig.
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2.7.1 For mole fractions, the measured repeatability of approximately 0.3 ppm is slightly
larger than the repeatability of the mole fraction calibration discussed above, but still
below the potential accuracy discussed in section 2.4.1.2. In the case of § values, the
obtained repeatability of approximately 0.2 %o for *C and 0.25 %o for 80 is larger than
the repeatability of the linear calibration parameters obtained during lab measurements
(0.05 %o for 3C and 0.1 %o for 1¥0). The measured repeatability during the field campaign
also exceeds the repeatability of the measurements of the mole fraction dependency (below
0.15 %o for both § values over a large mole fraction range; cf. section 2.4.1.2). This could
be related to the fact, that the § values of our target standard were out of the calibration
range, leading to an enhancement of fluctuations in the calibration parameters.

= |aser alignment problem target gas flow problem @  Frequency
data acquisition problem power failure distributions
E © | O t h: w ) B E
20| W A U aie i
o LI ' h‘. ! t ‘ “ W‘#
o = L
Q B *
&)
O g |
[s2]
S A |
i "y
e
o ; i
g g i lr.:q." % #
o ! ol - s - F
[s2} L T
"o £
3
I
0 1 ;.
o 1 T
> ! [ - o
£ g ' ﬁ& : ﬁ tﬁ-.
w ! 553 .
c'v\l,, |
01.Sep  15.Sep 01.0ct  15.0ct 01.Nov  15.Nov
Date

Figure 2.7: Time series and frequency distributions of half-hourly measurements of the mole
fraction (top panel) and ¢ values (middle and bottom panel) for target gas 'SA-CO3-5" (cf.
Table 2.3) for the whole measurement period excluding periods that show problems with target
gas flow, calibration and laser alignment. The major reasons for data gaps are marked with
different colors.

1 1In the case of 13C | we excluded the target measurements between 23" of September and 29" of
September, because we obtained a problem with the '3C calibration that led to a large jump in the §
13C value of the (very depleted) target standard. This jump did not occur in the height measurements,
probably because they were much closer to the reference § value.
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2.4.1.4 Response time

We measured the response time of our system (tubing and measurement cell of the
Delta Ray analyzer) by using the valve system shown in Fig. 2.2 to switch from ambient air
with 6'3C~-9 %o and §'80~1 %0 to tank air with 6'3C~-38 %o and §'*¥O~-36 %o. The time
series of the measured ¢ values after the change of the valve position (Fig. 2.8) consisted
of three different phases that can be related to different physical processes: For the first
phase, the measured § values remained constant for 73 ~14s. This is the setup-specific
time it took for the gas to flush the tubes and valves before entering the cell. For the
second phase, we observed a quadratic decay of the measured § values, which we relate
to mixing of gas within the tubes (before it enters the cell). This phase dominated the
temporal response of our system for 7 =4.5s. The third phase of temporal response is the
exponential decay with a characteristic decay time (defined here using the 10 % threshold)
Ti0% ~ 10s for 6'3C and 79 ~ 11 for §'80. This exponential behavior can be derived
for an idealized situation that includes perfect mixing in a volume Vy,ix yielding

_ lOg(lO) * Pcell Vmix

with flow rate @, cell pressure pc. and effective mixing volume V,ix. Using the volume
of the measurement cell as an upper threshold for the effective mixing volume within the
cell, max(Viix) = Veen = 80 ml, we can calculate an upper threshold for 79y. With the

—— Linear decay
(no mixing)

- - - Exponential decay
(perfect mixing in cell)

- - - Quadratic decay
(mixing in the tube)

5'3C [%.]
-40 -35 -30 -25 -20 -15 -10
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Time after valve position changed [s]

Figure 2.8: The response time of our experimental setup can be divided into three phases
with different dominant mechanisms: Directly after switching it took approximately 14 s to
flush the tubing, the adjacent 4 s were dominated by the mixing processes in the tubes before
the gas entered the measuring cell (quadratic fit) and finally we observed a response behavior
that is dominated by mixing processes within the measuring cell (exponential fit) with a
characteristic decay time of 7199, = 10s for §13C. These response times were similar for §130
(not shown). The linear fit shown here describes a first order approximation of the theoretical
cell response for the (unrealistic) assumption that there is no mixing in the measurement cell.
From this assumption, it can be derived that the ¢ values would show a dominantly linear
decay with the slope m = (Onew — dold )/ Ttheoretical and the theoretical instrument cell response
time Tiheoretical = P * V/@, with pressure p, Volume Vand flow rate @. In our case dnew — Gold=
-29 %o and thus Tiheoretical= 9.9 s.
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instruments flow rate of @ = 0.08 slpm and the cell pressure of pe =~ 100 mbar, we get
T10%,max ~ 13.6s. Thus, the measured value of 74y is slightly below this value, indicating
Vinix < Veell. We define the total response time 7iot as the time span it took until the step
change between the two inlets reached 0.1 % of the corresponding difference in § values, with
T3 = To19% = 3 - T10%- Lhe three different phases of instrument response (tube transport 7,
tube-mixing-dominated change 75 and cell-mixing-dominated change 73) summed up to a
net response time Tyt = 7 + 72 + 73 < 60s. Thus, the cell flushing time of our application
(60s) is appropriate to produce independent measurements of two different inlets.

2.4.1.5 Utilization rate, power consumption and maintenance effort

We define the utilization rate as the number of successfully recorded measurement cycles
divided by the number of measurement cycles that were theoretically possible during the
field campaign (approximately 4200). This can be calculated separately for a) profile
measurements and b) target gas measurements, because some data gaps were specific for
target measurements. The utilization rate was approximately 80 % for measurements of the
height profile and approximately 70 % for target gas measurements. Two major reasons for
data gaps reduced the utilization rate for both, profile and target measurement by 8.6 %
(a laser alignment problem that was resolved after 7days) and 6 % (three data acquisition
problems, the longest lasting 3 days). Additionally, four external power supply problems at
the field site lead to a further reduction of the utilization rate by 3.3 %. These data gaps,
as well as smaller data gaps, that reduced the utilization rate are listed in Table 2.8. In the
case of target measurements, the main reason for data gaps (accounting for a reduction of
the utilization rate of more than 9 %) was plumbing issues that led to a contamination of
the target gas by ambient air. Thus, a more stable target plumbing would be a promising
approach to increase the utilization rate, as well as a more stable power supply and more
frequent field trips.

Table 2.8: Percentage of total measurement time for major data gaps. The latter two data
gaps concerned only target gas measurements.

Reason for data gap Percentage

Data acquisition problems 6.0 %

Laser alignment problem 8.6 %
Calibration 1.5 %

Power failures 3.3%

Additional measurements 1.6 %
Plumbing issues (only target) 9.5%
Switching unit failure (only target) 0.7 %
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Maintenance effort and power consumption of the whole setup were moderate: The
analyzer’s power consumption of approximately 220 W was slightly smaller than the power
consumption of the basic infrastructure of the setup that included the pump to purge
the nine inlet tubes and the heated valve box (330 W). To maintain and to control the
setup, we went to the field site weekly or every two weeks and used remote access to the
instrument via a satellite connection.

2.4.2 Ecological application
2.4.2.1 Time series of measured quantities

The measured CO42 mole fractions at 45 m height at our field site in a managed beech forest
in central Germany ranged from 385 to 450 ppm, with corresponding § values between -11
and -7 %o for 13C and between -6 and 2 %o for 80 over a 3-month period in autumn 2015
(Fig. 2.9). As the lower heights commonly contain larger amounts of respired CO2 with a
typically lighter carbon and oxygen composition, the lower inlets show larger CO5 mole
fractions Ccoe with smaller § values. We calculated a 3-month time series of nighttime
Keeling plot intercepts §'>Ckp and §'®Oyp that can be interpreted as the respective
isotopic composition of nighttime net ecosystem COs exchange (respiration) R.3. C and
R!% O (shown with temperature and precipitation data in Fig. 2.10). A particular feature
of the measurement period is an early snow and frost event with negative temperatures
during four nights between 11. and 15. October 2015 (Fig. 2.10). The corresponding snow
event on 13" of October was visible on a canopy picture, taken at midday on 13. October
2015. The time of the snow and frost event coincided with changes in the characteristics of
5180, R O and RL3 C: For §180 and R!8 O a strong decrease was obtained after the snow
event. This decrease was the largest signal in the respective time series. For RL3 C, the
analysis of its potential meteorological drivers yielded different results for the time periods
before and after the first snow. Additionally, according to eddy covariance measurements,
the forest was a net COq sink with negative diurnal net ecosystem exchange (NEE) before
12 October (with only one exception), whereas it was a net COy source with positive

diurnal NEE after the snow event on 13. October (also with only one exception).
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Figure 2.9: Time series of all measured mole fractions Cgo2 and both § values at the lowest
(blue points) and highest (red points) inlet at 0.1 and 45 m height respectively.
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time series is a first snow and frost event on 13. October 2015, marked in gray.

O based on Keeling plot intercepts in combination with temperature,
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2.4.2.2 Potential drivers for R} C

eco

Previous studies linked the temporal variability of the *C' composition of ecosystem respi-
ration R!2 C partially to changes in the meteorological conditions during photosynthesis,
namely relative humidity (RH), vapor pressure deficit (VPD), photosynthetically active
radiation (PAR) and the ratio VPD/PAR (BOWLING et al., 2002; EKBLAD et al., 2001;
KNOHL et al., 2005b). These links occurred with time lags that correspond to the time
lag between assimilation and respiration, which is approximately 4 to 5 days for mature
trees (KuzyAaKoV et al., 2010). The observed time-lagged links between meteorological
variables and RL3 C were interpreted by the respective authors as an indication for a link
between the isotopic composition of respiration R!3 C and the isotopic composition of
recent assimilates §'3Cag, which is controlled by photosynthetic discrimination of the
heavier 13C according to the Farquhar model (FARQUHAR et al., 1989). Thus, in accordance

with previous studies, we hypothesize the following:
Hypothesis A: The variability of R!3 C can be partly explained by the isotopic com-

eco
position of recent assimilates 6'3Cag, which is controlled by meteorological drivers during
photosynthesis according to the Farquhar model. Thus, the variability of RL3 C is linked to
the variability of meteorological drivers of photosynthesis and photosynthetic discrimination

with a time lag that is consistent with the time lag between respiration and assimilation.

To test this hypothesis, we calculated the Pearson correlation coefficient rpear between
R C and the n-day sum (with n from 1 to 6) of the meteorological quantities that
we expect to control C discrimination for different time shifts 7. For the time period
before the first snow (when the ecosystem was a COg sink), the strongest correlation
we found was a moderate negative correlation between R C and the 2-day sum of net

radiation R,, with a time shift 7 of 2 days (Fig. 2.11). This correlation is significant with
a Pearson correlation coefficient rpear of approximately -0.56, which is clearly beyond the
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Figure 2.11: Pearson correlation coefficient of the isotopic composition of ecosystem respira-
tion R3 C and the 2-day sum of different meteorological variables (shifted by different times
7) before the first snow event in autumn 2015.
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Figure 2.12: Observed relationships between net radiation R,, the measured isotopic com-

position of ecosystem respiration R!3 C (top panels) and the modeled *C composition of

assimilated material §13Caqq (bottom panels). Significant correlations were observed before
the first snow (left) but became insignificant after the snow (right). rpear and p values are
derived from the respective linear regressions.

corresponding critical value of approximately + 0.38 for N=45 and o = 0.005. The time
lag of this correlation is in accordance with the expected time lag between assimilation
and respiration of 2 to 5 days for mature trees (KuzyAKov et al., 2010). However, the
correlation itself cannot be directly explained by the Farquhar model of discrimination
as radiation influences both, the CO2 supply (by influencing stomatal conductance) and
the CO2 demand (by influencing assimilation) in the leaf (FARQUHAR et al., 1982). In
particular we did not find a significant time-lagged positive correlation between RL3 C and
VPD, RH or the ratio VPD/PAR (Fig. 2.11), which could be directly associated with
the Farquhar model and has been found by the above-mentioned studies. To test if it
might still be reasonable to interpret the observed negative correlation of R C with R,
as a time-lagged link between R!2 C and the isotopic composition of recently assimilated
material 6Cag on an ecosystem scale, we performed a more complex calculation of
§13Cass by using the multilayer model CANVEG (cf. Sect. 2.3.9). The advantage of
CANVEG is that it accounts for the nonlinear interactions between air temperature, air

humidity, radiation, stomatal conductance and photosynthesis. Before the first snow event
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during our measurement period, the modeled §'3Ca¢ correlated significantly with the
diurnal sum of net radiation R,, with an rpear of 0.89 (Fig. 2.12) - corresponding it ~0.33
for N=63. However, in contrast to the time-lagged correlation, which we found in our
Keeling plot data, this correlation is positive (Fig. 2.12). As the multilayer model does
not support the interpretation of the observed negative correlation between R,, and RL3 C
through the variability of the isotopic composition of recent assimilates §'3Cag, it does
not support hypothesis A.

An alternative interpretation of the observed correlation between the isotopic composition
of respiration R13 C and net radiation R,, would be a link between R2 C and the amount of
recent assimilates (alternatively to the isotopic composition of recent assimilates). Because
soil respiration has been measured to account for around 80% of ecosystem respiration in
an old beech forest at less than a 30km distance to our field site (KNOHL et al., 2008b),
we assume that soil respiration dominates ecosystem respiration and thus we further focus
on soil respiration and discuss the following hypothesis:

Hypothesis B: The observed time-lagged correlation between R.3 C and net radiation
R, is related to the temporal variability of the ratio of autotrophic to total soil respiration!.

A link between photosynthesis and autotrophic soil respiration has been shown in many
studies throughout different ecosystems, including a beech-dominated forest at less than a
30 km air-line distance to our field site in a managed beech forest (MOYANO et al., 2008).
In this study, the authors found that 73 % of the variability in rhizosphere respiration (the
major part of autotrophic soil respiration) correlated with photosynthesis (GPP) and the
ratio between autotrophic and total soil respiration was approximately 50 %. Additionally,
evidences for a large temporal variability on diurnal and seasonal scales of the contribution
of autotrophic to total soil respiration have been reported for a temperate hardwood forest
(SAVAGE et al., 2013) and for a mature temperate boreal forest (CARBONE et al., 2016).
In our field experiment, the observed correlation between R!2 C and R,, with an Tpear Of

€eco

0.56 (and thus r2.,. = 0.3) links 30 % of the variability of R!2 C to R, with a time lag of

pear eco
2-4 days. As the measured isotopic composition of ecosystem respiration R.3 C spanned

eco
a range of 6 %o, this corresponds to a range of 1.8 %. Hypothesis B would further imply
that this variability over a range of 1.8 %o corresponds to that proportion of the variability
of autotrophic respiration that is linked to photosynthesis. If we were to estimate this
proportion to represent 73 % of the total variability of autotrophic respiration (following
MOYANO et al., 2008), the corresponding total variability of autotrophic respiration would
correspond to a range of approximately 2.5%q¢. If in autumn the ratio of autotrophic
to total respiration would approximate 0%, this value of 2.5 %o would be equal to the
difference A¢ot_aut = Otot — daut bDetween the isotopic composition of total respiration
010t and the isotopic composition of autotrophic respiration d,u;. In general, a value of
Atot—aut = +2.5 %o is within the range of differences, that have been reviewed to be on

average about +4 % (BOWLING et al., 2008) for different ecosystems. A positive value of

1 The term ’autotrophic’ is not consistently defined among different authors. Here we use this term equiv-
alent to 'root-derived respiration’, including respiration from the living root tissue, from microorganisms
in the rhizosphere and mycorrhizal symbiotic fungi (cf. MOYANO et al., 2009).
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Atot—aut With a lighter §'3C composition of autotrophic respiration would be consistent with
hypothesis B. As a note of caution, however, none of the studies that analyze autotrophic
soil respiration in the above-mentioned review, were performed in a forest ecosystem.
For C3 woody species, including forests, more enriched §'3C values of autotrophic soil
respiration, and thus negative values for Ago—aut, have been reported (GHASHGHAIE et al.,
2014). In a beech forest in southern Germany, the sign of some involved fractionation
effects varied temporally (PAYA et al., 2016). Thus, the comparison with literature data
about the temporal variability of the ratio between autotrophic and total soil respiration
and the respective isotopic compositions gives the possibility that hypothesis B is true,
but we cannot, however, prove it without additional independent measurements. To test
this hypothesis, we would need to measure the amount and the isotopic composition of
autotrophic respiration, total soil respiration and ecosystem respiration (e.g. by a trenching
experiment) at our field site with an appropriate time resolution to capture the day-to-day
variability during the field campaign. Lab measurements using incubations could also give
an idea of the isotopic composition of autotrophic and total soil respiration, but would not
fully reflect field site conditions.

2.4.2.3 Characteristics of R O and 680

eco

The seasonal variability of 6'*0 and RIS, O (shown in Fig. 2.9 and Fig. 2.10) is influenced by
oxygen exchange when COy gets dissolved in different water pools (e.g. leaf and soil water)
with variable isotopic compositions. These isotopic compositions in turn are controlled by
multiple physical and biological factors such as temperature, precipitation, vapor pressure
deficit (VPD) or the activity of the enzyme carbonic anhydrase that accelerates the oxygen
exchange between water and COy (BOWLING et al., 2003b; FARQUHAR et al., 1993; GILLON
et al., 2000; MILLER et al., 1999; WINGATE et al., 2009). The strongest feature of the
measured time series of RS O is an approximately 30 %o large decrease within 10 days from
approximately -18 %o on 7. October to approximately -46 %o on 18. October (Fig. 2.10).
During the same time period, the §'¥0 value of nighttime ambient CO, at 45 m height
decreased from approximately -1 %o down to -3.5 %o at nighttime and down to -6 %o during
daytime (Fig. 2.9). As for RIS O, this decrease is the strongest signal in the measured
time series of §'80. The time of these decreases in R3O and 6'¥0 coincided with the time
of the first snow and frost event in autumn 2015. This indicates that the snow event has a
noticeable effect on both %0 and R!8 O, but as the change in (nighttime) RS O is more
than 10 times larger than the corresponding change in 680 of nighttime COs, this effect is
particularly enhanced for RS O. For comparison, similar strong peaks in RS O have been
observed in a semiarid woodland after precipitation in New Mexico (SHIM et al., 2013),
but this study refers to a monsoon-dominated ecosystem with comparably large variability
in the '*O and does not focus on the difference of these pulses of snow and rain events.
Possible explanations for the observed large decreases in both §80 and RS O after
the snow would involve the O exchange of COy with water pools that are fed by the
recent snow event and the response to changes in many of the above-mentioned physical
and biological factors that influence the oxygen exchange between COs and water. One of
the factors that can cause a depletion in ¥O due to the exchange of oxygen between COq

and snow-fed water pools is the fact that snow has in general a lighter "0 composition
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than rain. The isotopic composition of rain can often be related to Rayleigh fractionation
processes (GAT, 1996) and is thus related to isotopic exchange between the raindrops and
air masses in clouds when rain is falling (GAT, 1996, citing BOLIN, 1959 and FRIEDMAN
et al., 1962). As a result of the continuous isotopic exchange with air masses in the cloud,
raindrops do not carry the very depleted isotopic composition within the cloud whereas for
snow, the isotopic exchange between the falling snowflakes and the air masses in the cloud
does not take place, resulting in a more depleted precipitation (GAT, 1996). For example,
ORLOWSKI et al. (2016) reported a maximal difference of approximately 15.5 %0 between
the §'80 values of rain and snow over a 2-year measurement period at a field site at an
approximately 160 km air-line distance from our field site. A smaller maximal difference of
approximately 9 %o between the 680 of snow and the corresponding monthly means for
rain was reported by WENNINGER et al. (2011), based on 2 years of measurements at two
catchments in the German black forest at a 414 km air-line distance from our field site.
Thus, the *O-depleted isotopic composition of snow compared to rain may explain some of
the observed 30 %o decrease in RS O. One possible additional effect could be the fact that
soil-respired COg is typically in equilibrium not with rain but with soil water in the top soil
layers (0 to 20 cm) (MILLER et al., 1999; WINGATE et al., 2009). Evaporative effects can
shift the isotopic composition in the upper soil layers towards more ®O-enriched values
(MILLER et al., 1999; WINGATE et al., 2009) potentially increasing the §'80 difference
before and after the snow event.

