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Summary

The measurement of the turbulent carbon dioxide {C&change by the eddy covariance
(EC) method has become a fundamental tool for the quamdtatdetermination of the
atmospheric C@ net ecosystem exchange (NEE) and the investigation of thegogamass
balances of ecosystems. Such measurements require ddtdgbe of quality control in order to
prevent systematic errors. The determination of the arswral of NEE and filling of data gaps
is complicated by characteristic diurnal and seasonaiatian in the governing gross flux
components of assimilation, i.e. photosynthetic uptake of, @ad respiration.

In this dissertation, a set of criteria is suggestedthe identification of high quality NEE
data. They are applied to data obtained above a spruce forést Fidhtelgebirge Mountains in
Germany. The application of the quality criteria resulbedess systematic distribution of data
gaps compared to a commonly applied criterion based on théofrisfelocity u, measured
above the canopy. The suggested method is therefore able toerdtie risk of double
accounting of nighttime respiration fluxes and systematior in the annual sum of NEE.

The isotopic flux partitioning method can be applied to gugnthe assimilation and
respiration flux components. Especially above forest ecesyst it requires isotope flux
measurements with high analytical precision in orderesolve small gradients in the isotopic
signature of the turbulent exchange. A conditional sampling unsént was developed and
tested in laboratory and field experiments. By combining thgerbolic relaxed eddy
accumulation method (HREA), whole-air sampling and high precidsotope ratio mass
spectrometry (IRMS)*CO, and C3®0 isotopic flux densities (isofluxes) could be measured
with an estimated uncertainty of 10-20% during a three idégnsive measuring campaign of
the field experiment WALDATEM-2003 (Wavelet Detection andmspheric Turbulent
Exchange Measurements 2003).

Thorough quality control was applied at all stages of éxperiment, including the data
evaluation. The sampling process and the assumption of sityilarthe turbulent exchange
characteristics of different scalars (scalar sinifyarwere assessed by simulation of HREA
sampling based on high temporal resolution data of the turbulemgersmd gas exchange.
Above three different vegetation types, distinct diurnal rajes of scalar similarity were
observed and attributed to events on time scales longer@®an which most likely represent
changes in the source/sink strength or convective or adveptiveesses. Poor scalar-scalar
correlations indicate the risk of systematic underestionaaf fluxes measured by HREA. There
is some evidence for good scalar similarity and a generaibal relation between bulk GO
mixing ratios and its isotopic signatures in the turbulexthange. However, the slope of that
relation was observed to change temporarily so that ésdhefor the EC/flask method temporal
and spatial scales represented in flask samples muefutlg be considered. HREA isoflux
measurements have a footprint similar to the footprinEGf measurements and are therefore
able to integrate small-scale heterogeneity in ecosystem

CO, mixing ratios ands™*C and&*0 isotopic signatures measured in updraft and downdraft
whole-air samples allowed determining ecosystem intedrand truly flux weighted isotopic
signatures of the atmospheric ecosystem gas exchangeasygstem isotope discriminatiay,
and Ag on half-hourly timescales. The observed diurnal varigbitiemonstrates the need for
their repeated high precision measurement at ecosystata far the evaluation of isotopic
mass balances. For the isotopic flux partitioning method, taidil data on the integrated
canopy isotope discriminatioA'canopy from independent measurements or validated models is

v
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indispensable. An observed fast equilibration of isotopiediislibria »**C and»*?0 between
the assimilation and respiration fluxes may indicate ttat successful application of the
isotopic flux partitioning method is limited to short periodfter significant environmental
changes on the scale of few days.
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Zusammenfassung

Die Messung des turbulenten Kohlendioxidaustausches mit der Edawrianzmethode
(eddy covariance, EC) ist eine wichtige Methode fiir die ditetive Bestimmung des CO
Netto-Okosystem-Austausches (net ecosystem exchange, NEf) die Untersuchung von
Kohlenstoffbilanzen von Okosystemen geworden. Derartige Megsu erfordern intensive
Qualitatskontrollen, um systematische Fehler zu vermeideschizrert wird die Bestimmung
der Jahressumme des NEE und das Fullen von Datenliicken dueckhdrakteristischen
taglichen und jahreszeitlichen Schwankungen in den ausschlagtmbeBrutto-Fluss-
komponenten der Assimilation, d.h. der Aufnahme von,@@rch die Photosynthese, und der
Respiration.

In dieser Dissertation werden Kriterien vorgeschlagenrhndenen NEE Daten mit hoher
Qualitat identifiziert werden kénnen. Diese Kriterien werderi NEE Daten angewendet, die
Uber einem Fichtenwald im Fichtelgebirge in Deutschland mesalt wurden. Die Anwendung
der Qualitatskriterien ergab eine weniger systematischeteMeng der Datenliicken im
Vergleich zur Anwendung eines haufig genutzten Kriteriurdas auf der Messung der
Schubspannungsgeschwindikejt Giber dem Bestand beruht. Die vorgeschlagene Methode ist
deshalb in der Lage, das Risiko flr eine doppelte Berlckgichg néachtlicher
Respirationsfliisse zu verringern und systematische Fehlderinlahressumme des NEE zu
vermeiden.

Durch die Anwendung der Methode der Isotopenflusstrennungofisotflux partitioning
method) kénnen die Flusskomponenten der Assimilation und Resgpiratiantifiziert werden.
Sie bedarf insbesondere in Waldokosystemen einer hohen achéytisGenauigkeit, damit
kleine Gradienten der Isotopensignaturen im turbulentenalusfausch aufgelost werden
koénnen. Fur die austauschspezifische Probenahme (conditiondirsgmurde ein Instrument
entwickelt und im Labor- und Freilandexperiment getestet. cBudie Kombination der
hyperbolischen vereinfachten Eddy-Akkumulationsmethode (hyperbolitaxe#® eddy
accumulation, HREA) mit konservativer Luftprobenahme (whate-aampling) und
hochgenauer Isotopenverhaltnis-Massenspektrometrie (soadip mass spectrometry, IRMS)
konnten*CO,- und CG%0-Isotopenflussdichten (isofluxes) gemessen werden. Diehgee
Messunsicherheit wahrend einer dreitagigen Intensivmegskgme des Freilandexperimentes
WALDATEM-2003 (Wavelet Detection and Atmospheric Turbulent Exul@ Measurements
2003) betrug 10-20%.

Bei dem Experiment wurde auf allen Ebenen eine sorgfaltigdi@tskontrolle durchgefiihrt,
die sich auch auf die Auswertung der Daten erstreckte. Duichul&tionen der HREA
Probenahme auf der Grundlage zeitlich hochauflésender Datetudmdenten Energie- und
Gasaustausches wurde der Probenahmeprozess und die Annahkhalodtkeit verschiedener
Skalare beziglich ihres turbulenten Austausches (scaldagty) Uberprift. Oberhalb von drei
unterschiedlichen Vegetationstypen wurden ausgepragte Anderungekadiren Ahnlichkeit
beaobachtet und mit Austauschprozessen in Verbindung gebraehfirdjer als 60 s andauern
und hoéchstwahrscheinlich auf Anderungen in der Quellen- und ®etik&ke oder auf
konvektive oder advektive Prozesse zurtickzufuhren sind. Eine Gekiagelation zwischen
den Skalaren (scalar-scalar correlation) deutet auf dasikdR einer systematischen
Unterschatzung der Flisse durch HREA Messungen hin. Es wudilewveise auf eine gute
skalare Ahnlichkeit und eine grundsatzlich lineare Bezigh zwischen C@
Mischungsverhaltnissen und -isotopensignaturen im turbuleftestausch gefunden. Jedoch
unterlag die Steigung dieser linearen Beziehung zeitlicieranderungen. Deshalb missen
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insbesondere fir die EC/Flaschen-Methode (EC/flask method}eiiichen und raumlichen
Skalen, die durch die Flaschenproben wiedergegeben wesdegialtig berlicksichtigt werden.
HREA Messungen der Isotopenflussdichte (isoflux) haberdemEC Messung entsprechendes
Quellgebiet (footprint) und sind deshalb geeignet, um Kleiligka Heterogenitat in
Okosystemen zu integrieren.

Die Messung von C@Mischungsverhaltnissen undf*C- und §'°0-Isotopensignaturen in
konservativen Proben (whole-air samples) der aufwartsbewegie abwartsbewegten Luft hat
es ermoglicht, die Isotopensignaturen des Gasaustauscweschen Okosystem und
Atmosphére in richtiger Weise flussgewichtet und fiis dgsamte Okosystem integrierend zu
bestimmen. Dementsprechend konnte die Okosystem-Isotopendisikrung A. und Ag auf
einer halbstlindlichen Zeitskala bestimmt werden. SchwankudgetWerte im Tagesverlauf
zeigen, dass es notwendig ist, diese wiederholt und mit hdWlessgenauigkeit auf
Okosystemebene zu bestimmen, um Isotopen-Massenbilanmamerten zu kénnen. Fir die
Methode der Isotopenflusstrennung sind  zusatzliche Daten  detegraden
Isotopendiskriminierund'canopyder Baumkrone erforderlich, die durch unabhangige Messungen
oder validierte Modelle bestimmt werden missen. Die Bedibag/en deuten auf eine schnelle
Angleichung der Unterschiede der Isotopensignaturen (isotdip@quilibria) *C und %0
des Assimilations- und Respirationsflusses hin. Die Anweridiia der Methode der
Isotopenflusstrennung scheint dadurch auf kurze Zeitrdume wenigen Tagen nhach
signifikanten Veranderungen in den Umweltbedingungen beschrérdein.

Vi
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1. Introduction

Predictions of the global climate change due to the greenheasming effect [PCC, 2007]
ask for the investigation of the global carbon balance andahsitivity. The carbon flux into the
atmosphere from fossil fuel burning can be determined of huawivity data. The uptake of
atmospheric carbon dioxide (GOby upper ocean waters and consequential acidificatfon o
ocean waters can be described by a diffusion processhtanfbormation of carbonic acid. A
second important sink for atmospheric €18 the terrestrial biosphere. The determination of
CO; net ecosystem exchange (NEE) using the eddy-covariance méE@ydhas therefore
become a fundamental tool for the investigation of the carbéanba of terrestrial ecosystems.
This method is commonly applied to measure the atmospherig &0hange of different
ecosystems around the glolfapinet et al, 2000;Baldocchi et al. 2001]. The derivation of the
turbulent flux density from EC data requires certain cctitns, transformations and quality
control [Aubinet et al, 2003;Foken et al. 2004].

The derivation of the annual sum of NEE and filling of dajaps is complicated by
characteristic diurnal and seasonal variation in the govermgirags flux components of
assimilation, i.e. photosynthetic uptake of £@nd respiration. Consequently, a high potential
for systematic errors exisGoulden et al. 1996; Moncrieff et al, 1996]. Careful assessment of
the data is therefore required, including criteria f@jecting invalid data and gap-filling
strategies to replace rejected and missing data witbeted values. A study bifalge, et al.
[2001] showed small differences in the accuracy of the gapilinodels but that the accuracy
of annual sums of NEE is sensitive to the criteria appliedate the data quality and reject
certain data.

The NEE is the result of the two relatively large flux coomgnts of assimilation as a sink and
respiration as a source of G@Photosynthesis and respiration processes are serisitmeltiple
environmental factors, e.g. temperature, soil moisture labitity and changes in global
radiation. In the face of global and regional climate mi@s, consequential changes in
ecosystem carbon balances may therefore form signifisasitive and negative feedbacks to
the greenhouse warming effe@lfinagan and Ehleringerl998].The analysis of sensitivities in
the net carbon balance requires better understanding of thehetion and sensitivity of the
individual gross flux components. The determination of theraidsiion flux, i.e. the carbon
dioxide consumption by photosynthesis, and the respiration dfuberrestrial ecosystems has
therefore become an important research interest Regchstein et al.2003; Reichstein et al.
2005]. The parameterization of NEE and the validation of neé@ the component fluxes ask
for constrain by multiple measurement methods.

Problems with upscaling (bottom-up approach) resulting fromlisseale heterogeneity in
ecosystems could be avoided by partitioning the NEE itdocomponent fluxes (top-down
approach). This however requires the existence and measnr@fra tracer, which can identify
the individual contributions to the net flux at ecosystem scAlenethod that assesses typical
scalar correlations for taking conditional samples of tirbtilent gas exchange is suggested by
Thomas, et al[2008]. The isotopic signature of GQ.e. the CQ isotope ratios with respect to
%0, and CA3®0, can serve as tracer, because photosynthetic uptakentisatés against the
heavier isotopesHarquhar et al, 1989;Yakir and da S. L. Sternberg000]. Based on specific
and different isotopic signatures of the assimilationxfland the respiration flux, the
combination of the bulk C@and the isotope mass balances can facilitate the fluxtjparhg at
local ecosystem scal®pwling et al, 2001;LIoyd et al, 1996;Wichura et al, 2000;Yakir and
Wang 1996] (Appendix 4, Figure 1, ED-37). On regional and global sésdtopic mass

1
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balance analysis and flux partitioning requires the deteation of the isotope discrimination of
the terrestrial biosphereBakwin et al, 1998; Ciais et al, 1995; Flanagan and Ehleringer
1998;Fung et al, 1997;Miller et al., 2003;Randerson et al.2002]. The isotopic signatures of
fluxes and isotope discrimination are commonly determinethatleaf and branch scale [e.qg.
Barbour et al, 2007;Cernusak et aJ.2004;Flanagan et al. 1994;Seibt et al. 2006;Wingate et
al., 2007]. Better understanding of the dynamic and absolute valusstopic signatures in the
atmospheric turbulent exchange at ecosystem scale is highlyede® constrain isotope
partitioning approachesLfi et al, 2004; Phillips and Gregg 2001]. A method for the
determination of the ecosystem isotope discriminatiqnis suggested byBuchmann, et al.
[1998]. It evaluates the isotopic signatuigof the respiration flux as integral signature of the
ecosystem. This method was applied to a number of diffeeeosystems and to global scale
modeling in studies bBuchmann and Kaplaf2001] andKaplan, et al.[2002].

The success of isotopic flux partitioning methods appliedasystem scale depends on the
precise information on isotopic signatures and isotdiserimination. Therefore, the following
aspects should be considered in this study:

0] A significant difference of the isotopic signatures @imponent fluxes must exist
for successful application of the isotopic flux partitioningthm.

(i) Small isotopic gradients in the turbulent exchange sk high precision
measurements of the isotopic flux density (isoflux), esglscibove tall vegetation.

(iii) Conditions of well-mixed air are normally an inheteassumption of the mass
balance analysis.

(iv) The analysis of the mixing of sources with diffeterotopic signatures by mass
balances requires that isotopic parameters are weidbyethe size of the flux,
which is also required for up and downscaling.

() The appropriateness of spatial and temporal scalésotfpic parameters and their
temporal variability must be considered.

High demand for increased measurement precision o5'fi&2ands'®0 isotopic signatures of
atmospheric turbulent CQexchange and of the ecosystem isotope discrimination anthé
investigation of their temporal variability is expressedamumber of recent studies on the
measurement of isotope fluxes by tunable diode laser (TBbwjing et al, 2003b;Griffis et
al., 2004; Griffis et al, 2005; Saleska et al.2006; Zhang et al. 2006] and in studies on
modeling of ecosystem/atmosphere isotope exchafigmbar et al, 2006;Chen et al. 2006;
Fung et al, 1997;Lai et al, 2004;0gée et al. 2003;0gée et al. 2004]. The current level of
analytical precision, the need for relatively long integmatimes and problems with stability of
TDL measurements leave uncertainty with respect temal systematic errors, which cannot
be eliminated by integration of continuous data. High f@iea isotope ratio analysis is
therefore required in order to prevent systematic eramd to determine the isotopic signature
of the atmospheric turbulent exchange and related paramaitésstope discrimination with
high precision. Precisely measured values are requiredhforvalidation of soil-vegetation-
atmosphere transfer models for the £8CO, and CG®0 isotopic gas exchange and for the
analysis of isotopic mass balances at ecosystem, rdgiogéobal scale.
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2. Objective of the thesis

The objective of this thesis is to contribute to an impmbwpiantitative analysis of carbon
mass balances of ecosystems. More specific objectirethe following:

To facilitate quantitative methods for the investigatiorttué atmospheri¢*CO, and CG°0
isotope exchange and the bulk carbon ,C@ ecosystems with special regard to forest
ecosystems,

to minimize the uncertainty of such methods by identifying asdar as possible eliminating
potential sources of systematic error,

to extend the bulk C@and**CO, isotope mass balance analysis by measuring alsB@oO
isotope fluxes,

to increase and subsequently determine the precision tpigoflux measurements above
forest ecosystems,

to assess the potential for the application of the isatfipk partitioning method at ecosystem
scale for the partitioning of the commonly determined net edesyexchange (NEE) into its
gross flux components of assimilation and respiration,

to determine ecosystem integrated and flux weighted pasamef the isotopic exchange and
their diurnal variability.
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3. Instrument and software development

3.1. Development of high precision isotope sampling systems

In order to achieve the high analytical precision requif@disotope flux measurements, a
special air sampling system had to be developed. Consubatiith Anthoni C. Delany, Dave
R. Bowling and Willi A. Brand and results of cryo-trap hspolic relaxed eddy accumulation
(HREA) systems presented tBowling, et al.[1999a] andWichura, et al.[2001] led to the
decision for the development of a whole-air relaxed eddy mcdation (REA) sampling system
for isotope flux measurements (Appendix 3, Figure 1, REA-2%)e hyperbolic sampling
characteristic is implemented by a certain method dinendata evaluation as suggested by
Bowling et al.[1999b]. The design of the whole-air REA system goes back t@tmeiples of
conditional sampling of trace gase8usinger and Oncley1990; Delany et al, 1991;
Desjardins 1977; Oncley et al. 1993; Pattey et al. 1993] and is based on a design idea
suggested for isotope sampling Bpwling et al.[2003a]. In this sampling system, foil balloon
bags serve as intermediate storage for updraft and dowralragsamples at ambient pressure.
The conservation of whole-air samples allows for high prenisf the sampling procedure with
respect to the subsequent isotope analysis by minimigoigntial effects that could alter the
isotope ratio of the sample: The Mylar® multi-layer mééeof the foil balloon bags is flexible,
robust and air tight also for very small molecules. ffeetively prevents the diffusion of CO
molecules due to a nylon layer coated with aluminunkdék It provides a sufficiently inert
inner surface of polyethylene (PE). The pre-drying of updraft downdraft air samples, and
the collection and conservation of large volumes of whole-aingas with minimum pressure
changes minimized any subsequent sample fractionatiorifates or surfaces and furthermore
allowed to extend the analysis on €0 isotope fluxes.

The investigation of complex air exchange processes andpisofignatures in the forest
ecosystem additionally required an isotope and trax® gyofile air sampling system. It was
designed for continuous GQOnixing ratio measurements and for collecting flask sampdes
subsequent high precision isotope laboratory analysis. ifi$teument development of both
sampling systems was performed at the University of BayreMore details are presented in
Appendix 3 Ruppert et al.2008a].

3.2. Software developments

The HREA method requires the fast online evaluation of tuebcg data and precise timing of
sample segregation. This required the development ofiapsecftware and data input and
output interfaces for data recording and the exact monitogind control of the whole-air
sampling process. Furthermore, high precision isotope ddiedafor automation of the in-field
air sample treatment and storage in glass flasks. Resd purposes, the software ATEM
[Ruppert 2005] was developed at the Department of Micrometeorology,vessity of
Bayreuth. A second software ATEM_PROFILE is an adaptatbATEM and was developed
for the control of the isotope and trace gas profile egst A third software package
ATEM_EVAL allowed for the evaluation of data of both sgsts and a variety of simulations
of REA and HREA sampling on turbulence time series. The kitmans were required for the
guality control and determination of thefactors used in the REA and HREA methdrujppert
et al, 2008a]. The software development was performed with dfftevare LabView®.
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4. Experiments and data evaluation

The individual research papers presented in this thesis use ftata several
micrometeorological field experiment campaigns conducted Ime tDepartment of
Micrometeorology of the University of Bayreuth, which werepsrvised by Prof. Thomas
Foken. Three field experiments with isotope flux measumais were supervised by Prof.
Thomas Foken and Prof. Nina Buchmann. Laboratory experingrtsall analysis of flask air
samples were performed in co-operation with and at theopest and Gas-Laboratory of the
Max-Planck Institute of Biogeochemistry in Jena understiingervision of Willi A. Brand.

The predominant part of the data and samples was collettedg the WALDATEM-2003
field experiment, which was performed in co-operationhwiny colleague Christoph Thomas
and as an intensive field measurement campaign of therbBeeat of Micrometeorology of the
University of Bayreuth. The second research paper is bage@Q, flux measurements and
additional environmental data collected at the FLUXNE®&tish Waldstein/Weidenbrunnen
(GE1-Wei), which is supervised by Prof. Thomas Foken an@doés Liers of the Department
of Micrometeorology of the University of Bayreuth.

4.1. Laboratory experiments

The foil balloon bags and the complete whole-air REA sampspstem were thoroughly
tested for potential sources of contamination, isotapetfonation and the overall measurement
precision in laboratory experiments, which were perfornredo-operation with the Isotope-
and Gas-Laboratory of the Max-Planck Institute in JeRae first test of new foil balloons as
intermediate storage container showed significant contaromati isotope samples. The tests
were repeated after cleaning the balloon bags by flushink dried ambient air and nitrogen
and exposure to direct sunlight for several days. Aftes titeatment, no signs of contamination
were found during the aspired intermediate storage timep &b one hour.

Before the experiments GRASATEM-2003 and WALDATEM-2003 smalkkein the fittings
of the complete whole-air REA sampling system were idexdtiby applying high vacuum and
removed. Subsequently the whole-air REA system was tesiedts overall measurement
precision by repeated sampling from a compressed air tadkhiagh precision isotope analysis
of the flask samples. During the third test individual smt$ of the sampling system including
the foil balloons were analysed. In the forth laboratorgeriment the complete whole-air REA
system was tested with the same sampling protocol Wed later used during the field
experiments but sampling air from the compressed air tdiie results of the laboratory
experiments are presented in AppendibRaippert et al.2008a].

4.2. GRASATEM-2002

The GRASATEM-2002 (Grassland Atmospheric Turbuelnt Exchangasdmments 2002)
experiment was performed by Johannes Ruppert and Matthiagddflaat the Ecological-
Botanical Gardens of the University of Bayreuth in August 2@02 was supervised by Prof.
Foken. It served as a field test of a preliminary desifthe whole-air REA sampling system
and the isotope flux measurement strategy. The resultBiofexperiment allowed to improve
the design and precision of the sampling system and tofgainnsights in the turbulent isotope
exchange of a grassland ecosystem.
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4.3. GRASATEM-2003

Measurements of the experiment GRASATEM-2003 (Grasslandogpimeric Turbulent
Exchange Measurements 2003) were performed over short cut eagrdsétanopy height
h.=0.12 m) during the LITFASS-2003 experimeBtyrich et al, 2004;Mauder et al, 2003] at
the Falkenberg experimental site of the German MeteorabgRervice (Meteorological
Observatory Lindenberg), Germany (52°10'04" N, 14°07°'03” E, 71 nl.x.§he turbulent CQ
flux was measured at 2.25m above ground by a sonic anemonfd®A-1, METEK,
Meteorologische Messtechnik GmbH, Elmshorn, Germany) an@#H30 open path sensor
(LI-7500, LI-COR Inc., Lincoln, NE, USA) from 19 of May 2003 to f of June 2003. The
isotopic exchange was measured with the whole-air REAesyshy analyzing updraft and
downdraft air samples. In parallel biomass samples of tigetation were collected, dried in a
microwave, milled and analyzed for the isotope ratiostafch and sugars, in order to determine
the isotopic signature of fresh assimilate. However,dht of this experiment did not provide
the precision required for isotope flux analysis. Theirmeeason was a very low rate of
photosynthesis of the short cut grass layer under very dry consliioning the experiment.
Consequently, only very small isotopic differences walpserved in updraft and downdraft air
samples. During two of the five days with isotope REAngding, the failure of a backpressure
valve caused a lack of overpressure of the air samplesdsiiothe glass flasks, which resulted
in less precise isotope analysis. Furthermore, forlpedl wind directions the mean air flow
was disturbed by a hedge with small trees 30 m north of thasuring position. This led to a
asymmetric pattern of the observed mean vertical wind véésgitvhich could not be corrected
by the planar fit methodWilczak et al. 2001]. Due to the small isotopic differences and the
additional sampling problems, the data from the GRASATEM-2003egr®nt was not
suitable for isotopic flux analysis.