We tested the correlation between RS O and different meteorological variables that
potentially control the isotopic composition of different water pools within the ecosystem
over the whole measurement period as well as the sub-periods before and after the first
snow (Table 2.9). As the underlying multiple interaction processes between oxygen in
CO4 and different water pools , as well as the respective isotopic compositions of these
pools are complex, this analysis was not performed to causally link the measured RS O
to a single meteorological driver but rather to look for changes of these correlations that
could be interpreted as changes in the processes that drive RS O before and after the
snow event. For the whole measurement period, the strongest of the analyzed correlations
was a correlation between RIS O and soil moisture at a depth of 8cm with an R? of
0.49 and p<10~?. As this correlation becomes insignificant when it is calculated for the
periods before and after the snow separately, it can be related to the strong decrease
in RIS O after the snow event that correlates to a rise in soil moisture when the snow
melts (Fig. 2.10). This would be consistent with a heavier !0 composition in the top
soil layers (due to evaporation) before the snow, yielding also higher 6'¥0 values of RS O.
Additionally, other variables that correlated significantly with RS O during the whole
measurement period such as soil and air temperatures or shortwave radiation (Table 2.9)
are related to soil evaporation. For the sub-periods before and after the first snow, we
found multiple significant correlations with meteorological drivers such as soil and air
temperatures, pressure or actual vapor pressure (Table 2.9). The significant correlations
before the first snow become insignificant (or less significant) after the snow and vice versa.
This behavior indicates a difference in the processes that drive the O isotopic composition

of nighttime net ecosystem COs exchange R O before and after the snow event.
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Table 2.9: R? values for correlations between the '#0 composition of nighttime COs exchange
R3O and different meteorological variables. Significance thresholds are given by *** for
p<10~4, ** for p<10~3 and * for p<10~2. For some parameters the height above the ground
(with negative values indicating the depth below the ground) is given in brackets; the parameters

without such indication are measured 42 m above the ground.

All Before After

periods the snow the snow
Soil moisture (-8 cm) 0.49 FHE 0.04 0.00
Upwards shortwave radiation 0.40 Hk* 0.28 * 0.04
VPD 0.18 ** 0.09 0.22
Soil temperature (-8 to -64 cm) 0.36 *FF* 0.06 0.70 X
Air temperature 0.22 ** 0.02 0.61 **
Air temperature (2m) 0.21 ** 0.05 0.60 **
Upwards longwave radiation 0.20 ** 0.02 0.61 **
Incoming longwave radiation 0.05 0.49 <X 0.03
Ambient pressure 0.05 0.39 Fx* 0.36 *
Incoming shortwave radiation 0.39 Fkx 0.23 ** 0.13
Dew point temperature 0.02 0.38 <KX 0.14
Specific humidity 0.02 0.34 *** 0.17
H50 mole fraction 0.02 0.34 *¥* 0.17
Actual vapor pressure 0.02 0.33 kX 0.18
Relative humidity 0.28 Hk* 0.31 Fk* 0.15
Rain 0.01 0.28 ** 0.05

2.5 Conclusions

Field-applicable instruments to analyze the isotopic composition of CO2 have a large poten-
tial to be useful for long-term measurement setups on meteorological towers and networks
such as ICOS (https://www.icos-ri.eu/) or NEON (http://www.neonscience.org/)
to deliver new insights into the carbon cycle. The new isotope ratio infrared spectrometer
(IRIS) Delta Ray used in this study provides an opportunity to measure the CO2 mole
fraction Ccos and its isotopic compositions 63C and 680 with limited maintenance effort
at remote sites. Here, we evaluate the instrument internal calibration and demonstrate the
field applicability of the Delta Ray IRIS, which we used to measure ¢, §'3C and §'%0 in
a managed beech forest for 3 months in autumn 2015. The Delta Ray IRIS implemented
here with the instrument’s internal calibration, showed adequate precision, accuracy and
repeatability to perform robust measurements of ¢, §'3C and 6'80 in air in our continuous
setup. For measurements of § values at mole fractions that deviate from the ’referencing’
mole fraction, the uncertainty is dominated by the instrument internal correction of mole
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fraction dependency and improvements in the accuracy could potentially be achieved
by more detailed analysis of this mole fraction dependency. The easy operation of the
automatically calibrated Delta Ray IRIS allowed us to measure seasonal variability of the
isotopic composition of nighttime CO2 exchange based on Keeling plots. The strong effect
of the first frost and snow event on both the §'3C and 680 of nighttime COs exchange
indicates that singular events, even if short, may strongly influence the isotopic imprint of
terrestrial ecosystems on atmospheric COa.

2.6 Code availability

An earlier version of the multilayer model CANVEG can be found here:
https://nature.berkeley.edu/biometlab/BiometWeb/canoak_V2.c
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All data used for the figures presented here is provided in the supplementary of the
published paper BRADEN-BEHRENS et al., 2017a.
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2.11 Appendix
2.11.1 Measures to improve data quality

To reduce the uncertainty of the calculated isotopic composition of nighttime CO2 exchange
(respiration) R C and RS O, we used the following approaches concerning setup and

post-processing.

e Minimizing the sampling time

One of the key assumptions of the Keeling plot approach in Eq. (2.1) is the mixing
of a constant background with one (integrated) source. This assumption is justified
if there is no significant change in the background mole fraction ¢4, its isotopic
composition dg, and the isotopic composition of the (integrated) source d; for all
data points that are taken into account for a single Keeling plot. For the case of an
integrated source, a constant ds can be ensured when the isotopic composition of
the individual source components d,; and the relative contribution of the individual
source components a; in Eq. (2.2) are constant. As all these quantities (Js, v, cpg
and dy) can vary with time, this assumption tends to be violated more often for
longer measurement times. Thus, the uncertainty of calculated Keeling plot intercepts
can be reduced by minimizing the measurement time, as discussed for example by
BOWLING et al. (2003a), who recommend the use of measurements that took less
than five hours for analyzing Keeling plot intercepts for §'*0. As our setup measured
all of the nine heights within 30 minutes, we were able to calculate Keeling plots
for shorter periods. During data analysis we calculated Keeling plots on timescales
between 30 min and 5 h.

¢ Increasing the CO> mole fraction range
The linear regression that underlies the Keeling plot, can be improved significantly by
increasing the COg2 mole fraction (ZOBITZ et al., 2006). In our setup, we increase the
CO3 mole fraction range by using data from all nine inlet heights within one Keeling
plot, but this, on the other hand, could violate the assumption of constant relative
contributions of the individual source components «; in Eq. (2.2) to the integrated
source. To analyze whether there is any bias (which may have several contributions)
due to the inclusion of the different inlet positions, we evaluated the Keeling plots for
the lower inlets (heights 1-4) and for all inlets (heights 1-9) separately. The difference
A between the these Keeling plot intercepts based on different data sets showed a
symmetric frequency distribution around 0 (Fig. 2.13 in the supplementary material).
By including all heights into the data analysis, we reduced the error of the intercept o
from a mean value of G5, ~ 1.5%0 to o4 ~ 0.8 %0 for both isotopic species. These
numbers refer to Keeling plots that include data from three consecutive measurement
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cycles, yielding a temporal resolution of 90 min. Reasons for the choice of this time
resolution are given below.

Performing an ordinary Model I regression instead of a Model II regres-
sion

We used an ordinary Model I regression instead of a Model II regression. According to
ZOBITZ et al. (2006), this approach takes into account that the error of the measured
0 values dominates over the error of the measured mole fractions and yields unbiased
estimates of the Keeling plot intercept. In our setup, the application of a Model I
regression can be justified by the fact that the relative precision of § measurements
is more than an order of magnitude larger than the relative precision of the COs
mole fraction measurements: To estimate the relative precision of the three measured
quantities, we calculated the ratio of the Allan deviation at our measurement time of
20s over the typical range of ¢, §'3C and 6'80. We further define the typical range
as the median of the ranges that were obtained during the 30 minutes measurement
cycles. Thus, with the Allan deviations in Table 2.5 and with typical ranges of
26 ppm, 1.5%0 and 1.1%o for ¢, §'3C and 6'80, the relative precision for the obtained
variability in COs, 6'3C and §'%0 is on the order of 1073, 1072 and 10~!, respectively.
Thus, the relative precision of the mole fraction measurement is at least an order of
magnitude better than the relative precision of § measurements.

Filtering data to get only high quality linear regressions

Data filtering to remove bad quality and biased (Model II) linear regressions has been
often done by excluding data with a to low COg mole fraction range (BOWLING et al.,
2005; PATAKI et al., 2003). Whereas PATAKI et al. (2003) recommend the exclusion
of all data from the analysis that spans a COs range below 75 ppm, BOWLING et al.
(2005) chose this threshold to be 40 ppm. This data filtering approach, based on COq
mole fraction range, does not seem necessary when applying a Model I regression:
ZOBITZ et al. (2006) analyzed consequences of small CO2 mole fraction ranges
numerically as well as analytically and concluded that for Keeling plot intercepts
based on Model I regressions 1) a bias at low CO2 mole fraction ranges is not expected
at current analytical error levels and 2) that errors in the intercept can be small, even
for small CO2 mole fraction ranges, if the § values are measured accurately enough.
Figure 2.14 in the supplementary material shows the relationship between the COq
mole fraction range and the standard error of the intercept o for a measurement
period of 30 minutes. This figure also shows two comparable approaches for data
filtering that accept 85 % of the data: One approach would be to directly remove data
with large intercept errors and the other approach, as mentioned above, would be to
remove data with too-low COs range. As is visible in Fig. 2.14 in the supplementary
material, this approach would remove considerable amounts of data with a very small
standard error of the intercept o, which might be good quality data. For this reason
(and as we do not expect a bias occurring for small COy mole fraction ranges for our
Model I-type regression), "we decide for a direct filtering based on a o threshold. We
filtered out data with o values larger than the 85" percentile of all o’s. The filtered
nighttime Keeling plot intercepts based on 90 minutes of data acquisition had R?
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values with a median of 0.87 and 0.81 for '3C and '®0, with mean values of 0.85 and
0.77 and standard deviations o of 0.1 and 0.16 respectively. Example Keeling plots
with R? values spanning the range of mean +1 ¢ are provided in the supplementary
material (in Fig. 2.17 in the supplementary material).

« Removing outliers

Our setup, based on the measurement of §'3C, §'80 and CO5 mole fraction ¢, enabled
us to calculate individual Keeling plots based on all inlet heights (heights 1-9) with a
temporal resolution of 30 min. We calculated Keeling plots on different timescales
ranging from 30 min to 5h by using 1 to 10 measurement cycles and evaluated how
the Keeling plot intercepts §'3Ckp and the corresponding standard errors of the
linear regression o changed (Fig. 2.15 in the supplementary material). Additionally,
the calculation of Keeling plot intercepts based on longer timescales increased the
number of Keeling plot intercepts within reasonable ranges. For Keeling plots that
were averaged over 2h (5h), a fraction of 97% (99%) of the Keeling Plot intercepts
was between -33 and -25 %o. Because the range of the Keeling plot intercepts should
not depend on the chosen timescale, we considered the Keeling plot intercepts that
were outside of this range as outliers and removed them from further analysis (also
for Keeling plot intercepts that were based on shorter timescales).

e Choosing a time resolution for individual Keeling plots

To decide on a suitable time resolution to analyze the temporal variability of the
Keeling plot intercepts, we had to solve the trade-off between 1) more accurate
data on longer timescales and 2) a larger number of data points that were available
(after the above-mentioned filtering procedures). We decided to fit the individual
Keeling Plots on 90 min resolution, which yields a maximal number of Ngitereq = 2300
accepted data points and a median of 0.76 %o for the standard errors o (Fig. 2.16 in
the supplementary material).

e Calculation of weighted means for nighttime data
For analyzing variations in the nighttime COg exchange (respiration) Reco on seasonal
timescales we used the (filtered) individual Keeling plots, each based on 90 minutes
of input data, and calculated the mean over all Keeling plots that were collected
between 21h30 and 2h30 local winter time (GMT+1), using the weight w based on
the standard error o of the Keeling plot intercept: w = 1/02.

2.12 Supplementary figures

In the supplementary material of this paper, we present the following figures:

o Figure 2.13:
Difference between Keeling-Plot intercepts based on all inlets and based on only the
lower inlets

e Figure 2.14:
Example relationship between the standard error of the Keeling-Plot intercept and
the CO2 concentration range
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o Figure 2.15:
Distributions of the Keeling-Plot intercepts and their standard errors based on
differently long measurement periods

o Figure 2.16:
Number of accepted data points after filtering and boxplots of standard errors for
differently long measurement periods

o Figure 2.17:
Example nighttime Keeling-Plots with typical R? values
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Figure 2.13: Left panels: Frequency distributions (grey bars) and mean value (black lines)
of the difference A[%o] between the Keeling-Plot intercepts based on all inlets (all, heights
1-9) and based on only the lower inlets (low, heights 1-4). Middle and right panel: Frequency
distributions for the corresponding standard errors of the Keeling-Plot intercepts ;. and ogy;.
First column: §'2C; Second column: 6'80. For both isotopic species, A shows a symmetric
distribution around 0 and the large range of A can be explained by the comparatively large
standard errors o of the Keeling plot intercepts oy, and o4;;. All data shown here refers to a
measurement time of 90 min, thus including 3 measurement cycles into a single Keeling Plot.
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Resulting data
CO,-range-threshold
(85 % above)
Error-threshold

(85 % below)
Frequency distributions
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Figure 2.14: An example for the relationship between the standard error o of the Keeling-Plot
intercept §'2Ckp and the CO5 concentration range. Each individual Keeling-Plot included here
is based on a 30 min measurement period. The gray shaded areas are frequency distributions
for both variables. The blue and the red line illustrate different approaches to exclude bad
quality data based on 1) to low COq range (blue) and 2) to large intercept standard error o
(red). This plot illustrates how a COy concentration range based filtering would negatively
effect data quality. The equivalent plot for 180 (not presented here) shows similar behavior.
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Figure 2.15: The distribution of the Keeling-Plot intercepts 6'3Cgp and its standard errors
o changes when more measurement cycles are included into a single Keeling-Plot. The red
lines show the 85-percentile of standard errors. We used this 85-percentile threshold to filter
out data with bad quality linear regressions. The blue lines mark the absolute values of -33 %
and -25%o. The more measurement cycles are included into a Keeling Plot, the fewer data
points are out of this range, which should not depend on the number of measurement cycles
that are used. These values are chosen as absolute thresholds to detect and exclude outliers.
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Figure 2.16: Top panel: The number of accepted data points Ngjiepeq (after filtering and
outlier removal) depends on the number of measurement cycles that are included into each
Keeling plot. Middle and bottom panel: Illustration of the distribution and the range of the
standard error o of the Keeling-Plot intercepts using Box-Whiskers-Plots (whiskers following the
definition of a Tukey boxplot), we choose to use three measurement cycles in each Keeling-Plot,
the corresponding Box-Whiskers-plot is marked in blue.
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different inlet heights
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3.1 Abstract

Measurements of the isotopic composition of water vapor (H2O,,) provide valuable insights
into the hydrological cycle, whereas eddy covariance (EC) measurements are widely used
to quantify biosphere-atmosphere exchange processes. Yet, the direct combination of water
isotope approaches and the EC method remains challenging. Here, we present the first time
series of EC measurements of the isotopic composition of evapotranspiration (ET) for both
6180 and 6D based on fast (2 Hz) measurements. The measurements were performed over
the full growing season of a forest ecosystem in central Germany and showed a seasonal
variability from —19 to 0 %o for 6'8Ogr and from —140 to —25 %¢ for 6Dg. Our isotope
EC setup is based on 2 Hz measurements of the mole fraction and isotopic composition of
water vapor (Ch20.v, 0D and §180) in 44m height. For these measurements we used a high
flow and high-frequency-customized version of a commercially available water vapor isotope
analyzer. We quantified the precision of this analyzer by measuring the Allan deviation,
which is below 0.5%0 for 680 and below 1.4 %o for 6D for averaging times between 0.5
and 1000s. The potential accuracy of this analyzer is approximately 0.16 %o and 0.5 %o for
5180 and 0D, respectively. The setup-specific limitations of our measurements, e.g. the
measurement frequency of 2 Hz, yield a mean bias of 0.03 mmolm~2s~! of the measured
net water flux. Spectral and cospectral analysis showed, that high-frequency dampening
was less pronounced for our EC setup (which was equipped with heated tubing) than for
the standard EC setup at this site. Further, the similarity between the obtained spectra
and cospectra among the different isotopologues of water vapor indicates that there are no
isotope selective tubing effects. Thus, we conclude that direct EC measurements of the
isotopic composition of ET are feasible for both, §'®Ogr and 6Dgt. We propose that EC
measurements of the isotopic composition of ET could further be used to partition ET and
thus improve our understanding of the hydrological cycle, in particular in situations when
flux gradient methods show limited applicability. Our simultaneous measurement of dDg
and §'8Og enables us to evaluate the seasonal variability of the isotopic composition in the
§180-6D-plane. This evaluation reveals the difference between transpiration-dominated and

evaporation-dominated times and highlights the potential of simultaneous measurements
of 6'80gt and §Dgr.

3.2 Introduction

Stable isotopes are a promising tool to enhance our understanding of ecosystem gas exchange
on various scales (e.g. DAWSON et al., 2002; YAKIR et al., 2000). In particular, studying
5180 and 6D in water vapor can provide insights into the hydrological cycle (see e.g. GAT,
1996; GRIFFIS, 2013; WANG et al., 2000). Measurements of stable isotopes in water vapor
(H20,) have been used for example to partition, constrain and estimate evapotranspiration
(ET) (WANG et al., 2000). Particularly on an ecosystem scale, measurements of the isotopic
composition of ET have been carried out mainly based on Keeling plot' (WANG et al., 2010;

1 Here we define the Keeling plot approach by the calculation of the intercept of ¢ values against the
reciprocal mole fractions that can be derived from the conservation of mass in a two component mixing
model. In particular, we use the term Keeling plot independently of the temporal or spatial separation
of the measurement points.
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Table 3.1: Nomenclature and abbreviations used in this publication.

General nomenclature

¢ Atom and isotope mole fractions (e.g cheavy)
C  Molecule mole fractions (e.g. Crz0,v)
o4 Allan deviation
Saa(f) Energy spectrum of a(t); Saa(f) = ... = [Fla(?)]|?
cosp,p(f)  Cospectrum between a(t) and B(t); cosp,s(f) = ... = Fla(t)]* - F[B(t)]
Re Reynolds number
Stable isotope specific notations
C*m  Tsotopologue mole fraction (in AFGL notation)
with k, [ and m as the isotopes mass numbers modulo 10
R Isotope ratio defined as R := Cpeavy/Clight
Rsq  Isotopic ratio of a standard material
0 Relative deviation of the measured isotope ratio from Rgq
dq Atmospheric delta values
Isotope Flux quantities
Foum  Isotopologue flux; Forim = fa w! CRIM 7
IFs; Isoforcing; IF = w'&’
Ic Tsoflux; Ig :==w'(6 - C)
Abbreviations
EC Eddy covariance
ET Evapotranspiration
WVIA Water vapor isotope analyzer
EP-WVIA  Enhanced performance water vapor isotope analyzer (Los Gatos)
2Hz-HF-WVIA  WVIA for 2 Hz measurements (with high flow plumbing)
WVISS Water vapor isotope standard source (Los Gatos)
DPG Dew point generator
HF-WVISS WVISS optimized for high flow
VSMOW  Vienna standard mean ocean water
HITRAN High-resolution transmission molecular absorption
AFGL Air force geophysics laboratory
TRMS Isotope ratio mass spectrometry
IRGA Infrared gas analyzer

LMWL

Local meteoric water line
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WEI et al., 2015; WILLIAMS et al., 2004; YAKIR et al., 1996) and flux gradient approaches
(Hu et al., 2014; LEE et al., 2007; WELP et al., 2008; WEN et al., 2016). Keeling plot
approaches (KEELING, 1958) assume the mixing of only two components (see e.g. PATAKI
et al., 2003) whereas the flux gradient method is based on Monin and Obukhov similarity
theory (KAIMAL et al., 1994; MONIN et al., 1954) and assumes a common eddy diffusivity
for different isotopologues! (GRIFFIS, 2013). Both methods have their limitations: For the
Keeling plot method, the underlying two-component-assumption has been shown to be
violated in numerous studies (reviewed by GRIFFIS, 2013). Flux gradient methods on the
other hand show generally limited reliability in some applications (in particular above tall
vegetation) (GRIFFIS, 2013). Thus, the more direct EC method, that has comparably few
theoretical assumptions (GRIFFIS et al., 2010) and can be derived from first principles, could
provide an alternative or supplement to flux gradient and Keeling plot methods (GRIFFIS,
2013). However, for the application of the EC method, high-frequency measurements are
needed (e.g. WERNER et al., 2012).

Over the last decades, the potential of measurements of the isotopic composition with high
temporal resolution increased due to progress in optical-based measurement techniques
(e.g. WERNER et al., 2012). In particular, isotope ratio infrared spectroscopy (IRIS)
facilitated near continuous and high-frequency measurements of isotopic compositions
(WEN et al., 2016). Thus, with recent developments in laser spectroscopy, also direct EC
measurements for stable isotopologue fluxes became feasible. In the last years, a number
of studies showed applications of direct EC measurements of the isotopic composition of
COq fluxes (GRIFFIS et al., 2008; STURM et al., 2012; WEHR et al., 2013) and use these
measurements to partition net CO2 fluxes into respiration and photosynthesis (O1KAWA
et al., 2017; WEHR et al., 2016). For water vapor, there is only one study that directly
measured the 60 composition of ET using the EC technique with a fast (>2 Hz) lead-salt
tunable diode laser spectroscopy system (TGA200, Campbell Scientific Inc., Logan, UT,
USA) (GRIFFIS et al., 2010). In this study, carried out above a corn/soybean canopy,
ET acted to enrich the atmosphere in 80 and the diurnal cycle of §'®*Ogt showed a
progressive enrichment throughout the day. Further, at the same field site, GRIFFIS et al.
(2011) carried out simultaneous EC measurements of 6'*0 in COy and Hy0,, and used
the obtained data to study the oxygen exchange between CO2 and H2O on an ecosystem
scale. Another implementation of the EC technique used the slower standard version of
the off-axis integrated cavity output spectrometer (WVIA, Los Gatos Research Inc., San
Jose, CA, USA) to measure the isotopic composition of both §'*Ogr and Dgt (GOOD
et al., 2012). This instrument is capable of 1 Hz data acquisition but has an internal cell
residence time of 5.7s (GOOD et al., 2012), dampening the measurement frequency below
0.2 Hz.

Reasons for the sparse availability of EC measurements of the isotopic composition of ET
can be found in the limited availability of fast laser spectrometers as well as complications
related to condensation and dampening effects in tubes. If these problems can be overcome,

1 TIsotopologues are defined e.g. by COPLEN (2011) as ’Molecular species that differ only in isotopic
composition (number of isotopic substitutions) and relative molecular mass’.
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direct EC measurements of the isotopic composition of ET can provide an alternative or a
supplement to flux gradient and Keeling plot methods. In particular, the simultaneous
measurement of dgt for both, 580 and §D could be a promising tool for the analysis of
the hydrological cycle on an ecosystem scale. In other contexts, dual isotope approaches
have been proven to provide valuable insights into the isotopic composition of precipitation
(DANSGAARD, 1964), the isotopic composition of water vapor in the surface layer (WELP
et al., 2012) and in the planetary boundary layer (GRIFFIS et al., 2016), or to analyze the
water uptake by plants (BOWLING et al., 2017; MEISSNER et al., 2014).

The objective of this study is to demonstrate the capability of the high-flow and high-
frequency optimized water vapor isotope analyzer (2 Hz-HF-WVIA, Los Gatos Research
Inc., San Jose, CA, USA) to perform continuous 2 Hz measurements of HaO,. We evaluate
the analyzer’s precision and potential accuracy and discuss the capability and limits of
our setup to perform EC measurements based on the measured spectra and cospectra.
Moreover, we present the diurnal and seasonal variability of the isotopic composition of
ET in a managed beech forest as measured with EC.

3.3 Methods
3.3.1 Field site

We carried out this study at a 44 m high meteorological measurement tower in a managed
beech forest (Fagus sylvatica L.) in Thuringia (central Germany) located at 51°19’41,58” N;
10°22°04,08” E; 450 meters above sea level. The forest in the surrounding of the meteo-
rological tower is composed of four relatively homogeneous stands (with an age of 30-40,
80, 125 and 180 years respectively) with the 125 years old stand in the dominant wind
direction in the southwest of the tower (ANTHONI et al., 2004). The height of this stand,
defined as the average height of the 20 % largest trees was 37 m in 2004, and the maximum
effective leaf area was approximately 4m?m~2 (ANTHONI et al., 2004). The mean annual
air temperature between 2002 and 2016 was approximately 8.3 °C with a standard deviation
of 0.7°C, and the mean annual precipitation was approximately 600 mm with a standard
deviation of 150 mm (personal communication: Rijan Tamrakar,University of Goettingen,
Bioclimatology, Faculty of Forest Sciences and Forest Ecology, Goettingen, Germany).
In 2016, when our measurements took place, the mean annual temperature was 8.73°C
and annual precipitation was approximately 660 mm (personal communication: Rijan
Tamrakar,University of Goettingen, Bioclimatology, Faculty of Forest Sciences and Forest
Ecology, Goettingen, Germany).

3.3.2 Theory
3.3.2.1 Stable isotopes - definitions and constants

To quantify isotopic compositions, we use the standard & notation that gives the relative
deviation of the isotopic ratio R from the corresponding ratio of a standard material Rgiq
(cf. COPLEN, 2011).

_ BB g g Cheaw (3.1)

o
Rtq Clight
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With the mole fractions cpeavy and cijghy of the respective heavier and lighter isotopes.
All § values given in this paper are referring to Vienna Standard Mean Ocean Water
(VSMOW) with Ryt 5 w=155.76 x 1076 and Righiy = 2005.2 x 1076 (NIST, 2005).
As large parts of our data analysis are based on isotopologue mole fractions instead of
isotope ratios, we additionally use the so-called Air Force Geophysics Laboratory (AFGL)
notation (ROTHMAN et al., 2003). This notation directly refers to the mole fractions of
the different isotopologues using a three-digit-notation C*™  where k, [ and m are the
mass numbers of the respective isotopes modulo 10. In AFGL notation, the four most
prevalent isotopologues of water (with their relative natural abundances in parenthesis)
are C161 (0.997), C18 (2.2 x 1073), C'™* (3.7 x 107%) and C?5! (3.1 x 107%). The natural
abundances given here are taken from the HITRAN database (ROTHMAN et al. 2013,
derived from DE BIEVRE et al. 1984). A set of formulae to switch from the common §
notation to the AFGL notation are given by WEHR et al. (2013) for the case of CO2. To
convert from one notation to the other, we followed this procedure in an analogous manner
for HoO, with the exception of the correction for 17O. Here, we assume a fixed ratio of
RY/16 = 3.7 x 1074,

3.3.2.2 The eddy covariance (EC) method

The EC method relates the net fluxes through the canopy-atmosphere interface directly to
turbulent motions in the atmosphere (BALDOCCHI, 2003). This method is based on fast
(normally 10 to 20 Hz) measurements of the vertical wind velocity w in combination with a
molecule’s mole fraction C' (for molecule fluxes), potential temperature 6 (for heat flux) or
horizontal velocity u (for momentum flux) (e.g. STULL, 1988). The EC technique relates
Fe, the temporally averaged vertical flux of a molecule through a plane at a certain height
above the canopy (from here: eddy flux density or eddy flux) to the measured time series
C(t) and w(t) (BALDOCCHI, 2003). Using Reynolds averaging (C=C + C’ and w=w + ')
the eddy flux density F can be expressed as the covariance between C' and w (see e.g.
BaLpoccHl, 2003).

Fo=po WO = u [ cospy.o(f) df (3.2)
0

cov(w,C)

The bar denotes the temporal average over the chosen period - e.g. 30 min, p, is the mean
molar density of air, and cosp(f) is the one-sided cospectrum®. The underlying assumptions
of this method are fully developed turbulence, a homogeneous terrain, stationarity of the
data, and negligible density fluctuations (FOKEN et al., 1996). Further, the total flux
of a molecule from/into an ecosystem is split into the flux into the air layers below the
measurement height (the storage term) and the corresponding eddy flux density. In case of
water vapor flux, this means evapotranspiration ET is composed of the water vapor eddy

1 Here we use the definition of cosp,, o that is given e.g. by KAIMAL et al. (1994) as
cosp,,s o (f)=Ree[F(Rys )] with the cross covariance Ry cr:=[ w'(7)C’ (7 4 t) dr. Using the cross
correlation theorem, this can be transformed into cosp,, o (f)=F[w’(t)]* - FIC'(t)], a formula given e.g.
by STULL (1988).
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flux Fe,,,, and the storage S of water vapor: ET = Fg,,,, + S (cf. GRIFFIS et al., 2010).

3.3.2.3 Isotope EC measurements

The EC method can also be applied to the different isotopologues of a molecule separately.
Thus, the eddy flux density (or eddy flux) Fomm of an isotopologue can be calculated from
the time series of vertical wind velocity w and the isotopologues mole fraction C*™ (e.g.
WEHR et al., 2013).}

FRm .— 5w Ckim (3.3)

The isotopic composition of a molecule’s eddy flux dr can be calculated directly from the
corresponding isotopologue fluxes (WEHR et al., 2013). In case of water vapor, the isotopic
composition of the eddy flux density has been equated with the isotopic composition of
ET by various authors for a wide range of different ecosystems such as a semi-arid mixed
savanna (GOOD et al., 2012), a temperate grassland (HuU et al., 2014), an artificial oasis
cropland (HUANG et al., 2014; WANG et al., 2016; WEN et al., 2016), agricultural sites
(GRIFFIS et al., 2010; GRIFFIS et al., 2011; WELP et al., 2008) or a temperate forest
(LEE et al., 2007). These studies explicitly or implicitly assume that the storage of water
vapor below the measurement height (cf. eg. AUBINET et al., 2003) are negligible when
measuring the isotopic composition of dgT on ecosystem scale. This assumption was tested
by WELP et al. (2008), who found no bias between dgr and the isotopic composition of
water vapor storage Ostorage- FOr the field site of our study we analyzed the contribution of
the storage of water vapor to ET using standard EC measurements and profile data for the
whole year 2016 (Fig. 3.16 in the supplementary material). This analysis indicates, that
the magnitude of ET and the water vapor eddy flux deviate only by approximately 3 %.
Thus, we neglect the influence of the storage term and equate the isotopic composition
of ET with the isotopic composition of the measured water vapor eddy flux. In general,
this equalization could still be violated (even with small storage fluxes), if the isotopic
composition of the storage term would largely deviate from the isotopic composition of ET.
However, we also use this equalization to be consistent to the above mentioned studies,
that measure dg on ecosystem scale (GOOD et al., 2012; GRIFFIS et al., 2010; GRIFFIS
et al., 2011; HuU et al., 2014; HUANG et al., 2014; LEE et al., 2007; WANG et al., 2016;
WELP et al., 2008; WEN et al., 2016). Thus, we estimate the isotopic composition of ET
on ecosystem scale by:

18/16 D/H
51800 — F'8/F — Rydvow SDpr — F?1/(2FY) — Rydviow (3.4)
ET R18/16 ET RD/H :
VSMOW VSMOW

The factor of two in case of deuterium takes into account the two different equivalent
positions of the hydrogen/deuterium atom in the water molecule (KERSTEL, 2004), as

1 An alternative characterization of isotopic fluxes is the so called isoflux Ic:=w’(d - C')’ that can be
approximated by the product of ¢ (e.g. §'®Ogr in equation 3.4) and Fc (WEHR et al., 2013).
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described for oxygen in COy by WEHR et al. (2013).

Further, the covariance between w’ and ¢’ can be evaluated directly and is called
ecosystem scale isoforcing IF¢§. This quantity is related to the corresponding flux F and
its isotopic composition dr in the following way (LEE et al., 2009):

Fe

IF = w'é = ~
Capa

(0 = 6a) (3.5)

With the molecule’s mole fraction C,, the mean molar density of air p,, and the isotopic
composition of the atmosphere d,. By setting up an isotopic mass balance (see e.g. LAT et al.,
2011) the isoforcing-related change in the atmospheric 6 can be related to IF according to
Eq. 3.6 (see STURM et al., 2012). The underlying assumptions are a homogeneous change
in 0, over the whole boundary layer with its height h, and that there is (theoretically) no
other flux component.

dd,
(6 — 8) = A3 (3.6)

Eq.35 Fo

IF
Capa

3.3.2.4 Random uncertainty estimation

We calculated an estimate for the random uncertainty of the measured (isotopologue) fluxes
F¢ based on the Mann and Lenschow (ML) model (LENSCHOW et al., 1993; LENSCHOW
et al., 1994; MANN et al., 1994). This method assumes that the (in theory stationary and
infinitely long) time series of w and C' have a joint Gaussian probability density and the
existence of an integral timescale Tp (LENSCHOW et al., 1993). In general, T is defined as
Tr:=J," p(r)dr with the autocorrelation function p(7) of the flux F (see e.g. SALESKA
et al., 2012). The ML uncertainty estimate relates the variance o(F¢) of the measured
flux F to this integral timescale T, the flux averaging period 7', and the correlation
coefficient! rw,c between the vertical wind velocity w and the mole fraction C:

2T 1—1—7"20
omL(Fe) = Fe \/TFTM (3.7)
w,C

OT““”‘ }3,”7‘00, dr as described
by (L1ICOR BIOSCIENCES, 2016).2. Here, we set Tmay to the integration time at which
Ry,c/w'C" reaches 1/e to obtain an estimate for Ty that is most consistent among different
runs (LICOR BIOSCIENCES, 2016). We evaluate the ML uncertainties for the measured
isotopic compositions of ET (equation 3.4) by propagating the uncertainties of the measured

isotopologue fluxes, see appendix 3.9.1 for details.

For our calculations, we estimate the integral timescale as Tp =

1 The correlation coefficient between w and C' is defined as r.,,,c = w'C’ /[o(w) o(C)].
2 With the cross correlation Ru ¢ (t):=J w(r)C(r + t) dr.
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3.3.3 Eddy covariance water isotope measurements
3.3.3.1 Instrumentation

Water vapor isotope analyzer

We equipped the anemometer of our EC setup (cf. section 3.3.4.3) with an additional inlet
to measure the water vapor mole fraction Chao, and its isotopic composition in both,
oD and 680, with a measurement frequency of 2 Hz. For these measurements we used a
customized version of the water vapor isotope analyzer with enhanced performance (EP-
WVIA, Los Gatos Research. Inc.,San Jose, USA) that was optimized by the manufacturer
for high flow (HF) to take 2Hz measurements (2Hz-HF-WVIA, Los Gatos Research.
Inc.,San Jose, USA). The measurement principle and the optical properties of the 2 Hz-
HF-WVIA are the same as those of the slower analyzer (EP-WVIA, Los Gatos Research.
Inc.,San Jose, USA), which is a laser-based cavity-enhanced absorption spectrometer in
near infrared (Los GATOS RESEARCH INC., 2013). Instruments of this type measure the
isotopologue-specific rotational-vibrational absorption features of a molecule (KERSTEL
et al., 2008). For the EP-WVIA (and the 2 Hz-HF-WVTA), the wavelength is scanned from
approximately 1.3889 um to 1.3888 um (AEMISEGGER et al., 2012) and the optical path
length is enhanced up to 2500 m (Los GATOs RESEARCH INC., 2013). This long path
length is achieved by off-axis integrated-cavity output spectrometry that quantifies the
individual isotopologue-mole fractions by measuring the time-integrated radiation intensity
which is leaking out a high-finesse optical cavity (AEMISEGGER et al., 2012; Los GATOS
RESEARCH INC., 2013).

The customization for 2 Hz measurements included an updated version of the analyzers
operating software and changes in the analyzers internal plumbing to achieve higher
gas flow. In combination with an external dry scroll vacuum pump (XDS35i, Edwards
Vacuum, Crawley, UK) we achieved a flow rate @ of up to approximately 7slpm. By
adjusting an external throttle valve between the analyzer and the pump (Fig. 3.1), we
regulated the analyzers flow rate @ down to approximately 4.2 slpm. With a cell pressure
of peen = 40.2 Torr and a cavity size of approximately 401 ml (Robert Provencal, Los Gatos
Research Inc., personal communication by email), this yields a theoretical response time!
Ttheoretical = Veell * pcell/¢ of approximately 0.3s.

Water vapor isotope calibration unit

To calibrate the ¢ value measurements of the 2 Hz-HF-WVIA, we used a customized version
of the Los Gatos Water Vapor Isotope Standard Source (WVISS, Los Gatos Research.
Inc.,San Jose, USA)2. In general, the WVISS produces water vapor with a constant isotopic
composition (§D and 6*¥0) at different water vapor mole fractions Cpao . (LOS GATOS

1 The theoretical response time Tiheoretical = P * V/P, can be derived from the (unrealistic) assumption
that there is no mixing in the measurement cell.

2 The WVISS used in our experiments had an extended range unit that allows a two step dilution of
the calibration gas, but during the measurements we did not make use of this feature. For a further
description of specifications of the extended range unit and a technical drawing of the plumbing see also
Los GATOS RESEARCH INC. (2012).
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RESEARCH INC., 2012). The WVISS compresses and dries ambient air and uses a capillary-
based nebulizer to completely evaporate a liquid water standard in a heated chamber at
75°C, with a gas flow rate of below 1slpm (see e.g. AEMISEGGER et al., 2012; Los GATOS
RESEARCH INC., 2012, for details). The water vapor mole fraction is regulated by a mass
flow controller that adds 0-10slpm of compressed and dry air to the heated chamber (LOS
GATOS RESEARCH INC., 2012). For gas flow rates below 1slpm, the WVISS can produce
calibration gas with water vapor mole fractions between 5000 and 30 000 ppm. But, as our
application required flow rates of approximately 5slpm (larger than the analyzer’s flow
rate of 4.2slpm), we could not set the dilution flow too low, yielding a maximum water
vapor mole fraction of approximately 13000 ppm. In cooperation with the manufacturer,
we customized the WVISS for our measurements that required a large mole fraction range
at flow rates of approximately 5slpm. We further refer to this customized calibration
unit as HF-WVISS. The customization of the WVISS included an increase of the mole
fraction range even at flow rates of approximately 5slpm and a reduction of the pressure
drop when switching between the calibration unit and the analyzer’s inlet. To obtain a
higher mole fraction range at the required flow rate, we changed the internal nebulizer
of the WVISS from its standard nebulizer (C50 nebulizer, customized for an operating
temperature of 80°C, Savillex, Eden Praire, USA) to a nebulizer with higher liquid water
flow rate (C100 nebulizer, customized for an operating temperature of 80°C, Savillez, Eden
Praire, USA). This way we changed the mole fraction range of the HF-WVISS at a flow
rate of approximately 5slpm from approximately 5000 to 13000 ppm (C50) to 10000 to
26000 ppm (C100). The mole fraction range was further slightly tuned by regulating
the absolute pressure at the nebulizer’s gas inlet between approximately 1.6 and 2bar
(the preset value is 2 bar). To achieve a similar flow rate during calibration as during the
measurements and to minimize the pressure jump after switching from the analyzer to the
HF-WVISS and vice versa, we equipped the HF-WVISS with an additional throttle valve,
placed between the mass flow controller and the heated chamber.