4.4, WALDATEM-2003 and continuous EC flux data

The whole-air REA system was used to collect updraft dadindraft air during the field
experiment WALDATEM-2003 (Wavelet Detection and Atmospheriariulent Exchange
Measurements 2003Thomas et al.2004]) in June and July 2003. Samples were collected
above a spruce foresPicea abies, ).with a plant area index (PAI) of 5.27m? [Thomas and
Foken 2007] and an average canopy height of 19 m. The experiment site
Waldstein/Weidenbrunnen (GE1-Wei) is part of the FLUXNETwwk and is located in the
Fichtelgebirge Mountains in Germany (50°08'31" N, 11°52'01" ‘E,5 m a.s.l.) on slightly
sloping terrain (2°). A detailed description of the sindoe found inGerstberger et al[2004]
andStaudt and Fokef2007]. The REA sample inlet was installed on a toweB2&m just below
the sonic anemometer used for continuous EC measuremettits afrhospheric C£Oexchange
at the site. A vertical profile air sampling systentlw8 inlets was used to continuously monitor
CO, concentration changes in the air below 33 m, i.e. above carnoplye canopy space, in the
sub-canopy space and close to the forest floor. The system was also used to collect whole-
air samples during nighttime and three times during the daysbtope analysis. Results of a
three day intensive isotope measurement campaign anesdisd in Appendix 3Ruppert et al.
2008a] and Appendix 45uppert et al. 2008b]. The data of this period was selected because
significant isotopic differences in updraft and downdraift samples could be observed after a
period of several days with rainfall. A comprehensive sggt for the evaluation of the
continuous EC C@data collected at Waldstein/Weidenbrunnen for the deterrmomadf the
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annual sum of the net ecosystem exchange (NEE) is presengupendix 2 Ruppert et al.
2006a].

4.5. Additional experimental data

Turbulence data obtained above three different surface tigressland, cotton and spruce
forest) was analyzed in order to study the effect o ¢haracteristics of the turbulent exchange
of different scalar quantities. Similar such charastars, i.e. scalar similarity, are a basic
assumption for the application of conditional sampling flux measeant methods like the REA
and HREA method. Data from the GRASATEM-2003 and WALDATEXNO3 experiments
was supplemented with data from turbulence measurements owattan plantation in
California obtained during the EBEX-2000 field experimddtyckmeier et al.2001;0ncley et
al., 2000]. These sets of high resolution turbulence data wealyzed for the similarity of the
turbulent exchange of different scalars and relative fluxmridetermined from simulation of
REA and HREA sampling. The results of this analysis aseased in Appendix Ruppert et
al., 2006b] and summarized in the following section.

5. Assessment of scalar similarity in the turbulent exchage

The results of simulation of conditional sampling on ditan the EBEX-2000 experiment
over cotton indicated the risk of errors in flux measuremdrytshe HREA methodRuppert
2002]. The errors were assumed to result from a lackrofiarity in the turbulent exchange of
different scalars (scalar similarityRuppert et al. 2002; Wichura et al, 2004], and gave some
indication for a systematic component of errors in conditic@ampling methods. A literature
study showed that there was one research paper in whitdr similarity was assessed based on
analysis of high resolution time series of differentlacaoncentrations with respect to ozon
flux measurementsHearson et al.1998]. Apart from that and studies on similarity theory fo
the flux-gradient method with a focus on energy and latestt lfieixes, there was a lack of
fundamental literature on scalar similarity in the turbtilexchange of gases. Testing the
hypothesis of HREA flux errors due to a lack of scalanifarity required the definition of a
general indicator for its critical assessment. Scatales correlation coefficientS ¢ cpoxy
(Appendix 1, Equation 4, SS-7) for three scalars (temperawater vapor and carbon dioxide)
were therefore analyzed with respect to (i) their teraporariability, (i) their relation to
exchange event characteristics in the frequency domadn(ié) their relation to errors in the
REA and HREA method. This study was based on additional sitimns and data from three
sites with different vegetation height, i.e. grass, cotiod spruce forest. It indicated the risk of
systematic underestimation of fluxes by HREA in timésadack in scalar similarity between
the scalar of interest and the proxy scalar. Data @@y scalar is required for the HREA
sampling and evaluation scheme. The publication presented irmdp 1 [Ruppert et al.
2006b] closed a gap of fundamental research literature onrssatalarity with respect to
conditional sampling techniques. It demonstrates the diurnadhitity of the scalar similarity
in the CQ, sensible heat and latent heat flux and the link of scsilailarity to the exchange in
events with durations longer than 60s (Appendix 1, Figure 3;1%S Furthermore, the
implications for conditional sampling flux measurement methdks REA and HREA are
discussed.

The definition of the research problem and the data displaypeFigures 1c, 4a and 4b
originated from simulations performed with EBEX-2000 datathe framework of a diploma
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thesis Ruppert 2002]. The calculation of wavelet variances was perforrhgdChristoph
Thomas, who also contributed section 4.3 to the manuscripepired in Appendix 1Ruppert

et al, 2006b]. All further analysis, especially all correlatianalysis, and the preparation of the
manuscript were done by myself. This included the sadactif the scalar-scalar correlation
coefficient r. ¢y @S principle parameter of scalar similarity, which providies link to time
domain wavelet analysis. | performed a detailed visuallysig of a large set of wavelet
variance spectra. Based on this analysis, | suggestedtlaef correlation parameter, i.e. the
spectral correlation coefficient; (Appendix 1, Equation 8, SS-8). Its calculation from the
different wavelet variance spectra was performed bgistdph Thomas. After decreasing scatter
in this data by applying moving window averaging, the comparisoroti Binds of correlation
coefficients showed that the diurnal variation observedtle scalar-scalar correlation
coefficients could be attributed to events with duratitrsger than 60 s, which predominantly
control the scalar similarity in the turbulent exchange.sTimding would allow the analysis of
scalar similarity by data from slow sensors. | hypegized that the observed diurnal variation of
scalar similarity is related to changes in the sourcesinok strength, which would mean that
plant physiological processes, like e.g. afternoon stomatuné, can significantly affect scalar
similarity, which is an prerequisite for the applicatiof conditional sampling methods, as
discussed in Appendix 3Ruppert et al.2008a].

6. Gap-filling of CO, net ecosystem exchange (NEE) data

The derivation of annual sums of the ¢€@et ecosystem exchange (NEE) from eddy
covariance (EC) measurements requires careful assessrhéhe collected data including
criteria for rejecting invalid data and gap-fillingrategies to replace rejected and missing data.
Standardized methodologies are proposed for most of the ragessrrections to eddy-
covariance datafubinet et al. 2000; Aubinet et al. 2003]. However, strategies for gap-filling
are still subject to discussion within the research commfigalge et al, 2001;Gu et al, 2005;
Hui et al., 2004]. The comparison of different methods (mean diurnal variatook-up tables,
nonlinear regression) showed small differences in the accuwfite gap-filling method itself
but that the accuracy is sensitive to the criteria appicechte the data quality and reject certain
data Falge et al, 2001]. The quality assessment must effectively check fetriment failures
and for the fulfilment of the prerequisites of the EC thmed. The highest potential for
systematic errors in the annual sum of the NEE and for fiaxtitioning methods based on
respiration models is normally found for nighttime da€@ollden et al. 1996; Massman and
Lee 2002;Moncrieff et al, 1996;Morgenstern et a).2004;Stoy et al. 2006].

The objective of the research paper presented in Appendikupgert et al. 2006a] was to
establish a comprehensive method for the evaluation of EO flux measurements for the
derivation of annual sums of NEE (Appendix 2, Figure 1, GF-B&%ed on a set of criteria
including fundamental quality criteria presenteddnken and Wichur§l996] andFoken, et al.
[2004] in order to minimize potential systematic errorseTdomplete evaluation scheme was
applied to data recorded above the spruce forest at the FLUXN&ation
Waldstein/Weidenbrunnen (GE1-Wei) in 2003. The applied critegaevable to increase the
number of available high quality nighttime data espegiall summer, when respiration and
assimilation rates are relatively high. Even more intgor, they were able to reduce the
systematic distribution of gaps in comparison to commonly apligdria based on the friction
velocity u, (Appendix 2, Figure 6, GF-31). The complete evaluation schemesandf criteria
are presented in Appendix R{ppert et al. 2006a] including a detailed discussion of the
results. These included the determination of the annual safmthe CQ NEE at

8
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Waldstein/Weidenbrunnen for the year 2003. During periods witth temperatures and
drought stress in the summer of 20@3r&nier et al, 2007;Reichstein et a).2007], decreased
CO; assimilation was observe®{ippert and Foker2005; Ruppert et al. 2006a], which most
likely was related to afternoon stomata closure.

Large parts of the EC data were collected by Christbhbmas and additional environmental
data was collected in collaboration with colleagfresn the Department of Micrometeorology.
Matthias Mauder processed the EC data with the softWW&2 [Mauder and Foken2004] and
contributed section 2.2 to the manuscript presented in AppenflRuppert et al. 2006a]. The
development of the comprehensive gap-filling strategy, includivegdefinition of additional
guality criteria and the assessment of their effestas performed by myself. | refined the
principle concept for the parameterization scheme that ajglied in earlier studies by
Rebmanr{2003] andRebmann, et a[2004]. All figures and the manuscript were prepared by
myself. A more detailed analysis for an objective seat@egregation based on average
temperatures was tested in collaboration with Johanness| fiet excluded from the manuscript
during the review process due to its small effect on tsults. The parameterization of the
nighttime respiration model was subsequently used for eitij#éhe daytime respiration flux
Fr in Appendix 4 Ruppert et al.2008b].

7. Whole-air relaxed eddy accumulation (REA) isotope flux measrements

The measurement of isotopic flux densities (isofluxesyuirs high precision during the
sampling process and subsequent isotope analysis. Isofllasuraments are especially
challenging above tall vegetation because normally only relgtismall concentration and
isotopic gradients can be observed above the ecosystéimaviack of fast and precise sensors
for EC measurements, conditional sampling methods, like tB&\ Ran be applied. The
development of a REA instrument for the collection of whale samples and isoflux
measurements was outlined in section 3 of this synopsiegitired the application of thorough
guality control for the instrument development, during thengbing procedure and for the
evaluation of the experimental data obtained from a thegeidtensive measuring campaign
during the experiment WALDATEM-2003. The methods for qualipntrol and assessment are
discussed in detail in Appendix Rlppert et al.2008a]. In this study we were able to validate
the sampling process (i) by comparing the diurnal change obpsoratios in above canopy air
samples of two independent sampling systems, i.e. the whtoREZA system and the isotope
and trace-gas profile air sampling system (Appendix 3, FEigbr REA-29), and (ii) by
comparing simulated and observed updraft and downdraft @®ing ratio differences
(Appendix 3, Figure 7, REA-31). Detailed axis rotation procedwrese implemented for the
conditional sampling process by performing online planar-fitr@éctions according to the
method presented bWilczak, et al.[2001], which originally was developed for the post-
processing of EC data. An increase of concentrationedifices by 63% was achieved by
applying the hyperbolic relaxed eddy accumulation method (HRBAwIling et al, 1999b]
(Appendix 3, Table 1, REA-24). Our study demonstrates the fdigilnf isotopic flux
measurements above a forest ecosystem not only*¥®®, isotopes but also for C®D
isotopes. The scalar similarity was assessed as fnadtal prerequisite for the application of
conditional sampling methods and the EC/flask mett®alling et al, 1999a;Bowling et al,
2001] based on the correlation of isotope ratios and @fixing ratios. Different timescales
were comprised in this analysis, i.e. timescales gbs@ minutes represented in vertical profile
air samples and relatively short timescales of the turiubxchange represented in HREA
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updraft and downdraft air samples. The linear regressinalyais showed good scalar
correlations, which supports the assumption of scalar aiityil However, different slopes were
found in HREA and profile samples from early morning s#ion periods (Appendix 3, Figure

6, REA-30). This effect was likely caused by isotopicallgpleted air above the canopy from
respiratory built up during the night in combination with highgbosynthetic discrimination in

the top canopy in the morning. Consequently, temporal sppakial scales of the isotopic
exchange should be considered carefully, especially foaipdication of the EC/flask method.
A comprehensive assessment of the impact of scalar sityilamn isotopic flux measurement
methods like demonstrated in Appendix Ruppert et al. 2006b] would however require
continuous and high resolution time series from EC isoflux measants, which are currently
not feasible for forest ecosystems.

The instrument development and the experimental work veeqgported by a number of
people (see Acknowledgments). The isotope ratio mass spetifoifRMS) analysis of air
samples was supervised by Willi A. Brand, who also provigedts of section 3.6 of the
manuscript. The analysis of the results obtained fromaberatory and field experiments, their
validation by simulations, their interpretation and the prefianeof the manuscript presented in
Appendix 3, Ruppert et al.2008a], were performed by myself.

8. Flux weighted isotopic signatures and discriminationm the ecosystem
gas exchange

The high precision isotope analysis of updraft and downdi&EA air samples provided the
basis for further evaluatiniCO, and CG®0 isotopic mass balances and isotopic signatures of
the atmospheric exchange of the spruce forest at Waldsteid&fbrunnen. The manuscript
presented in Appendix &Ruppert et al. 2008b] demonstrates that truly flux weighted isotopic
signatures and the ecosystem discriminatignand net ecosystem discriminatidy: can be
determined directly from whole-air updraft and downdraft @mples. By HREA sampling
above the ecosystem, these parameters integrate fluxesnaaltl scale heterogeneity at the
ecosystem level and are determined at half-hourly timescavhich are typical for EC flux
measurements. Such measurements can therefore be useestigate the diurnal variability of
isotopic signatures and discrimination and can contributelése the gap between isotope
measurements at the leaf and branch scale to isotope lmadences and modeling studies at the
regional and global scale. The isotopic signatéyef the turbulent atmospheric exchange can
be read as the slope of the line connecting updraft and doftrairasample data in a so called
Miller-Tan plot (Appendix 4, Equation 9, ED-6%. conceptually corresponds to the flux
weighted derivative of the isotopic mixing line at measueatheight. The display of updraft
and downdraft data in Miller-Tan plots visualized key praass of the atmospheric GO
exchange of the ecosystem (Appendix 4, Figure 3, ED-39). Dinia Df display could therefore
be a useful method for analyzing continuous isotope dataghwhdtentially can be obtained by
tunable diode laser (TDL) isotope measurements. The ols$e@hvenal variability of isotopic
signatures of the turbulent exchange demonstrates that no g@wtogdic mixing relation can
be assumed, e.g. for the application of the EC/flask metBaav[ing et al, 1999a;Bowling et
al., 2001] (Appendix 4, Figure 6, ED-42). Instead, the determinatbnsofluxes requires
regularly updating of the isotopic mixing relation basedmeasurement methods that assure
flux weighting instead of concentration weightinghe isotopic signatures and the ecosystem
isotope discrimination (Appendix 4, Equation 16 and 17, ED-9) vdatermined directly from
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isotopic flux measurements by HREA on half-hourly timescatesur study. They could be
used for validating soil-vegetation-atmosphere transfedets for the isotopic exchange at the
ecosystem scale [e.@€hen et al. 2006;Ogée et al. 2003]. Isotopic mass balance analysis at
large scale could be further constrained based on repeaasurements, which take account of
the observed diurnal and additional presumed seasonal vasiabili

9. Potential and requirements of the isotopic flux partiioning method

For the application of the isotopic flux partitioning method ipdedently measured or
modeled values for the flux weighted and canopy integrattajse discriminatiomanopyOf the
assimilation flux are indispensablBdwling et al, 2003a;Zobitz et al, 2008]. In Appendix 4
[Ruppert et al. 2008b] we inversed the flux partitioning method by assuming the samir
flux according to the parameterization presented in AppendixR@ppert et al. 2006a],
(Equation 5, GF-9). We were thereby able to estimate thgrated canopy isotope
discrimination from the isotopic flux measurements perfatnadove the ecosystem and to
indicate its diurnal variability (Appendix 4, Figure 7, ED-43n order to avoid potential
systematic errors in the flux partitioning, instead of tmenmonly used simplified definition, a
more precise definition of the canopy isotope discrimmat'..nopyShould be used (Appendix
4, Equation 19, ED-10), for either assuming or validating indeleatly measured or modeled
data.

We demonstrate, that the success of the isotopic flux manititlg method is highly sensitive to
the precision of flux weighted isotopic signatures (Appendix egtisn 4.8, ED-21ff). Their
determination at the ecosystem scale should therefmply digh precision analysis of isotopic
signatures of the turbulent exchange. These have to be combittedracise measurements of
the bulk CQ mixing ratios as demonstrated by whole-air REA measuresnenfppendix 3
[Ruppert et al.2008a]. While isotope analysis by tunable diode lasEBL{ provides valuable
continuous information on isotopic signatures, its precigocurrently not sufficient to resolve
the small isotopic gradients and updraft—-downdraft isatagifferences observed above the
spruce forest at Waldstein/Weidenbrunnen.

The mass balances that form the basis for the isotfiypicpartitioning method assume well-
mixed air below the measurement level above the canopy.Hergtore important to investigate
the mixing conditions, which was done by analyzing organizednation and CQ mixing ratio
changes in a vertical profile throughout the canopy (Appendiigure 4, ED-40).

Furthermore, the isotopic flux partitioning requires théstance of significant disequilibrium
between the isotopic signaturég of the assimilation flux andr of the respiration flux. The
observed diurnal variability oBg demonstrated that daytime values cannot be inferrech fro
nighttime vertical profile measurements but should be detezthifrom profile measurements
during daytime (Appendix 4, Figure 8, ED-44). In tall vegetatiixe forests, the analysis for
daytime g should be restricted to the sub-canopy space in ordavtid bias (Appendix 4,
Table 1, ED-35), which results from the photosynthetic uptake antsequential isotopic
enrichment in the canopy space (Appendix 4, Figure 2, ED-38).

At the beginning of the intensive measurement campaign, werebd isotopic disequilibria
p»*C and» ™0, which were opposite in sign (Appendix 4, Figure 8, ED-44yoTdays past the
end of a prolonged rain period, both disequilibria disappearbd. observed fast equilibration
may limit the time periods for the successful applicatiohthe isotopic flux partitioning
method. An independent and meaningful estimate of the astimnillux F, and the respiration
flux Fr by isotopic flux partitioning of the NEE would require indepdently measured or
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validated modeled data on the canopy isotope discriminaign.,, Which must reflect its
diurnal variability.

The methods proposed in Appendix Ryppert et al.2008b] were my idea. | performed the
corresponding analysis and prepared the entire manuschiptdata predominately originated
from the isotope flux and profile measurements presentégpendix 3 Ruppert et al.2008a].
Johannes Luers provided refined meteorological data presentgdure 4a and 4b. Christoph
Thomas contributed the results on the status of couplingesepted in Figure 4d.

10. Conclusion

The quantification of C@net ecosystem exchange (NEE) using the eddy-covariance (EC)
method has become an important tool for investigating theban balance of terrestrial
ecosystems. The derivation of annual sums of the NEHRires| careful assessment of the
collected data including criteria for rejecting invalid dadnd gap-filling strategies to replace
rejected and missing data.

The application of a set of quality criteria on the fundawaé prerequisites of the eddy-
covariance method and the meteorological conditions is able tedre the availability of high
guality flux data especially during summer nights. Thisules in a less systematic distribution
of data gaps that need to be filled compared to the afsa u, threshold criterion. The,
criterion is not sufficient for the assessment of the ggeisites of the EC method. Especially
above forest ecosystems, any further rejection of ddtdet to the dependence of nighttime
NEE on turbulent mixing or decoupling within the canopy shouldmsee specific information
than u, measured above the canopy in order to prevent the risk of doabtounting of
respiratory fluxes and potential systematic error.

The determination of temperature dependent light respanmszibns for the parameterization
of daytime NEE and gap-filling integrates information seasonality so that further segregation
of data into seasonal classes did not significantly imprinecparameterization scheme applied
to data of the spruce forest site at Waldstein/Weidenben of the year 2003.

The partitioning of the NEE into its gross flux componeiits, the assimilation flux as a sink
and the respiration flux as a source of £@llows investigating the sensitivity of the carbon
balance of terrestrial ecosystems. The isotopic flurifi@ning method requires determining
flux weighted isotopic signatures of the turbulent exchange aloeeecosystem and of the
component fluxes. However, currently no fast sensors for iE@lux measurements are
available, that would be able to sufficiently resolvéatively small isotopic gradients observed
above forest ecosystem.

Alternatively, conditional sampling methods provide the basiddatopic flux measurements
also above tall vegetation as accumulated air samplebeamalyzed with high precision by
isotope ratio mass spectrometry (IRMS) in the labarattis combination with the hyperbolic
relaxed eddy accumulation method (HREA) and with wholesamnpling allows for quantifying
the isotopic flux densities (isofluxes) dfCO, and C3°0. Samples from above the spruce
forest and the canopy top at Waldstein/Weidenbrunnen, witrle collected during a three-day
intensive measuring campaign, demonstrated that high macitsan be achieved. For the
determination of isofluxes, a measurement uncertaintthenorder of 10-20% is estimated.
Sufficient precision for C&O isotope analysis requires efficient drying during tlaengling
process and before sample storage.

The application of conditional sampling methods requires tsamgption of similarity in the
turbulent exchange of different scalar quantities. Scailailarity between carbon dioxide, sonic
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temperature and water vapor showed distinct diurnal chattgegpredominantly controlled by
events on longer time scales (event durations > 60 s), whagt likely represent changes in the
source/sink strength or convective or advective processésfifitling suggests that firstly plant
physiological processes, like e.g. afternoon stomata closarehave a major effect on the
diurnal pattern of scalar similarity. Secondly, samplinghwélow sensors may be suitable to
assess the scalar similarity, e.g. by tunable diode KI&RL) measurements for Gand**CO,
isotopes. Poor scalar-scalar correlations indicateisheof systematic underestimation of fluxes
measured by HREA. As required for the flux determinatianthie REA or HREA method,
scalar similarity is assumed by defining the proportiondttgtor b from a proxy scalar. Based
on the analysis of COHREA data, it is concluded thakfactors should be determined for each
sampling period and from measurements of the proxy scalawhinle-air samples. The
determination ofb-factors from HREA simulations should be validated by noeements in
order to assess the sampling process and prevent systamatis.

While there is some evidence for good scalar similarity @ndenerally linear relation
between bulk C@and its isotopic signatures in the turbulent exchange, thpesbf that relation
changes temporarily, e.g. during morning transition pexidd the HREA method the slope of
the mixing line is determined by precisely measuring the ayerisotopic and mixing ratio
differences in updraft and downdraft air. Compared to theflB€K method, these measurements
incorporate important additional information on the turbtilerchange of isotopes on small
timescales into the HREA isoflux evaluation scheme. Rerregression analysis of the EC/flask
method, scalar similarity of the isotopic exchange amaderal and spatial scales represented in
flask samples must carefully be considered.

HREA measurements have a footprint similar to the footpplhEC measurements and are
therefore able to integrate small-scale heterogeneitgciosystems. They allow determining
ecosystem integrated and truly flux weighted isotopic afgres and ecosystem isotope
discriminationA, and Az on half-hourly timescales. The flux weighted isotopic sigmab. of
the turbulent exchange can be determined directly from isotsignatures and mixing ratio
differences in updraft and downdraft whole-air samples. @oridux weighting is a
fundamental prerequisite for the quantitative evaluationisofopic mass balances and the
isotopic flux partitioning method. The observed diurnal variapittemonstrates the need for
repeated measurement of isotopic signatures at e@wsystale and ecosystem isotope
discrimination. The analysis of vertical profile air samgpkhowed that (i) the isotopic signature
or of the respiration flux during daytime could not be inferfeaim nighttime samples and (ii)
that the determination diz during daytime should be restricted to sub-canopy sasripdeause
of multiple source mixing at higher levels.

The definition of the canopy integrated isotope discramion Acanopy COMmMonly used for
isotopic partitioning of assimilation and respiration flgxe a potential source of bias. A more
precise definition 4'canopy) IS suggested. For isotopic flux partitioning, data on tanopy
isotope discriminationA'canopy from independent measurements or validated models is
indispensable. Isotopic disequilibria™C and 2?0 between the assimilation and respiration
fluxes were observed to equilibrate within two days afierin period. This fast equilibration
may limit the periods for the successful application ofigwtopic flux partitioning method.

Due to the general sensitivity of the isotopic flux partitioningethod to the precision of
isotopic signatures, there is further need to investighéevariability of truly flux weighted
isotopic signatures by high precision isotope measureméangeasystem scale. The diurnal
variability of the isotope discrimination should be regaddor the evaluation of isotope mass
balances of ecosystems and for the validation of models.
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Abstract. The relaxed eddy accumulation (REA) method allows the measurement
of trace gas fluxes when no fast sensors are available for eddy covariance measure-
ments. The flux parameterisation used in REA is based on the assumption of scalar
similarity, i.e. similarity of the turbulent exchange of two scalar quantities. In this
study changes in scalar similarity between carbon dioxide, sonic temperature and
water vapour were assessed using scalar correlation coefficients and spectral analysis.
The influence on REA measurements was assessed by simulation. The evaluation is
based on observations over grassland, irrigated cotton plantation and spruce forest.

Scalar similarity between carbon dioxide, sonic temperature and water vapour
showed a distinct diurnal pattern and change within the day. Poor scalar similarity
was found to be linked to dissimilarities in the energy contained in the low frequency
part of the turbulent spectra (< 0.01 Hz).