3.3.3.2 Plumbing and tubing

The tubing of the isotope analyzer (2 Hz-HF-WVIA) and the calibration unit (HF-WVISS)
is shown in Fig. 3.1. The main tube from the anemometer to the calibration unit (HF-
WVISS) was a 58 m stainless steel coated Polytetrafluorethylen (PTFE) tube! with 6.5 mm
inner diameter (TEF1HO06, indunorm, Neukirchen-Viuyn, Germany). With a flow rate of
@ =~ 14 slpm, the Re number was above 3000 for this part of the tubing. We heated the
tube with a heating current of approximately 4 A that directly flowed through the tube’s
coating, resulting in a heating power of approximately 10 W/m (GENTSCH et al., 2014).
The heated tubing has been tested, used and described in detail by GENTSCH et al. (2014)
and proved to be suitable for water isotope measurements. The main tube was equipped
with a 2 pym stainless steel filter (SS-4FW-2, Swagelok, Solon, USA). The filter was placed
in a styrofoam-isolated box that was heated with a 12 W heating plate (Thermo GmbH,
Ingolstadt, Germany) to avoid condensation at the pressure drop after the filter. The

1 The tubing material PTFE (teflon) was chosen due to its smaller retention times if compared to Synflex
tubing (STURM et al., 2009).
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Figure 3.1: Experimental setup including material, diameters are inner diameters of all
tubing used.

analyzers main tube was connected to a purge pump (Thomas VTE-6, Gardner Denver,
Milwaukee,USA) and the calibration unit (HF-WVISS). The HF-WVISS automatically
switched between the sample inlet and the calibration inlet (cf. Fig. 3.1). The material,
diameters, and Re numbers for all tubes are shown in Fig. 3.1. The diameters of all
tubes ahead of the 2 Hz-HF-WVIA were chosen to face the trade-off between 1) providing
turbulent conditions while 2) ensuring an inlet pressure for the 2 Hz-HF-WVIA that allows
the required flow ratel.

3.3.3.3 Data structure and synchronization

We calibrated the 2 Hz-HF-WVIA hourly for approximately 10 minutes. Additionally, we
excluded the half hourly time periods during which another analyzer - connected to the
same gas tube - was calibrated (see Fig. 3.2). The calibration of the other analyzer caused
pressure jumps at the 2 Hz-HF-WVTA inlet, that led to artifacts in the measured § values.
The 2 Hz-HF-WVIA took measurements of Cr20.v, 6'°0 and D with a frequency of 2Hz

1 If the inlet pressure was too low, the analyzers automatic pressure control did not reach its setpoint
(pecen=40T) at the analyzer’s flow rate of 4.2slpm.
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@ Calibration WVIA
O Calibration second analyzer
O Measurement

Figure 3.2: Hourly and half-
hourly calibrations of two analyz-
ers, that shared a common gas inlet,
produced considerable data gaps.

and the data contained gaps related to calibration. The influence of the comparable low
measurement frequency on the measured net fluxes is evaluated in section 3.4.2.1.

To synchronize the data stream of the 2 Hz-HF-WVIA with the anemometer’s data, the
measured data was sent to a PC via a serial connection. The timestamp of the PC was
added to each data point using a visual software for measuring technology (ProfiLabExpert
4.0, Abacom, Germany). On the same PC, the 20 Hz data from the anemometer (and
the LI-6262 gas analyzer, LiCor Biosciences Inc., Lincoln, USA) was recorded with a self
written program (in C) to convert the binary data stream to ASCII and add the PC’s
timestamp to each datapoint (Andre Ringeler, Bioclimatology, Goettingen). Before the
anemometer data was sent to the PC via a serial connection, the analogue data from
the LI-6262 was added to the anemometer data, the data was A/D-converted and send
through a self-manufactured half duplex RS232 serial spy'. During data processing, we
realized that the anemometer (and LI-6262) data was subject to a consistent delay of 10s
throughout the entire measurement period (yielding negative time lags between w and
CH20,2Hz—HF—wviA) and corrected for this delay.

3.3.3.4 Calibration Strategy

Water vapor mole fraction calibration

To calibrate the water vapor mole fractions that were measured with the 2 Hz-HF-WVIA|
we performed repeated manual measurements with a dew point generator (DPG) (LI-610,
Licor, Lincoln, USA). All measurements with the DPG were performed in the analyzers
"low flow mode’ with a flow rate of 0.1 to 0.2slpm (we did not see any flow rate dependency
of the measured mole fractions). The measurements with the DPG were performed on
different days in the lab as well as in the field, based on the following procedure. The
DPG was pre-cooled for at least 15 minutes and set up to produce a gas flow of 1.5 slpm.
Afterwards, the DPG was connected to the inlet of the 2 Hz-HF-WVIA with an overblow

1 https://www.lammertbies.nl/comm/cable/RS-232-spy-monitor.html


https://www.lammertbies.nl/comm/cable/RS-232-spy-monitor.html

3.3 Methods 67

and a completely open flow meter. We set the DPG to a temperature setpoint between 5
and 23 °C and waited for at least 20 min until the measured mole fraction stabilized. We
repeated this measurement twice for each temperature setpoint with one measurement
that was preceded by a higher temperature and one measurement that was preceded
by a lower temperature. Based on this method, we estimated an upper and a lower
limit for the respective measured mole fraction Cpeas. The difference between higher and
lower limit (typically between 50 to 200 ppm) was further used as error estimate for the
respective measurement. We calculated Cppg, the water vapor mole fraction produced
by the DPG as a function of pressure and temperature by using the Magnus formula
(DEUTSCHER WETTERDIENST, 1976). The temperature setpoint of the DPG had an
accuracy of AT ~ 0.2K. The ambient pressure was measured with a barometer, (GDH
12 AN, GHM Greisinger, Erolzheim, Germany) with an accuracy of Ap ~ 1 mbar. The
propagation of the error of the temperature setpoint of the DPG (that dominated over
barometer errors) yields a relative accuracy of the water vapor mole fraction of the DPG
of approximately 3 x 1073, The resulting linear relationship between Cipeas and Cppg was
further used to calibrate Ceas.

0 wvalue calibration

To calibrate the § values, measured with the 2 Hz-HF-WVIA at the field site, we took hourly
measurements with the calibration unit HF-WVISS (see section 3.3.3.1). As liquid water
standard for this calibration, we used distilled tap water with § values, that were measured
with IRMS at the Centre for Stable Isotope Research and Analysis (KOSI, Goettingen,
Germany) before and after the water tank of the HF-WVISS was refilled. During the
measurement campaign, the HF-WVISS had to be adjusted to span the required mole
fraction range. This involved using two different nebulizers C50/C100 within the HF-
WVISS (cf. section 3.3.3.1). In winter the HF-WVISS was equipped with the C50 nebulizer
and produced a mole fraction range of approximately 5000 to 13000 ppm. In summer
the C100 nebulizer was used to deliver a mole fraction range of approximately 10000 to
26 000 ppm. For each calibration run, the HF-WVISS produced water with a constant ¢
value over the respective mole fraction range for summer/winter and the calibration cycle
involved multiple switches between higher and lower mole fractions to reveal potential
hysteresis effects. Each calibration run was initialized by 10s of gas flow stabilization (cf.
Los GAaTos RESEARCH INC., 2012) and took 7.5 minutes. Additionally, the calibration
runs were preceded and followed by purging and stabilizing of the HF-WVISS for 30 and
respectively 60s to avoid clogging of the used nebulizer. The resulting data points were
used to fit the analyzer’s nonlinear mole fraction dependency dp20cal(Craw) by a polynomial
of 8" order P(Craw)- During post-processing, all measured ¢ values were corrected with
the following function for the non-linear C-dependency P(Ciay) and offset dofset:

5calibrated = 6raw - P(Craw) +5H20ca1 (38)
—_————

6C—Corrected

Here, dp20cal is the § value of the calibration water, P(Ciay) is the hourly measured
polynomial of 8" order, and Oyaw and Cray are the respective raw values. This calibration
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procedure assumes the same mole fraction dependency for water with different § values
and is evaluated in chapter 3.4.1.

3.3.4 Additional Measurements
3.3.4.1 Measurements to evaluate the calibration strategy

We quantified the accuracy of the § values measured with the 2 Hz-HF-WVIA by using
the HF-WVISS to produce calibration gas with known isotopic compositions over a large
mole fraction range. For this measurement, we used five liquid water standards (Los Gatos
Research. Inc, San Jose, USA) in combination with the HF-WVISS. The used liquid water
standards had §'%0 values ranging from approximately -2.7 to -19.5 %o and dD values from
approximately -9.2 to -154 %o, (measured with IRMS, see Table 3.2).

3.3.4.2 Isotope analysis of rain

We took rain samples for isotope analysis using three self-manufactured integrated rain
samplers (GRONING et al., 2012). Each rain sampler was subsampled twice and replaced and
dried biweekly. The respective subsamples of the isotopic composition of rain, integrated
over approximately two weeks were analyzed with IRMS at the KOSI.

3.3.4.3 Eddy covariance (EC) and meteorological measurements

Ezxperimental set-up

We used a sonic anemometer (Gill-R3, Gill Instruments, Lymington, UK) to measure the
three-dimensional wind velocities and the sonic temperature in 44 m height above ground
level with a sampling frequency of 20 Hz. The anemometer was placed on a meteorological
tower on an extension arm in a north-northeast direction. In the vicinity of the anemometer,
air was pumped through a 50 m long polyethylene (PE) intake tube with an inner diameter
of 4mm connected to a closed path gas analyzer (LI-6262, LiCor Inc., Lincoln, USA), as
shown in Fig. 3.1. This gas analyzer took measurements of the mole fractions of CO2
and HoO, with a data acquisition rate of 20 Hz and an effective measurement frequency of
approximately 3-4 Hz (due to the analyzers cell turnover). We used the 20 Hz raw data, to
calculate the eddy flux densities of CO2, H2O,,, momentum, latent and sensible heat with
the EC method.

Besides the EC setup, we measured standard meteorological parameters such as air
temperature and relative humidity with a temperature and relative humidity sensor
(HMP45D, Vaisala, Helsinki, Finland), long- and shortwave up- and downwelling radiation
with a four component net radiometer (CNR1, Kippé&Zonen B.V., Delft, The Netherlands).

§180 [%o] 0D [%o]

Standard 1 -2.69 -9.2 Table 3.2: Five liquid water stan-
Standard 2 -7.94 -51.6 dards with different isotopic compo-
Standard 3 -13.39 2973 sitions (60 and dD) were used to

determine the analyzer’s accuracy.
Standard 4 -16.24  -123.7 All § values are given on VSMOW

Standard 5 -19.49  -154.0 scale.
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Additionally, we measured precipitation above the canopy with a tipping bucket rain
gauge (Thies Clima, Goettingen, Germany) as well as soil temperature and -moisture using
moisture sensors (ML-2X, Delta-T Devices Ltd., Cambridge, UK) in different depths. For
more information about the instrumental setup see ANTHONI et al. (2004).

Raw data processing
We used the open source EddyPro® Eddy-Covariance software, version 6.2.0 (L1ICOR
BIOSCIENCES, 2016) to calculate net water vapor fluxes, averaged over an interval of 30 or
60 minutes. During data processing with EddyPro®, we used block averaging (for Reynolds
decomposition) and double rotation (to rotate the horizontal wind component into the
mean wind direction). We chose an automatic time lag optimization method to calculate
time lags that occurred due to the horizontal separation of the sonic anemometer and the
gas intake of the LI-6262 as well as due to the 50 m long tube. This method calculates
plausibility windows as a function of relative humidity and applies a cross-covariance
maximization within these plausibility windows (LICOR BIOSCIENCES, 2016). We applied
this method for ten relative humidity classes. We used the procedure of HORST et al.
(2009) to correct for additional effects of instrument separation (crosswind and vertical
wind direction). We used the WPL correction to compensate (WEBB et al., 1980) for
density effects, and the Schotanus correction (SCHOTANUS et al., 1983), which corrects the
measured sensible heat flux for the sonic temperature’s humidity dependency. Spikes were
removed following the procedure of VICKERS et al. (1997).

We set up the flux calculations to correct high-pass filtering effects on turbulent fluxes
following MIONCRIEFF et al. (2005) and to correct low-pass filtering effects according to
the method suggested by IBROM et al. (2007).

Quantification of effects on turbulent fluxes due to reduced measuring frequencies and gappy
data structure

We used the standard EC measurements with the LI-6262 gas analyzer, as a reference
dataset for our measurements with the 2 Hz-HF-WVIA. The two different gas analyzers
record data with a different sampling frequency of 20 Hz (LI-6262) and 2 Hz (2 Hz-HF-
WVIA). To evaluate the effects of reduced measurement frequency on the turbulent fluxes,
we reduced the temporal resolution of the standard EC dataset by averaging the 20 Hz
data down to 2 Hz. Afterwards, the same raw data processing settings were applied to the
20Hz and the 2 Hz dataset.

Additionally, the 2 Hz-HF-WVTIA dataset contains systematic data gaps due to frequent
calibration (cf. Fig. 3.2). We studied the effect of these data gaps on the calculated
turbulent fluxes by using a dataset with artificially produced data gaps. For this, we
replaced measured values with block-wise occurring missing values (based on the 2 Hz EC
dataset described above). This newly created data was then used to evaluate for which
raw data processing settings the data gaps had a systemic impact on the measured fluxes.
In detail, we used different averaging times of 20, 30 and 60 minutes. Additionally, we
increased the maximum number of missing values to be 40 % to allow flux calculations also
for datasets with large gaps.
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3.4 Results and discussion
3.4.1 Evaluation of the setup
3.4.1.1 Precision (Allan deviation)

We evaluated the precision of the 2 Hz-HF-WVIA by calculating the Allan deviation
(WERLE et al., 1993) based on a 52min long nighttime measurement at a water vapor
mole fraction of approximately 10000 ppm in the field. The measured Allan deviation at
an averaging time of 7 = 0.5 s was approximately 0.45 %o for §'*0 and below 1.3 %o for §D.
Longer averaging times reduced the measured Allan deviation with 7—1/2 (Fig. 3.3) as
expected for white frequency noise (INTERNATIONAL RADIO CONSULTATIVE COMMITTEE,
1986). The measured Allan deviations are dominated by white frequency noise until an
averaging period of approximately 500s for §'20, and 300 s for §D. At these averaging times,
the Allan deviations reach their minima at approximately 0.02 %o for 680 and 0.08 %o for
0D. In general, the measured Allan deviation of the 2 Hz-HF-WVIA is comparable to
the values reported for different (slow) versions of the WVIA (AEMISEGGER et al., 2012;
STURM et al., 2009). Based on lab measurements, these authors report minimal Allan
deviations that are similar to our measurements for §'80, but by a factor between 1.1 to
4 smaller than in our measurement for 6D. The Allan deviations of the 2 Hz-HF-WVTA
under field conditions are within the range of IRMS measurements of liquid water samples
(including sample preparation and handling) that is approximately 0.5 to 1 %o for §D and
0.024 to 0.1 %o for 6180 (STURM et al., 2009).
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Figure 3.3: The measured Allan deviations have their minima at 7, ~ 290 s for 6D and
Tmin ~ 500 s for 6180.
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3.4.1.2 Evaluation of the calibration strategy
The calibration strategy described in section 3.3.3.4 is based on the following relationships:

— A nonlinear relationship between measured ¢ values and mole fractions that is
persistent for different ¢ values (Fig. 3.4).

— A linear relationship with a slope of one between calibrated ¢ values and mole fraction
corrected § values d¢—corrected (Fig. 3.5).

— A linear relationship between measured and real water vapor mole fraction Ch20 v
(Fig. 3.15).

The isotopic compositions measured with the 2 Hz-HF-WVIA showed a mole fraction
dependency that spans a range of about 3.6 %o for 680 and about 12.7 %o for 6D over a
mole fraction range from approximately 5000 to 26 000 ppm (Fig. 3.4). For different ¢
values, this mole fraction dependency was only shifted by an offset (Fig. 3.4). We corrected
this mole fraction dependency by a nonlinear fit of 8" order, fitted separately for the
high/low mole fraction range of the used nebulizer between 5000 to 13000 ppm and 10 000
to 26 000 ppm (see section 3.3.3.4).

The mole fraction-corrected § values are linearly related to the real (IRMS-measured) §
values with a slope of one (Fig. 3.5). The respective linear regressions have R?-values above
0.999 for both, 680 and éD. The 1o standard deviation of the residuals from this linear
calibration curve (in our case with a slope of one) can be used to quantify an instrument’s
linearity and potential accuracy (TUZSON et al., 2008). Based on our measurements with
five different standards over mole fraction ranges from 4500 to 27500 ppm, the so defined
potential accuracy of the 2Hz HF WVIA is approximately 0.16 %o for 680 and 0.50 %o for
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Figure 3.4: The measured (raw) isotopic compositions §'*0 and §D depend strongly on (raw)
water vapor mole fraction Cao,v.
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0D. Thus, the measured potential accuracy is similar to the accuracy of an older version of
the WVIA (without high-flow and high frequency optimization) that has been estimated to
be around 0.14 to 0.20 %o for §'%0 and around 0.44 to 0.73 %o for 6D (STURM et al., 2009),
based on lab measurements with five standards.

The dew point generator’s water vapor mole fraction was a linear and temporarily
constant function of the analyzers uncalibrated water vapor mole fraction (Fig. 3.15). This
linear relationship is based on a York-type fit that includes error estimates for both axes
(WEHR et al., 2017; YORK, 1968). The slope of this linear fit is 1.12+0.01 and its intercept
is —2704+95 ppm. The resulting potential accuracy of the mole fraction calibration (defined
as the sum! of the accuracy of the dew point generator - cf. section 3.3.3.4 - and the 95 %
confidence interval of the linear fit) is between 120 and 250 ppm for water vapor mole
fractions between 4000 and 30 000 ppm.

One of the disadvantages of the calibration strategy is the need of exchanging not only
the calibration water but also the internal nebulizer in the calibration unit when the
water vapor mole fraction exceeded the calibration range. This produces some additional
maintenance effort as one needs to plan field trips based on changes in both, the measured
water vapor mole fraction and the calibration range. Further customization of the WVISS
might reduce this effort. Another principle disadvantage of the calibration strategy is,
that only one liquid water standard is used for automatic calibration and thus only a
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Here we used a sum to propagate the error as a worst case scenario of a constant offset of all mole
fractions calculated with the dew point generator in addition to the random uncertainties captured in

the fit.
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one-point offset correction is applied. However, the test measurements with five water
standards show that this approach yields potential accuracies of 0.16 and 0.50 %o for 680
and 0D respectively, which is within the interquartile range of a worldwide inter-laboratory
comparison of 120 different analyzers (IRMS and laser spectrometers) (WASSENAAR et al.,
2012). Based on four different water standards, this inter-laboratory comparison found the
average interquartile range of all measurements (after outlier removal) to be approximately
0.18 %o for 6180 and 1.3 % for 6D (WASSENAAR et al., 2012).

3.4.1.3 High-frequency dampening (tubing effects)

Tubing effects become visible in the high frequency domain of the energy spectrum?