The simulations of REA showed significant change in b-factors throughout the
diurnal course. The b-factor is part of the REA parameterisation scheme and de-
scribes a relation between the concentration difference and the flux of a trace gas.
The diurnal course of b-factors for carbon dioxide, sonic temperature and water
vapour matched well. Relative flux errors induced in REA by varying scalar simi-
larity were generally below +10 %. Systematic underestimation of the flux of up to
-40 % was found for the use of REA applying a hyperbolic deadband (HREA). This
underestimation was related to poor scalar similarity between the scalar of interest
and the scalar used as proxy for the deadband definition.
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1. Introduction

In recent years growing interest was developed to measure the turbulent exchange
of various trace gases in the surface layer in order to investigate biogeochemical pro-
cesses. The relaxed eddy accumulation method (REA, Businger and Oncley, 1990)
allows flux measurements for many scalar quantities with air analysis in a laboratory
when no fast sensors are available for eddy covariance (EC) measurements. In REA
the trace gas flux is calculated using a parametrization applying flux-variance simi-
larity (Obukhov, 1960; Wyngaard et al., 1971) and scalar similarity, i. e. similarity in
the characteristics of the turbulent exchange. Scalar similarity is defined as similarity
in the scalar time series throughout the scalar spectra (Kaimal et al., 1972; Pearson
et al., 1998). Scalar similarity requires that scalar quantities are transported with
similar efficiency in eddies of different size and shape.

Differences in the turbulent exchange of scalar quantities and therefore in scalar
similarity must be expected when sources and sinks are distributed differently within
the ecosystem, e. g. within tall vegetation, or when they show significant changes in
their source/sink strength (Katul et al., 1995; Andreas et al., 1998a; Simpson et al.,
1998; Katul et al., 1999). Scalar quantities such as carbon dioxide, temperature and
water vapour have different sources and sinks within a plant canopy and exhibit
differences in their turbulent exchange. While canopy top surfaces are the main
source for heating of air during the day, carbon dioxide and water vapour are
consumed and respectively released mainly within the canopy. Temperature and
to some degree also water vapour actively influence turbulent exchange and are
therefore called active scalars, whereas carbon dioxide does not effect buoyancy and
is regarded as passive scalar quantity (Katul et al., 1996; Pearson et al., 1998).

In particular for the REA method scalar similarity is needed for the derivation
of b-factors (Oncley et al., 1993 and Section 2). This parameterisation requires simi-
larity in the shape of the joint frequency distribution (JFD) of the scalar of interest
and a scalar quantity for which the flux can be determined independently, e. g. with
EC (Wyngaard and Moeng, 1992; Katul et al., 1996). Information on the vertical
wind speed in the JFDs for two scalar quantities is identical. The only difference
in the shape of the JFDs results from differences in the scalar time series. Scalar
similarity needed for REA therefore can be analyzed by directly comparing the scalar
time series and the shape of their frequency distribution or spectra (Kaimal et al.,
1972; Pearson et al., 1998).

In this paper we investigate the degree of scalar similarity between three different
scalar quantities (carbon dioxide, sonic temperature and water vapour) throughout
the diurnal cycle. The analysis is done on the basis of high-frequency time series
recorded during field experiments over grassland, an irrigated cotton plantation
and a spruce forest. The study (i) characterizes typical changes of scalar similarity
during the diurnal cycle for the three surface types. (ii) Wavelet variance spectra
are used to test the influence of coherent structures on the turbulent transport and
to identify the time scales on which the lack of scalar similarity in the transport
of scalars appears. (iii) Finally we evaluate the error that is introduced in flux
measurements with REA methods due to lack in scalar similarity. Effects from scalar
similarity on flux measurements using REA methods are investigated by simulation.
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In the analysis we compare classical REA with those modifications of the REA
method, that are able to significantly increase concentration differences of the scalar
quantities in updraft and downdraft samples by introducing hyperbolic deadbands
(hyperbolic relaxed eddy accumulation, HREA, Bowling et al., 1999b, see Section
2). HREA can increase the concentration difference above critical limits of sensor
resolution, e.g. for isotope flux measurements. At the same time the restriction on
few samples for flux determination representing strong updrafts and downdrafts
increases their vulnerability to the lack of scalar similarity.

2. Theory

The eddy covariance method relies on Reynolds decomposition of the turbulent
signals of vertical wind speed w and the scalar of interest ¢ (w =w+w', c =¢+c').
The overbar denotes temporal averaging for a typical measurement period of 30 min.
Primes denote the fluctuation of a quantity around its average value. A zero mean
vertical wind speed is assumed (@ = 0). The turbulent flux is determined by w’c’.
This method of direct flux measurement is the basis and reference for the relaxed
eddy accumulation method.

2.1. RELAXED EDDY AccuMULATION (REA)

REA measurements rely on conditional sampling (Desjardins, 1972; Hicks and McMillen,

1984) of the scalar of interest into reservoirs for updraft and downdraft air samples.
The temporal averaging of scalar samples occurs physically within the two reservoirs.
The ’relaxation’ means that samples are taken with a constant flow rate and are not
weighted according to the vertical wind speed (Foken et al., 1995). The sample
consequently lacks information on the vertical wind speed. This lack is compensated
by relying on flux-variance similarity and the parametrisation of the proportionality
factor b, resulting in the basic Equation (1) for the flux determination in REA
(Businger and Oncley, 1990).

W = bou(eT - ) (1)

ow is the standard deviation of the vertical wind speed. ¢t and ¢| are the average
scalar values for updrafts and downdrafts. The b-factor is well defined with a value
of 0.627 for an ideal Gaussian joint frequency distribution (JFD) of w and ¢ (Baker
et al., 1992; Wyngaard and Moeng, 1992). However, turbulent transport especially
over rough surfaces often violates the underlying assumption of a linear relationship
between w and ¢ (Katul et al., 1996). Excursions from the linear relation occur due
to skewness in the JFD and result in smaller b-factors from parameterisation (Milne
et al., 2001). Gao (1995) found this effect to be most pronounced close to the canopy
top and suggested a scaling of the b-factors with measurement height. b exhibits a
relative independence from stability due to the characteristics of 0., and o. (Foken
et al., 1995). For many experimental data b was found to range from 0.54 to 0.60
on average. However, Andreas et al. (1998b) and Ammann and Meixner (2002)
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found an increase of average b-factors under stable conditions in the surface layer.
The b-factors can vary also significantly for individual 30 min integration intervals
(Businger and Oncley, 1990; Baker et al., 1992; Oncley et al., 1993; Pattey et al.,
1993; Beverland et al., 1996; Katul et al., 1996; Bowling et al., 1999a; Ammann and
Meixner, 2002), which restricts the use of a fixed b-factor.

2.2. WIND-DEADBAND

The above mentioned values for b were determined for REA without the use of
a deadband in which all updraft and downdraft samples are collected. However,
normally a wind-deadband is defined by an upper and lower threshold for vertical
wind speed around zero vertical wind speed (wp). All samples within this wind-
deadband, which fall between the upper and lower threshold values, are rejected
during REA sampling for technical reasons (Oncley et al., 1993; Foken et al., 1995).
The wind-deadband H,, is normally scaled with the standard deviation of the vertical
wind speed o, Equation (2).

’

Ow

< Hey (2)

The use of a wind-deadband changes the definition of what is regarded as updraft
(1: w'/ow > Hy) and downdraft (|: w'/ow < —Hy) during REA sampling. The
advantage for technical realization of REA is, that the use of a deadband firstly re-
duces the frequency of valve switching for sample segregation significantly. Secondly,
the use of a deadband increases the scalar difference (¢ — ¢]) and thereby reduces
errors in the chemical analysis. Increased scalar differences decrease corresponding
b-factors according to Equation (1). A functional dependency of average b-factors on
wind-deadband size was determined for the necessary adjustment (b(g,, ), Businger
and Oncley, 1990, Pattey et al., 1993, Katul et al., 1996, Ammann and Meixner,
2002). Nevertheless, the potential for variation of individual b-factors around ad-
justed average values for b persists. The use of b-factors individually determined
from a proxy scalar may be able to better reflect the correct b-factor for a certain
measurement period and thereby minimize REA flux errors. This determination of
individual b-factors requires good scalar similarity between the scalar of interest and
the proxy scalar.

2.3. HYPERBOLIC RELAXED EDDY AccUMULATION (HREA)

Application of a deadband with hyperbolas as thresholds does not exclude samples
with small fluctuations of the vertical wind speed w’ only, but also samples with small
fluctuations of the scalar quantity ¢’ are excluded (Bowling et al., 1999b; Wichura
et al., 2000; Bowling et al., 2001; Bowling et al., 2003). Thereby HREA increases
scalar differences in the reservoirs even more. The hyperbolic criteria (Wallace et al.,
1972; Lu and Willmarth, 1973; Shaw et al., 1983; Shaw, 1985) means rating individ-
ual samples by their contribution to the EC flux w’c’. All samples below a certain
threshold of importance’ (Hp) are not collected into the reservoirs. The hyperbolic
deadband is defined as
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w'c

Ow0c

The additional increase of the scalar differences in HREA is important when mea-
surement precision for the scalar of interest is limited. Then HREA can significantly
increase the signal to noise ratio for the flux measurement of a scalar (Bowling et al.,
1999b).

Poor scalar similarity has the potential to induce error in the estimate of b-
factors for the scalar of interest from the b-factors determined using data of a proxy
scalar. From Equation (1) it is obvious, that any error present in the b-factors will
transfer linearly into errors in the fluxes determined by REA or HREA. The use of
a deadband in REA or HREA concentrates sampling towards strong updrafts and
downdrafts, which increases the effect of non-linearity in the JED on b-factors (Katul
et al., 1996). Deadbands thereby have the potential to increase dissimilarity of b-
factors due to poor scalar similarity. HREA uses the assumption of scalar similarity
not only when inferring the b-factor from a proxy scalar. In addition scalar similarity
is assumed when defining the hyperbolic deadbands during the measurement process
from fast measurements of the proxy scalar (Bowling et al., 1999b). Therefore,
the validity of scalar similarity is even more essential for HREA methods than for
classical REA.

3. Experimental Data

Turbulence data with high time resolution from three field experiments over different
surfaces were selected for this analysis.

Measurements of the experiment GRASATEM-2003 (Grassland Atmospheric
Turbulent Exchange Measurements 2003) were performed over short cut grass-
land (canopy height h. = 0.12m) during the LITFASS-2003 experiment (Beyrich
et al., 2004) at the Falkenberg experimental site of the German Meteorological Ser-
vice (Meteorological Observatory Lindenberg), Germany (52°10'N, 14°07'E, 71m
a.s.l.). A sonic anemometer (USA-1, METEK, Meteorologische Messtechnik GmbH,
Elsmhorn, Germany) was used to obtain wind vector and sonic temperature and
an open path sensor (LI-7500, LI-COR Inc., Lincoln, NE, USA) measured water
vapour and carbon dioxide density at 2.25m above ground. The flux source areas
(footprints) of the data used in this analysis showed good homogeneity regarding
the grass canopy height with some variability in soil humidity.

The EBEX-2000 (Energy Balance Experiment 2000, Oncley et al., 2002) data set
was acquired in the San Joaquin Valley, CA, USA (36°06’ N, 119°56' W, 67 m a.s.l.).
The experimental site was located in the middle of an extended irrigated cotton
plantation on flat terrain. Canopy height was about 0.9m. A sonic anemometer
(CSAT-3, Campbell Scientific Ltd., Logan, UT, USA) measured 3 dimensional wind
vectors and sonic temperature Ts. An open path analyzer (LI-7500) was used to
measure water vapour and carbon dioxide density. The sampling rate was 20 Hz.
Instruments were installed on a tower at a height of 4.7m above ground.
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During the WALDATEM-2003 (Wavelet Detection and Atmospheric Turbulent
Exchange Measurements 2003) experiment a set of micrometeorological measure-
ments was performed on a 33 m high tower over a spruce forest (Picea abies, L.). This
study uses data from a sonic anemometer (R3-50, Gill Instruments Ltd., Lymington,
UK) and an open path analyzer (LI-7500) installed at 33 m. The forest has a mean
canopy height of 19 m with a plant area index (PAI) of 5.2. Understory vegetation is
sparse and consists of small shrubs and grasses. The site Waldstein/Weidenbrunnen
(GE1-Wei) is part of the FLUXNET network and is located in the Fichtelgebirge
mountains in Germany (50°08' N, 11°52'E, 775m a.s.l.) on a slope of 2° (Rebmann
et al., 2005; Thomas and Foken, 2005). A detailed description of the site can be
found in Gerstberger et al. (2004). One of the objectives of the GRASATEM-2003
and WALDATEM-2003 experiments was the determination of '*C and '®O isotope
fluxes using the HREA method.

4. Method of Analysis

For our study we selected carbon dioxide to be the scalar of interest, for which a
flux measurement with REA or HREA shall be performed. Sonic temperature T
and water vapour density pr20 serve as proxy scalars which are tested for sufficient
similarity in their turbulent exchange compared to carbon dioxide density pco,.

4.1. DATA SELECTION AND PREPARATION

Daytime periods of the three experiment days (GRASATEM-2003: May 24, 2003,
EBEX-2000: August 20, 2000, WALDATEM-2003: July 8, 2003) representing differ-
ent surface types (shortcut grassland, irrigated cotton, spruce forest) were selected
for the analysis in this paper after assessing the quality of the flux measurements.
This assessment was based on a quality check of the turbulent time series according
to Foken et al. (2004) with a test on stationarity and developed turbulent conditions.
The three days represent typical diurnal cycles of exchange patterns found during
the experiments and provide a continuous high quality data record throughout the
diurnal cycle. During the selected days only few data from the early morning (EBEX-
2000) and late afternoon (GRASATEM-2003 and EBEX-2000) did not meet the
quality criterion. Data from these periods were therefore not included in the analysis.
The wind vectors derived from the sonic anemometer measurements were rotated
using the planar fit method (Wilczak et al., 2001). Outliers in the scalar data were
removed by applying a 50 criteria (u £ 50). In order to correct time lags between
the different sensors each time series was shifted according to the maximum cross-
correlation with the vertical wind speed. All subsequent analysis were performed on
30 min subsets of the data.

4.2. SCALAR SIMILARITY

As a simple measure of scalar similarity we use the scalar correlation coefficient
Te,cprony Calculated from the fluctuations in the time series of the scalar of interest

¢ and the proxy scalar cproay-
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! Al

Teprony = ;;”7” (4)
The scalar correlation coefficient integrates similarity and dissimilarity over the
whole frequency range of the time series. In studies by Gao (1995) and Katul and
Hsieh (1999) scalar correlation coefficients were already used to discuss similarity
between the turbulent exchange of temperature and water vapour.

4.3. SPECTRAL ANALYSIS

Here, the method for spectral analysis using wavelet functions will be outlined briefly.
More details can be found in Thomas and Foken (2005). First, any missing data
and outliers detected were filled using an interpolation (Akima, 1970). All time
series were block averaged to 2 Hz significantly reducing computation time for the
wavelet analysis. Scalar time series were normalized to ¢'/o.. Vertical wind speed w
was normalised to w/o,,. In a second step, time series were low-pass filtered by a
wavelet filter decomposing and recomposing the time series using the biorthogonal
set of wavelets BIOR5.5. The use of this set of wavelet functions is preferred as their
localisation in frequency is better than e.g. that of the HAAR wavelet (Kumar and
Foufoula-Georgiou, 1994). This filter discards all fluctuations with event durations
D < D, where D. is the critical event duration chosen according to the spectral
gap between high-frequency turbulence and low-frequency coherent structures. A
default value of D.=6.2s was chosen for all datasets, which is in close agreement
to other authors using similar values, e.g. D.=5s (Lykossov and Wamser, 1995),
D.=7s (Brunet and Collineau, 1994) or D.=5.7s (Chen and Hu, 2003).

A continuous wavelet transform (Grossmann and Morlet, 1984; Grossmann et al.,
1989; Kronland-Martinet et al., 1987) of the prepared and zero-padded time series
f(t) was performed using the complex Morlet wavelet as analysing wavelet function
(),

Ty(a,b) = S /m f)w (t ;bt) dt (5)

aP
e

where T}, (a, b) are the wavelet coefficients, a the dilation scale, b; the translation pa-
rameter and the normalisation factor p = 1 in our case. The complex Morlet wavelet
function is located best in frequency domain and thus found appropriate to extract
the intended information about large scale flux contributions e.g. from coherent
structures (Thomas and Foken, 2005). The dilation scales a used to calculate the
continuous wavelet transform represent event durations D ranging from 6s to 240s.
The event duration D can be linked to the dilation scale a of the wavelet transform
by (e.g. Collineau and Brunet, 1993)
am

1.
D= t=ST (6)
2 fsw%1,1,0

where f is the frequency corresponding to the event duration, fs the sampling
frequency of the time series and w%l 1o the center frequency of the mother wavelet
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function. For a sine function, the event duration D is half the length of a period.
The minimum of analysed event durations was chosen according to the critical
event duration D. of the low-pass filter. The wavelet variance spectrum was then
determined by

“+oo
2
W@ = [ ima e ™
Wavelet variance spectra Wp(a) were multiplied by the angle frequency w. The cor-
relation coefficient of the wavelet variance spectra for the different scalar quantities
Ts(PCcOy, Cprowy) Was calculated as objective measure of similarity in the distribution
of energy in the frequency range (Equation (8)).

W(D)rcoy WD)eprory (8)

7s(pcOs; Cprony) = — .
W(D)ooo, TW(D)eprosy

W (D) denotes the wavelet variance, i. e. the spectral density at event duration, o the
standard deviation and the overbar depicts the phase mean over the fluctuations.
The spectral correlation in the scalar time series is evaluated for two ranges of event
durations, short event durations of 6 s to 60 s and long event durations of 60 s to
240 s.

4.4. REA AND HREA SIMULATION

REA and HREA sampling was simulated using the high resolution time series data
for the vertical wind speed fluctuation w’ and the scalar quantities (T, pr20, pco, )-
Time series were sampled and segregated into updrafts, deadband and downdrafts
according to the deadband definition (wind-deadband H.,, Equation (2), or hyper-
bolic deadband H},, Equation (3)) and the sign of the vertical wind speed fluctuation
w’. Updrafts and downdrafts were averaged to yield the scalar difference (¢f — ¢j).
The b-factors were calculated by rearranging Equation (1) yielding
w’'c!

P )
Comparison of b-factors calculated for the scalar of interest (b) and a proxy scalar
(bprowy) directly yields the relative flux errors € due to the linear relationship in
Equation (1).

bprozy — b

e=— (10)
In the simulation any error resulting from the instrumentation used for REA or
HREA sampling in the field is avoided. For the deadband definitions the simulation
is based on statistics of turbulent time series from the complete 30 min sampling
interval. This means w, o, and for HREA also ¢ and o, of the proxy scalar are well
known. These parameters must be estimated online during field sampling with REA
or HREA, when only previously recorded data is available. Therefore the analysis
of these simulations focuses on the methodological error of REA and HREA.
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5. Results and Discussion

5.1. SCALAR CORRELATION COEFFICIENTS

Absolute values of scalar correlation coefficients rco,,7s and rco,,m,0 for three
days are presented in Figure la, Figure 1c and Figure le as a measure for scalar
similarity. For most cases the maximal absolute correlation coefficients are in the
order of 0.9. Smaller values and significant changes in the scalar correlation within
the diurnal cycle are found for all three surface types (grassland, irrigated cotton
and spruce forest) for many days. The varying scalar similarity is pronounced on the
exemplary days presented in Figure 1 which were selected for this study because of
their continuous data record. Within the diurnal pattern three cases could be distin-
guished, which will be used for the discussion of changes in scalar correlation as well
as spectral correlation (Section 5.2). The definition of these cases is supported by the
analysis of the difference of the absolute correlation coefficients (A||_|,|=|rco, rs|-
|rco,,H,0|) presented as average for distinct periods in Figure 1b, Figure 1d and
Figure 1f.

— Case 1: During the morning hours up to about 0900-1000 local time on all
three days high scalar correlation of rco,,rs indicates better scalar similarity
compared to rco,,m,0. In the WALDATEM-2003 data this situation persists
for most of the day. Very early morning data in EBEX-2000 did not meet the
quality criteria (see Section 3) and were therefore not included in the analysis.
The large confidence interval for the first value in Figure 1d results from the
small number of high quality data remaining for the analysis of Case 1 in the
morning.

— Case 2 describes a situation in which both rco,,rs and rco,,m,0 show high
scalar correlation. This situation can be found in some of the midday periods
in the WALDATEM-2003 data and before noon in EBEX-2000 data. If we take
taking into account that rco,,7s of about 0.9 is already indicating high scalar
correlation, it it is also found during the early afternoon in the EBEX-2000
data.

— Case 3 denotes situations in which rco,,rs shows low scalar correlation com-
pared to rco,,H,0. Such situations are visible in the late afternoon hours
(~1600 local time) in the GRASATEM-2003, EBEX-2000 and WALDATEM-
2003 datasets. These afternoon periods were characterized by diminishing buoy-
ancy fluxes, near neutral or even slightly stable stratification and persistent
latent heat fluxes.

The loss of scalar correlation in rco,,7s between 1015 to 1300 local time in the
GRASATEM-2003 data (Figrue la and Figure 1b) corresponds to a period with
significantly reduced global radiation due to cirrus clouds. A large confidence interval
for the last value in Figure 1b results from the small number of data within the
represented period. Nevertheless, the corresponding level of statistical significance
for a difference between rco,,7s and rco,,m,0 for this period is p = 0.064. The
scalar correlation during the three days approximately follows the change from Case
1 in the morning, Case 2 for some periods around noon or during the early afternoon
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Figure 1. Diurnal course of scalar correlation coefficients (absolute values) cal-
culated from carbon dioxide density pco, and sonic temperature Ts (solid
lines) or water vapour density pm20 (dashed lines) for the three datasets from
GRASATEM-2003 (a), EBEX-2000 (c) and WALDATEM-2003 (e). The averaged
difference of the absolute scalar correlation coefficients A|,|_|,| for distinct periods is
given in (b), (d) and (f) correspondingly. The dotted lines indicate the segregation
of these periods. Error bars represent the 95% confidence interval of the average
differences calculated for each period. The averaged difference between the absolute
correlation coefficients is statistically significant (p < 0.05) if the confidence interval
does not include zero. Time is indicated as local time.
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and Case 3 in the late afternoon or early evening. This pattern is exhibited very
clearly in the EBEX-2000 data, which represent an ideal diurnal cycle of global
radiation.

Results presented in Figure 1 show that significant temporal changes in scalar
similarity linked to source and sink strength must be expected even over short
vegetation, where sources and sinks are located close together in the vertical profile.

5.2. SPECTRAL ANALYSIS

In order to identify possible reasons for the lack of scalar similarity we analyzed
wavelet variance spectra computed from the scalar time series. The comparison
of these spectra allows to identify on which temporal scales the characteristics of
turbulent transport correspond or differ. The frequency range was selected to cover
typical frequencies of coherent structures commonly found in turbulent time series
from the roughness sublayer (Thomas and Foken, 2005) in order to assess their
contribution to changes in scalar similarity.

Figure 2 shows three exemplary wavelet variance spectra Wy(a) - w for the cases
distinguished in the previous section based on the scalar correlation coefficients
(Figure 1). All three spectra show very good similarity for the three scalars T,
pH,0 and pco, in short temporal scales. Major deviations are only found for pm,o0
in Figure 2a (Case 1) and for Ts in Figure 2¢ (Case 3) in the longer time scales
(D >60s and D >40s). The spectra in Figure 2b reveal a very good match of all
three scalars (Case 2) over the complete range of event durations (6s to 240s).
The visual assessment of the match in the spectra throughout the complete diurnal
course for the EBEX-2000 data corresponded to the findings for scalar similarity
based on the scalar correlation coefficients i.e. poor similarity between pm,o and
pco, in the morning (Figure 2a) and poor similarity between T, and pco, in the
late afternoon (Figure 2c). Differences in the spectra occurred solely in the longer
time scales with the exemption of spectra after 1600. After 1600 differences were
present also in shorter event durations due to the diminishing buoyancy flux which
reduces the energy throughout the spectra.