Sex(f) := |F[z(t)]|? of a variable x(t). More explicitly, they become visible in a deviation
of the respective energy spectrum from the expected slope of —2/3 in the inertial sub range
(KAIMAL et al., 1994). For both analyzers, the 2 Hz-HF-WVIA and the LI-6262, there are
considerable deviations from the slope of —2/3, whereas the sonic temperature spectrum
follows this slope (see Fig. 3.6). These tubing effects depend strongly on relative humidity,
hence the deviation from the sonic temperature spectrum appears earlier for higher relative
humidity (see Fig. 3.6). Additionally, instrument noise and aliasing becomes visible as a
rise in the high frequency end of the energy spectrum. In the normalized energy spectrum
(Fig. 3.6), this effect is stronger for higher relative humidity (e.g.at night) because they
correspond to smaller fluxes.

In general, the energy spectrum of the 2 Hz-HF-WVTIA is very similar to the energy
spectrum of the LI-6262 (Fig. 3.6). Over all humidity classes, the high-frequency dampening
occurred later for the 2 Hz-HF-WVIA than for the LI-6262. This indicates that tubing
effects have a stronger influence for the LI-6262 which had a non-heated inlet tube. Also
the rise of the energy spectrum at the high-frequency end of the spectrum is stronger
for the LI-6262 than for the 2 Hz-HF-WVIA. Thus, we conclude that with respect to the
energy spectrum the 2 Hz-HF-WVTA does perform comparable or slightly better than the
LI-6262 that is routinely used to measure water and COs9 fluxes with the eddy covariance
method at this site.

Here we use the isotopologue mole fractions C'01, C'81 and C?5! separately to calculate
the fluxes for the different isotopologues F''61, F181 and F?6!. These isotopologue fluxes
are further used to calculate the 6D and 680 composition of evapotranspiration using
Eq. 3.4. The energy spectra for the three isotopologues show the same high-frequency
dampening (Fig. 3.6), indicating that there are no isotope selective tubing effects (such as
condensation). The spectral energies for C1®! and C'8! are particularly similar, whereas for
C162 the energy spectrum shows a stronger rise at the high-frequency end of the spectrum.
This might reflect that instrument noise is relatively stronger for 6D than for §'%0. A
generally more noisy signal of dD measurements and potential tubing effects that only
affect deuterium were also discussed by GRIFFIS et al. (2010), who measured the energy
spectrum based on 3h of measurements above a corn canopy. For their measurements,

1 The energy spectrum can also be defined as Sxx(f) := ?[Rzyx] with the auto cross covariance R, . :=
[z (1) z(r + t) dr (KAIMAL et al., 1994). By using the cross correlation theorem it can be shown that
Swx(f) = |F[z(t)]?, a definition given by (STULL, 1988).
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Figure 3.6: Ensemble averaged normalized energy spectra f x S, /o for temperature in
combination with the spectra of the mole fractions of water vapor measured with two different
analyzers (top panels), and different isotopologues of water (bottom panels). The horizontally
aligned panels show different relative humidities RH. For temperature, f x S,,/0? followed the
theoretical slope of -2/3 in the inertial subrange (open circles, all panels). The spectra of water
vapor mole fractions measured with the 2 Hz-HF-WVIA showed less pronounced tube effects
than the LI-6262, as visible in the deviation from the theoretical slope of -2/3 (top panel).
For the different isotopologues C*'™ all measured with the 2 Hz-HF-WVIA, tube effects were
similar but noise had a stronger influence on the less prevalent isotopologues (bottom panel).

the resulting energy spectrum for C''%? showed a generally higher variability than for the
other isotopologues (GRIFFIS et al., 2010). For the energy spectrum obtained during our
measurement campaign (Fig. 3.6), such a higher variability in C'*%2 did not occur in general,
but we measured a rise of energy spectrum at the high-frequency end that we associate
with noise.

Further, the cospectra between the respective mole fractions (e.g. C*™) and the vertical
wind velocity w can give information about the impact of tube effects on the measured
fluxes. The obtained ensemble averaged!' cospectra cospy v (plotted in Fig.3.7 as a
function of the non-dimensional frequency f,) follow the expected slope of -4/3 in the

1 The ensemble averaging was performed by a flux calculation software (EddyPro, Licor, Lincoln, USA),
see e.g. (LICOR BIOSCIENCES, 2016) for details.
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Figure 3.7: The ensemble averaged cospectra cosp(w’,Cij,0) in case of unstable stratification,
plotted here as a function of the non-dimensional frequency f, = fhy, /@ (with the measurement
height h,, and the mean horizontal wind velocity @) are similar for all isotopologues (left panel)
and for both analyzers (right panel).

inertial subrange for the three different isotopologues and for both analyzers. In particular,
the obtained cospectra are very similar for the three different isotopologues, indicating that
there are no isotopologue selective tubing effects on the measurement of the isotopologue
fluxes. For C''%2 the values slightly rise in the high-frequency range, which might be related
to the obtained rise in the corresponding energy spectra at the high-frequency end (Fig.
3.6) discussed above.

3.4.2 Measured fluxes and isofluxes
3.4.2.1 Influence of slow measurement frequency and gappy data structure

We analyzed how much the technical limitations of our setup (the comparably slow
measurement frequency and the gappy data structure - cf. section 3.3.3.3) influenced the
calculated net fluxes. For this purpose, we used the LI-6262 measurements and produced
two artificial datasets with firstly a reduced measurement frequency of 2 Hz, and secondly
the same gappy data structure in addition to the reduced measurement frequency of 2 Hz.
More than 98 % of the variability of the measured EC fluxes based on the slow (2Hz)
dataset is directly linked to the EC fluxes based on the fast (20 Hz) data (the R? of the
1:1 line is above 0.98). The good agreement between these datasets goes in line with the
fact that for the LI-6262 gas analyzer 20 Hz is only the data acquisition frequency, whereas
its real measurement frequency is about 3-4Hz (cf. section 3.3.4.3). Deviations from
the 1:1 line occurred preferentially towards an underestimation of the fluxes calculated
with the 2 Hz data set (Fig. 3.8). However, the mean and the median of the difference
in fluxes calculated with the fast (20 Hz) and the slow (2Hz) dataset are only 0.1 and
respectively 0.03 mmolm~2s~!'. When artificial data gaps are added to the 2 Hz LI-6262
data, still more than 88 % of the variability of the measured EC fluxes is directly linked to
the EC fluxes based on the fast (20 Hz) data. Deviations from the 1:1 line are considerably
larger for this dataset. The standard deviation of the difference between the fast (20 Hz)
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Water vapor flux [mmol1 s m’z] measured with the Li-6262 analyzer
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Figure 3.8: Influence of reduced measurement frequency (left panel) and gappy data structure
(right panel) on the calculated net water vapor fluxes. The red line is the 1:1-line and errorbars
are the respective ML-uncertainties.

and the gappy slow data (2 Hz-gappy) is 0.5 mmolm~2s~!. The mean and the median of
this difference is 0.07 and 0.03 mmol m~2s~!, respectively. Thus, the data gaps introduce
deviations from the standard EC-calculations, but they do not lead to an additional bias,
even if approximately 40 % of the data is removed.

3.4.2.2 Net water vapor fluxes

The net water flux measured with the 2 Hz-HF-WVIA correlates strongly with the net water
fluxes measured with the LI-6262 gas analyzer (Fig. 3.9). The coefficient of determination
R? of a York-type fit (WEHR et al., 2017; YORK, 1968), which includes the uncertainties
in both variables, is 0.9. The slope of this regression is approximately 0.81, indicating a
consistent underestimation of the net water vapor flux measured with the 2 Hz-HF-WVIA.
Such a strong underestimation did not occur in the study of GRIFFIS et al. (2010), with
slopes of 0.99 and 1.06 and R? values above 0.997 for the comparison of the measured net
water fluxes of an isotope analyzer to two different infrared gas analyzers (IRGA). Also,
measurements with the standard version of the WVIA that has an effective measurement
frequency of 0.2Hz (GOOD et al., 2012) did not report such a strong underestimation. In
this study, the authors used a different high-frequency correction, the mentioned equation
is the same as in the low pass filtering correction according to (MONCRIEFF et al., 1997a),
which is normally not recommended for long inlet tubes.!

For our dataset, the observed underestimation of the net water flux depends strongly
on the applied high-frequency spectral correction. If we use the analytical high frequency
correction of tube effects according to MONCRIEFF et al. (1997a), instead of the standard
method for long tubes following IBROM et al. (2007), the fluxes measured with the two

1 The above mentioned study by GRIFFIS et al. (2010) does not expatiate the used high frequency
correction method.
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different analyzers agree better (Fig. 3.14). With this high frequency correction method,
the slope of a York-type fit between the net water vapor flux measured with the 2 Hz-
HF-WVIA and the LI-6262 is 0.94, with an coefficient of determination R? of 0.92. This
indicates underestimation of only 6 % by the 2 Hz-HF-WVTA. The method according to
IBROM et al. (2007) is based on a comparison of the spectra of sonic temperature Ts and
mole fraction C. The resulting correction factor is applied directly to the measured flux. In
the low pass filter correction method according to MONCRIEFF et al. (1997a) on the other
hand, a frequency-dependent correction factor is applied to the cospectrum of C' and w.
Thus, the observed dependency of the agreement between the two analyzers on the applied
high-frequency correction method can be related to the fact that the analyzer’s spectra
are much more different than the measured cospectra (Fig. 3.6 and 3.7). However, as the
spectra and cospectra for the different isotopologues are so similar (Fig. 3.6 and 3.7), the
underestimation of the net water fluxes is the same for the three different isotopologues
(each scaled with the corresponding abundance). Thus, the underestimation will cancel out
when we calculate the isotopic composition of ET, by dividing two isotopologue fluxes by
each other (Eq. 3.4). To avoid additional bias that could be added by the data-driven high-
frequency correction method according to IBROM et al. (2007), we further use the spectra
calculated with the (simpler) high-frequency spectral correction method of MONCRIEFF
et al. (1997a).

3.4.2.3 Uncertainty of dgr

The propagated ML-uncertainties, as a function of the magnitude of ET are shown in
Fig. 3.10. As expected from Eq. 3.9 in the appendix, the uncertainties of §'*Ogr and
0Dgr were typically larger when ET is small, because if the random uncertainties do not
approach 0 in the same way as fluxes approach 0, the corresponding relative uncertainties
increase with decreasing fluxes (Eq. 3.9).! For all daytime fluxes above 2mmolm—2s1,

1 1In general, this is only true, if a) the individual uncertainties o of the individual eddy fluxes F; do not
approximate 0 in the same way and b) the flux ratio itself does not approximate 0.
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the median of the propagated uncertainties is approximately 0.5 and 1 %o for §'%0 and
6D, respectively. Overall, the obtained uncertainties of 6'*¥Ogt are comparable to different
(averaged) uncertainty estimates! observed by other authors with flux gradient approaches.
There estimates reach from approximately 1.4 %0 above a semi-arid savanna (GOOD et
al., 2012) as well as based on a simulated flux gradient experiment for typical daytime
conditions (LEE et al., 2007), to an average uncertainty of 8 %o over 6 sunny days above a
temperate grassland (HU et al., 2014). For 6D, an average uncertainty of the flux gradient
measurements of approximately 6 % was estimated above a semi-arid savanna (GOOD
et al., 2012).

3.4.2.4 Seasonal variability of dgr

In Figure 3.11, the isotopic composition of ET (dgr) is shown on diurnal timescale for both
isotopologues in combination with potential drivers of dgT such as temperature 7', relative
humidity RH, vapor pressure deficit VPD and the amount of rain. The flux-weighted diurnal
average of the isotopic composition of ET (§'®*Ogt and 6Dgr) varied from approximately
-19 to 0% for 680 and from approximately -140 to -25 %o for 6D (Fig. 3.11). Before

1 The quoted authors use different estimates of the uncertainty of flux gradient measurements, such as a
simulated flux gradient measurement with a dew point generator under typical daytime conditions (LEE
et al., 2007), standard deviations from 4 minute data to hourly means (HU et al., 2014) and standard
uncertainty estimation of the underlying linear regression (GOOD et al., 2012).
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Figure 3.11: Time series of evapotranspiration (ET) and its isotopic composition 6'¥Ogr and
0Dt in combination with meteorological measurements of temperature in 2m height [T(2m)],
relative humidity (RH), vapor pressure deficit (VPD), and the amount of rain. The vertical
lines mark the times of the beginning of leaf unfolding on 19. April 2016 and the beginning of
leaf coloring on 6. October 2016. All time series except 6'®Ogt and Dy are shown here on
30 min timescale, whereas for §'®Opt and éDgr the flux weighted diurnal averages are shown
here in combination with their uncertainties (shaded in grey).
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Table 3.3: Monthly averaged quantities. For dgr the averages are flux-weighted.

Month Croo 080, oD, ET 580t ODET
poml Bl el [mmel] [ %5
February 6712 -20.9 -159 0.6 -12.0 £ 14 -99 £+ 11
March 6859 -21.0 -160 1.2 -10.9 £ 1.3 -105 + 10
April 7566 -18.4 -136 1.3 -11.3 £ 0.7 -80 £ 5
May 11717 -16.6 -122 1.4 -9.8 &+ 0.8 -67 £ 5
June 16112 -16.2 -122 2.4 -9.3 + 04 70 £ 2
July 15654 -15.2 -114 2.4 -8.7 +£ 0.4 -62 £ 3
August 15370 -15.9 -117 2.1 -9.3 £ 0.5 -61 + 2
September 15424 -16.4 -120 1.3 -10.6 £+ 0.6 -69 + 3
October 10894 -21.0 -152 1.0 -9.2 + 0.8 -96 £ 6
November 7257 -22.4 -162 0.6 -8.5 £ 1.8 -75 £ 11

leaf unfolding and after leaf coloring, when ET is comparably small, the uncertainties
of 6'®¥Ogr and dDgT were typically larger, as ET was small (cf. section 3.4.2.3). On a
monthly timescale, the flux-weighted mean of §'*Ogr and dDgr spanned a range of about
-3.5%0 for §'80pT and about —40 %o for 6D (Table 3.3). Compared to the variability of
the isotopic composition of ambient ¢ values, the variability of dgr is a factor of 2 smaller
in the case of §'80, but only a factor of approximately 1.2 smaller for 6D (Table 3.3).

3.4.2.5 Diurnal variability of dgT

The mean diurnal cycles of the isotopic compositions of ET (5180ET and dDgr) are shown
in Fig. 3.12 for spring (March to May), summer (from June to August) and autumn
(September to November). These diurnal cycles were only evaluated for daytime (7h-21h
GMT+1), as the uncertainties rise with decreasing ET. For both delta values, the isotopic
composition of ET generally rose throughout the day. This rise throughout the day is
expected for a water source that enriches during the course of the day and thus for non-
steady state conditions. Such a rise of dgT was found for all mean diurnal cycles shown in
Fig. 3.12, except for dDgr in summer that shows a rather constant behaviour, indicating
that during this time, equilibrium conditions were reached for §D, but not yet for 6'80.
To quantify potential effects of ET on the isotopic composition of the atmosphere, we
calculated isoforcing according to Eq. 3.5, that can be interpreted as the rate of change
of the atmospheric 0 value multiplied by the boundary layer height i (see Eq. 3.6). For
this calculation, we used the data points measured at 44 m as atmospheric composition
0q in Eq. 3.6. All calculated hourly isoforcing values were positive, corresponding to an
enrichment of the atmospheric § value due to ET. This is also true on monthly timescale,
with dgr > 0, (Table 3.3). The mean diurnal cycles of isoforcing are dominated by the
mean diurnal cycle of ET and have diurnal maxima of 0.08 and 0.6 % m~2s~!, for 680
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and 0D respectively (Fig. 3.12), comparable to the results found by other authors (Hu
et al., 2014; LEE et al., 2007; WELP et al., 2008).
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Figure 3.12: Diurnal cycles of the isotopic composition of ET dgr, isoforcing IF and ET
during daytime (7h-21h GMT+1).

3.4.2.6 Dual isotope analysis of dgT

In the §'80-6D-plane, effects that influence 6D and 6'¥0 differently (e.g. non-equilibrium
fractionation) become visible (DANSGAARD, 1964). The local meteoric water line (LMWL),
can be defined by the linear regression of rain samples (BOWLING et al., 2017, see e.g.),
with a typical slope of 8 in the northern hemisphere (DANSGAARD, 1964). Processes with
non-equilibrium fractionation, such as evaporation, change the isotopic compositions in the
§'80-6D-plane along shallower slopes for both, the evaporated water (GAT, 2000; TWINING
et al., 2006) and for the remaining liquid water (CAPPA et al., 2003; GAT, 1996; GAT, 2000;
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TWINING et al., 2006). Thus, deviations from the LMWL can be interpreted as indications
for non-equilibrium fractionation. For our dataset, dual isotope analysis (as shown in
Fig. 3.13) provides evidence that ET is not dominated by non-equilibrium fractionation
when there is transpiration (i.e. in the period between leaf unfolding and leaf coloring).
During this time period dgr fluctuates around the LMWL. For the period when we do not
expect transpiration (before leaf unfolding on 19. April and after leaf coloring on 6. of
October) we find indications for non-equilibrium effects as the isotopic compositions of
ET falls below the LMWL. This could be related to non-equilibrium effects of evaporation
from different (enriched) water pools in the ecosystem that were subject to evaporation
before. Additionally to this general difference between the transpiration-dominated and the
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Figure 3.13: The flux-weighted weekly averages of dgr, plotted in the dD-6'%0 plane
in combination with the corresponding weekly means of §, and biweekly sampled isotopic
composition of (integrated) rain, plotted seperately for different months. The blue line is the
local meteorologic water line with a slope of 7.4.
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evaporation-dominated time periods, there is a period in August and September when dgT
lies slightly above the LMWL. These two months have higher VPD than the other months
(see Fig. 3.11). We propose that related to the higher VPD in these months evaporation
increases in this period.

When water evaporates from water sources that were not strongly enriched in the
preceeding period, the measured dgr can deviate positively from the LMWL. This has
been discussed for the case of the GMWL by (TWINING et al., 2006). In particular non-
equilibrium evaporation from a limited amount of water (e.g. fast evaporation) could shift
the isotopic composition into this direction (DANSGAARD, 1964). However, such processes
could be investigated further by combining direct simultanecous EC measurements of 680
and 0D with chamber measurements, modeling, and sampling of plant and soil water
components.

More generally, the LMWL at our field site (shown in Fig. 3.13) had a slope of 7.4,
reflecting the interplay of different drivers of the isotopic composition of rain such as
the isotopic composition of water vapor, the dew point and temperature during rainout
as well as the way of cooling (DANSGAARD, 1964). The so-defined LMWL should be
interpreted with caution because our measurement period spans different seasons and
thus the precipitation could be related to air masses with different water sources, which
would indicate that the interpretation of the LMWL is not straightforward in all cases
(GAT, 1996). However, the measured isotopic compositions of water vapor and rain are
comparably close to the LMWL throughout all months.

3.5 Conclusions

Here, we demonstrated that the high-flow and high-frequency optimized water vapor
isotope analyzer (2Hz-HF-WVTIA), in combination with an intense calibration is capable
of eddy covariance measurements of the isotopic composition of water vapor above a
forest ecosystem. Based on the measured spectra and cospectra, we conclude that in our
setup, the measured fluxes are exposed to tubing effects. But these tubing effects are
not isotope selective (such as condensation). Further, the obtained spectra and cospectra
are comparable (slightly better) to the standard EC measurements at this field site. The
uncertainties of the measured isotopic composition of ET as determined by propagated ML-
uncertainties of the individual isotopologue fluxes are comparable to different uncertainty
estimates of flux gradient approaches. In particular, the propagated ML-uncertainties
decrease, with generally increasing net fluxes, yielding more reliable measurements in
summer, when fluxes are larger. Overall, our measurements imply that EC measurements
of the isotopic composition of water vapor can provide insights into the dynamics of the
hydrological cycle on an ecosystem scale, in particular on weekly or monthly timescale and
for periods when the net water vapor fluxes are high. A combination of EC measurements
of dgr with chamber measurements, leaf, soil and twig-water sampling and modeling
approaches, could help to partition ET into its components . As a proof of concept, the
analysis of dgr in the §'¥0-6D-plane highlights the potential of dual isotope analysis of égr.
We propose that such analysis, if applied in combination with measurements of different
water pools and fluxes, will further help to understand the dynamics of the hydrological
cycle. This is particularly interesting at sites where flux gradient approaches have limited
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applicability.
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3.9 Appendix
3.9.1 Propagation of the uncertainty of dgr

According to equation 3.4, the isotopic compositions of evapotranspiration (ET) are based
on the ratio of two fluxes (e.g. Fy = F'®! and I, = F'61), The corresponding uncertainties
propagate to the ratio in the following way:

o(Fi/Fy)  [(a(F)\?  [o(F))° o(Fy) o(Fy)
R/R —V (55) (7)o 39

With the correlation coefficient rp, g, := F{F}/(0p0F,) between F; and F. As the
measured 7, f,, based on all measured data, is above 0.999, we approximate rg, g, with 1
in Eq. 3.9.

3.9.2 Filtering criteria for flux measurements

We used the following criteria to remove outliers from the hourly measured (isotopologue)
fluxes, following the standard methodology at this site:

o We removed all data with a quality flag of 2, using the flagging policy ’Mauder and
Foken, 2004’ in EddyPro (see LICOR BIOSCIENCES, 2016).

« We removed water vapor fluxes below -0.1 mmol m~2s~".

o We filtered out the fluxes with a variance of HoO above its 97.5-percentile.

Additionally, we removed outliers of dgr that exceeded a range from -20 to 0 %o for 680
and from -150 to -10 %o for JD.
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3.9.3 Comparison of net fluxes (Moncrieff)

Water vapor flux [mmoI1 s m_z]
HF-correction: Moncrieff 1997

10

2 Hz-HF-WVIA

0 2 4 6 8 10
Li-6262 gas analyzer

Figure 3.14: Hourly evaluated net fluxes (black points) as measured with the two different
analyzers (2Hz-HF-WVTIA| and LI-6262) with their ML-uncertainties in gray. A York-type fit
(blue line) with a slope of 0.94 and a R? of 0.92 is shown in comparison to the 1:1 line (red,
dashed line). The accordance of the net fluxes measured with the different analyzers depends
on the applied high-frequency correction, here: according to MONCRIEFF et al. (1997a).

3.9.4 Calibration of Cx20,v
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Figure 3.15: The mole fraction calibration was linear with a slope of approximately 1.12 and
a coefficient of determination R? above 0.999.
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3.10 Supplementary material
3.10.1 The effect of storage on net water vapor fluxes

We used standard EC measurements (described in section 3.3.3) in combination with profile
measurements at nine inlet heights that range from 0.1 to 45 m to estimate the contribution
of storage effects (see chapter 3.3.2.3) to evapotranspiration throughout the year 2016. This
calculation of storage fluxes was carried out by Rijan Tamrakar (Bioclimatology group,
Gottingen University). Based on a linear regression of ET against the measured eddy
flux density with a slope of 0.97 and an R? of 0.94, we conclude that at our field site the
contribution of storage to ET is below the general uncertainty of the EC method.
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Figure 3.16: The left panels show the time series of ET in dark blue (based on storage
corrected EC measurements) and the water vapor eddy flux (without storage correction) in light
blue. The right panel shows a direct comparison of ET and water vapor eddy flux, resulting in
a linear regression with a slope of 0.97 and an R? of 0.94.






CHAPTER 4

Does local evapotranspiration drive seasonal and diurnal variations in the
isotopic composition of water vapor above a managed beech forest?

Manuscript to be submitted to 'Biogeosciences’ (BRADEN-BEHRENS et al., 2018a)

89



90 Chapter 4 Does local ET drive 6,7

4.1 Abstract

Measurements of the isotopic composition of water vapor as well as measurements of the
isotopic composition of evaporation and transpiration provide valuable insights in the
hydrological cycle. Here we present measurements of the isotopic composition of water
vapor ¢, in the surface boundary layer (SBL) in combination with eddy covariance (EC)
measurements of the isotopic composition of evapotranspiration dgr for both dD as well as
5180 over a full growing season of a managed beech forest in central Germany. We used
these measurements in combination with meteorological and standard EC measurements
to evaluate the influence of local ET and entrainment on the isotopic in the SBL. We
test the hypothesis, during summer, when transpiration is high, local ET is a dominant
control of J§, at our measurement position, in only 10m above the canopy. We found
that even for spring and summer, when transpiration is high, ET dominates the diurnal
cycle of §, in the SBL in the mornings and evenings, while entrainment effects overrule
ET from approximately 10 to 16 h. On a diurnal timescale, the isotopic composition of
water vapor in the SBL is alternately dominated by local ET and entrainment. On a
seasonal timescale, we found no evidence for a dominant control of §, by entrainment or
local ET. A significant correlation between 4, and the logarithm of the water vapor mole
fraction Ch20 with a comparably small R? of approximately 0.35 (p < 1072%) implied, that
Rayleigh distillation might explain a limited part of the observed variability. However, we
obtained a comparably stronger significant correlation between 4, and temperature (with
R? ~0.52 and p < 107%%). Based on these measurements, we propose that the observed
seasonal variability of §,, was neither dominated by Rayleigh processes, entrainment nor
local ET, but could be linked to temperature-related processes such as fractionation during
evaporation from sources that do not correspond to the sources of local ET. such as
large-scale moisture sources.

4.2 Introduction

The isotopic composition of water vapor (J,) in the atmosphere can provide insights
into the hydrological cycle on scales ranging from leaf scale to global scale (GAT, 1996;
HUANG et al., 2014; JOUZEL et al., 2000; WEN et al., 2010; YAKIR et al., 2000). Potential
drivers of the temporal variability of J, are the removal of rain from the atmosphere
(GAT, 2000), vertical atmospheric mixing, transpiration and evaporation from open water
bodies, various (temperature dependent) fractionation processes of ET (GAT, 2000), and
selective ET from different water sources (GAT, 2000; MCDONNELL, 2014). Continuous
measurements of d, were carried out above various ecosystems (see e.g. HUANG et al., 2014,
for a list of such measurement sites). Fewer studies discuss the importance of ET and
entrainment based on directly measured dgr (and/or the corresponding isoforcing). Such
direct measurements of 6'¥Ogt have been carried out based on flux gradient measurement
above a temperate forest (LEE et al., 2007), above an arid artificial oasis (HUANG et al.,
2014) and above a corn/soybean canopy (WELP et al., 2008) as well as based on eddy
covariance measurements above a corn/soybean canopy (GRIFFIS et al., 2010; GRIFFIS
et al., 2011). The measurements by (HUANG et al., 2014) additionally captured dDgr.

On a diurnal timescale §, is driven by multiple processes such as ABL growth and decay
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(LEE et al., 2012a), vertical atmospheric mixing (NOONE et al., 2013), or entrainment
of drier and isotopically lighter air from the free atmosphere, land-sea breeze circulation,
ET, advection, and in-cloud condensation and precipitation (LEE et al., 2006) as well as
the origin and the different histories of air masses and the sublimation of snow (NOONE
et al., 2013). Entrainment is a mixing process driven by the gradients at the capping
inversion between the atmospheric boundary layer (ABL) and the free atmosphere (LEE
et al., 2012a). Thus, entrainment transports dry and isotopically more depleted air into
the ABL (LEE et al., 2012a). Transpiration on the other hand, the major part of ET on
global scale (JASECHKO et al., 2013), isotopically enriches! the vapor in the surface layer
(LEE et al., 2006). Multiple authors find that at various field sites, entrainment and ET
are the dominant drivers of the variability of §, on a diurnal timescale. The influence of
entrainment and ET in particular was discussed based on large eddy simulations (LEE et al.,
2012a), repeated profile measurements (LAI et al., 2011; NOONE et al., 2013), measured
time series of 0, (HUANG et al., 2014; WELP et al., 2012; ZHANG et al., 2011), as well as
direct measurements of g1 (GRIFFIS et al., 2010; HUANG et al., 2014; LEE et al., 2007;
WELP et al., 2008). In summary, these studies discuss the influence of entrainment and ET
on the obtained diurnal cycles of d,,, concluding a dominance of entrainment (GRIFFIS et al.,
2010; LAT et al., 2011; LEE et al., 2007), ET (HUANG et al., 2014; ZHANG et al., 2011),
both (LEE et al., 2012a; NOONE et al., 2013; WELP et al., 2012), or both in combination
with dew formation (WELP et al., 2008). However, it is worth to point out, that only four
of these studies (GRIFFIS et al., 2010; HUANG et al., 2014; LEE et al., 2007; WELP et al.,
2008) are based on measurements of dgr (see the list of the used methods above). In these
cases, the mentioned dominant controls of d, were based on a the obtained diurnal cycles
of d,, in combination with positive isoforcing values (GRIFFIS et al., 2010; HUANG et al.,
2014) and also on a quantification of the magnitude of the isoforcing-related change in 4,
(LEE et al., 2007; WELP et al., 2008).

On a seasonal timescale, §, is related to the removal of rain from the atmosphere. This
is a complex process, including the origin of the air masses, the degree of cooling since
the beginning of condensation (AMBACH et al., 1968), fractionation during condensation,
evaporation from falling droplets and isotopic exchange between falling droplets and the
surrounding air masses, as well as the thermodynamic conditions during cooling (see e.g.
DANSGAARD, 1964). Effects that influence the isotopic composition if precipitation and
the surrounding air masses are the ’amount effect’ (small amounts of rain are enriched)
and the ’temperature effect’ (higher condensation temperature is related to higher d-values
of precipitation) (e.g. DANSGAARD, 1964). At a global level, the geographical and seasonal
variation in the isotopic composition in precipitation can be described by 1) the latitude
effect, 2) the elevation effect 3) the continental effect, the 4) seasonal effect and 5) the
amount effect (described above) as discussed e.g. by (MICHENER et al., 2007). However, in
a simplified model the removal of rain from the atmosphere can be described as a Rayleigh

1 This statement is mentioned by LEE et al. (2006) particularly for 6'#0. For §D, it can be derived from
the above cited statement for §'¥0 in combination with the fact that transpiration is not expected to
change local deuterium excess diocar (GAT, 1996).
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distillation process (GAT, 2000; LEE et al., 2006), i.e. the removal of material from an
open system (GAT, 1996). Rayleigh distillation yield a log-linear relationship between
the isotopic composition of water vapor ¢, and its mole fraction Cyoo - this refers to the
linearized form of the Rayleigh equation (see e.g. LEE et al., 2006).

0y = 0p,0 + (@ —1) x log (CC'I’{HQZOO) (4.1)

With the subscript 0 as a label for the values at the source (before Rayleigh rain-out)
and the (temperature dependent) equilibrium fractionation factor c. Such a log-linear
relationship has been found by many authors with R? values ranging from approximately
0.15 (HUANG et al., 2014) to 0.78 (LEE et al., 2006; WEN et al., 2010) indicating different
importance of Rayleigh processes as drivers of the seasonal variability of d,. Additionally
or alternatively to Rayleigh rain-out, the seasonal variability of §, can be related to local
ET. Indications for the influence of local ET are discussed by HUANG et al. (2014), who
obtained a correlation between daytime d, and dgr (based on flux gradient measurements).
Further evidence of the importance of ET in the ABL water budget was found based on
modeling and flux gradient measurements of §'8Ogt (and for some month also dDgt) at
a tall tower above a dryland crop/grassland ecosystem (GRIFFIS et al., 2016). Based on
their measurements and modeling, they estimated the relative contribution of ET to the
water in the ABL and found values spanning the range from 0 to close to 100 %, with a
median of 34% (GRIFFIS et al., 2016).

Here we present a time series of measurements of the stable isotopic composition of water
vapor in 60, and 6D, in the SBL above a managed beech forest in central Germany
in combination with direct eddy covariance measurements of the magnitude and the
isotopic composition of ET and standard meteorological measurements. Our objectives are
to evaluate the influence of entrainment and local ET on §, in the SBL based on these
measurements. Our measurements were carried out at a height of approximately 10 m above
the top of the canopy in the SBL and thus we expect high transpiration during summer.
Further, a high contribution of ET to the water vapor in the atmospheric boundary layer
(ABL) has been found even at a crop/grassland site at 185 m above ground (GRIFFIS et al.,
2016). Thus we hypothesize, that at our field site, ET is an important driver of ¢, in
particular during summer. However, as discussed above, many authors found evidence
for an additional influence of entrainment on the diurnal variability of J, at various field
sites (GRIFFIS et al., 2010; LAT et al., 2011; LEE et al., 2012a; LEE et al., 2007; NOONE
et al., 2013; WELP et al., 2012; WELP et al., 2008). Thus, we further hypothesize, that at
our field site, the variability of §'%0, and §D, is dominated by entrainment on a diurnal
timescale, but local ET might be important on a seasonal timescale.
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Table 4.1:

Nomenclature and abbreviations used in this publication

Stable isotope specific notations

R.q Isotopic ratio of a standard material
0 Relative deviation of the measured isotope ratio from Rgq
0y Isotopic composition of water vapor
&, Isotopic composition of water vapor
IF Isoforcing; IF := w'¢’
Abbreviations
ABL Atmospheric boundary layer
SBL Surface boundary layer
EC Eddy covariance
ET Evapotranspiration
WVIA Water vapor isotope analyzer
2Hz-HF-WVIA  WYVIA for 2 Hz measurements (with high flow plumbing)
WVISS Water vapor isotope standard source
HF-WVISS WYVISS optimized for high flow
DPG Dew point generator
VSMOW  Vienna standard mean ocean water
IRMS Isotope ratio mass spectrometry
GMWL Global meteoric water line
LMWL Local meteoric water line
Meteorological quantities
RH Relative humidity
VPD Vapor pressure deficit
TKE Turbulent kinetic energy
u*  Friction velocity
Cuog  Water vapor mole fraction
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4.3 Material and methods
4.3.1 Field site

The field site of this study is located in central Germany (51°19’41,58” N; 10°22°04,08” E;
approximately 450 meters above sea level) and vegetated by a managed beech forest
(dominated by Fagus sylvatica L.). The forest in the surroundings of the tower has a
relatively homogeneous top-weighted canopy structure (ANTHONI et al., 2004; BRADEN-
BEHRENS et al., 2017a). The forest height (defined as the average height of the highest
20 % of the trees) was 37m in 2004 and the maximum leaf area index was approximately
4m?m~2 (ANTHONI et al., 2004).

4.3.2 Stable isotope measurements of dg20

We used a customized version of a commercially available water vapor isotope analyzer
(2Hz-HF-WVIA, Los Gatos Research. Inc.,San Jose, USA) to measure the water vapor
mole fraction Crao and its stable isotopic compositions 6180, and §D, at 44 m height above
the forest floor. The non-customized version of this instrument has been described in detail
(cf. AEMISEGGER et al., 2012; Los GATOS RESEARCH INC., 2013). This analyzer is an
off-axis integrated-cavity output spectrometer in near infrared, i.e. a laser-based absorption
spectrometer that uses a high-finesse optical cavity to enhance the optical path length
(Los GATOS RESEARCH INC., 2013). The customization of this instrument is described
in detail by BRADEN-BEHRENS et al. (2018b) and enabled us to take measurements with
a frequency of 2Hz at a flow rate of approximately 4.2slpm. The 2 Hz-HF-WVIA was
calibrated hourly with a customized version of the water vapor isotope standard source
(WVISS, Los Gatos Research. Inc.,San Jose, USA). In brief, this calibration unit dries and
compresses ambient air and mixes it with nebulized liquid water, that is further diluted
to yield water vapor with different mole fractions at a constant isotopic composition (see
e.g. AEMISEGGER et al., 2012; Los GATOS RESEARCH INC., 2012). We customized this
calibration unit to enable calibration at the analyzer’s flow rate of 4.2 slpm over a broad
mole fraction range (see BRADEN-BEHRENS et al., 2018b).

4.3.3 Eddy covariance measurements of dgp

We measured the three dimensional wind velocity and the sonic temperature at 44 m height
above the forest floor with a measurement frequency of 20 Hz using a sonic anemometer
(Gill-R3, Gill Instruments, Lymington, UK). The inlet of the 6'¥0,, and 6D, measurements
was in the vicinity of this anemometer with a 5 cm northward, a 10 cm eastward and a
20 cm vertical separation. We combined the 20 Hz anemometer measurements with the 2 Hz
measurements of §'¥0, and §D, to calculate the magnitude and the isotopic composition
of ET using the eddy covariance software EddyPro®, version 6.2.0 (LICOR BIOSCIENCES,
2016). Further specification of this setup such as tubing material, tube heating, flow rates
and the different data processing settings are described in detail by BRADEN-BEHRENS et al.
(2018b). In brief, the tubing to the 2 Hz-HF-WVIA was made of PTFE (teflon) and heated
to avoid condensation. The flow rates in the main tubes were chosen to guaranty turbulent
conditions within the tubes upstream of the analyzer. Data processing settings included
double rotation and block averaging, spike removal, correction for instrument separation,
as well as spectral corrections in the high frequency and low frequency range (BRADEN-
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BEHRENS et al., 2018b). Additionally to the stable isotope eddy covariance measurements,
the meteorological tower is also equipped with a standard closed path CO2 and H,O,
analyzer (LI-6262 LiCor Inc., Lincoln, USA). The inlet of this analyzer is in the vicinity of
the anemometer with -5 cm northwards, 10 cm eastwards and 20 cm vertical separation. We
used this analyzer in combination with the sonic anemometer for standard eddy covariance
measurements and to evaluate our stable isotope setup. A direct comparison of both EC
setups shows that if an high frequency correction according to MONCRIEFF et al. (1997a)
is applied, the 2 Hz-HF-WVTA underestimated the net HyO, flux by approximately 6 %
(BRADEN-BEHRENS et al., 2018b). The regression against the standard measurement of
the HyO, flux has a slope of 0.94 and an R? of 0.92 (BRADEN-BEHRENS et al., 2018b).

4.3.4 Calculation of isoforcing

We quantified potential effects of ET on the isotopic composition of the atmosphere, by
calculating isoforcing, based on EC measurements of the magnitude and the isotopic
composition of ET (described in BRADEN-BEHRENS et al., 2018b). Isoforcing (see e.g. LEE
et al., 2009) can be interpreted as the rate of change of the atmospheric ¢ value multiplied
by the boundary layer height h, if a simple isotopic mass balance model (see e.g. LAI et al.,
2006) is assumed with only a flux component from the surface and no horizontal advection
or entrainment from above (see also BRADEN-BEHRENS et al., 2018b; STURM et al., 2012).

F dd,

IF = — ) = h—o
C’apa((SF 0a) hdt

(4.2)

With the flux F' (e.g. ET), its isotopic composition dp (e.g. dgr), the atmospheric mole
fraction C, the molar density of atmospheric air p,, the atmosphere’s isotopic composition
0, and the boundary layer height h.

4.3.5 Additional meteorological and isotopic measurements

Additionally to the stable isotope measurements and the EC measurements, the meteo-
rological tower at this site is equipped with standard meteorological measurements (see
ANTHONI et al., 2004, for details). Among other variables, the air and soil temperatures
are measured at 2m and 44 m height and at 2,8,16,32 and 64 cm depth, respectively.
Relative humidity (RH), vapor pressure deficit (VPD), precipitation amount, as well as
wind direction and velocity are measured at 44m height. A set of different radiation
sensors measure diffuse, up- and downwelling longwave, shortwave, photosynthetically
active radiation as well as net radiation (see also BRADEN-BEHRENS et al., 2018b). In this
experiment, we also measured the isotopic composition of rain above the canopy using three
integrated rain samplers. We build the integrated rain samplers based on the description
of GRONING et al. (2012). Every second week, we took two samples out of each of the
integrated rain samplers and analyzed them for their §'*0 and 6D composition at the
centre for stable isotope research and analysis (KOSI, University of Goettingen) using
isotope ratio mass spectrometry (IRMS). After the subsamples were taken, the bottles of
the integrated rain samplers were replaced by dry bottles. The uncertainty of our rain
sample measurements, as quantified by the median of the standard deviations of the 6
respective subsamples of each data point was approximately 0.2 %o for 680 and 1.5%o for
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oD.