As objective measure for spectral correlation the spectral correlation coefficient,
Equation (8), is presented in Figure 3. In order to validate the finding from the
visual assessment of wavelet variance spectra, spectral correlation was calculated
separately for shorter (6s to 60s) and longer (60s to 240s) event durations. High
values for the spectral correlation in Figure 3a, Figure 3c and Figure 3e confirm that
scalar similarity is good for the range of short event durations over all three surface
types. However, the spectral correlation for long event durations (Figure 3b, Figure
3d and Figure 3f) shows significant fluctuations. Poor scalar similarity measured
with the scalar correlation coefficients must therefor be attributed primarily to
processes on larger temporal scales (event durations > 60s or frequencies < 0.01 Hz).
Dissimilarity on these scales can arise from temporal changes of source/sink strength
or due to convective or advective processes. A high degree of scatter is present in
the spectral correlation calculated for individual 30 min periods. After smoothing
the time series of spectral correlation with a running average (lines), the diurnal
changes in similarity in the longer timescales correspond approximately to the scalar
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Figure 2. Spectra of the normalised wavelet variance wW versus event duration D
of the carbon dioxide pco, (solid line), sonic temperature Ts(dashed line) and water
vapour pm,o (dash-dotted line)based on data from the EBEX-2000 experiment on
August 20, 0915 to 0945 (a), 1430 to 1500 (b) and 1545 to 1615 (c) local time.

correlation (Figure 1) and the results for spectral correlation can be compared to
the findings in Section 5.1 for the three cases distinguished there:

Case 1 is found correspondingly to the results on scalar correlation for all three
surface types in the morning hours and for the entire afternoon in the WALDATEM-
2003 data. Case 2 is found between 1300 and 1500 in the EBEX-2000 data and
around noon in the WALDATEM-2003 data. The GRASATEM-2003 data shows
poor spectral correlation for the rest of the day after a cloud cover appeared at 10 h.
Case 3 is only visible clearly in the spectral correlation calculated from the EBEX-
2000 data of the late afternoon. The general features of scalar similarity between
the three scalar quantities distinguished with the Cases 1 and 2 are well reflected
in the spectral correlation for the long time scales. Dissimilarity in periods with
diminishing buoyancy fluxes seems to be reflected less adequately by the spectral
correlation for long event durations.

Pearson et al. (1998) studied scalar similarity by comparing non-dimensional
power spectra and found good agreement in frequency ranges above 0.01 Hz for
temperature, water vapour and ozone. Results presented in Figure 2 and Figure 3
affirm that scalar similarity is relatively good for short event durations. However, we
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Figure 3. Spectral correlation between pco, and Ts (diamonds, solid line) and pco,
and pm,o (crosses, dashed line). Lines represent the running average of the time
series of spectral correlation for individual 30 min periods (symbols). (a), (¢) and
(e) show the correlation coefficients for short event durations D from 6 to 60s. (b),
(d) and (f) show the correlation coefficients for long event durations D from 60 to

240s.
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find that longer event durations (D > 60s corresponding to frequencies < 0.01 Hz)
have to be included in the assessment of scalar similarity. McNaughton and Laubach
(1998) showed that unsteadiness in the mean wind and internal boundary layers
induced dissimilarity between eddy diffusivities for temperature and water vapour.
Gao (1995), Katul et al. (1996) and Andreas et al. (1998b) relate differences in
the shape of organized (coherent) structures in the turbulent exchange of scalar
quantities to differences in b-factors used in REA. From our spectral analysis most
of the variability in scalar similarity has to be attributed to event durations that
are even larger (D > 60s) than typical event durations of mechanically induced
coherent structures in the roughness sublayer.

Combined with the notion, that spectral correlation was predominantly high for
the short event durations, we have confidence, that observations of scalar fluctuations
on long time scales with slow instruments can already deliver most of the information
needed for the assessment of scalar similarity. This is of importance for REA or
HREA measurements, when no fast sensor is available for the scalar of interest. In
such a situation no data can be generated for the determination of scalar correlation,
Equation (4), or the spectral correlation, Equation (8) for short event durations. The
use of slow sensors would allow one to assess scalar similarity for long event durations
for many different trace gases. Similarity in event durations of longer than 60s could
also be investigated by air sampling in flasks and subsequent laboratory analysis.

For an application of this method of assessment of scalar similarity, additional
care has to be taken, when fluxes of the proxy scalar become very small, because poor
similarity may not be reflected adequately in the spectral correlation, e. g. diminish-
ing buoyancy fluxes in the late afternoon (Case 3). An analysis of scalar similarity
by spectral analysis on more extended time scales was reported by Watanabe et al.
(2000) for the assessment of the ‘Bandpass Eddy Covariance method’ (e.g. Hicks
and McMillen, 1988, Horst and Oncley, 1995). While achieving relatively good latent
heat flux results using fast temperature measurements for the spectral correction of
a slow humidity sensor, flux errors became large during times with small sensible
heat fluxes, which confirms our finding for Case 3.

5.3. b-FACTORS FROM REA AND HREA SIMULATION

b-factors from simulations of REA with a wind-deadband of H, = 0.6 (classical
REA, abbreviated with REA 0.6 here after) on average met the values predicted from
models (e.g. Pattey et al., 1993: by, —0.6) = 0.394) during all three days. However,
results for the EBEX-2000 data (Figure 4a and 4b) show a diurnal variation of b-
factors in the range of 0.36 to 0.41 with maximum values shortly after noon. This
means that the use of the fixed average b-factor would result in flux errors with a
systematic diurnal course. The diurnal course does not originate from a change in
0w, which remains relatively constant for the EBEX-2000 data (0.31 £0.02). At the
same time there is good agreement in the diurnal course of b-factors calculated for
carbon dioxide, sonic temperature and water vapour. The use of a variable b-factors
determined from a proxy scalar can therefore reduce REA flux errors.

Figure 4c and 4d display a similar diurnal trend of b-factors for HREA with a
hyperbolic deadband size of H; = 1.0 (abbreviated with HREA 1.0 here after).
Values in the range of 0.15-0.27 correspond to the range of 0.22 £+ 0.05 found

32


rj
Textfeld
32


RUPPERT ET AL.: SCALAR SIMILARITY, SS-15

by Bowling et al. (1999b). The ratio of b-factors for REA 0.6 and HREA 1.0 is
proportional to the increase in scalar difference (¢t — ¢, Equation (1)) that can
be achieved by changing to HREA 1.0 when oy, is more or less constant. For the
EBEX-2000 data the increase in scalar difference for HREA 1.0 compared to REA
0.6 averages to 1.6540.13. b-factors for the proxy scalars Ts and pm,0 (Figure 4c and
4d, unfilled symbols) are the result of segregating cprozy time series into updrafts
and downdrafts with a hyperbolic deadband definition based on the same cproxy
data. If we would apply hyperbolic deadbands defined on the carbon dioxide record
for the simulation of HREA 1.0 for carbon dioxide (our scalar of interest) the match
between b-factors would be similar to the match found for REA 0.6 (Figure 4a and
4b). However, we have to rely on a deadband definition from fast measurements
of the proxy scalar during HREA sampling of the scalar of interest in the field. In
order to give realistic results of the methodological error in HREA we used either
Ts (Figure 4c) or pu,o (Figure 4d) as proxy scalar for the deadband definition in
the simulation of HREA 1.0 for carbon dioxide (filled triangles).

Besides the diurnal trend we see an offset in the b-factors for most sampling
periods with higher b-factors for the scalar of interest pco, than for the proxy scalars.
The increased b-factors are a result of decreased scalar differences (¢ —¢;) according
to Equation (1) because Flux w’c’ and o, stay the same for one sampling period of
30min. The reduction in scalar difference can be explained by small dissimilarities
between scalar of interest and proxy scalar. A hyperbolic deadband definition with
a mismatch of the JFDs leads to some inefficiency in the selection of large positive
and negative scalar fluctuations. The small inefficiency in correctly sampling the
extreme scalar fluctuations causes decreased scalar difference and results in the
observed offset of b-factors.

5.4. RELATIVE FLUX ERRORS IN REA aND HREA

The difference in b-factors is the basis for the determination of relative flux errors ¢,
Equation (10). Our results show small relative flux errors for REA 0.6 when using
a proxy scalar for the determination of b-factors instead of using a fixed b-factor.
Scatter in e, i.e. the risk of error in the flux, increases slightly with decreasing
scalar correlation, but generally stays below +10% except for very few outliers
(Figure 5a to 5d). € does not show signs of significant systematic underestimation
or overestimation of fluxes, so that classical REA 0.6 can be regarded as relatively
robust against the changes in scalar similarity.

This is in agreement with studies finding a relative stability for the b-factor and
small errors in REA when using a wind-deadband size H,, of 0.6 to 0.8 (Oncley et al.,
1993; Foken et al., 1995; Ammann and Meixner, 2002). Nevertheless, the scaling of
the scatter in e indicates, that the scalar correlation coefficient is an appropriate
measure for the description of scalar similarity required for REA methods.

A significant influence of scalar similarity on € in HREA is visible in Figure 6. The
systematic underestimation of the flux correlates with scalar correlation and linear
regressions lead to similar coefficients of determination (r?) for the use of either of
the two proxy scalars. A larger degree of scatter in the relative flux errors found for
the GRASATEM-2003 data (Figure 6a and Figure 6b) and consequently a reduced
coefficient of determination in Figure 6b are the result of small absolute fluxes during
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Figure 4. b-factors from simulation of REA 0.6 (a, b) and HREA 1.0 (¢, d) sampling.
The results are based on high resolution time series from the EBEX-2000 dataset.
Filled triangles represent b-factors for carbon dioxide density pco,, dimonds for
sonic temperature T, and crosses for water vapour density pm,o0. The difference
between b-factors for HREA of carbon dioxide (filled triangles in ¢ and d) originates
from the use of T (c) or pm,0 (d) as proxy scalar for the definition of the hyperbolic
deadband.

and after the period with cloud cover (Section 5.1). Errors remain in the order of
+10% for high scalar correlations for all three surface types. Simulation results
indicate systematic underestimation of the flux of about -40 % for periods with poor
scalar similarity. Only for the WALDATEM-2003 data systematic underestimation
was smaller on average when using T as proxy scalar compared to using pm,o as
proxy scalar, which is in agreement with higher scalar correlation (Figure 6e) and
spectral correlation (Figure 3f).

The results presented in Figure 6 clearly show that high scalar similarity between
the scalar of interest and the proxy scalar is essential to avoid systematic underes-
timation of fluxes determined with the HREA method. Therefore, great care has to
be taken in the selection of an appropriate proxy scalar. Diurnal changes in scalar
similarity may require a change of the proxy scalar in order to avoid large errors in
the flux measurements using HREA.
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Figure 6. Relative flux error ¢ for carbon dioxide flux from HREA 1.0 simulations
in relation to the scalar correlation coefficient r (absolute values). In (a), (c) and
(e)(diamonds) sonic temperature Ts was used as proxy scalar, whereas in (b), (d)
and (f)(crosses) water vapour density pm,o was used as proxy scalar. The coefficient
of determination 72 of a linear regression indicates to which degree scalar correlation
can explain the variation in the relative flux error. Note the difference in scale for
when comparing to Figure 5.
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The scaling of scatter in € for REA 0.6 and the scaling of systematic underes-
timation of fluxes in HREA 1.0 show that the scalar correlation coefficient is an
efficient measure for the description of scalar similarity needed in REA or HREA
methods. Further investigations of the behavior of the scalar correlation may lead to
better understanding of the diurnal changes (Case 1, 2, 3) and processes controlling
scalar similarity. However, the assessment of suitable proxy scalars especially for
flux measurements applying the HREA method can normally only be based on
measurements using slow sensors. The spectral analysis presented in this study as
well as investigations on the 'Bandwidth Eddy Covariance’ method (Watanabe et al.,
2000) give confidence, that enough information on scalar similarity is contained in
such slow sensor measurements.

6. Conclusions

Changes in scalar similarity between carbon dioxide, sonic temperature and wa-
ter vapour were analysed with the scalar correlation coefficient. This evaluation
used high quality flux data from experiments over grassland, an irrigated cotton
plantation and spruce forest.

Significant changes of scalar similarity were observed over all three surface types
within the diurnal cycle. We therefore conclude that differences in scalar similarity
have to be expected even if sources and sinks are located close together within the
vertical profile (short cut grassland).

Spectral analysis showed consistently good scalar correlation in the higher fre-
quency range (event durations of 6s to 60s), which is in agreement with findings
by Pearson et al. (1998). Scalar similarity is predominantly controlled by events on
longer time scales (event durations > 60s), which most likely represent changes in the
source/sink strength, convective or advective processes. This finding suggests that
sampling with slow sensors may be sufficient as alternate strategy for the assessment
of scalar similarity required for REA methods when the scalar of interest can not
be measured with a fast sensors.

The scaling of scatter in REA flux errors and scaling of systematic underes-
timation of fluxes in HREA confirm that the scalar correlation coefficient is an
efficient measure for the assessment of scalar similarity needed for REA and HREA
methods. The effects of changing scalar similarity on REA flux measurement errors
were relatively small (¢ < £10%). A diurnal course of the b-factors was found for
the EBEX-2000 dataset, so that the use of a b-factor determined from a proxy scalar
is recommended compared to the use of a fixed b-factor in order to reduce relative
flux errors in classical REA.

Poor similarity between the scalar of interest and the proxy scalar leads to
systematic underestimation of fluxes determined with HREA (up to -40 %). There-
fore great care has to be taken for the selection of a suitable proxy scalar. In the
absence of fast recorded time series for the scalar of interest, a slow sensor could
generate appropriate data for subsequent assessment of HREA measurements or
more detailed investigations on the general behavior of scalar similarity. Diurnal
changes in the scalar similarity may require to change the proxy scalar within the
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diurnal cycle accordingly in order to correctly measure trace gas fluxes. From the
results presented in this study, the use of sonic temperature as proxy for carbon
dioxide seems favorable during the morning. However, scalar similarity was poor
during situations with diminishing buoyancy fluxes in the late afternoon or during
a period with cloud shading during the day.

A preliminary interpretation can be given for the diurnal pattern of scalar cor-
relation. The good scalar similarity between carbon dioxide and sonic temperature
found before 0900-1000 local time for all three surface types (Case 1) could be due
to processes of carbon dioxide consumption (assimilation) and heat production that
start rapidly and simultaneously with increasing global radiation in the morning.
In contrast, the atmospheric sink for water vapour, i.e. water vapour deficit, gains
strength more slowly throughout the day with the warming of the surface layer.
More experimental results on scalar correlation from other sites and flux profile
measurements, as outlined in Pearson et al. (1998) would be needed to check this
hypothesis further. The link to source/sink strength suggests that also plant phys-
iological processes, like e.g. afternoon stomata closure, can have a major effect on
the diurnal pattern of scalar similarity, when there is a difference of the effect on
source/sink strength of the two scalars.

Acknowledgements

The authors wish to acknowledge the help and technical support performed by
the staff of the Bayreuth Institute for Terrestrial Ecosystem Research (BITOK)
of the University of Bayreuth. We want to thank the participants of the EBEX-
2000 experiment of the Department of Micrometeorology, University of Bayreuth,
for providing data. This study was supported by the German Federal Ministry of
Education and Research (PT BEO51-0339476 D).

References

Akima, H.: 1970, ‘A new method of interpolation and smooth curve fitting based on
local procedures’. J. Assc. Comp. Mach. 17, 589-602.

Ammann, C. and F. X. Meixner: 2002, ‘Stability dependence of the relaxed eddy ac-
cumulation coefficient for various scalar quantities’. J. Geophys. Res. 107(D8),
4071.

Andreas, E. L., R. Hill, J. R. Gosz, D. Moore, W. Otto, and A. Sarma: 1998a, ‘Statis-
tics of Surface Layer Turbulence over Terrain with Meter-Scale Heterogeneity’.
Boundary-Layer Meteorol. 86, 379-409.

Andreas, E. L., R. J. Hill, J. R. Gosz, D. 1. Moore, W. D. Otto, and A. D.
Sarma: 1998b, ‘Stability dependence of the eddy-accumulation coefficients for
momentum and scalars’. Boundary-Layer Meteorol. 86, 409—420.

Baker, J. M., J. M. Norman, and W. L. Bland: 1992, ‘Field-scale application of flux
measurement by conditional sampling’. Agric. For. Meteorol. 62, 31-52.

Beverland, 1. J., R. Milne, C. Boissard, D. H. O'Neill, J. B. Moncrieff, and C. N.
Hewitt: 1996, ‘Measurements of carbon dioxide and hydrocarbon fluxes from a

38


rj
Textfeld
38


RUPPERT ET AL.: SCALAR SIMILARITY, SS-21

sitka spruce using micrometeorological techniques’. J. Geophys. Res. 101(D17),
22807-22815.

Beyrich, F., W. Adam, J. Bange, K. Behrens, F. H. Berger, C. Bernhofer, J.
Bosenberg, H. Dier, T. Foken, M. Gockede, U. Gérsdorf, J. Giildner, B. Hen-
nemuth, C. Heret, S. Huneke, W. Kohsiek, A. Lammert, V. Lehmann, U. Leiterer,
J.-P. Leps, C. Liebethal, H. Lohse, A. Lidi, M. Mauder, W. Meijinger, H.-
T. Mengelkamp, R. Queck, S. Richter, T. Spiess, B. Stiller, A. Tittebrand,
U. Weisensee, and P. Zittel: 2004, ‘Verdunstung iiber einer heterogenen Lan-
doberfliche - Das LITFASS-2003 Experiment, Ein Bericht.”. Technical Report
Arbeitsergebnisse Nr. 79, German Meteorological Service, Offenbach, Germany.
ISSN 1430-0281.

Bowling, D. R., D. D. Baldocchi, and R. K. Monson: 1999a, ‘Dynamics of isotopic ex-
change of carbon dioxide in a Tennessee deciduous forest’. Global Biogeochemical
Cycles 13, 903-922.

Bowling, D. R., A. C. Delany, A. A. Turnipseed, D. D. Baldocchi, and R. K. Monson:
1999b, ‘Modification of the relaxed eddy accumulation technique to maximize
measured scalar mixing ratio differences in updrafts and downdrafts’. J. Geophys.
Res. 104(D8), 9121-9133.

Bowling, D. R., D. E. Pataki, and J. R. Ehleringer: 2003, ‘Critical evaluation
of micrometeorological methods for measuring ecosystem-atmosphere isotopic
exchange of CO2’. Agric. For. Meteorol. 116, 159-179.

Bowling, D. R., P. P. Tans, and R. K. Monson: 2001, ‘Partitioning net ecosystem
carbon exchange with isotopic fluxes of CO2’. Global Change Biol. 7, 127-145.

Brunet, Y. and S. Collineau: 1994, ‘Wavelet analysis of diurnal and nocturnal tur-
bulence above a maize canopy’. In: E. Foufoula-Georgiou and P. Kumar (eds.):
Wawelets in Geophysics, Vol. 4 of Wavelet analysis and its applications. Academic
Press, San Diego, USA, pp. 129-150.

Businger, J. A. and S. P. Oncley: 1990, ‘Flux Measurement with Conditional
Sampling’. J. Atmos. Ocean. Tech. 7, 349-352.

Chen, J. and F. Hu: 2003, ‘Coherent structures detected in atmospheric boundary-
layer turbulence using wavelet transforms at Huaihe River Basin, China’.
Boundary-Layer Meteorol. 107, 429-444.

Collineau, S. and Y. Brunet: 1993, ‘Detection of turbulent coherent motions in a
forest canopy. Part I: Wavelet analysis’. Boundary-Layer Meteorol. 65, 357-379.

Desjardins, R. L.: 1972, ‘A Study of Carbon Dioxide and Sensible Heat Fluxes using
the Eddy Correlation Techinique’. Ph.d., Cornell University.

Foken, T., R. Dlugi, and G. Kramm: 1995, ‘On the determination of dry deposi-
tion and emission of gaseous compounds at the biosphere-atmosphere interface’.
Meteorol. Z. 4, 91-118.

Foken, T., M. Gockede, M. Mauder, L. Mahrt, B. Amiro, and W. Munger:
2004, ‘Post-Field data Qualtiy Control’. In: X. e. a. Lee (ed.): Handbook of
Micrometeorology. Kluwer, Dordrecht, The Netherlands, pp. 181-208.

Gao, W.: 1995, ‘The vertical change of coefficient b , used in the relaxed eddy
accumulation method for flux measurement above and within a forest canopy’.
Atmos. Environ. 29, 2339-2347.

Gerstberger, P., T. Foken, and K. Kalbitz: 2004, ‘The Lehstenbach and Steinkreuz
"Catchments in NE Bavaria, Germany’. In: E. Matzner (ed.): Biogeochemistry
of Forested Catchments in a Changing Environment: A german case study, Vol.
172 of Ecological Studies. Springer, Heidelberg, Germany, pp. 15-41.

Grossmann, A., R. Kronland-Martinet, and J. Morlet: 1989, ‘Reading and Under-
standing Continous Wavelet Transforms’. In: J. Combes, A. Grossmann, and

39


rj
Textfeld
39


RUPPERT ET AL.: SCALAR SIMILARITY, SS-22

P. Tchamitchian (eds.): Wavelets: Time-Frequency Methods and Phase Space.
Springer, New York, USA, pp. 2—20.

Grossmann, A. and J. Morlet: 1984, ‘Decomposition of Hardy Functions into Square
Integrable Wavelets of Constant Shape’. J. Math. Anal 15, 723-736.

Hicks, B. B. and R. T. McMillen: 1984, ‘A simulation of the eddy accumulation
method for measuring pollutant fluxes’. J. Climate Appl. Meteorol. 23, 637—-643.

Hicks, B. B. and R. T. McMillen: 1988, ‘On the measurement of Dry Deposition
Using Imperfect Sensors and in Non-Ideal Terrain’. Boundary-Layer Meteorol.
42, 79-94.

Horst, T. W. and S. P. Oncley: 1995, ‘Flux-PAM Measurement of Scalar Fluxes
Using Cospectral Similarity’. In: Proc. 9th Symp. on Meteorological Observa-
tions and Instumentation, Vol. Conference Preprint. Charlotte, North Carolina,
American Meteorological Society, Boston, USA. pp. 495-500.

Kaimal, J. C., J. C. Wyngaard, Y. Izumi, and O. R. Coté: 1972, ‘Spectral char-
acteristics of surface-layer turbulence’. Quart. J. Roy. Meteorol. Soc. 98,
563-589.

Katul, G., C. I. Hsieh, D. Bowling, K. Clark, N. Shurpali, A. Turnipseed, J. Albert-
son, K. Tu, D. Hollinger, B. Evans, B. Offerle, D. Anderson, D. Ellsworth, C.
Vogel, and R. Oren: 1999, ‘Spatial variability of turbulent fluxes in the roughness
sublayer of an even-aged pine forest’. Boundary-Layer Meteorol. 93, 1-28.

Katul, G. G., P. L. Finkelstein, J. F. Clarke, and T. G. Ellestad: 1996, ‘An inves-
tigation of the conditional sampling method used to estimate fluxes of active,
reactive, and passive scalars’. J. Appl. Meteorol. 35, 1835-1845.

Katul, G. G., S. M. Goltz, C. I. Hsieh, Y. Cheng, F. Mowry, and J. Sigmon: 1995,
‘Estimation of Surface Heat and Momentum Fluxes Using the Flux-Variance
Method above Univorm and Non-Uniform Terrain’. Boundary-Layer Meteorol.
80, 249-282.

Katul, G. G. and C. 1. Hsieh: 1999, ‘A note on the flux-variance similarity rela-
tionships for heat and water vapour in the unstable atmospheric surface layer’.
Boundary-Layer Meteorol. 90, 327-338.

Kronland-Martinet, R., J. Morlet, and A. Grossmann: 1987, ‘Analysis of Sound
Patterns Through Wavelet Transforms’. Int. J. Pattern Recognition and Artificial
Intelligence 1, 273-302.

Kumar, P. and E. Foufoula-Georgiou: 1994, ‘Wavelet analysis in Geophysics: An
Introduction’. In: E. Foufoula-Georgiou and P. Kumar (eds.): Wavelets in Geo-
physics, Vol. 4 of Wavelet analysis and its applications. Academic Press, San
Diego, USA, pp. 1-43.

Lu, S. S. and W. W. Willmarth: 1973, ‘Measurements of the structure of Reynolds
stress in a turbulent boundary layer’. J. Fluid. Mech. 60, 481-512.

Lykossov, V. and C. Wamser: 1995, ‘Turbulence Intermittency in the Atmospheric
Surface Layer over Snow-Covered Sites’. Boundary-Layer Meteorol. 72, 393—-409.

McNaughton, K. G. and J. Laubach: 1998, ‘Unsteadiness as a cause of non-equality
of eddy diffusivities for heat and vapour at the base of an advective inversion’.
Boundary-Layer Meteorol. 88, 479-504.

Milne, R., A. Mennim, and K. Hargreaves: 2001, ‘The value of the beta coefficient
in the relaxed eddy accumulation method in terms of fourth-order moments’.
Boundary-Layer Meteorol. 101, 359-373.

Obukhov, A. M.: 1960, ‘O strukture temperaturnogo polja i polja skorostej v
uslovijach konvekcii’. Izvestia AN SSSR, seria Geofizika pp. 1392-1396.

Oncley, S., T. Foken, R. Vogt, C. Bernhofer, W. Kohsiek, H. P. Liu, A. Pitacco,
D. Grantz, and L. Riberio: 2002, ‘The Energy Balance Experiment EBEX-2000’.

40


rj
Textfeld
40


RUPPERT ET AL.: SCALAR SIMILARITY, SS-23

In: 15th Conference on Boundary Layer and Turbulence. Wageningen University,
Wageningen, Netherlands, American Meteorological Society, Boston, USA. pp.
1-4.

Oncley, S. P., A. C. Delany, T. W. Horst, and P. P. Tans: 1993, ‘Verification of
flux measurement using relaxed eddy accumulation’. Atmos. Environ. 2TA,
2417-2426.

Pattey, E., R. L. Desjardins, and P. Rochette: 1993, ‘Accuracy of the relaxed eddy-
accumulation technique, evaluated using CO2 flux measurements’. Boundary-
Layer Meteorol. 66, 341-355.

Pearson, R. J., S. P. Oncley, and A. C. Delany: 1998, ‘A scalar similarity study
based on surface layer ozone measurements over cotton during the California
Ozone Deposition Experiment’. J. Geophys. Res. 103(D15), 18919-18926.

Rebmann, C., M. Goéckede, T. Foken, M. Aubinet, M. Aurela, P. Berbigier, C.
Bernhofer, N. Buchmann, A. Carrara, A. Cescatti, R. Ceulemans, R. Clement,
J. Elbers, A. Granier, T. Grinwald, D. Guyon, K. Havrankova, B. Heinesch,
A. Knohl, T. Laurila, B. Longdoz, B. Marcolla, T. Markkanen, F. Miglietta,
H. Moncrieff, L. Montagnani, E. Moors, M. Nardino, J.-M. Ourcvial, S. Ram-
bal, U. Rannik, E. Rotenberg, P. Sedlak, G. Unterhuber, T. Vesala, and D.
Yakir: 2005, ‘Quality analysis applied on eddy covariance measurements at com-
plex forest sites using footprint modelling’. Theor. App. Climatol. pp. DOIL:
10.1007/s00704-004-0095-y.

Shaw, R. H.: 1985, ‘On diffusive and dispersive fluxes in forest canopies’. In:
B. A. Hutchinson and B. B. Hicks (eds.): The Forest-Atmosphere Interaction.
D. Reidel, Norwell, USA, pp. 407—419.

Shaw, R. H., J. Tavangar, and D. P. Ward: 1983, ‘Structure of the Reynolds stress
in a canopy layer’. J. Climate Appl. Meteorol. 22, 1922-1931.

Simpson, I. J., G. W. Thurtell, H. H. Neumann, G. Den Hartog, and G. C. Edwards:
1998, ‘The validity of similarity theory in the roughness sublayer above forests’.
Boundary-Layer Meteorol. 87, 69-99.

Thomas, C. and T. Foken: 2005, ‘Detection of Long-term Coherent Exchange over
Spruce Forest Using Wavelet Analysis’. Theor. App. Climatol. 80, 91-104.

Wallace, J. M., H. Eckelmann, and R. S. Brodkey: 1972, ‘The wall region in turbulent
shear flow’. J. Fluid. Mech. 54, 39-48.

Watanabe, T., K. Yamanoi, and Y. Yasuda: 2000, ‘Testing of the bandpass eddy
covariance method for a long-term measurement of water vapour flux over a
forest’. Boundary-Layer Meteorol. 96, 473-491.

Wichura, B., N. Buchmann, and T. Foken: 2000, ‘Fluxes of the stable carbon isotope
13C above a spruce forest measured by hyperbolic relaxed eddy accumulation
method’. In: 14th Symposium on Boundary Layers and Turbulence, Vol. Confer-
ence Preprint. Aspen, Colorado, American Meteorological Society, Boston, USA.
pp. 559-562.

Wilczak, J. M., S. P. Oncley, and S. A. Stage: 2001, ‘Sonic anemometer tilt correction
algorithms’. Boundary-Layer Meteorol. 99, 127-150.

Wyngaard, J. C., O. R. Coté, and Y. Izumi: 1971, ‘Local free convection, similarity
and the budgets of shear stress and heat flux’. J. Atmos. Sci. 28, 1171-1182.
Wyngaard, J. C. and C.-H. Moeng: 1992, ‘Parameterizing turbulent diffusion
through the joint probability density’. Boundary-Layer Meteorol. 60, 1-13.

41


rj
Textfeld
41


APPENDIX 2 GF-1

Innovative gap-filling strategy for annual sums
of CO, net ecosystem exchange

J. Ruppert *>* M. Mauder® C. Thomas®¢ J. Liiers?®

aUniversity of Bayreuth, Department of Micrometeorology, Universitditsstrasse 30,
95440 Bayreuth, Germany

now Research Institute of the Cement Industry, German Cement Works
Association, Environmental Measuring Department, Tannenstrasse 2, 40476
Drisseldorf, Germany

b

“now Oregon State University, Department of Forest Science, 321 Richardson

Hall, Corvallis, OR, 97331, USA

Abstract

The determination of carbon dioxide net ecosystem exchange (NEE) using the
eddy-covariance (EC) method has become a fundamental tool for the investigation
of the carbon balance of terrestrial ecosystems. This study presents a strategy for
the processing, subsequent quality control and gap-filling of carbon dioxide eddy-
covariance flux measurements for the derivation of annual sums of NEE. A set of
criteria is used for quality assessment and to identify periods with instrumental
or methodological failures. The complete evaluation scheme was applied to data
recorded above a spruce forest at the FLUXNET-station Waldstein-Weidenbrunnen
(DE-Wei) in 2003. Comparison of this new evaluation scheme to the use of a friction
velocity (u.) threshold criterion of 0.3 ms™! indicates less systematic distribution of
data gaps. The number of available high quality night-time measurements increased.
This effect was most pronounced during summer, when data is essential for a robust
parameterisation of respiratory fluxes. Non-linear regression analysis showed that air
temperature and global radiation explain most of the variability of NEE and further
seasonal segregation of the data based on an objective method did not significantly
improve predictions at this evergreen forest site.
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Nomenclature

symbol description, unit

a ecosystem quantum yield, [mmolm—2s~1]

d displacement height, [m]

Ey parameter of Lloyd- Taylor function which describes temper-
ature sensitivity, [K]

f Coriolis parameter [s~!]

Fc COs net ecosystem exchange (NEE), [mmolm=2s7!]

Fo day CO2 net ecosystem exchange at day-time, [mmol m~2 s_l]

Fe sat CO2 net ecosystem exchange at light saturation,
[mmol m~2s™!]

Fg, corrected COg eddy flux, [mmol m~—2s~!]

Fr.10 ecosystem respiration rate at 10°C, [mmolm~2s~!]

FR cco ecosystem respiration rate at night-time, [mmolm=2s71]

Fy CO» storage flux, [mmolm=2s7]

- relative deviation of the integral turbulence characteristic
L Obukhov length, [m]
" global radiation, [Wm™2]

R? coefficient of determination

Sky standard error of linear regression, here in [mmol m~3]

t time, [s]

T air temperature, [K]

To parameter of Lloyd-Taylor function, [K]

Ty air temperature, measured with a platinum wire thermome-
ter, [°C]

Ty sonic air temperature, measured with a sonic anemometer,
[°C]

Us friction velocity, [ms™!]

Z4 normalising factor with the value of 1m

Zm measurement height, [m]

¢ stability parameter

pc mean COs density, [mmol m~3]

Ow standard deviation of the vertical wind velocity, [ms™!]
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Abbreviations

AGC-value diagnostic value which indicates if the optical path of the
LI-7500 is obstructed, [%]

CET Central European Time

De-Wei FLUXNET-station Waldstein-Weidenbrunnen, Fichtelge-
birge, Germany

NEE net ecosystem exchange, [mmolm~—2s~1]

PAI plant area index, [m? m~2]

PAR photosynthetic active radiation

PWD present weather detector

TK2 Turbulence Knight 2 evaluation software

1 Introduction

Carbon dioxide exchange of ecosystems with the atmosphere is investigated world-
wide at many stations by directly measuring turbulent fluxes applying the eddy-
covariance method (Baldocchi et al., 2001). The derivation of annual sums of the
CO2 net ecosystem exchange (NEE) requires careful assessment of the collected
data including criteria for rejecting invalid data and gap-filling strategies to replace
rejected and missing data. Standardised methodologies are proposed for most of
the necessary corrections to eddy-covariance data (Aubinet et al., 2000, 2003a).
However, strategies for gap-filling are still subject to discussion within the research
community (Falge et al., 2001; Hui et al., 2004; Gu et al., 2005). The comparison
of different methods (mean diurnal variation, look-up tables, nonlinear regression)
showed small differences in the accuracy of the gap-filling method itself but that
the accuracy is sensitive to the criteria applied to rate the data quality and reject
certain data (Falge et al., 2001). The quality assessment must effectively check for
instrument failures and for the fulfilment of the prerequisites of the eddy-covariance
method.

Especially the selection and treatment of night-time flux data bares the potential
for selective systematic error in annual sums of NEE due to underestimation or
double accounting of respiratory fluxes (Goulden et al., 1996; Moncrieff et al., 1996;
Massman and Lee, 2002). Often the validity of night-time flux data is rated accord-
ing to the friction velocity u.. Data are rejected based on an absolute threshold of
uy in order to exclude situations with weak turbulent mixing in which (i) often sta-
tionarity and development of turbulence are not sufficient for the eddy-covariance
method and (ii) the measured NEE seems to underestimate respiratory fluxes and
there is a chance for decoupling of exchange processes within the vegetation canopy

44


rj
Textfeld
44


RUPPERT ET AL.: INNOVATIVE GAP-FILLING STRATEGY, GF-4

(Aubinet et al., 2003a,b). COq is then suspected to leave the ecosystem by ways
that are not adequately accounted for by the eddy-covariance measurements and
modelled respiration rates are used instead. This method requires the objective de-
termination of a critical u, threshold (Gu et al., 2005), which can not be found
at all sites. The use of a fixed u, threshold often rejects a large proportion of flux
measurement data during summer nights. It is, however, especially during summer
nights when respiratory CO2 fluxes show the highest rates due to their positive
correlation with temperature. Therefore the correct representation of summer night
fluxes is essential for the derivation of the annual sum of CO2 exchange.

Many studies show that the rejection of periods with low u, values results in sys-
tematic decrease of annual sums of NEE in the order of 50-100 gCm~2a~! (Goulden
et al., 1996; Falge et al., 2001; Carrara et al., 2003; Hui et al., 2004) scaling with
the value of the wu, threshold criterion. Therefore, the use of absolute thresholds
in u, as data rejection criterion must be questioned as long as there is no direct
evidence for COs leaving the ecosystem by ways that are not adequately accounted
for during periods with low u,.. Consequently, more precise criteria are needed to
assess the quality of the flux data especially under low turbulence conditions.

This study presents a strategy for the processing, subsequent quality control and
gap-filling of COs eddy-covariance flux measurements for the derivation of annual
sums of net ecosystem exchange (NEE). It applies methods for quality control and
assurance proposed by Foken and Wichura (1996) and updated by Foken et al.
(2004). Instead of using absolute thresholds for a certain parameter of turbulence,
these methods assess the degree of stationarity in the flux data and the degree
to which the development of turbulence agrees with basic flux-variance similarity.
Both criteria represent fundamental prerequisites for the eddy-covariance method.
The evaluation scheme is tested with data from the FLUXNET-Station Waldstein-
Weidenbrunnen (DE-Wei). We analyse how the quality assessment influences the
distribution of gaps in the NEE dataset. Special attention is given to the availability
of measured data during summer nights for the determination of the night-time
respiratory fluxes and how the quality assessment relates to the use of a w, filter
criterion.

2 Method

2.1 FExperimental data

The FLUXNET-Station Waldstein-Weidenbrunnen (DE-Wei) is located in the Fichtel-
gebirge Mountains in Germany (50°08' N, 11°52'E,) at a forested mountain ridge
at 775m a.s.l. The COs-Flux measurements are performed on a 33m tall tower
over spruce forest (Picea abies) using a sonic anemometer (R2 until 19 May 2003,
since then R3-50, Gill Instruments Ltd., Lymington, UK) and an open path gas
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analyser for COg and HyO (LI-7500, LI-COR Inc., Lincoln, NE, USA). The forest
has a mean canopy height of 19m and a plant area index (PAI) of 5.2 (Thomas and
Foken, 2006a) and the terrain has a slope of 2° (Rebmann et al., 2005). Understorey
vegetation is sparse and consists of small shrubs and grasses. Further description of
the research site can be found in Gerstberger et al. (2004). The synoptic weather
code (WMO-code 4680, WMO, 1995) and visibility were obtained with a present
weather detector (PWD) and allowed for an exact determination of rain and fog
periods. Temperature was measured by a vertical profile of psychrometers and soil
temperature probes. Long and shortwave radiation was measured at the tower top.
A locally developed profile system measuring CO2 mixing ratios at eight levels from
0.03m to 33 m allowed determining the storage flux more precisely in summer dur-
ing the intensive experiment campaign WALDATEM-2003 (Wavelet Detection and
Atmospheric Turbulent Exchange Measurements 2003, Thomas et al., 2004).

2.2 Flux determination and flux corrections

Eddy-covariance measurements of turbulent fluxes are the basis for the annual NEE
estimation. In general, turbulent fluxes are calculated as the covariance between the
two high frequency time series of vertical wind velocity and a scalar, e.g. carbon
dioxide density, which are measured at one point. Inherent to these atmospheric
measurements are deficiencies which cause more or less important violations of as-
sumptions to the underlying theory. Therefore, quality tests of the raw data, several
corrections of the covariances as well as quality tests for the resulting turbulent
fluxes are necessary. For the analysis of the turbulence data set from the Waldstein-
Weidenbrunnen site recorded in 2003 the comprehensive software package TK2 was
used, which was developed at the University of Bayreuth (Mauder and Foken, 2004).
It is capable of performing the whole post-processing of turbulence measurements
and producing quality assessed turbulent flux estimates. The data analysis scheme
of the TK2 software package implements the current state of science including rec-
ommendations of an AMERIFLUX workshop covering methodological aspects of
eddy-covariance measurements (Lee et al., 2004). It consists of the following major
components:

e Detection of spikes after Vickers and Mahrt (1997) based on Hgjstrup (1993).

e Determination of the time delay between sensors (e.g. LI-7500 gas analyser and
sonic) using cross correlations analysis.

e Cross wind correction of the sonic temperature after Liu et al. (2001), if not
already implemented in sensor software (e.g. necessary for Gill Solent-R2, redun-
dant for Gill Solent R3-50 or Campbell CSATS3).

e Planar Fit method for coordinate transformation (Wilczak et al., 2001).

e Spectral corrections after Moore (1986) using the spectral models by Kaimal et al.
(1972) and Hgjstrup (1981).
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e Conversion of fluctuations of the sonic temperature into fluctuations of the actual
temperature after Schotanus et al. (1983).

e Density correction for scalar fluxes of HoO and CO2 and correction for mean
vertical mass flow after Webb et al. (1980).

e Iteration of the correction steps because of their interdependence.

e Quality assessment, applying tests for steady state conditions and well-developed
turbulence (integral turbulence characteristics) after Foken and Wichura (1996)
in the version proposed by Foken et al. (2004).

Additional to the built-in functions of the software package we rejected invalid COq
measurements due to sensor saturation or electrical problems by applying a site
specific maximum threshold to the absolute mean COs density pc of 17 mmol m ™3
and rejecting half-hour periods with extremely low variance in the COs density
(<0.02 pmol m~3). Few missing data in the radiation and temperature measure-
ments (about 4 days in 2003) were filled by calculating average diurnal cycles from
a 14 day period. Corresponding flux data was not included in the regression analy-
sis (Section 2.5). Further processing of the corrected CO2 eddy flux data (Fg), the
application of the quality criteria as well as the parameterisation and gap-filling pro-
cedures are summarised in Fig. 1 and are explained in more detail in the following
sections.

2.3 Flur data quality assessment

2.8.1 Environmental conditions

Environmental conditions at the FLUXNET-Station Waldstein-Weidenbrunnen are
harsh especially during winter time. Under humid conditions measurements with
the sonic anemometer and the open path CO2 sensor are frequently disturbed by
fog or ice formation at tower and instrument structures. Such disturbance does not
necessarily result in missing values so that data has to be carefully selected during
post processing, to eliminate all periods in which measurements of the CO» flux are
not trustworthy.

The PWD allowed efficient identification of periods with any form of precipitation or
fog (criterion 1, Fig. 1). We found that rain gauge measurements were not sufficiently
precise in the identification of light precipitation events, which already disturb sonic
anemometer and open path gas analyser measurements. When using an LI-7500,
an alternative way for identifying fog periods is recording the ’AGC value’ from
the digital output, which indicates disturbances within the measurement path. We
allowed a time of 30min after every precipitation or fog event for drying of the
instrument windows.
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The combination of humid and freezing conditions leads to ice formation on the
instruments in winter time. These situations were identified by comparing the sonic
temperature (7) of the sonic anemometer with air temperature measured at the
tower top with a platinum wire thermometer of a ventilated psychrometer (7},).
From Fig. 2 it is obvious that (i) the relation must be determined individually for
every sonic anemometer and (ii) large deviations occur only below or close to the
freezing point. Data for which the measurement of T’ is significantly disturbed could
be identified and flagged as bad quality (criterion 2, Fig. 1) by defining a confidence
interval from a linear regression of values above 0°C. Even when extrapolating this
regression line to -10°C its statistical uncertainty (p=0.05) is below measurement
precision (0.1K) due to the strong correlation and the large number of data. We
therefore used the linear regression line of positive temperature measurements +4c
as confidence interval for all measurements. Consequently, disturbed measurements
at negative temperatures, which are likely the result of ice blocking the measurement
path or the transducers of the sonic anemometer, are excluded.

2.3.2  Stationarity and developed turbulence

The tests for stationarity and developed turbulence which form the basis for cri-
teria 3 and 4 (Fig. 1) in this study were suggested by Foken and Wichura (1996)
and are discussed in detail in Foken et al. (2004). The stationarity test compares
the covariance calculated for a 30 min interval of turbulence measurements to co-
variances calculated from 5 min subsets of this data. The flux measurement is then
rated according to the relative difference by assigning quality flags. In this study
only data with relative differences of less than 30% were accepted as high quality
measurements (quality flag 1 or 2 after Foken et al., 2004).

The test on developed turbulence is based on the analysis of integral turbulence
characteristics. These test parameters are based on the flux-variance similarity
and are fundamental characteristics of atmospheric turbulence in the surface layer
(Obukhov, 1960; Wyngaard et al., 1971). Integral turbulence characteristics are the
ratio of the standard deviation of a turbulent parameter and its turbulent flux, e.g.
ow/ux. These are assumed to be nearly constant or a function of certain scaling pa-
rameters under the conditions of fully developed and unperturbed turbulence. They
can be parameterised empirically as a function of stability (Panofsky et al., 1977;
Foken et al., 1991) but also the Coriolis parameter f is discussed as scaling param-
eter (Yaglom, 1979; Tennekes, 1982; Hogstrom, 1990). While the test on developed
turbulence can be performed on a routine basis for the wind components, the in-
tegral turbulence characteristics of scalars have extremely high values under near
neutral conditions. Therefore, we restricted the quality assessment for developed
turbulence on the vertical wind component in this study. The empirical models for
normalised standard deviations that we used for the test on developed turbulence
are parameterisations presented in Foken et al. (2004) (see Table 1).

Similar to the test on stationarity, the development of turbulence is rated according
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to the relative difference between observed (o) and modelled (m) integral turbulence
characteristic (1):

_ | (ow/us)m — (ow/us)o
I, = (0w i) . (1)

Only data from periods with well developed turbulence (criterion 4) in which the
deviation was within 30 %, i.e. I, < 0.3, were accepted as high quality in this study
(quality flag 1 or 2 after Foken et al., 2004).

2.4 COy storage fluzx

A simple method for estimating the COq storage flux Fg from one point CO2 mea-
surements was suggested by Hollinger et al. (1994). It assumes the same mean COq
density pc for the entire air column below measurement height (zp,):

_ PC(i+1) — PC(i—1) 2)

Fg; m>
50 tit1) — ta-1)

where i denotes a certain measurement interval and ¢ the time reference of a mea-
surement interval. A comparison of eight level COqy profile measurements during
summer 2003 at the flux tower as well as studies by Rebmann (2003) showed that
this method is able to reflect changes in the canopy storage generally well. The
analysis of the storage flux data indicated that outliers were related to situations in
which the open path gas analyser signal showed sudden and unrealistic changes and
that these were often related to periods after rain events when the window of the
sensor was not yet dried completely. We therefore developed an additional criterion
(criterion 5 in Fig. 1) in order to remove spikes in the storage flux. We analysed
the standard error Sy, related to the derivation of the storage flux from the linear
regression of three subsequent half-hourly CO4 density measurements:

U s e T CaEP
Sxy_\/nm—z)[zy S S >

where z in this case is the time reference of the measurement periods ¢ and y is the
average COy density pc. Unlike the coefficient of determination R? the standard
error Syy is not adjusted to the variability of the CO2 data. It gives a measure
for the residuals expressed in absolute COs density and indicates periods, in which
the storage flux is uncertain because it is calculated from highly fluctuating pc
with the lack of a clear trend. Such situations occur when one of the half-hourly
measurements of p¢ is disturbed by measurement failures. Fig.3 shows that very
large values for the storage flux were related to high standard errors. We applied a
site specific absolute limit (Sxy < 0.1784mmolm™> = 40) in order to mark these
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data as bad quality (criterion 5, Fig. 1). Only after removing these data we were
able to also identify upper and lower limits of the absolute storage flux (|Fs| <
0.0053mmolm~2s~! = 4¢) for the identification and rejection of few remaining
outliers.

Valid measurements for the NEE (F() exist when both components (Fg and Fy)
are high quality data. By convention all CO2 fluxes into the atmosphere (upward)
and storage increase have a positive sign, while fluxes from the atmosphere into
the ecosystem (downward) or storage decrease have a negative sign. A final visual
control of the data was performed during the parameterisation procedure, when
data is grouped and plotted together with the functional dependencies on global
radiation and temperature.

2.5 Parameterisation and gap-filling

The regression analysis used as parameterisation scheme for the modelling of NEE
and subsequent gap-filling of the measured NEE dataset requires segregating day-
time from night-time data. This segregation was done on the basis of (i) calculat-
ing astronomical sunrise and sunset for the measurement site and (ii) evaluating
measurements of global radiation R, (Fig. 1). Only when both criteria indicated
night-time situation (between astronomical sunset and sunrise and Ry < 10 W m™2)
measured data was used for the night-time respiration regression. Time periods
during dawn and dusk were grouped with the day-time values, because the light
response regression is able to also represent values with low global radiation.

We used Michaelis-Menten functions (Michaelis and Menton, 1913; Hollinger et al.,
1999; Falge et al., 2001) for the light response regression:

a Rg FC,sat

— 4 F . 4
a Rg + FC,sat R.day ( )

FC,day =

Fc qay is the NEE during day-time, Fg gt the saturated NEE rate at Ry = oo and
a is the initial slope of the function. The offset of the function F 4.y represents the
respiration rate during day-time. The measured NEE data was grouped in temper-
ature classes and individual light response functions were determined for each class
(Rebmann, 2003), in order to reflect temperature dependencies present in the rate
of respiration and photosynthesis.

The Lloyd-Taylor function (Lloyd and Taylor, 1994; Falge et al., 2001) was used for
the regression analysis of night-time ecosystem respiratory flux rates FR eco:

Frtowo = Fi 19 e50l(1/(28315-To)—(1/(T~T0))] (5)

Parameters were determined for Fg 19, the respiration rate at 10°C (283.15K), and
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FEy, which describes the temperature sensitivity of respiratory fluxes, while Ty was
kept constant with a value of 227.13K as in Lloyd and Taylor (1994). Because the
temperature dependency is represented in the function, data was not segregated
into temperature classes for the night respiration regression.

In addition, data can be segregated into temporal classes in order to represent dif-
ferent seasonal and phenological stages more accurately. We tested a method based
on the thermal seasons after Rapp and Schénwiese (1994) and Rapp (2000) to objec-
tively split the data according to the annual cycle of air temperature. To smooth the
daily variability in air temperature without eliminating the characteristic weather
episodes of the year a low pass filter using a Gaussian weighting function was ap-
plied with a filter length of 60 days. The seasonal segregation can be integrated into

1%k

the parameterisation scheme at the position indicated with a ’*’ symbol in Fig. 1.

The modelled NEE is calculated from the meteorological data on global radiation
and air temperature and the functional dependencies described by the set of pa-
rameters. Similar to the measured NEE data, the parameterisations as well as the
resulting modelled NEE data should undergo a final visual control in order to de-
tect inconsistent data which may result from undetected spikes in the meteorological
data or calculation errors during parameterisation or modelling. The complete set
of gap-filled NEE data consists of the high quality measured NEE data and the
modelled NEE data from periods with poor data quality (Fig. 1).