4.4 Results and discussion
4.4.1 Diurnal variability

The mean diurnal cycles (Fig.4.1) in combination with the positive isoforcing values show
conclusively that local ET does not dominate the diurnal variability of 6D, and 6'80,,,
even if our measurement position is only 10 m above the treetops. In particular, this is
also the case during summer, when transpiration is high. Thus, the measured data does
not support our hypothesis that during summer, local ET is an important driver of d,. In
summer (June to August) the obtained diurnal cycles of dD,, and §'¥0, values resemble a
sine curve with an enrichment from midnight until approximately 10h local winter time
(GMT+1)! followed by a depletion throughout the day until 16 h by approximately 1 %o
for §180 and 4.5 %0 for 6D. All isoforcing values (calculated with Eq.4.2) were positive,
and thus correspond to an enrichment of the atmospheric § value due to ET. Over the
course of the mean diurnal cycle, the isoforcing values rose in the mornings and decreased
in the afternoon. In summer, the period with the most pronounced diurnal cycles, the
amplitude was approximately 0.08 and 0.6 mY%os~! for 5180 and 6D respectively (Figure
4.1). Comparably large isoforcing values were found by other authors (HU et al., 2014;
LEE et al., 2007; WELP et al., 2008). Uning Eq. 4.2 and assuming a boundary layer
height h of 1000 m and only one flux from the land surface, these amplitudes of IF would
correspond to a change dé,/dt of approximately 0.3 %ch~! and 2.2 %0 h~=! for 6'*0 and §D
respectively. Thus, within three hours, the isoforcing related to ET (in summer) would
yield an increase in d, with an amplitude, that is comparable to the observed diurnal
variability of approximately 1 %o and 6 %o, for 6'*O and 6D respectively (see Fig. 4.1). But
whereas isoforcing would yield a progressive enrichment of §,, the observed diurnal cycles
of §,, show different shapes. Around midday, when ET is large, the mean diurnal cycles of
both §'%0, and 6D, show the opposite trend with decreasing &, from 10 to 16h in summer,
and from 11 to 16h in spring, and a rather constant §, in autumn.

Diurnal cycles that deviate from this sine-shaped pattern (Fig. 4.1) were obtained at
various sites and were related to different drivers by the respective authors: Negative
concave diurnal cycles of 6'¥0 have been associated to synoptic meteorology (GRIFFIS
et al., 2010), a combination of dew formation, ET and boundary layer mixing (WELP
et al., 2008), and land-sea breeze circulation (LEE et al., 2006). A steady increase in d, was
obtained during the peak growing season of a winter wheat canopy and associated with a
dominant influence of ET on 6, (ZHANG et al., 2011). Further, more complex diurnal cycles
were observed over an artificial oasis cropland in the late growing season and associated to
the interaction between local ET and entrainment (HUANG et al., 2014). However, diurnal
cycles of 9, that are similar to the observed sine-shaped diurnal cycle have been obtained
at field sites with less transpiration such as an urban cite in Bejing (ZHANG et al., 2011),
or an artificial oasis cropland in the late growing season (HUANG et al., 2014). However,
a similar diurnal cycle can also be found in a large eddy simulation (LEE et al., 2012a;

1 All times given in this paper refer to local winter time (GMT+1).
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Figure 4.1: Mean diurnal cycles of the isotopic composition of water vapor §,, isoforcing IF,

turbulent kinetic energy TKE and water vapor mole fraction Cyao for spring (March to May),
summer (June to August) and autumn (September to November).

LEE et al., 2012b).! The authors of the above mentioned studies discuss boundary layer
mixing effects (or entrainment) as a dominant factor for the obtained decrease of §, from
the forenoon to the afternoon (HUANG et al., 2014; LEE et al., 2012a; ZHANG et al., 2011).
The observed diurnal cycles indicate, that such a dominant influence of entrainment from

1 The latter simulation observes a depletion of 80, close to the surface (0 to 100 m) throughout the day
with an amplitude above 2 %o from the forenoon to the afternoon (Fig S3(e) in LEE et al., 2012b).
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the forenoon to the afternoon can even be found closely above a forest canopy during
summer, when transpiration is high.

The diurnal cycles of TKE and Cyoo (Fig. 4.1) support the hypothesis that the diurnal
cycle of §, is alternately dominated by entrainment and local ET throughout the day. As
turbulence increases boundary layer mixing, we assume that larger TKE corresponds to
larger entrainment. The observed decreasing 4, values throughout the day occur during
a time period with larger TKE (Fig. 4.1). Additionally, spring and summer show a
diurnal cycle of TKE that is larger than in autumn, when there is only little indication
for entrainment in the diurnal cycle of 6, (Fig. 4.1). Further indications for the dominant
influence of entrainment can be found in the diurnal cycle of the water vapor concentration
Ch20- In particular during summer, the diurnal cycle of Cyoo shows a rise of Cyap before
9 and after 16 h and a decrease of Cgoo between 9 and 16 h. The concurrent trends in
the diurnal cycles of Cyop and §, indicate, that the rise in J, in the morning and in the
afternoon is related to a water source (e.g. local ET) whereas the decrease of §, throughout
the day is related to mixing with dry air (entrainment).

4.4.2 Seasonal variability and potential drivers of 4,

Over the growing season, the hourly averaged water vapor mole fraction Cpsp at 44m
height varied from approximately 4000 to 25000 ppm, while the corresponding isotopic
compositions 6, varied from approximately -33 to -12%0 for §'%0, and from —147 to
-12%o for 6D, (Fig. 4.2). Similar ranges for 60, and 6D, over a full year have been
measured at various sites (e.g. GRIFFIS et al., 2016; HUANG et al., 2014; WELP et al., 2012).
Potential processes that could drive the observed seasonal variability of ¢, are local ET,
rain-out (Rayleigh distillation), selective water use by plants and (temperature dependent)
fractionation.

In particular for our measurement position in the SBL (at 44 m height, i.e. only 7m
above the approximately 37m high forest) local ET could be an important driver of 4,
because the measurements are carried out close to the evaporating source. To evaluate
if local ET drives the seasonal variability of §,, we calculated the correlations between
dy and the respective local isoforcing (measured with eddy covariance) based on daily
averaged data (Fig: 4.3). Over the whole measurement period (period: ’all times’ in Fig:
4.3) the calculated correlations between §, and isoforcing (IF D, IF 180) are insignificant
(p>0.1). But for the time period between leaf unfolding and leaf senescence in fall (period:
"green leaves’ in Fig: 4.3), when we expect transpiration, there are significant (p < 1071Y)
correlations between §, and the corresponding isoforcing values IF for both, §D,, (R? =~ 0.25)
and 680, (R? ~ 0.33). These correlations between IF and J, are negative (as shown in
Fig. 4.3). If local ET drove the isotopic composition of ambient water vapor, we would
obtain a positive correlation between IF and §,. Thus, we discard the hypothesis that
the local ET of the forest drives the seasonal variability of §, measured at 44 m above the
forest floor. This is in contrast to the conclusion by HUANG et al. (2014), who interpreted
a correlation between the (daytime) J, and dgr as an indication for the influence of local
ET. In our dataset, we indeed find a similar (also positive) correlation between dDgr and
0D, (see Table 4.2), but this correlation is not accompanied by a positive correlation to
isoforcing. However, the obtained significant negative correlations of d, to IF for both
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isotopic species imply, that at the field site of our measurement campaign ET does not
dominate the seasonal variability of d,.
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Figure 4.2: Time series of the measured water vapor mole fraction Chao (black) and its
isotopic composition in 6'*0 (dark blue) and 6D (light blue) in combination with rain above
the canopy (cyan), temperature in 2m height (red) and relative humidity (grey). The vertical
lines mark the times of the beginning of leaf unfolding on 19. April 2016 and the beginning of
leaf senescence on 6. October 2016.
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Rayleigh rain-out is another potentially important driver of the seasonal variability of d,.
As Rayleigh distillation processes yield a log-linear relationship between 6§, and Crao (Eq.
4.1), we test for a dominant control of the seasonal variability of §, by a linear regression
between ¢, and log(Crh20) (see Fig. 4.4). Throughout the whole measurement period,
both &, values correlate only moderately with each other (with R? values around 0.4), but
significantly (with p < 1072) to log(Cua0) (see Table 4.2). This relationship is dominated
by the period before leaf unfolding and the period after leaf senescence in fall (Fig. 4.4)
and is particularly weak during the period between leaf unfolding and coloring, with R?
values below 0.2 (Table 4.2). This moderate correlation that gets weaker when green leaves
are present implies, that Rayleigh distillation drives some variability in §,,, but in particular
during summer Rayleigh distillation does not dominate changes in §,. Stronger correlations
between 0, and log(Crae0) on a seasonal timescale have been reported at various other
sites, for 680 (GRIFFIS et al., 2016; LEE et al., 2007; LEE et al., 2006; WELP et al., 2008;
WEN et al., 2010; ZHANG et al., 2011) and also for §D (WEN et al., 2010; ZHANG et al.,
2011). However, even smaller correlation coefficients (below 0.2) were obtained above an
arid artificial oasis (HUANG et al., 2014). Similar to the results of our study, the correlation
obtained by HUANG et al. (2014) also gets weaker in summer.
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In the 6'80-6D-plane, deviations from Rayleigh distillation processes can be further
evaluated (see e.g. BOWLING et al., 2017; DANSGAARD, 1964; GAT, 2000). In the §'%0O-
dD-plane, meteoric waters (precipitation and waters from rivers and lakes) from globally
distributed locations® are aligned along the so-called global meteoric water line (GMWL,
§D=8§'80+10) (CrAIG, 1961), that corresponds to equilibrium fractionation during
Rayleigh rain-out (DANSGAARD, 1964). Local precipitation samples can deviate from this
line and a local meteoric water line (LMWL) can be defined by the linear regression of
rain sample data (BOWLING et al., 2017; DANSGAARD, 1964). At our field site, the LMWL
had a slope of approximately 7.4 +0.3. A slope of the LMWL below 8 might reflect the
influence of non-Rayleigh-distillation processes such as local evaporation (from open water
bodies) and selective transpiration but also evaporation from falling raindrops (GAT, 2000).
However, the LMWL is to be interpreted cautiously, if the underlying rain samples span
different seasons (GAT, 1996). Here we use the LMWL and the GMWL only to compare
the slopes of the measured isotopic composition of water vapor with these lines. The dual
isotope analysis further reveals that the measured 0, values over the season clustered into

1 Except East African rivers and lakes and waters from closed basins (CrAIG, 1961)
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three groups: Before leaf unfolding on DOY 110, the measured (daily averaged) J, values
followed the GMWL (with a slope of 8.0 + 0.2), whereas after leaf senescence on DOY 280,
the slope in the §'80-§D-plane was 7.3 + 0.1 and thus closer to the LMWL. For the period
with green leaves, an even lower slope of 6.9+ 0.1 was measured. This becomes more visible
when deviations from the GMWL and LMWL are plotted versus time (Fig. 4.5). While
the GMWL with its slope of 8 seems to describe the variability of 4, before leave unfolding,
the obtained values after leaf senescence in fall are in average better represented by the
LMWL, indicating some influence of local conditions or fluxes. Between leaf unfolding and
leaf senescence in fall, the variation in the measured difference from both the LMWL and
the GMWL shows a seasonal cycle which might be related to seasonal shifts in the source
(but in general also in the fractionation) of water vapor.

Other processes that drive the seasonal variability of J, could be revealed by testing
correlations with other meteorological quantities that are related to entrainment or the
isotopic composition of different water pools and fluxes in the ecosystem. Thus we calculated
the Pearson correlation coefficient Rpear for different meteorological quantities (shown
in Table 4.2) such as turbulent kinetic energy TKE or friction velocity u* (which are
related to turbulence and entrainment), as well as temperature, relative humidity RH,
vapor pressure deficit VPD and water vapor mole fraction Cyao (which are related to the
isotopic composition of different components of the water cycle). We found no indication
that the day-to-day variability of ¢, is driven by the variability of entrainment, as we
found no significant correlation between ¢, and TKE and u* (see Table 4.2). For the whole
measurement period, the observed seasonal variability of §, was strongest correlated to
temperature (R% > 0.5,p < 1073%). This correlation was stronger than the correlation to
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Figure 4.5: Plot of the diurnal averages of the isotopic composition of water vapor in the
§'80-6D-plane in combination with the GMWL and the LMWL (left panel). The right panels
show the deviations A from the GMWL and LMWL plotted against the day of the year (DOY).
Different symbols represent different periods: The period before leaf unfolding (orange crosses),
the period with green unfolded leaves (green triangles) and the period after the beginning of
leaf senescence in fall (brown diagonal crosses). Before leaf unfolding 4, fluctuates around the
GMWL and after leaf unfolding ¢, gets closer to the LMWL.
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log(CH20), discussed above as an indicator for Rayleigh distillation processes. In particular,
the observed correlation with temperature at a 2m height above the ground had an R?
of 0.52 and was slightly stronger than the correlation with temperature at 44 m above
the ground for both isotopic species. Similarly, the soil temperature at 2cm depth is
much stronger correlated to §, than the soil temperature at 64 cm depth. These height
dependencies indicate, that the temperatures close to the surface is an important driver of
d,. In general, the correlation between temperature and 6, might be linked to temperature
dependent fractionation at the site of evaporation of the measured water vapor. However,
the day-to-day-variability is not fully reflected by the obtained correlations of §, with
temperature and temperature-related quantities such as LWDR, VPD and RH (see Table
4.2). This becomes clearer, when correlations between J, and its potential drivers are
calculated only for the time period between leaf unfolding and leaf senescence in fall
(period: ’green leaves’ in Table 4.2). For this time period, the obtained correlations with
temperature-related quantities get weaker. The correlation with temperature at a 2m
height is still significant (p < 10719) but has R2-values of only 0.27 and 0.28 for 6D, and
5180, respectively. In general, the positive correlation with temperature related quantities
implies that fractionation and evaporation might be relevant drivers of §,. As we did not
find indications that local ET drives the seasonal variability of §,, the dominant source of
the measured water vapor might be further away, but the temperature during evaporation
might still be correlated to the temperature during the measurement.
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Table 4.2: Results of the analysis of potential drivers of 0, for all data points (’all times’)
and for the period with green unfolded leaves (green leaves’). For each correlation the Pearson
correlation coefficient Rpear is given in combination with the significance levels, marked with
(*) for p < 1075, (*) for p < 10710, (*) for p < 10715 and so on.

0D, 5180,
all times  green leaves all times green leaves

IFD -0.08 -0.50 ** -0.07 -0.48 *
IF 0 -0.26 -0.59 ** -0.25 -0.57 **
Temperature (44 m) 0.71 **#%  0.50 * 0.71 *#kk (.51 **
Temperature (2m) 0.72 #FHFE (.52 ** 0.72 *##k (.53 F*
Soil temperature (-2cm)  0.67 *** .43 * 0.66 == 0.45 *
Soil temperature (-64cm)  0.48 ** 0.26 0.44 ** 0.25
LWUR 0.71 **** 0.50 * 0.71 k(052 K
LWDR 0.39 * 0.27 0.40 * 0.35
PARD 0.48 ** 0.10 0.48 ** 0.07
PARU 0.33 * 0.02 0.33 * -0.00
RH -0.52 ¥+ _0.31 -0.51 ¥+ _0.24
VPD 0.54 **** .40 * 0.53 **** 0.36
Log (Cr20) 0.5 #FF% (.35 0.60 FF5%  (.41 *
C20 0.61 ****  0.40 * 0.62 **** (.46 *
0DgT 0.65 **** (.44 * 0.65 **** (.44 *
§'0gr 0.32 % 0.17 0.32 % 0.21
TKE -0.06 -0.17 -0.03 -0.17
u* -0.09 -0.19 -0.06 -0.20
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4.5 Conclusions

Here we evaluate laser spectroscopic measurements of the isotopic composition of water
vapor (6D, and 6'80,) in the SBL and local ET (6Dgr and §'8Ogt) in combination with
meteorologic and turbulence-related quantities on a diurnal and on a seasonal timescale
above a managed beech forest in central Germany. We found indications that the diurnal
cycle of §, is alternately dominated by local ET and entrainment, in particular in spring and
summer. On a seasonal timescale we found no indication that local ET and entrainment
dominate the observed variability. This could be related to the fact, that at this field
site, the effects of entrainment and local ET seem to cancel each other out and do not
yield seasonal variability. Further, the remaining variability of §, over the full growing
season can only partly be explained by Rayleigh distillation (linked to approximately 35 %
of the variability). This fraction further decreases for the period when green leaves were
present (and transpiration is expected). A larger fraction of 50 % of the observed seasonal
variability of §,, was linked to temperature, indicating some influence of temperature related
processes, such as fractionation during evaporation from different water pools. We conclude
that the temporal variability of the isotopic composition of water vapor in the SBL, even if
measured close to a managed beech forest, might not be dominated by local ET on both,
diurnal and seasonal timescale. However, the simultaneous measurement of §, and dgr
in combination with meteorological and turbulence-related quantities seems a promising
approach to increase the understanding of the temporal variability in &,.
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5.1 Summary and discussion

In the PhD thesis “The isotopic composition of CO5 and HoO,, fluxes in a managed beech
forest’ I present two experiments that use high-precise laser spectrometers to measure the
isotopic composition of a flux (or flux component) in the coupled COy and HyO, cycle
above a managed beech forest in central Germany. In the first experiment, the isotopic
composition of ecosystem integrated nighttime COg exchange Ree,' was measured with
a spatial Keeling plot approach (see chapter 2). For this experiment, a newly developed
laser-based analyzer in mid infrared is used (Delta Ray Thermo Scientific Inc., Waltham,
USA). In the second experiment, the isotopic composition of evapotranspiration (ET)
was measured with the eddy covariance (EC) method (see chapters 3 and 4). For this
experiment we used a high flow rate and high-frequency enabled laser-based cavity-enhanced
absorption spectrometer in near infrared (2 Hz-HF-WVIA, Los Gatos Research Inc., San
Jose, CA, USA). In both experiments the isotopic composition of the respective flux (or
flux component) is measured in a dual isotope approach - with measurements of 6'>C and
5180 for CO for and measurements of 6D and 680 for HyO,,.

5.1.1 Instrument tests

For both experiments, a first set of results deals with instrument tests including a detailed
evaluation of the calibration strategy. For both analyzers, the calibration strategy needs
to address the large and non-linear mole fraction range dependency of the uncalibrated &
values (see Fig. 2.4 for COy and Fig. 3.4 for HoO,). The analyzers accuracy (subsequent
to the correction of mole fraction range dependency) and its precision (Allan deviation) is
quantified for each analyzer. In Table 5.1 the obtained values for precision and accuracy are

Table 5.1: Precision and accuracy for the two different laser-based analyzers used in this
study. As a measure of precision, we use the minimal Allan deviation o4, whereas potential
accuracy is quantified by one standard deviation from the linear fit used for calibration, as
defined by TUZSON et al. (2008). The uncertainty estimates of the fluxes are a) the mean value
of the standard errors of the Keeling plot intercepts based on 90 min timescale (see section
2.11.1) and b) the propagated Mann and Lenschow flux uncertainties on 60 min timescale (see
section 3.4.2.3). All values in this table are in %o .