3 Results and discussion

All data rated as high quality according to the criteria 1 to 5 (Fig. 1) were used for
the non-linear regression analysis of the light response of photosynthesis and night-
time ecosystem respiration. The night-time NEE data shows large scatter (Fig. 4)
similar to results presented by Goulden et al. (1996). Consequently the coefficient of
determination R? of the least square regression is relatively small when half-hourly
data is used for the regression analysis of night-time respiration (Tab. 2). Only af-
ter aggregating and averaging half-hourly data in temperature classes the functional
dependency is clearly visible and R? significantly increases, which corresponds to
results by Hollinger et al. (1994). We furthermore found for the aggregated and also
the individual half-hourly data that (i) the Lloyd-Taylor function resulted in better
regressions when not only the FR 19 parameter but also the temperature sensitivity
parameter Ey was fitted (Tab. 2). Reichstein et al. (2003) suggest that Ey depends
on soil water availability, which may explain the need for its adjustment for a specific
site. And (i) R? values were slightly higher when using the air temperature mea-
sured at 2m height for the regression analysis compared to using soil temperature
measured at 0.05m depth, which was also found for data from previous years (Reb-
mann, 2003). While the use of aggregated data leads to a good fit, it may represent
the data less accurately, as each temperature class contains different numbers of
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data. We therefore preferred to firstly identify a suitable functional dependency for
the regression analysis based on the aggregated data, i.e. Eq. (5) using aggregated
NEE and 2m air temperature data leaving out the bordering classes which contain
only very few data (Fig. 4 white circles). The resulting coefficients of determination
R? (0.86 compared to 0.45, Tab. 2) suggest to adjust the Ey parameter to local sites
conditions. Secondly, the final values for the function parameters Fg 19 and Ey were
determined from the least square regression with half-hourly data (Fig. 4 grey line).
The difference between large R? values of aggregated data and small R? values of
half-hourly data shows, that (i) temperature is a principle driver of the net ecosys-
tem exchange, but (ii) that other factors contribute to the large scatter observed
especially at higher temperatures. Therefore further refinement of the functional
dependency by including other ecological drivers like e.g. soil moisture (Reichstein
et al., 2003) may lead to more precise modelling of ecosystem respiration rates.

The regression analysis showed a distinct dependence of NEE day-time light re-
sponse on air temperature, which justifies determination of individual Michaelis-
Menten functions for different temperature classes (Fig. 5). The parameterisation
scheme was tested with 1K, 2K and 4 K air temperature classes. The 1 K air tem-
perature classes resulted in increased scatter in the temperature dependence of NEE
light response due to small numbers of data in the individual classes. The represen-
tation of the temperature dependence by 4K air temperature classes is relatively
coarse. Grouping in 2K air temperature classes was therefore chosen in order to
most precisely represent the temperature dependence. The coefficient of determina-
tion R? of the least square regression indicate that a large degree of the variation in
NEE is explained by the Michaelis-Menten functions (Tab. 3). Reduced R? for tem-
perature classes from -6 to 0°C correspond to larger scatter and smaller numbers
of available high quality NEE data under freezing conditions.

Additional segregation of data into seasonal classes (Section 2.5) did not result in
significantly different functional dependencies during the regression analysis. This
unexpected result may be explained by two reasons: (i) the temperature informa-
tion included in both the night respiration regression and in the light response
regression by determining individual functions for 2 K temperature classes already
contain a certain degree of information on seasonality (Kramer and Kozlowski,
1979; Hollinger et al., 1999; Suni et al., 2003), which therefore is incorporated in
the regression analysis indirectly, (ii) the evergreen spruce forest lacks a distinct
additional pattern of seasonality, which is often found e.g. for deciduous forest due
to plant physiological processes. We therefore did not use additional seasonal segre-
gation within the parameterisation scheme for the determination of the annual NEE
at the Waldstein-Weidenbrunnen site. As confirmation, an analysis of the residual
NEE, i.e. the difference between measured NEE and NEE modelled based on the
parameterisation scheme without seasonal classes, did not show distinct seasonal
dependencies. Temporal segregation may be required for other sites in order to rep-
resent seasonal changes and variability of other ecological factors correctly (Falge
et al., 2001, 2002; Reichstein et al., 2003). The segregation can then be integrated

9%

at the beginning of the parameterisation scheme marked with a *’ symbol in Fig.
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1. Other environmental variables controlling NEE, e.g. soil water availability, could
potentially be used like described in Section 2.5 in order to objectively define seasons
or periods. However, with temporal segregation the regression analysis, especially
for the night-time respiration, can lack statistical robustness due to the large scatter
in half-hourly NEE data, limited temperature ranges and the reduced number of
data in each seasonal class.

3.1  Fluz data quality assessment

A large number of measured high quality data is desired in general for the determi-
nation of the annual sum of NEE and the parameterisations used for gap-filling. For
the assessment of the scheme of quality control we compared the application of the
criteria 3 and 4 (stationarity and developed turbulence) to filtering the dataset with
a threshold criterion of uy > 0.3ms™! for low turbulent conditions. This threshold
value is intermediate of threshold values commonly applied to respiration measure-
ments at forest sites (Goulden et al., 1996; Greco and Baldocchi, 1996; Lindroth
et al., 1998; Carrara et al., 2003; Griffis et al., 2003; Rebmann et al., 2004; Gu
et al., 2005). Fig. 6 clearly shows that the data availability for night-time mea-
surements significantly differs in its pattern. Criteria 3 and 4 tend to reject data
in the early morning and late afternoon hours during which frequently extremely
non-stationary conditions are observed. Data gaps during night-time and day-time
show less systematic scatter and significant numbers of data are rated as high qual-
ity also during night-time. Compared to this pattern, the rejection of data by the
uy threshold criterion is much more systematic. Large proportions of the available
night-time data fall below the wu, threshold criterion. This pattern increases the
chance for selective systematic error in the annual sum of NEE (Moncrieff et al.,
1996). At the same time, the availability of night-time data is much more limited
with the use of the wu, threshold criterion. The selection of high quality data based
on the tests of stationarity and developed turbulence as prerequisites for the eddy-
covariance method (criteria 3 and 4) increases overall night-time data availability
by +9 % throughout the year. This effect is even more pronounced during the sum-
mer, +26 %, when nights are shorter, respiration rates are higher and robust data
is especially needed. Only when the u, threshold value is decreased to 0.16ms™?,
similar amounts of data from summer night-time measurements become available.

The frequency distribution of overall quality flags after Foken et al. (2004) ranging
from 1 high quality to 9 low quality in dependence of u, is presented in Fig. 7.
The quality flag is derived by combining the test on stationarity and developed
turbulence. The definitions of the criteria 3 and 4 (Section 2.3.2) correspond to
accepting data with quality flag 1 or 2 as high quality. A correlation of low and
medium quality ratings with low wu, is apparent for half-hourly flux data at wu,
below 0.25 m s~ . However, only at a u, of < 0.15m s~ ! more than 50 % of the data
is rated as medium or low quality (quality flag > 3) because the criteria 3 or 4
are not met. All data of medium and poor quality were rejected and gap-filled in
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this study. There is also a significant number of half-hourly periods, which exhibit
instationarity in fluxes or poorly developed or disturbed turbulent conditions, in
combination with fairly high values of u, (Fig. 8a and 8b). During these periods,
uy seems to be insufficient for rating the quality of the flux measurements. High
values of u, can occur under the presence of gravity waves. Gravity waves often
result in strong correlation of scalar values and vertical wind velocity, which is not
related to significant turbulent exchange (Foken and Wichura, 1996; Thomas and
Foken, 2006b). Consequently, the calculated covariances are often unrealistically
high. The covariances during these periods tend to show extreme instationarity
and the ratio of oy /u., i.e. the integral turbulence characteristic, is increased. The
tests on instationarity and developed turbulence (criteria 3 and 4) therefore provide
means to reject periods with the presence of gravity waves and to check for the
prerequisites of the eddy-covariance method more precisely than the use of a u,
threshold criterion. The analysis of the Waldstein-Weidenbrunnen data from 2003
shows that in general the u, threshold criterion is not sufficient to detect all periods,
in which the prerequisites for the eddy-covariance method are violated. Only for
the summer night-time measurements (Fig. 8c), the use of a very low u, threshold

criterion of 0.15ms™1!

could potentially indicate poor data quality in a manner
comparable to the criteria 3 and 4. The use of data down to relatively low values of
u, during summer (< 0.16 ms™!) is in general supported by an analysis applying
objective methods for the determination of critical u, thresholds (Gu et al., 2005).
The determination of a critical threshold of u, would require a well defined plateau
in NEE plotted against u, (Goulden et al., 1996; Gu et al., 2005), which is analysed

in the following section.

3.2 Systematic dependence of night-time NEE on u,

Another reason for the use of a u, threshold criterion in many studies is the observa-
tion of systematically reduced flux rates measured above canopy under conditions
of low turbulent mixing. Generally, a systematic scaling of COs fluxes with w,
should be expected from K-theory (Massman and Lee, 2002). However, biological
source strength during night-time is assumed to be independent of turbulent mix-
ing (Goulden et al., 1996). The deficit should then be explained either by storage
accumulation below measurement hight or COs leaving the forest in ways that are
not adequately accounted for, e.g. by advection. In order to assess the relationship
between u, and night-time NEE after rejection of medium and low quality data
(criteria 1 to 5), remaining summer night-time eddy-covariance flux Fr data was
plotted in dependence of u, aggregated in 0.05ms~! bins (Fig. 9a, dashed line). It
shows the expected scaling of COy fluxes with u,. The storage flux Fg (dash-dotted
line) used for the derivation of NEE, F¢ (solid line) in Fig. 9a and normalised NEE
Fig. 9b (dots) is calculated from measurements performed with the eight point pro-
file system (0.03 m to 33 m a.g.l.). Therefore it represents the canopy storage changes
more accurately than the storage flux derived from the COs measurements at tower
top (Section 2.4). The NEE data in Fig. 9b was normalised by NEE modelled with
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parameters from the night-time regression analysis with air temperature.

From the 2003 data (Fig. 9a) as well as from previous years data (Station Bayreuth
data presented in Aubinet et al., 2000) there is no indication of systematic accumu-
lation of COg in the forest canopy during conditions with low turbulent mixing. Con-
sequently, also for storage corrected night-time NEE a typical scaling with u, mea-
sured above canopy is found at the FLUXNET-station Waldstein-Weidenbrunnen.
Fig. 9a and Fig. 9b show the lack of a plateau in NEE. The levelling of bin aggregated
NEE (Fig. 9a) is rather an effect of significantly reduced numbers of representative
data left above a value of u, = 0.6 ms~! (Fig. 8c) than of saturation in NEE.
Therefore, the use of a critical u, threshold lacks justification also during summer
nights. For the summer night-time data (Fig. 9a) we can not attribute the pattern
to inadequate vertical profile resolution within the canopy space like suggested in
Gu et al. (2005). However, measurements at 0.03m and 0.30m indicated a mod-
erate accumulation of COqy very close to the forest floor in periods with very low
u4. These measurements represent only a very small volume of the canopy air so
that this accumulation does not compensate the reduction of the CO2 flux observed
above canopy at low values of u,. Still, they indicate, that respired CO4 is accumu-
lated at the forest floor and likely even more within the litter and top soil. Adequate
representation of such storage components below the canopy space would require
to (i) extent CO2 mixing ratio measurements into the forest floor (Rayment and
Jarvis, 2000; Tang et al., 2003) and to (ii) assure sufficient horizontal representation
of these measurements in order to reduce effects of small scale heterogeneity in the
ecosystem (Buchmann, 2000; Gu et al., 2005).

The lack of any significant CO2 storage accumulation in the overall forest canopy
measured with an eight point profile system during low turbulent conditions (Fig.
9a) could be explained either by significantly reduced COg release from the soil
or very efficient horizontal transport. The latter was tested by measurements of
horizontal COs gradients, which were performed during the WALDATEM-2003 ex-
periment. The exemplary analysis of COq gradients in very stable nights with very
low us which showed downhill katabatic air flows did not indicate significant hori-
zontal advection which could explain the reduced values in NEE.

Patterns similar to those found for absolute NEE data in Fig. 9a and for nor-
malised half-hourly NEE data in Fig. 9b from the FLUXNET-Station Waldstein-
Weidenbrunnen were reported for other sites by Massman and Lee (2002) and Gu
et al. (2005). These were named as examples for situations in which no critical
threshold in u, exists and in which likely the effect of 'pressure pumping’ is con-
tributing to the observed pattern. Pressure pumping means, that the release of CO4
from the soil into the canopy air-space is controlled to a large extend by strong ex-
change events like coherent structures which penetrate the forest canopy and change
the pressure field at the soil surface. Presuming the existence of pressure pumping,
the systematic rejection of low NEE values at low values of u, would most likely
introduce ’double accounting’ of respiratory fluxes into the annual sum of NEE
(Aubinet et al., 2000), because night-time respired COg is then released from the soil
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predominantly during periods of vigorous turbulence in which normally the prereg-
uisites for eddy-covariance measurements are given. The corresponding night-time
respiration of COs is then adequately accounted for later during the morning.

Especially for flux measurements above tall vegetation, any systematic rejection of
data beyond the assessment of flux measurement quality (criteria 1 to 5) should
therefore be justified by more precise measurements or parameters describing the
complex exchange processes. There should be clear evidence for COq leaving the
forest by ways that are not accounted for by the eddy-covariance system in order
to prevent the risk of double accounting of fluxes from systematic rejection. Based
on the relation between summer night-time NEE and u, we decided not to apply a
u, threshold criterion additional to the criteria 1 to 5. The application of criteria
3 and 4 makes the use of u, for the assessment of the quality of the turbulent flux
measurements by the eddy-covariance method obsolete.

The annual sum of NEE calculated by applying the complete data processing scheme
presented in Fig. 1 and using the criteria 1 to 5 for the quality assessment was
determined with -398 gCm~2. Likewise for many other flux stations we find that
the use of a u, threshold criterion would significantly change the annual sum of
NEE. The change amounted to +51gCm™2 (annual sum of NEE: -347 gCm™—?2)
when rejecting all measured data with u, < 0.3ms™ 1.

4 Conclusions

The combination of data quality criteria presented in this study provides means to
efficiently select high quality flux data based on the fundamental prerequisites of the
eddy-covariance method (criteria 3 and 4) and on meteorological conditions (criteria
1 and 2). The data selection forms the basis for subsequent parameterisation and
gap-filling of NEE measurements for the derivation of annual sums of NEE.

Flux data quality assessment with tests on stationarity of fluxes and on developed
turbulence (criteria 3 and 4) lead to a less systematic distribution of data gaps
compared to the use of a u, threshold criterion of 0.3ms™ 1. Tt may therefore help
to reduce the risk of selective systematic error in the annual sum of NEE. At the
same time it significantly increased the number of available high quality night-time
measurements, especially during summer, giving a more robust basis for the param-
eterisation of respiratory fluxes and for the derivation of the annual sum. Data rated
as low quality at higher values of u, indicate, that the w, criterion is not sufficient
for the assessment of the prerequisites of the eddy-covariance method. Especially
above forest sites, any further rejection of data related to the dependence of night-
time NEE on turbulent mixing or decoupling within the canopy should use more
specific information than wu, measured above the canopy in order to prevent the
risk of double accounting of respiratory fluxes. Extended COy concentration mea-
surements at the forest floor could provide more detailed insight into characteristic
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patterns of COy exchange from below the canopy.

The determination of temperature dependent light response functions integrates
information on seasonality so that further segregation of data into seasonal classes
did not significantly improve the parameterisation scheme applied to data from the
evergreen forest site Waldstein-Weidenbrunnen.
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6 Tables
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Table 1
Recommended parameterisations for the integral turbulence characteristics of the
vertical wind component oy, /u, (Thomas and Foken, 2002; Foken et al., 2004).

Integral turbulence stability ranges
characteristic ¢ <-02 02< (<04 ¢>04
O/ Us 2.0(¢)"/8 0.21In((z4 f)/(us)) + 3.1 1.3(¢)

¢, stability parameter ((zm — d)/L); z4, normalising factor with a value of 1m; f,
Coriolis parameter.
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Table 2
Coefficients of determination R? from night respiration regressions with fixed or
fitted temperature sensitivity parameter Ej.

Ey=308.56 Ej fitted

R2 (half-hourly data) 0.10 0.18
R? (2K bin aggregated data) 0.45 0.86
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Table 3
Coefficients of determination R? from light response regressions and high quality
NEE data availability for 2 K air temperature classes.

2K air temperature classes: -6 to 0°C 2 to 28°C

range of R? 0.17 to 0.42 0.42 to 0.74
average R? 0.28 0.61
average number of data 99 267
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7 Figures
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Fig. 1. Scheme of the step by step data handling and processing for the calculation
of annual sums of NEE. Rectangular boxes represent sets of data. Rounded boxes
represent steps in data processing. For an explanation of symbols and abbreviations
refer to the Nomenclature at the beginning of the paper. Temporal segregation can

be included into the evaluation scheme at the position marked with a

7 symbol.
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Fig. 2. Air temperature 7, measured at 31 m above ground compared to the
sonic temperature Ty recorded with (a) a R2 or (b) R3 sonic anemometer at the
FLUXNET-Station Waldstein-Weidenbrunnen in 2003 (dots). The solid lines rep-
resent a linear least square regression based on all data above 0°C. Dashed lines
indicate residuals of plus or minus four standard deviations from the linear regres-

sion.
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Fig. 3. The storage flux, Fy plotted against the standard error, Sy, of the linear
regressions are the basis for the criterion 5 (Fig. 1) in which a limit of 4 standard
deviations (dashed lines) was used in order to flag outliers. Data was recorded at
the FLUXNET-Station Waldstein-Weidenbrunnen in 2003.
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Fig. 4. Regression of night-time net ecosystem exchange, Fo against air tempera-
ture, T, at 2 m above ground for all high quality half-hourly data (dots) and 2K
bin aggregated data (circles). The grey line indicates the least square fit of the ex-
ponential equation proposed by Lloyd and Taylor (1994) to the half-hourly data
with variable FR 10 and Ey and fixed Tp = 227.13.
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Fig. 5. Dependence of day-time net ecosystem exchange, NEE, F¢ (surface) and
night-time NEE (black line) measured at the FLUXNET-Station Waldstein-Wei-
denbrunnen on air temperature 7, (2m a.g.l.) and global radiation R, modelled
with parameters from the regression analysis using Michaelis-Menten functions
(1913) for the light response regression and the Lloyd-Taylor function (1994) for

the regression of night-time ecosystem respiratory fluxes.
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Fig. 6. Distribution of quality data by day and hour through 2003 obtained at
FLUXNET-Station Waldstein-Weidenbrunnen using criteria based on (a) station-
arity and integral turbulence characteristic tests (criteria 3 and 4) and (b) friction
velocity, u, < 0.3ms~!'. White areas indicate accepted and black areas rejected
data with grey areas indicating missing data due to rain, fog, ice (criteria 1 and 2)
or instrumental failures. The dotted lines indicate astronomical sunrise and sunset.
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Fig. 7. Dependence of frequency distributions of quality flags after Foken et al.
(2004) for the COy eddy flux data at the FLUXNET-station Waldstein-Weiden-
brunnen on friction velocity, u, aggregated in 0.05ms~! bins. Diamonds indicate
the median, box boarders the 25 % and 75 % percentile and lines the 10 % and 90 %
percentile.
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Fig. 8. Histograms of (a) day-time half-hourly net ecosystem exchange, NEE and
(b) and (c) night-time half-hourly NEE measured at the FLUXNET-station Wald-
stein-Weidenbrunnen for 0.05ms~! bins of friction velocity, u, - (b) all nights and
(c) summer nights only. The grey part of the bars represents data rated as high qual-
ity according to the criteria 1-5 (Fig. 1), while the black part of the bar represents
medium or poor quality data.
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Fig. 9. Dependence of (a) CO2 eddy flux, Fg, storage flux, Fg and net ecosystem
exchange, NEE, F¢ and (b) normalised NEE on friction velocity, u, measured at
the FLUXNET-Station Waldstein-Weidenbrunnen during summer 2003 (June, July,
August).

&


rj
Textfeld
RUPPERT ET AL.: INNOVATIVE GAP-FILLING STRATEGY, GF-34

rj
Textfeld
75


APPENDIX 3 REA-1

Whole-air relaxed eddy accumulation for the measurenent of
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Abstract

Measuring the isotopic composition of trace gas fluxes peovide additional information on ecosystem gas
exchange, when ecosystem processes, like assimilatiomndisate against heavier isotopes. In the case of CO
exchange, different mass-balances for bulk,@@d its**CO, or CO®0 isotopes can be used to separate respiration
from photosynthetic assimilation. Up to now, detectorsdioect isotope measurements in the field lack the pretisio
needed for fast eddy covariance (EC) flux measurements. dlilexton of updraft and downdraft whole-air samples
using the relaxed eddy accumulation technique (REA) allows simebusly determining trace gas concentrations
and isotope ratios by high precision laboratory analysisth&t same time whole-air REA relaxes several of the
technical problems related to REA sampling on traps.

In tests using air from a tank the complete whole-airAREampling system and its foil balloon bag reservoirs
showed no signs of contamination after cleaning. The stardiavidtions ofs**C and3*®0 isotope ratios were only
slightly higher than the precision specified for the ladiory analysis procedure. Results from a field experiment
above a spruce forest showed (i) a good match of samples taith the whole-air REA system and an independent
vertical profile air sampling system and (ii) that isotomlifferences (updrafts—downdrafts) were large enough to
yield signal to noise ratios greater than five when apygyyperbolic deadbands during REA sampling (HREA). The
performance of the instrument and the HREA sampling methodreestigated by simulation of the sampling
process for bulk C@ which serves as proxy scalar.

Measurements by whole-air HREA in combination with high psixei isotope analysis can quantify the isofluxes
of Y*C0, and C3®0. Furthermore, additional information is collected on thelar correlation of bulk C®and its
stable isotopes, which represents the relatively shogdoale of updrafts and downdrafts in the turbulent exchange
above the canopy. This information is essential to checlstadar similarity assumptions made in the HREA and
EC/flask method for the quantification of isofluxes.

Index terms:
0315 Biosphere/atmosphere interactions (0426, 1610)
0394 Instruments and techniques
0454 Isotopic composition and chemistry (1041, 4870)
0490 Trace gases
0428 Carbon cycling (4806)

Keywords: Relaxed eddy accumulation, Isotope, Trace-gas flux, Trasesggpling, Carbon flux

Manuscript prepared for submissionto Journal of Geophysical Research — D: Atmospheres
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1. Introduction

In recent years, a special interest was to quantify ifitopic composition of COflux
densities above different ecosysterBaling et al, 2003a;Ehleringer et al. 2002;Yakir and
da S. L. Sternberg2000]. Such measurements provide means for identifying the thdiVi
contributions of sources and sinks with different isotopignature to the COnet ecosystem
exchange (NEE) and the rate of internal recycling of,C€qg. in the canopy space of forests
[Lloyd and Farquhar 1994;Lloyd et al, 1996; Yakir and Wang1996]. Two different mass-
balances for bulk C@and its isotopes can be used to separate respiration fssimilation,
which discriminates again$iCO, and C3%0 [Bowling et al, 2001;Wichura et al, 2000].

Different eddy sampling methods like relaxed eddy accumula(REA) [Businger and
Oncley 1990] are commonly used to measure trace gas fluxes in the bgulagar when fast
high precision chemical sensors are not available for eddwriance (EC) flux measurements.
Eddy sampling methods are passive in the sense that they dmadify the turbulent gas
exchange of the ecosystem. Therefore such measuremerteraplementary to measurements
with enclosures e.g. on individual parts of the ecosystemcamdbe used for their validation.
Measurements of the turbulent exchange above an ecosystem pirdeitheation with a spatial
integration that can close a gap of scale between figogtudies at leaf or branch scale and
atmospheric isotope studies and large scale modeling apprd@tdmeadell et al. 2000;Kaplan
et al, 2002; Yakir and da S. L. Sternberg2000]. This is especially important for the
investigation of carbon budgets of forests, because in talltaiga complex gas exchange
processes exist.

The ability to analyze the isotopic signature of the turbuexthange is mainly limited by the
measurement uncertainty regarding the,G&dtope ratios at small differences of bulk €0
mixing ratios Bowling et al, 1999a;Bowling et al, 1999b;Bowling et al, 2003b;Zobitz et al,
2006]. Most studies on isotope flux measurements above the cdoopy on the evaluation of
the *C-isotope signatures. In general, the difference of jsetsignatures in the G@xchange
during the day is expected to be larger f8D-isotopes, because th#-isotope signature of
CO, can equilibrate wit?0-depleted soil water andO-enriched leaf water pool&'pkir and
da S. L. Sternberg2000]. CG%0 isotope fluxes could therefore yield more independent
information on assimilation and respiration. However, measent results presented by
Bowling et al.[1999a] were less uniform, which might reflect higher temgdcand spatial
variability of the water pools.

The aim of this study is to present a method for the mesmant of*CO, and CG®0 isotope
fluxes based on the hyperbolic relaxed eddy accumulation metH®EA) and whole-air
sampling. The application of the hyperbolic sampling criteriaximizes scalar concentration
differences Bowling et al, 1999b]. Whole-air sampling allows subsequent high precision
isotope analysis in a laboratory directly from the wtelated updraft and downdraft air
samples Bowling et al, 2003a]. With the construction of a new sampling systemaineed at
further improving the accuracy of isotope sampling espldat ‘%0 isotopes. Sample volumes
were increased in order to also allow direct and preaisaysis of the corresponding bulk @O
mixing ratios. The integrity of isotope samples and phng accuracy was thoroughly tested in
the laboratory and in the field by comparison with independreasurements above a spruce
forest during the experiment WALDATEM-2003.

The combined information of C{sotope ratios and mixing ratios in updraft and dowrfidra
air samples is used to analyze the scalar correlatitigiwis a basic assumption in the HREA
and EC/flask methodsBpwling et al, 2003a]. Based on the measured bulk,Cthe HREA
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sampling procedure and flux determination method are validetaegquested bBowling et al.
[1999a] ancKramm et al.[1999]. The methodological performance of HREA is investigdied
simulation of the sampling process. However, the effecsampling efficiencies determined
from measured bulk CQlata are taken into account tbie determination of turbulent isofluxes.

2. Theory

In the conditional sampling or relaxed eddy accumulation method (RBAsinger and
Oncley 1990] the turbulent flux density is determined from the concewmatiifference
measured in updraft and downdraft air samples. This cdretion difference is scaled with the
intensity of turbulent vertical mixing measured by the damal deviation of the vertical wind
speedos,, based on the assumption of flux-variance similarity. Becaaisesampling is not
proportional to the vertical wind speed, it is refertedas relaxed sampling. Consequently, REA
is an indirect method for flux measurements. It relies opaaameterization in which the so
called b-factor is determined from a second scalar quantity (pregglar) which shows
similarity in its atmospheric transport (scalar sinity, [Ruppert et al. 2006b;Wyngaard and
Moeng 1992]) and for which the fluctuations of its concentrati@am de measured in the field
with high temporal resolution:

F, =bo,p,(c, -c.). 1)

F¢ is the turbulent flux density of the scalar p, is the dry air densityc; andc, are the
average scalar concentrations respectively in updraftdowndraft air samples expressed as
dry air mixing ratios.

For the proxy scalamormally F. is determined by eddy covariance (EC) measurements
(F=wc" ), wher@' and c' are the fluctuations of the vertical wind speadand scalar
concentrationc around their average values. The over bar denotes Reynoldagigr The
proportionality factorb can then be determined for the proxy scalar by rearranffipgither
based on (i) simulation of REA sampling on high frequency sditta¢ series and its resulting
concentration difference; €, or based on (ii) measured concentration difference feain r
REA air sampling for the proxy scalar:

wc'

b= _ )
pacsW(cT = j

Many studies demonstrate the relative stability of averdefactors in unstable and
moderately stable condition&ifnmann and Meixne002;Baker et al, 1992;Beverland et al.
1996a;Foken et al. 1995]. Nevertheless, significant variability bffactors for individual 30
min periods is observed, and different factors are dised$sao 1995;Guenther et al.1996;
Oncley et al. 1993; Pattey et al. 1993; Ruppert et al. 2006b]. Several studies point out, that
skewness in the joint frequency distribution (JFD)véfandc' and structures in the turbulent
exchange are causing changeg+factors Fotiadi et al, 2005;Katul et al, 1996;Milne et al,
2001;Ruppert et al.2006b]. The study bRuppert et al[2006b] attributes observed variation
in the scalar exchange to events at time scales >60 slifitiis the use of a uniqub-factor for
all times and asks for the determination of individbahctors for each sampling period. Under
the assumption of scalar similarity, thefactor determined for a proxy scalar by (2) is used to
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derive the turbulent flux density of the scalar of interesbnir its measured average
concentration difference between updraft and downdraf B&mplesc, €, by solving (1).

Application of a wind deadband for small vertical wind sggein which no samples are
taken, increases the concentration difference between ugdraft and downdraft air
accumulation reservoirs and thereby the certainty of the fineasurement, especially if
chemical sensor resolution is a limiting fact@usinger and Delanyl990;Delany et al, 1991].
At the same time, thb-factor decreases with the size of the deadband. The deadband size
H,, is normally defined in reference to the normalized wattivind speed fluctuations:

WI

(o)

<H,. 3)

w

In the hyperbolic relaxed eddy accumulation method (HRE®) deadband rejects not only
samples with small fluctuations of the vertical wind spegdbut also samples with small
deviations from the mean scalar concentration, which furtihereases the concentration
differencec; €, Bowling et al, 1999b;Bowling et al, 2003a]:

wc'
[0

<H,. 4)

(o)

The hyperbolic deadband with the sikg must be determined online from a proxy scalar
measured with high temporal resolution, which again assuscalar similarity. A deadband
reduces the frequency of valve switching during sampling anidleasame time, the number of
samples used for flux calculation. It also reduce the itigitg of REA methods to uncertain
definition of the mean vertical wind speadneeded for segregating samples in the up and down
reservoirs Businger and Oncleyl990;Pattey et al. 1993]. Details on the sampling method and
procedures used in this study are described in Sectionc®ndparison of general characteristics
of eddy sampling methods like REA and HREA and different sesirof error for flux
determination are presented in a papeRwppert et al[2002].

3. Methods and Material

The design of the whole-air REA system goes back to the pieximeas for conditional
sampling of trace gase8(isinger and Oncleyl990; Delany et al, 1991; Desjardins 1977,
Oncley et al, 1993; Pattey et al, 1993] and is based on a design presente@®bwling et al.
[2003a] in which foil balloon bags serve as intermediate gtorfar updraft and downdraft air
samples at ambient pressure.

3.1. Scalar similarity

The determination db-factors in the REA method and the online definition of a hyperboli
deadband (i.e. in the HREA method) requires the selectieprbxy scalar, which shows good
scalar similarity with the scalars of interest. Rhis study the bulk C@density signalfco,) of
an open path gas analyzer was selected as proxy goaldre estimation of the scalar intensity
of °C and*®0 isotope$ of CO,. The assumption is, that bulk G@ensity shows sufficient

1 3¢ and™0 isotope ratios in this study refer to the isotope cosifan of CQ,, i.e. the ratio of*CO, or CO*0 to
bulk CO,. The isotope ratio is expresseddmotation. All3**C ands*®0 values are reported relative it and*®0
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scalar similarity with the unknown fast fluctuations of th®{sotopic composition. A detailed
discussion of the effects of scalar similarity in REI&X measurements is presentedRyppert
et al.[2006b].

We are confident, that the assumption is justified astdar the efficient selection of the
strong up- and downdrafts by a hyperbolic deadband, as alli€@ope turbulent exchange is
part of the bulk CQ turbulent exchange. Also, linear relationships betweendtf@ isotope
ratio and bulk C@mixing ratio of whole-air samples collected at timegssatlown to 500 ms
and of REA samples are reported Bpwling et al.[1999a; 2001]. Nevertheless, if considering
the location of sources and sinks in the ecosystem indivigémi bulk CO,, **CO, and CG°0,
some difference in the scalar exchange should be expest@idh might also affect scalar
similarity. Less scalar similarity would introduce®rme error in HREA flux results with a
tendency for underestimating the fluR(ippert et al. 2006b]. The assumption of scalar
similarity made here is therefore tested by investigatimgs'*C/CQO, and §'%0/CQ; relations
(Section 4.4).

The following sections describe the implemented online turimdedata analysis, the HREA
sampling procedures, the whole-air REA system design for fiighision isotope and trace-gas
sampling and sample analysis.

3.2. Axis rotation and hyperbolic deadband definition

A three-dimensional planar fit rotation matrix was detered based on 1 month of wind
velocity data from the sonic anemometer used for eddy riamvee and REA sampling. It
indicated good horizontal orientation of the sonic anemomaet that only minor planar-fit
corrections were necessary for the vertical wind speed.

The determination of the turbulent G&ux densities from EC measurements was performed
with the TK2 software packagdfauder and Foken2004] and common corrections and quality
control measures were applied as outlinediuppert et al[2006a] including a WPL-correction
for density fluctuations\Vebb et al. 1980] and a planar-fit rotatioWfilczak et al. 2001] with a
vertical wind speed offset correction of 0.032 m.

The problem of axis rotation for REA was raisedBgverland et al[1996b] andMoncrieff et
al. [1998]. We addressed this issue by applying the previously daiethplanar-fit correction
to the vertical wind component online during HREA sampling andevibereby able to correct
the vertical wind speed offset. The coordinate rotationhaf planar-fit correction (<3°) was
applied slightly incorrect to the online data used during AREAmpling. This was due to an
unidentified azimuth rotation of 120° between the sonic anemamateonline data and stored
data. However, simulations showed, that this had only minfluence on the updraft and
downdraft HREA sample segregation under the conditions of thALBMATEM-2003
experiment. The resulting relative error of the HREA camication difference due to the
erroneous online planar-fit rotation was —2(+3)%. This indisatesmall underestimation of the
concentration difference on average, i.e. slightly reducédierficy in sampling the maximum
concentration difference. This equally applies to the prosglar and the scalar of interest.
Therefore, the turbulent flux densities will hardly be edigh if they are calculated from
measured effectivle-factors for the proxy scalar like in this study.

isotopic abundances in the international VPDB (Vienna Pe=Baemnite) and VPDB-Cgstandards
respectively (CG99 scale, see details\Wefner et al.2001] and Werner and Brang2001]):
FEC=[(MCFCsampie-(CI*C)vppel/ (*C/**C)yppe]- 1000 (%0 VPDB).

P 0=[[(**O/*°O)sampie-(*°0/**O)vpos.cod/(*0/*®O)vpos.cod- 1000 (% VPDB-CQ).
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In general, the problem of axis rotation and definition of theigat wind vector for REA and
HREA can be addressed. Like described above the planeoffiection method can be applied
as detailed axis rotation procedures for the correatifaie vertical wind speed based on fast
online analysis of the 3D wind data with a computer. This ba done without time lags from
filter functions as asked for byloncrieff et al.[1998] as long as (i) a 3D sonic anemometer is
installed long enough before REA sampling to collect aigtiaally meaningful amount of wind
data specific to the site, sonic anemometer and itsntaton and (ii) the anemometer
orientation remains unchanged for REA sampling. Bothegdtcan easily be met when REA
sampling is performed at sites with permanently idsthleddy covariance measurement
systems, e.g. at FLUXNET sites.

For the online definition of the hyperbolic deadband during REfAEing according to (4)
the vertical wind speed fluctuationg were determined from the 3D wind vector after applying
the planar-fit correction. The standard deviation of the igattwind speed as well as the
average and standard deviation of the,@@nsity were continuously recalculated from the most
recent 6 min of data applying a linear weighting function blyiet the newest data was rated
three times more important than the oldest data.

3.3. Whole-air REA sampling system and sampling procedure

From close to the measurement path of a sonic anemometiexr sampled through a 1 ym
filter and 5 m of Dekabon tubing with polyethylene as innedlivmaterial with a total flow rate
of 6.6 L min*, which assures predominantly turbulent flow (Reynolds numt2#33) in the
inlet tube. Plumbing in the system consisted of stamkigel tubing and fittings. All steel and
glass material in the system was thoroughly cleaned befssembling by threefold rinsing with
Acetone:Hexane 1:1 (nanograde) and subsequent heating. ConnedtierRBA system and to
the glass flasks is made using quick connectors and ultragl@ss connectors. Viton® only is
used as seal material also in membrane pumps and valhesaif stream is splitted into a
bypass and a sub-sample of 3 L mir{Figure 1a). Only the sub-sample is used for REA
sampling of updrafts and downdrafts. Constant flow rates0(5%) with minimum pressure
drop as asked for bBowling et al.[1998] andMoncrieff et al.[1998] are achieved by using low
pressure drop flow meters in combination with pulse-widthmpumotor drivers for the
adjustment of constant pump performance, instead of flomtrollers. A Nafion® gas-dryer is
used for pre-drying of the sample air. Two three-way valx&k, V2) direct the sample into the
vent (deadband) or the bag 1 or bag 2 reservoirs according gighef the vertical wind speed
and the size of the deadband (updraft, downdraft). Duringl feMperiments the definition of
bag 1 and bag 2 as reservoirs for REA updraft or downdrafipsssrwas switched after each
sampling interval in order to minimize any systematifiiance of one sampling path. A third
non-operating valve of the same kind is installed to astheesame flow restriction on all three
flow paths. The time lag (7 ms) resulting from the separabf the sampling valves V1 and V2
and the selected flow rate and the valve response time21fs) are small enough in relation
to a desired sampling frequency of 10 Hz (100 ms). In otdallow for larger sample volumes,
each bag reservoir consists of two 45 cm diameter Myl&i®balloons, which are equipped
with stainless steel filling tubes, partially perforatédserted through the foil valve of the
balloons and joined with a T-fitting (not shown in Figure &ad 1b). An airtight seal was
achieved by wrapping strong rubber band around the filling tube ahd/dlve. After REA
sampling and before filling into 1L glass flasks with PEH stopcocks the air from the
reservoirs is further dried by passing through drying tralbedf with magnesium perchlorate
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granulate (Mg(ClQ),). Backpressure valves at the system outlet constartiytain +500 hPa
over ambient pressure in the drying traps and glass flaskerder to minimize potential
fractionation by adsorption/desorption processes at thevelatiarge surfaces of the granulate
and flasks.

The dead volume of the bag reservoirs, which cannot be removepumping, is about
20 mL. Nevertheless, all old sample in the reservoirsrésnoved effectively (dilution
>>10000:1) prior to REA sampling by flushing the bag reservoirs tiwes with 10 L of dried
air from sampling height through the flushing unit and emptyingthiaflask-fill units. During
a third flushing cycle the bag reservoirs and the two flakkihits are then conditioned with
dried air from sampling height. The bag reservoirs are edm@nd conditioning air remains in
the drying traps and glass flasks during the next 30-40 min R&#pling procedure. Normally
about 10 to 15L of updraft and downdraft air were collecteithiw 30-40 min of REA
sampling with a hyperbolic deadbandidf=1.0. This allowed flushing the 1 L glass flasks with
6 to 10-fold volume of sample at +500 hPa overpressure. Theadilbrocedure is stopped
shortly before one of the bag reservoirs is emptied byimtpactuated two-way valves on both
sides of the glass flasks and then manually closing tbpcsicks of the flasks. Refer to the
appendix for details on individual system components.

The complete sampling procedure is controlled by the so®@wWATEM' (Atmospheric
Turbulence Exchange Measuremen®Ruppert 2005]), which allows online monitoring and
automated detailed documentation of each sampling proceduieesdftware also performs the
required online analysis of wind and scalar data during R&Apling for the definition of the
hyperbolic deadband and corresponding segregation of updraftcanadraft air samples.

3.4. Synchronization of updraft and downdraft sample segregion

The importance and difficulty of correct synchronizatiof valve switching in REA and
HREA to the vertical wind speed fluctuations under the presesf a unknown time lag as the
result of sample flow in a tube is discussedi®xywling et al.[1998], Moncrieff et al.[1998] and
Fotiadi et al.[2005]. We addressed this problem by performing a differemiahsurement of
sample delay in the tube under defined sampling flow conditioferedHREA sampling. The
time lag was determined by cross-correlation of vettigimd speed measured at the tube inlet
and CQ density fluctuations firstly measured at the sample tublet and secondly at the
segregation valves V1 and V2 (Figure 1a). During HREA dlargp the same defined flow
conditions were adjusted and continuously monitored and the @ measured beforehand
was set in the sampling system control software ‘ATHM valve switching. Thereby we were
able to assure correct synchronization of valve switchintpeé updraft and downdraft events in
the turbulence data under defined sampling conditions. The ‘AT&Mware also corrected a
200 ms delay of the open-path g€lgnal due to electronic processing in the instrument.Heurt
details on the synchronization and the online data handlingeseribed byRuppertf2005].

3.5. Whole-air sampling method, density corrections and simaltions

In whole-air REA sampling the information on the volume of gample is preserved, in
contrast to sampling on traps. Therefore, the collectiowtuble-air samples slightly relaxes the
demand for very precisely controlled volume flow rates dusagpling Bowling et al, 1998].
After passing several meters of tube, updraft and downdeafiples have similar temperature at
the pump and segregation valves. No density correction is nefeithe measured scalar
concentration differenceb;factors and turbulent flux densities, because air sangrkeslried in
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the sampling process and the updraft and downdraft concemgatiowhole-air samples are
determined as mixing ratios by laboratory analysied 2000; Pattey et al. 1992;Webb et al.
1980]. Because the whole-air sample collection is not componeetific, different non-
reactive and stable trace gas components can be anatgredie same sample.

Relative to sampling on cryo-trap8¢wling et al, 1999a;Wichura et al, 2000], smaller
sample volumes are sufficient for whole-air isotope skmgp Smaller sample flow rates, low
pressure drop flow meters and the use of flexible Mylar®dmal bags as intermediate storage
at ambient pressure minimize pressure changes at orificke sampling path and difficulties
with fractionation processe8pwling et al, 1999a]. An important practical advantage of whole-
air sampling for isotopes compared to cryo-trap samplinthet no liquid nitrogen needs to be
carried to and handled in the field.

The system design and operation presented in Section 34cha@sen in order to achieve
larger whole-air sample volumes compared to the design pessdnytBowling et al.[2003a]
with the aim to increase the sampling accuracy and gi@tifor high precision isotope analysis
of *C0O, and CA3®0. Sufficient amounts of updraft and downdraft air areserved as dried
whole-air samples so that also bulk ¢®,O and CH could be measured. The exact bulk £0
mixing ratio of the updraft and downdraft samples is valeabformation:

0] Both bulk mixing ratio and isotope ratio are requiréor the determination of the
isotope mixing ratio, which forms the basis for the cadtign of the turbulent
isotope flux density according to (1) formulated for thiebulent isoflux as (6) (see
Section 4.7). With measured bulk G@nixing ratios there is no general need to
indirectly infer the mixing ratio from field instrumeniah measurements and
simulation of the sampling process.

(i) Measuredeffective b-factors for CQ can be determined according to (2) and from
the EC CQ flux density. Suctb-factors integrate all aspects of the sampling process
and potential errors. They are comparedbtéactors from simulation of the ideal
HREA sampling process on the G@ata record of the EC system in Section 4.5. The
comparison of measured effectiamd simulatedb-factors forms the basis for the
validation of the sampling method and process.

(i)  The scalar correlation of isotope ratios and b@k), mixing ratios in updraft and
downdraft air samples can be investigated with higher pimtitsee Section 4.4).
The accumulated updraft and downdraft samples are tdkeimg very short time
intervals ranging from 100 ms to several seconds. They thereépresent turbulent
exchange processes on relatively short timescales and eatornpared to flask
samples collected during longer time intervals. Such ddtavalinvestigating the
scalar similarity assumptions of the HREA method and tbecalled EC/flask
method Bowling et al, 1999a;Bowling et al, 2001; Bowling et al, 2003a] on
relevant timescales.

For the simulations, the time series of the Q@ixing ratio (o) was determined from the
CO, density pcoy) record of the open path gas analyzer of the EC systrchair density ()
according to the following equation based on the ideal gas lkswapplicability for simulation
studies depending on the design of REA measurement systerdisdgssed in detail by
Ammanr1999, p. 92] and.euning and Jud{tL996]:
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_ Pcoz _ Pcoal
Mooy =202 =-C2 120 By (1+ llezo) . (5)
Pa PoToP

Wherepo, To and po are respectively the standard dry air density, tempege and pressure.
Temperaturel was determined from the high frequency sonic anemometersl sgfegound
measurements and an instrument specific correctioth®rsonic temperaturdruppert et al.
2006a]. 30 min integrated pressure data from a nearby measntreation were corrected to
measurement height in order to yigid The water vapor mixing ratio (o) was determined
from the high frequency open path gas analyzgD idensity pn.0) record after application of a
similar density correction.

3.6. High precision isotope REA sampling, isotope ratio masgsctrometry (IRMS) and
trace gas analysis

High precision sampling for the stable isotopd80, and C3%0 of CO, requires avoiding
sample contamination by fractionation processes. A pakrgource for isotope sample
contamination and fractionation processes are adsorptiodesuiption effects at large surfaces
like the balloon bag reservoirs and the drying traps ortedldo pressure fluctuations. Such
surface effects were reduced by increasing the colleatati stored sample volumes and by
conditioning bags and flasks before sampling with dried anitd@rfrom sampling height. The
flexible balloon bag reservoirs remain at ambient presdavels. The automation of the
conditioning and sample transfer procedures in the new systenveal to assure a constant
level of pressure at +500 hPa over ambient pressure in tyiagdtraps and glass flasks, in
which the samples are stored until analysis. The autiomeof the REA system was also
intended to improve the measurement repeatability regardimy sampling and filling
procedures and to avoid exceptional errors, which mighilrésom manual sample handling.
1L glass flasks with PCTFE stopcocks are used for sargpieage and transport into the
laboratory. The large sample volume and sampling flask cmilitg with dry air are required
for subsequent high precision isotope and trace gas amgBmand 2005; Rothe et al. 2005;
Sturm et al.2004;Werner et al. 2001].

For isotope analysis, sample air from the flasks i®died into a home made trapping line
(‘BGC AirFlo', [Werner et al. 2001] attached to a MAT 252 isotope ratio mass spectrometer
(IRMS) system. The air is pumped through the cryogerapping system and GGs frozen out
at a temperature of —196 °C using a flow of 60 bml/min. The dhilat system of the MAT 252
is used as the pumping infrastructure. Sample GQextracted from 600 mL of air and, after
pumping away residual air and allowing for complete isatgguilibration, measured directly
from the sampling reservoir via the 252 changeover valve. Themyisteinder full computer
control for reliable timing and unattended operation. Téatdpic analysis is performed with
high level of overall precision for bot'*C and &0 at about 0.013%us. VPDB and
0.02% vs. VPDB-CQ respectively. For further details on the IRMS high premisanalysis
system and procedures d&@rner et al[2001].

The CQ, N,O and CH mixing ratios were determined in the trace gas labayabdb the Max-
Planck Institute in Jena, Germany. A chromatographicatants with flushing sample gas from
the pressurized glass flask through the two sample loopsamint of gas is controlled by a
mass flow controller. For some samples lacking pressure abmi@ent in the glass flask a
manual injection method with a syringe was applied. The lafcgressure in these glass flasks
was due to a temporal malfunctioning of a backpressureevdlring the filling procedure.
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After equilibration with ambient pressure the loop gasesewiajected onto the respective
precolumn using Valco 10 port injection valves. After the gted have passed the precolumn
and entered the main GC-column the Valco 10 port valvesaitehed again to backflush the
precolumns. Injections are made alternatingly betweenpkamgas and one reference gas
("working standard"). The ratio of a sample analysitd a¢he mean of the two bracketing
working standard analysis are calculated for quantifica With this approach, average relative
precisions of 0.02 % for C£(0.08 pmol mal* at atmospheric mixing ratio levels), 0.04% for
N,O (0.13 nmol mal') and 0.07% for Chi(1.3 nmol mol*) are achieved. The calibration scale
for each compound is set using standard gases calibrgtdteiCentral Calibration Laboratory
(CMDL, Boulder, Colorado) as required by the World Matglogical Organization (WMO)
and in compliance with recommendations of the eleventh@YIMEA CO, Experts Meeting on
the CQ calibration scale for measurements of atmospheric sanfglesct link to the WMO
mole fraction scale, see recommendations in the repordetnlan and Brand2003] andMiller
[20086]).

3.7. Field experiment

The whole-air REA system was used to collect updraft dadindraft air during the field
experiment WALDATEM-2003 (Wavelet Detection and Atmospheriarulent Exchange
Measurements 2003 Thomas et aJ. 2004]). Samples were collected above a spruce forest
(Picea abies, L).with a plant area index (PAI) of 5.2m 2 [Thomas and Foker2007] and an
average canopy height of 19 m. The experiment site WaldS¥gildenbrunnen (GE1-Wei) is
part of the FLUXNET network and is located in the Fichtélyjge mountains in Germany
(50°08'31" N, 11°52'01" E, 775 m a.s.l.) on a slope of 2°. Aaittd description of the site can
be found inGerstberger et al[2004] andStaudt and Fokef2007]. A sonic anemometer (R3-
50, Gill Instruments Ltd., Lymington, UK) and an open p&t, and HO analyzer (LI-7500)
are installed on a tower at 33 m and their data is useaddotinuous EC measurements at the
site. During the WALDATEM-2003 experiment, the EC data was uaksd for the HREA
measurements with the whole-air REA system. The sampé ivas installed at 33 m just
below the sonic anemometer and samples were directed throligthoa® filter into the whole-
air REA system as described in Section 3.3. The wholdR&A system was positioned on the
tower at a platform at 28 m. Automated sample transfeceadares were used to immediately
store the samples in the glass flasks and avoid uncontrolledspre changes and any
contamination in the field.