COg analyzer H->0O, analyzer
si3C 5180 5180 oD
Minimal Allan deviation 0.02 0.03 0.02 0.08
Potential accuracy 0.24 0.3 0.16 0.5
Uncertainty estimate (flux)  0.8% 0.8% 0.5P 1P
Obtained range (ambient) -11 to -7 -6 to 2 -33 to -12  -147 to -12
Obtained 0 range (flux) -32 t0 -26  -46 to -10 -19to 0 -140 to -25

1 For 6'3C this is respiration, whereas for §'80, this is respiration after '*OQ exchange between H2O and
COa.
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summarized for both analyzers (see also chapters 2 and 3 for a more detailed description).
The measured Allan deviations are in the range of minimal Allan deviations and precisions
that have been reported for other laser spectrometers (see Tables 1.1 and 2.2). The
measured potential accuracy is in the range of an inter-laboratory comparison for HoO,,
(WASSENAAR et al., 2012) and in the range of the repeatability of other laser spectrometers
for CO2 (STURM et al., 2012; STURM et al., 2013; VOGEL et al., 2013). It is worth pointing
out that for CO5 isotope analysis, higher accuracy can be achieved with isotope ratio
mass spectrometry (IRMS), as a long-term flask air inter-comparison experiment illustrates
(MASARIE et al., 2001). However, flask measurements have their own challenges and
limitations, such as high costs and sample preparation effort (GRIFF1S, 2013) and potential
storage effects. Based on the conducted instrument tests and data analysis in the field, we
conclude that both used analyzers are suitable for continuous, precise and accurate field
measurements of the respective ¢ values. This refers to the measurement of §'3C and 6230
in COs in case of the Delta Ray analyzer and to the measurement of 680 and 6D in HyO,
in the case of the 2 Hz-HF-WVIA.

5.1.2 Evaluation of the applied methods

Not only the instruments, but also the applicability of the used methods needed to be
tested. The spatial Keeling plot method has been used by various authors before to measure
the isotopic composition of nighttime (and even daytime) net COy fluxes above various
ecosystems (see e.g. BARBOUR et al., 2011; BOWLING et al., 2002; KNOHL et al., 2005b).
However, as the Keeling plot method relies on strong assumptions, we introduced some
measures to approve the applicability of these assumptions following recommendations
from the literature (discussed in chapter 2.11.1). Examples for these measures are outlier
removal and the use of data acquired within a comparably short time period (90 min) for
each individual Keeling plot. To further test if the spatial distribution of measurement
points influence the calculated Keeling plot intercepts, we compared the intercepts based
on including and excluding data from heights below 2m. Based on this comparison,
we found that the inclusion of data from heights below 2m did not bias the data, but
improved the uncertainty of the measured isotopic compositions of Re, by a factor of 2.
Thus, we conclude that our Keeling plot setup is capable of measurements of the isotopic
composition of nighttime COqy exchange. This conclusion is additionally based on the
measured repeatability during the field campaign of 0.2 %¢ for 6'3C and below 0.25 %o for
5180 (cf. section 2.4.1.3) and the measured response time below 60s (cf. section 2.4.1.4).

In contrast to the broad use of Keeling plot measurements of the isotopic composition of
(nighttime) CO4 exchange, eddy covariance measurements of the isotopic composition of
ET dgT on the other hand are very rare. Such measurements have been carried out with a
fast analyzer above a corn/soybean canopy (GRIFFIS et al., 2010; GRIFFIS et al., 2011)
and with a slow analyzer above a semi-arid savanna (GOOD et al., 2012). Hence there
is currently only one other application that uses an analyzer that is fast enough for EC
measurements. The 2 Hz-HF-WVIA used in our setup was newly configured for the purpose
of EC measurements of dgr. Thus, the method and also the setup needed to be evaluated.
Based on the observed spectra and cospectra of the turbulent time series, we found that
tubing effects were not isotope selective and thus did not compromise measurements of dgr.
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Additionally, the tubing effects of our isotope EC setup were less pronounced than those
of a standard EC setup that is routinely used at the field site of our studies. With the
spectral correction of high-frequency attenuation according to MONCRIEFF et al. (1997a),
we obtained an underestimation of the measured net HyO, fluxes of only 6 % if compared
to the standard EC measurements at the same site. Based on spectral analysis and a
good agreement of the measured net fluxes to a standard EC system at this field site, we
conclude that our EC setup is capable to measure dgr.

5.1.3 Specific features of the obtained seasonal variability

With the two different laser-based spectrometers and ecosystem scale methods, we measured
the isotopic composition of different parts of the coupled CO5 and HsO cycle at our field
site at a managed beech forest in central Germany. During a field experiment in autumn
2015, we measured the 63C and §'®0 composition of nighttime CO, exchange Reco
(chapter 2) and throughout the year 2016, we measured the 6'¥0 and 6D composition of
evapotranspiration dgr, see chapter 3. The obtained seasonal® variability of Rec, and dpr
exceeds the corresponding uncertainty and is considerably larger than the variability in
the measured atmospheric 0 values (see Table 5.1).

The time series of the isotopic composition of nighttime COy fluxes shows particularly
different features for §'3C and ¢'80. The obtained difference in the characteristics of
§13C and 680 are expected due to the different underlying processes: While the §'3C
composition of respiration can be related to photosynthetic discrimination of the heavier 13C
isotope and all drivers of autotrophic and heterotrophic respiration, the 680 composition
is controlled by oxygen exchange between HoO and COs2, when COq gets dissolved in
water (see e.g. MILLER et al., 1999). However, one particularly strong feature in the
measured R8 O is a sharp decrease of about 30 %0 within 10 days after an early snow

eco

event in October 2015. Subsequent to this sharp decrease, it took three weeks for R3O
to recover. Based on this observation, we conclude that even short snow or frost events
might have substantial effects on the §'*0 composition of CO,. The time series of the
§13C composition showed a more complex behavior which is discussed under consideration
of meteorological drivers in the next section.

The time series of the isotopic composition of water vapor and ET showed a clear and
continuous (potentially temperature related) seasonal cycle for both isotopologues. A plot
of the two measured isotopic compositions of ET in the §'80-6D-plane in combination with
the measured isotopic compositions of precipitation and water vapor illustrates the benefits
of dual isotope approaches (see Fig. 5.1). In the 6'¥0-6D-plane, the measured isotopic
compositions can be compared to the local meteoric water line (LMWL) based on a linear
fit of the isotopic compositions of precipitation samples. The data presented in this thesis
shows that the isotopic composition of ET falls below the LMWL when ET is dominated
by evaporation (i.e. before leaf unfolding and after leaf coloring), indicating the influence
of non-equilibrium fractionation. In the period after leaf unfolding and before leaf coloring,

1 The field campaign was three months long for the Keeling plot measurement of the isotopic composition
of nighttime CO2 flux (respiration). For the EC measurement of the isotopic composition of ET, the
field campaign was nine months long.
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the measured isotopic composition of ET fluctuates around the LMWL, indicating that
transpiration under steady state conditions dominates ET during this period.

5.1.4 Correlations with potential (meteorological) drivers

We used the measured isotopic compositions of a) nighttime COg flux and b) local ET in
combination with the observed meteorological, isotopic and turbulence-related quantities
to achieve a better understanding of the underlying processes. This analysis focuses on
two main questions, as discussed below:.

« In how far can we explain the variability of the '>C isotopic composition
of respiration by the isotopic composition of recent assimilates which is
in turn controlled by meteorological drivers during photosynthesis?

We address this question for the measurement period in autumn 2015 before the first
snow, when the ecosystem was a net COq sink. For this time period, the measured
13C composition of respiration is significantly (p<10~%) correlated with time-lagged
net radiation. The time lag of this correlation is 2-5 days, which is consistent to the
expected time lag between assimilation and respiration (KUzZyAKoOV et al., 2010). As
net radiation is a driver of photosynthesis and photosynthetic discrimination of *C,
we suggested the hypothesis that the isotopic composition of respiration is related to
the isotopic composition of recent assimilates. We tested this hypothesis by using an
iterative biophysical multilayer model to calculate the isotopic composition of recent
assimilates and evaluated its correlation with net radiation. This comparison shows
that the time lagged measured isotopic composition of respiration and the modeled
isotopic composition of recent assimilates correlate with net radiation in the opposite
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way. Thus, we discarded the hypothesis that the observed correlation between
R!2 C and net radiation reflects a link of the isotopic composition of respiration
to the isotopic composition of recent assimilates. As an alternative, we discuss the
hypothesis that the measured correlation is related to changes in the amount of
recent (autotrophic) assimilates rather than to their isotopic composition. Based on
a comparison with literature data, we find that this second hypothesis might be true,

but we could not prove it without additional independent measurements.

o Does local evapotranspiration (ET) drive the diurnal and seasonal vari-

ability of the isotopic composition of water vapor J, in the surface bound-
ary layer (SBL) above a managed beech forest?
On diurnal timescale, we found no evidence that 4, above the managed beech forest
is dominantly controlled by local ET. The obtained diurnal cycles of isoforcing (IF),
the isotopic composition of water vapor ¢,, the water vapor concentration Cysp and
the turbulent kinetic energy (TKE) rather support the hypothesis that the diurnal
cycles of §, are alternately driven by entrainment and ET, particularly in spring
and summer. This is consistent with previous studies above various ecosystems
(HUANG et al., 2014; LEE et al., 2012a; WELP et al., 2008; ZHANG et al., 2011).
Further, we find no evidence that local ET drives the temporal variability on seasonal
timescale. This is also the case for the time when green leaves are present and
transpiration dominates over evaporation. This result is based on correlating the
directly measured isoforcing values with §,. Instead of a positive correlation, we find
a negative correlation between these quantities. However, this correlation should not
be over-interpreted, in particular because we find a stronger correlation between 4,
and surface temperature, indicating an important influence of temperature-related
processes (such as fractionation at the site of evaporation of the measured water
vapor). The fact that we do not see evidence for a dominant control of ¢, by local
ET does not match with the expectations that we developed based on other studies
(GRIFFIS et al., 2016; HUANG et al., 2014) and from the fact we measured ¢, very
close to the forest canopy.

5.2 The broader context: Dual isotope and dual species approaches

In both experiments presented in this thesis, we simultaneously measured two different
0 values of a molecule, which we refer to as a dual isotope approach. In the Keeling
plot application (see chapter 2) we use the Delta Ray IRIS to measure §'3C and §'80
in COg, whereas in the eddy covariance application (see chapters 3 and 4) we use the
2 Hz-HF-WVIA to measure 6D and §'¥0 in H,O,. In both cases, the dual isotope approach
provide improved opportunities to investigate the underlying processes. Even broader
than a dual isotope approach is the simultaneous measurement of isotopic compositions in
different molecules (isotopic dual species approach).

5.2.1 Dual isotope approaches in this thesis

In the Keeling plot application the dual isotope approach enabled us to simultaneously
analyze two different processes: a) We investigated how the '3C discrimination during
photosynthesis is reflected in the temporal variability of the '3C composition of respiration;
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b) We measured how the §'®0 composition, reflecting the isotopic exchange between COq
and HyO reacted to an early snow event. For future research, the response of the 50
measurements of nighttime COs exchange would be interesting to analyze in a dual species
approach in combination with measurements of the isotopic composition of soil water and
snow. Thus, by analyzing 680 in COy we can get deeper understanding of the exchange of
oxygen between COs and different water pools. In the eddy covariance approach, the dual
isotope analysis of §'®Ogr and éDgr enabled us to get a clear separation of evaporation-
dominated and transpiration-dominated periods in the §'80-dD-plane. An analysis of the
temporal variability of dgT in this plane is particularly interesting, because it allows to
analyze the importance of non-equilibrium processes.

5.2.2 Dual isotope approaches in related work

There are multiple dual isotope or even isotopic dual species approaches that use the
additional information obtained by measuring different isotopic compositions for various
applications. Some of these applications are discussed in the next paragraph and shown
in Table 5.2 to highlight the broad range of dual isotope and dual species applications.
An evident application of dual isotope or dual species approaches is the simultaneous use
of two isotopes to improve existing partitioning estimates by expanding an existing two
component mixing model to three components (BLAGODATSKAYA et al., 2011; PHILLIPS
et al., 2001). However, a frequently used dual isotope approach is the the simultaneous
analysis of 6'®0 and 0D in precipitation (AMBACH et al., 1968; DANSGAARD, 1964).
Similarly, measurements of §180 and §D in water vapor (GRIFFIS et al., 2016; WELP et al.,
2012) provided insights into the potential drivers of d,. Further, the depth (MEISSNER
et al., 2014) or the source and structure (BOWLING et al., 2017) of the water pools used by
plants has been discussed based on §'%0 and 6D measurements of different water pools
(such as snow, xylem, soil, stream and ground water).

In the case of COy measurements, dual isotope approaches have been used for example
to study the effects of elevated CO2 and higher temperature on different components of soil
respiration (LIN et al., 1999). An application of a dual species approach is the simultaneous
study of 680 in HoO and CO,. With such an approach, the CO5 hydration efficiency was
evaluated with chamber-based (WINGATE et al., 2009) and eddy covariance (GRIFFIS et al.,
2011) techniques. Further, the inclusion of measurements of accelerated COg hydration
rates into global modeling simulations improved global 082652 budget estimations (WINGATE
et al., 2009).

Further, a notable dual isotope and dual species application in the broader context
of this thesis focuses on the effect of turbulence on kinetic fractionation based on two
experiments at two sites with different surface roughnesses (LEE et al., 2009). One of the
two experiments that underly the study of LEE et al. (2009) is based on flux gradient
measurements of 620 of ET (cf. WELP et al., 2008) in combination with EC measurements
of §180 and 6'3C in net CO5 exchange (cf. GRIFFIS et al., 2008) above a soybean canopy.
The second experiment that is used in the study of LEE et al. (2009) is based on flux
gradient measurements of §'%0 of ET without direct measurements of 6'*0 and 6'2C in
net COg exchange. Both experiments also include water sampling (precipitation, soil,
xylem and in case of the soybean experiment also leaf water) and an application of the
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Table 5.2: Examples for dual isotope or even dual species approaches in this thesis and in
related literature.

Study Focus 120 €0,
sD 680  §BC 480

DANSGAARD, 1964 precipitation vV vV

BOWLING et al., 2017  plant’s water use v Vv

MEISSNER et al., 2014  plant’s water use vV v/

WELP et al., 2012 drivers of ¢, Vv Vv

GRIFFIS et al., 2016 drivers of &, vV Vv

Thesis chapter 3 variability of égr V4 Vv

Thesis chapter 4 drivers of &, vV v

LIN et al., 1999 drivers of respiration components Vv Vv
Thesis chapter 2 variability of respiration v Vv
GRIFFIS et al., 2011 COy hydration vV v
WINGATE et al., 2009 COg hydration vV Vv
WINGATE et al., 2008  COg hydration v/ Vv
LEE et al., 2009 canopy-scale fractionation v Vv Vv

Craig-Gordon model. Based on these measurements, LEE et al. (2009) conclude that
turbulence enhances kinetic fractionation at the ecosystem scale, in particular for 680
in COy. Further, their results imply that surface roughness might play an important role
in the 02232 budget. In this context, EC measurements of §'%0 in ET, as presented in
this thesis could provide new possibilities to further evaluate these fractionation effects in
particular above rough canopies (when flux gradient measurements are less reliable).

5.3 Outlook and future work

The two newly configured and newly developed laser-based spectrometers presented in this
thesis are examples of instruments that are capable of dual isotope analysis. With further
developments in laser-based measurement systems, a more frequent use of such instruments
seems promising. However, this thesis presents two separate experiments that measure
each two isotopic compositions in the coupled CO5 and Hs0O, cycle. As a short overview
about dual isotopes in related literature suggests, dual isotope approaches can help to
answer various questions about the underlying exchange processes and drivers. A possible
next step on the basis of the research presented in this thesis is a further evaluation of
the measured isotopic composition of the respective net fluxes in combination with the
isotopic composition of different pools and flux components in the respective cycle. In

case of the Keeling plot measurements of R O and R!3 C, such measurements would be
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interesting in combination with measurements of the isotopic composition of autotrophic
and total soil respiration (e.g. with a trenching experiment). These measurements could
further help to test hypothesis 2 of chapter 2 of this thesis, which relates the observed
time-lagged correlation between net radiation and R!2 C to the ratio of autotrophic to
total soil respiration. In case of the eddy covariance measurements of dgp, there are
various possible applications that could make use of dual isotope EC measurements on an
ecosystem scale. One of these applications is a combination of these measurements with
chamber measurements and/or modeling approaches to partition ET into evaporation and
transpiration when flux gradient approaches show limited applicability (e.g. above tall
ecosystems, see e.g. GRIFFIS, 2013). A combination of EC measurements for 6'3C and
5180 in CO; and 60 H,0 fluxes would be particularly interesting to further investigate
roughness effects on turbulent kinetic fractionation on canopy scale, as discussed by LEE
et al. (2009). Similarly, it would be interesting to evaluate the COy hydration efficiency
over the full growing season of the forest ecosystem directly on an ecosystem scale. This
would be possible if EC measurements of §'®¥Opr are combined with measurements of 10
in (daytime and nighttime) net COg exchange, similar to the 74 days long experiment by
GRIFFIS et al. (2011).

5.4 General conclusions

This thesis illustrates that dual isotope approaches have a large potential to improve our
understanding of ecosystem-atmosphere COs and HsO exchange processes. Particularly
on the ecosystem scale, this potential is enhanced by the development of field applicable,
commercially available instruments capable of simultaneous analysis of different isotopic
compositions. In this thesis we demonstrate field applicability and evaluate instrument
characteristics for two laser-based analyzers that are capable of dual isotope analysis. The
ability for dual isotope analysis, in combination with the measured instrument characteris-
tics such as precision and accuracy shows, that these analyzers can compete with other
laser-based spectrometers or even with flask-based IRMS surveys. In case of the COq
analyzer, stable repeatability, field applicability, automatic internal calibration and limited
maintenance effort of the instrument provides opportunities for a broad utilization of this
instrument. Thus, we conclude that the analyzer is suitable for various field applications
in particular at remote sites. Concerning the EC measurements of dgr the used analyzer
is currently the only commercially available instrument for measurements of §'3C and
OD with a high (>2Hz) measurement frequency. This analyzer provides exciting new
opportunities for ET-studies above tall ecosystems. With a median uncertainty of 0.5 and
1%o0 for §'%0 and 6D, respectively, our uncertainty estimate for égr is comparable with
different uncertainty estimates of various flux gradient approaches. This proves that EC
measurements of g can complement or even compete with flux gradient approaches. A
broader application of laser-based spectrometers, capable of dual isotope analysis, has
great potential to improve our understanding of the coupled CO2 and H2O, cycle.
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MAIN CONCLUSIONS MAIN CONCLUSIONS

EXPERIMENT 1 (chapter 2) EXPERIMENT 2 (chap. 3 & 4)

Instrument tests: Instrument tests:

- The internally calibrated instrument - The instrument showed comparably high
showed comparably high precision precision and accuracy for §'80, and 6D,
and accuracy for measurements measurements and is capable of EC
of Cya0, 6*3C and 820 in air. measurements of §'%0 and 6D of ET.

Ecological application: Ecological application:

- Single snow events can strongly influence - In the §'80-6D-plane, we can distinguish
the isotopic imprint of terrestrial between periods dominated by
ecosystems on atmospheric CO,. evaporation or transpiration.

- The 6'3C composition of respiration - Local ET does not dominate the measured
is not related to the isotopic composition diurnal and seasonal variability of 620,
of assimilation via the Farquar model. and 8D, in the SBL.

GENERAL CONCLUSIONS

- The development of field applicable dual isotope instruments enhances the potential of
dual isotope approaches to study CO, and H,0 exchange processes.

- Various field experiments with laser-based analyzers capable of dual isotope analysis can
provide new opportunities to study the coupled CO, and H,0, cycle.

Figure 5.2: Main thesis conclusions.
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