3.8. Isotope and trace gas profile system

In parallel, an isotope and trace gas profile systam@ed air at eight levels from the tower
top to the forest floor at 33, 22, 15, 5.25, 2.25, 0.9, 0.3 and 0.0Bm.33 m inlet was installed
close to the inlet of the whole-air REA system. From epotfile height air was continuously
driven at about 1.2 L mir through a 1 pm Teflon® filter and 25 m of Dekabon tubingpiiat
2.5 L buffer volume. Profile sample air from the buffer volesrwas dried with a Nafion® gas
dryer and continuously analyzed with a closed path, @galyzer (LI-820). Whole-air samples
for high precision isotope and trace gas analysis in therktory were taken from the buffer
volumes during nighttime and several times during the day witth to 30 min, dried with
Mg(CIlO,), and sampled into glass flasks. The design of the isotapktrace gas profile system
followed the principles of the whole-air REA system desigpeesally regarding the treatment
and use of materials.
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4. Results and Discussion
4.1. Foil balloon bag tests

The importance of the material selection and treatnfentair sample isotope analysis is
highlighted by tests results presented $ghauer et al[2003] in which heated stainless steel
tubing, Viton® seals and polyethylene (PE) were found not ootaminate CQ isotope
samples. The isotopic integrity regardidC of whole-air samples during storage of up to 60
min in Mylar® foil balloon bags with PE as inner wall tesial was demonstrated Bowling et
al. [2003a]. However, a bias was found for residence times lotiger 60 min and fo8'%0. We
therefore performed similar tests with the same kinébdfballoon bags. Air sampled from one
pressurized air tank was analyzed after varying resid¢inoe in the balloon bags by high
precision IRMS. A first test with brand new balloons flushbdee times with air from the tank
showed significant contamination of the air samples Wigavier isotopes (Figure 2) depending
on time after flushing. The contamination presumably is #milt of the release of substances
with fossil origin from the balloon inner wall material PE

For a second test, we treated the balloons by flushing tleeralfout 4 days with nitrogen and
dried air and by exposing them to intense direct sunligifterwards, 9 balloon bags were first
filled and emptied three times in the morning of the secax and then filled consecutively
with air form a tank during the day, allowing differesample residence times up to 2 h before
analysis. Only after the treatment, the balloon bagkddcsigns of significant contamination
(Figure 3). The standard deviation for baéfiC ands'®0 isotope ratios from the 9 samples were
acceptably low and the average value of the balloon bag saroplapared well with an air
sample taken directly from the tank and stored in a glas&.flikese results demonstrate the
general suitability of foil balloon bags for boti’C and O isotope air sampling and
intermediate storage, which is normally restricte@®40 min in REA.

4.2. Whole-air REA system tests

We repeated the tests with the complete whole-air RE#tesy described in Section 3.
Beforehand, small leaks in the REA system were latdg performing leak tests with high-
vacuum and removed. In a third test for isotopic intgg(io figure), samples were directed
through different parts of the system (REA sampling ufliishing unit, flask fill unit, see
Figure 1a). Small standard deviations3biC (0.022%0) ands*®0O (0.021%o) isotopic ratios in 15
samples assured, that the surfaces of other materidlseisystem which contact the sample
(glass, stainless steel, aluminum, Viton® seals, Nafiolg(ClO,), granulate) were clean and
no source of sample contamination.

In a fourth test we operated the complete whole-air Rgétem in the same way as for field
sampling with automated sampling procedures after threefakhihg of the balloon bags,
drying traps and glass flasks (see Section 3.3) but by digagample air and air for flushing and
conditioning from a tank. The samples were stored for aboutnB0in the balloon bags and
filled into glass flasks for later analysis. The mtiard deviation 0BC (0.014%0) and3*?0
(0.019%0) in 19 samples were close to the measurement precisitie ofiass spectrometer and
the average isotopic ratios matched well with an aingla from the tank stored in a glass flask
(Figrue 4).

Before producing the sample J585, the complete REA systedpobnabags and glass flasks
were contaminated with room air (dotted line), which preabiyn had isotopic ratios depleted
by human breath compared to the pressurized air tankisbhepic ratios of samples produced
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afterwards show no systematic deviation from the average;hnihidicates, that the threefold
flushing procedure is effective in removing old sample air.

The test results with the treated balloon bags (9 sampled)the complete whole-air REA
system with the automated field sampling procedure (19 sanplemonstrate the isotopic
integrity of samples taken with the system and theesys suitability for high precision isotope
sampling. Nevertheless, the sample air residence tirtteeiballoon bags should be restricted to
the minimum needed for REA sampling (30-40 min) and the sasrgileuld then be transferred
to glass flasks for the transport from the field to thkoratory.

4.3. Field experiment results

The CQ concentrations and isotope ratios measured in updraftndraft and profile air
sampled above the canopy at 33 m reflect the effects of laiggsrof photosynthesis during days
with changing cloud cover and periodically intense sunlidtéraseveral days with rainfall until
noon of the 187 day of the year (doy) (Figure 5). The air above the canopgnisched with
heavier**C and*®0 isotopes, while bulk C@is consumed. This trend is stopped (doy 188) or
even reversed (doy 189) later in the afternoon.

The analysis of the sampling procedure and outliers in tBA Ripdraft and downdraft
samples revealed (i) that the @@easurement accuracy was poor for one sample with low
pressurization in the glass flask. The isotope ratios &f saimple were not deviant. Poor €O
measurement accuracy was therefore related to inserfficcample extraction for the gas
analysis with a GC-MS system. (ii) Two times thediafilling procedure in the field was not
stopped early enough, so that erroneously underpressure wasdagpthe downdraft balloon
reservoirs during flask filling. This seemed to inflwenthe'®0 and in the first case also thiC
isotope ratios, but not the G@nixing ratios. (iii) One downdraft sample was contamihde e
to poor valve sealing of the glass flask. These data wanigted from the plot in Figure 5 and
from further evaluations.

The accuracy of the field measurements performed withwhele-air REA system can be
validated with independent field measurements performeid tive isotope and trace gas profile
system. Profile samples were not taken exactly in threeséime interval like REA samples.
Nevertheless, samples from the top profile inlet at 33 mukhoepresent the air composition
above the forest close to the downdraft air compositionnointermediate compaosition as result
of the mixture of updraft and downdraft air above the foréditresults for CQ and 5%C meet
this expectationd'®0 values show good agreement during the period marked wittaya lzar.
Before the first measurements in this period, new Mg(@rying traps were installed in the
flask filling units of the REA system. The precise measnent of*?0 isotope ratios requires
very effective sample drying in order to prevent exchange Withand*?O isotopes in water
vapor during sample storage. The deviations visible in&{® values on doy 187 and on
doy 189 after noon most likely result from inefficient dryingeafsampling a large number of
relatively humid air samples. Most of the other profiamples taken close to the inlet of the
REA system at 33 m show a close match of the air abovéottest to either canopy air (updraft)
or atmospheric boundary layer air (downdraft). Despitelkdifierences in the sampling time,
CO, mixing ratios of seven REA downdraft samples and theasgonding profile samples
from 33 m match well with absolute deviations of 0.17 to 0.8%umol™. The deviations in
the 5'%C and3'®0 values for three comparable sampling periods for whidficent drying in
the REA system is guaranteed fall within a range of 0.012660t033%. §“C REA
updraft—profile 33 m) and —0.021%o to —0.029%'%0 REA downdraft-profile 33 m). The
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match of the3'*C values of REA updraft samples and three available prstimples from the

canopy top (15 m or 22 m) is even closer with absolute deviatianthe range of 0.015 to
0.018%.. This close match of isotope ratios found in aimgkes from the two independent
sampling systems despite small mismatches in the sampxtion time confirms, that also

during the field experiment high measurement accuracy dogllachieved by sampling with the
whole-air REA system.

4.4. Scalar correlation as basis for the HREA and EC/flaskmethod

For the validation of the scalar similarity assumption aiod comparison with results
presented byBowling et al.[1999a; 2003ajwve analyzed the relation dfC and*?O isotope
ratios and bulk C@mixing ratios in HREA and profile samples (Figure 6drelation itself is
explained by the mixing of air with different isotopic simres from the atmosphere and the
ecosystem, which is similar to the assumption of twarses mixing in classical keeling plots.
Such plots of mixing relations can be used to check thegiity of air samples. Logically
consistent3™®0 values of samples, which presumably were not effelstidgied before storage,
showed up as extreme outliers from the relation, and wergearfrom Figure 6b.

Despite a relatively small range of bulk @@nixing ratios in the samples, the relation found
for *3C isotope ratios and the slope of a linear regression-0.034,R*=0.71) for all samples
shown in Figure 6a closelgorrespond to results presentedBgwling et al.[2001; 2003a]. In
contrast to results presented in the workBafwling et al.[1999a], also the relation fotO
isotope ratios shows little scatter and a linear regjogs results in an slopemE-0.034,
R’=0.75), which is identical to the one found f5€ isotope ratios.

The generation of these results required the collectibmimole-air samples, from which
precise measurements of both isotope ratios and bulkniging ratios could be accomplished.
The results presented in Figure 6b demonstrate that alsé*#9¢CO, relations in up- and
downdraft samples can readily be investigated. Good scataglations were achieved even at
relatively small ranges of COmixing ratios from HREA whole-air samples collected wil f
balloon bags as intermediate reservoitds however essential that foil balloons are pretreated
as described in Section 4.2 and tkamples are dried efficiently before storing in glassKs
for high precision analysis.

The analysis of scalar correlations in the heat, katesat and carbon dioxide exchange
showed that scalar similarity is controlled primarily bychange events on time scales longer
than 60 s Ruppert et al. 2006b]. However, scalar similarity between £énd its isotopes
ultimately can only be proven when instruments for isotdhx measurements become
available, that can resolve the small fluctuation fast enqeghHz) with sufficient precision.

For both™C and*0 isotope ratios (scalars of interest) the generally gomdelations with
bulk CG, mixing ratios (proxy scalar) in samples that represefdtively short timescales of
updrafts and downdrafts as well as on longer timescalabénprofile samples suggest good
scalar similarity, and support the validity of the HREAthod.

In the data presented here ®&FC and$O like in data presented in the work Bbwling et
al. [2003a] for3™C, HREA samples from the morning transition periods (esed triangles in
Figure 6a and 6b) indicate a systematically differenpsln the relations to bulk COmixing
ratios and seem not to fall on a common regression litle MREA samples from other periods.
In the WALDATEM-2003 experiment, this result could be furthetidated by the relation in
profile samples from the canopy top and above collected durreget transition periods
(encircled circles in Figure 6a and 6b). The WALDATEM-20G%ults therefore confirm the
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systematic difference of early morning samples colldcabove the canopy as observed by
Bowling et al.[1999a; 2003a, Figure 4]. Furthermore, the match of HREA anfllpreamples
from these transition periods supports the hypothesis thatytematic difference is caused by
isotopically very negative air above the canopy from respigabuilt up during night in
combination with high photosynthetic discrimination in tbe canopy in the morning.

For the determination of fluxes by the HREA method andaksumption of scalar similarity,
such a good correlation of the scalar of interest and th&ypscalar at different time scales is
essential. The actual slope of the linear regressioless important. The scalar difference
between updraft and downdraft air samples is measureddiy ffriecision laboratory analysis.
Although this information is not fully independent of the scatmilarity assumption, it
incorporates additional information on the variance of thetopic ratio and the turbulent
isotopic exchange above the canopy into the HREA evaluation seh&nthe moment HREA
is the only method which allows determining the turbulent isatdjix density based on
turbulent exchange measurements and a ‘one-and-a-half ofdsure schemeHowling et al,
2003a;Kramm et al, 1999]. The measured scalar difference characterizee tharts of the JFD
of the isotope ratio and the vertical wind speed, in whith most significant contributions to
the turbulent air exchange are found.

Linear relations betweeC and *°0O isotope ratios and bulk GOmixing ratios in flask
samples were suggested as basis for the so called ECffleiod for the derivation of isotope
fluxes from CQ EC measurement8pwling et al, 1999a;Bowling et al, 2001;Bowling et al,
2003a].

For the EC/flask method, in contrast, only variance daftahe turbulent exchange of the
proxy scalar is evaluated. The slope of the linear reipass the scaling factor, which
determines the flux density of the scalar of interest. ®hserved temporal change of the slope
limits the chance to precisely define a unique regressimm based on a series of whole-air
samples for the application of the EC/flask method. The limegression function used to infer
isotope ratio fluctuations from bulk GQmixing ratio fluctuations must therefore be updated
regularly within the diurnal cycle. This consequentlyularequire taking a very large number
of samples in order to assure sufficient accuracy oflithear regression. If the samples that are
used for the regression represent different temporapatial scales, they most likely will fail to
correctly represent the turbulent exchange process abovenbpycdl his complication must be
considered especially above tall vegetation, where complex excmaegfganisms in the canopy
space, like counter gradient fluxes, storage changes>aiwrge in coherent structures may be
important factors. In such conditions, the combination oflikgeplot information from vertical
sub-canopy to above canopy profiles with the EC/flask methednat suitable to correctly
guantify isotope fluxes.

4.5. HREA simulation and b-factors

In order to check the efficiency of the updraft and downdisfmple segregation HREA
sampling was simulated for each sampling interval uslirgactual valve switching record from
the field experiment to segregate and virtually accuteulgpdraft and downdraft samples of the
Hcoz time series determined by (5).

The simulated average updraft and downdraft mixing radgi@scompared to average updraft
and downdraft C® mixing ratios measured in the whole-air samples in Figur&he least
square linear regression for updraft and downdraft samgle®ll defined R*=0.93) and results
in a slope very close to one. This is a proof for cotriestrument performance regarding the
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HREA sample segregation and accumulation process. Thagweffset of the measured values
of +0.26 pmol mal* indicates good calibration of field instruments.

Effective b-factors were determined from the measured updraft and dowr@éafmixing
ratio differenceC; €, and the turbulent GBux density measured by EC according to (2). The
effective b-factors can be compared tofactors derived from the simulated mixing ratio
differences (Figure 8). The simulatdufactors are very sensitive to the applied density
correction (5), because of small mixing ratio differencelative to the absolute values of the
mixing ratio. Simulations with simplified density caations for the C@® mixing ratio data
resulted in significant mismatches between the measurddinulated updraft and downdraft
absolute C@mixing ratios and consequently less correlation betbweeasured and simulated
b-factors.

Both measured and simulated values of th#éactors show the variability that must be
expected for HREA as well as for REA from the skewnesthie JFD of the vertical wind speed
and the scalar and from sampling effects which depend oadtg reversal frequenciBpker et
al., 1992]. Like in other studies, which compare measured éffedt-factors to simulatedb-
factors Baker et al, 1992; Beverland et al. 1996b; Mclnnes et al. 1998], we find, that
simulated values tend to underestimate measured vakpesially at higheb-factors. Highb-
factors were related to high turbulent flux densiBf£0.42) and reduced sampling efficiency,
(R?=0.78), i.e. sampled concentration difference per turbulént fiensity. The observed
underestimation is the result of some inefficiency of thegital sampling process in separating
updraft and downdraft samples compared to the virtual ‘dig#athpling in HREA simulations
[Baker et al, 1992; Beverland et a). 1996b;Lenschow and Raupaci991; Massman 1991;
Mclnnes et al. 1998; Moncrieff et al, 1998]. Measured effectivle-factors resulting from the
real physical sampling process integrate such deficientiesder to calculate REA turbulent
flux densities from measured concentration differences By easured effectivé-factors
should therefore be preferred in comparison to simulbtéttors.

Virtual sampling results in a slightly higher concentrataifierences and consequently lower
simulatedb-factors according to (2). Simulatédfactors therefore require validation when used
to replace effectivé-factors that could not be measured, and an instrumenteapdriment
specific correction needs to be fourBdverland et al.1996a;Mclnnes et al. 1998], e.g. based
on a least square linear regression function like showifrigure 8. The overestimation of
concentration differences from virtual ‘digital’ sampliiog a proxy scalar in REA simulations
evaluated for theb-factors without correction according to (2) can causestematic
underestimation of flux densities according to (1).

The size of the residuals of the measubefactors in Figure 8, quantified with 0.03 by the
corresponding standard error, related to their rangebeblate values of 0.15 to 0.35 provides
an estimate of the average uncertainty of ,dlDxes measured by HREA with a hyperbolic
deadband oH,=1.0 of about 10 to 20%. This quantifies the measurement unartaf the
sampling system and method in reference to EC flux measemenfior a component for which
sufficient analytical precision is available during saenmnalysis (signal/noise ratio >10,
Section 4.6).

4.6. Maximum concentration difference by HREA for isotope aralysis

The application of REA with hyperbolic deadbands, i.e. the ARBethod Bowling et al,
1999b], is intended to maximize the concentration differerfdb@scalar of interest, so that it
can be resolved with sufficient precision by laboratanalysis. Simulations of REAH,=0.6)
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and HREA Hy=1.0) with the WALDATEM-2003 data showed an concentration déffere
increase by a factor of 1.78 (Table 1), which is comparablthe factor of 1.84 derived from
results presented bgowling et al.[1999b]. The factor reduces to 1.73 for the WALDATEM-
2003 data or 1.65 in the work &uppert et al]2006b], if imperfect scalar similarity between
the scalar of interest and the proxy scalar is considéfedever, all factors reported above are
the result of simulations with an ideal definition of the leypolic deadband based on scalar data
from the complete sampling interval (lines in Figure 9).

During the real sampling process, only historic scalaadbvailable. The mean scalar value
is defined based on a filter function and the center ofhieerbolic deadband moves up and
down along the scalar axis. This leads to less rigorowectiein of samples with average scalar
values (see dots close to the center of Figure 9). Caregdly, the average scalar concentration
difference between updrafts and downdrafts is slightly desmd, e.g. the COmixing ratio
difference C; €, in Figure 9. The application of a wind-deadband (REA) adstef a
hyperbolic deadband (HREA) would incorporate even more #h average C@mixing ratios
(e.g. around 360 pmol mdlin Figure 9) in updraft and downdraft air samples and ¢bgr
further decrease the mixing ratio difference. Simulatiorseldaon the recorded valve switching
from the WALDATEM-2003 experiment showed, that the realistancentration difference
increase between REA(=0.6) and HREA K;=1.0) is only 1.63 (Table 1). The corresponding
expected C@mixing ratio difference from HREA simulations based on #féective sample
segregation during the experiment with a hyperbolic deadbasfd H.=1.0 is
2.4(+0.5) umol mol". The observed mixing ratio differences were only slightipadier,
(2.3(x0.6) umol matl', Table 1, Figure 10a), reflecting also the physical amgkng effects
discussed in Section 4.6. However, these also affect REApkiag with a wind-deadband and
an effective relative concentration difference increzsese to 1.63 can be assumed.

We avoided increasing the hyperbolic deadband Hizfurther, because in contrast to results
of ideal simulations, no significant additional concemiwn difference increase could be
expected with larger hyperbolic deadbands when acknowledging thigticesampling process.
Also, the representativness of updraft and downdraft sesnfdr the JFD would be further
decreased if larger deadbands would be applied.

During the WALDATEM-2003 experiment, the overall proportionsesaluated samples in
each sampling interval were 14.7(£3.0)% updrafts and 9.1(x2d)%ndrafts. The difference
in the number of updraft and downdraft samples results fstigwness in the JFD and was
discussed byowling et al.[1999b]. The authors suggest an optimum deadband siAg=dt 1
and an asymmetric adjustment of the hyperbolas. We decide adjust the symmetric shape
of the hyperbolic deadband, in order to prevent artifacts ¢bald result from changing shapes
of the JFD, which have to be considered above tall vegetation

CO, mixing ratio differences of whole-air HREA updraft and dowait samples in the range
of —1.3 to —3.9 pmol mat exceeded the tenfold measurement precision. Two sampldsdar
with a ‘+’ in Figure 5a showed relatively small sample pogjions. Their representativness in
respect to the JFD remains questionable. Furthermedyced precision of the GQOnixing
ratio difference can result from the transfer of tislaly small amounts of sample air. Therefore,
only simulated and correctdatfactors were used for the estimation of the isotopxdk of
these two samples in Figure 10b and 10c.

The **C and™®0 isotopic differences, i.e. the difference of the isotopgos of updraft and
downdraft air samples, observed by the HREA measurements dMdOATEM-2003 were
on average 0.11(+0.03)%. f@&**C and 0.11(+0.02)%. foB*?0 during the time with sufficient
sample drying (Table 1). Most values lie between the tlefand tenfold standard deviations
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found in the whole-air REA system tests (dashed lineBigure 10b and 10c, compare Figure
4). Similar 3°C differences were reported for many samples Bywling et al. [1999a].
Nevertheless, the small differences of the isotope satigk for high precision in the sample
analysis Based on the comparison of the isotopic differences angbtbeision determined in
the whole-air REA system tests a measurement unceyrtdire to the resolution of the isotopic
differences of 10% to 20% can be estimated.

The mixing ratio differences observed for Chind NO in daytime samples taken above the
spruce forest at Waldstein/Weidenbrunnen during the WALDATENM3 experiment ranged
from —2.9 to 1.6 nmol mat for CH, and —0.37 to 0.49 nmol mdifor N,O. Most mixing ratio
differences were in the order of measurement precision (In®I| mol* for CH, and
0.13 nmol moal* for N,O) and consequently too small to be resolved by HREAam and
whole-air analysis without pre-concentration on a trap. ifkdécation of negative concentration
differences and downward direction of ¢Bind NO fluxes on average of the daytime samples
was not significant (Table 1).

4.7. BCO, and CO™0 turbulent isofluxes measured by HREA

The turbulent C@flux density determined by EC in intervals of 5 minutesrfr 30 minutes of
turbulence data from noon of the 18%o the end of 189 day of the year during the
WALDATEM-2003 experiment is shown as solid line in Figure 11 reflects intense
photosynthetic activity and CQuptake during daytime after a rainy period. &®lease into the
atmosphere during nighttime is inhibited during the second ragiak at the beginning of the
third night by very stable stratification of the air ihd forest canopy Hoken et al. 2004b;
Ruppert and Foken2005], @,—d)/L= +0.4 to +1.2,z,; measurement height; displacement
height,L: Obukhov length) in combination with low horizontal wind veldes, which results in
minimal CQ; flux densities and rejection of some data (gaps in thaeldoie) due to poor flux
data quality. The flux data quality was evaluated accorttingst criteria described dyoken et
al. [2004a] andRuppert et al[2006a]. Quality flags of 1 or 3 for the GEC flux indicate, that
the fundamental prerequisites for the EC and REA methoddagastationarity and turbulence
characteristics were fulfilled during all sampling pmi$ at daytime. Variation in the GE&C
flux are during daytime is caused by variable global radiatiue to changing cloud cover.

%0, and C3®0 turbulent isotope flux densities (diamonds in Figure 11bHr), measured
by HREA at 33 m were determined from the measured isotoffierdnces and bulk C{data
and measured effectiie-orfactors according to (1) expressed for turbulent isoflud&s of
CO; [Bowling et al, 2003a]:

8.F, =bo,p,5,C. -5 C ). ©6)

Circles in Figure 11b and 11c were derived from the measusetbpic differences but
simulated updraft and downdraft bulk G@alues and-factors that were corrected according to
the linear regression between measured and simutefia@ctors.

Downward turbulent transport of Gdnegative CQ flux density by convention) correlates
with isotopic enrichment of the canopy air (Figure 5ediw assimilation of C@and linked
discrimination of the heavier isotopes and positive turbukfluxes (Figure 11b and 11c). The
positive sign of the isoflux results from its calculatiaoin isotope ratios in reference to the
international standard VPDB according to (&owling et al, 2003a]. The maximum turbulent
isofluxes were observed shortly before noon on day of the ¥88rand 189. The influence of
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isotopic enrichment is reflected in the positive trerfdismtope ratios observed in REA and
Profile whole-air samples from above the canopy on thealdkie year 188 and in the morning
of the day of the year 189 in Figure 5. In tH€ data this trend reverses after noon on day of the
year 189. Nevertheless, the maintained positive isotopicerdiffces in Figure 5 and
consequently positive turbulent isofluxes in Figure 11b indidhtd turbulent air exchange
between the boundary layer and the canopy air continnesntich boundary layer air with
heavier isotopes. AlstC isotope ratios in profile samples from 33 m seem tartuee closely
linked to boundary layer air in the afternoon of doy 189. We tlmeee hypothesize that
advective processes in the boundary layer are dominatingrtheraposition change during this
period.

5. Conclusion

Lab experiments with foil balloon bags and the complete whol&&A system demonstrate
their suitability for high precision isotope sampling for béfC and*®0 isotopes of C@ High
measurement accuracy was also achieved during a fieldiengr® above a spruce forest. This
was indicated by a close match of isotope ratios foimdir samples from two independent
sampling systems. We therefore conclude, that foil ballosassaitable flexible air collection
containers for intermediate storage after cleaning asritbestin Section 4.1. Large whole-air
sample volumes, precise flow and pressure control, careftdriahselection and treatment and
effective sample drying helped to increase the samplicaui@cy of the complete whole-air
REA system especially fdfO isotopes.

5%C/ICO, and alsod*0/CO, correlations can therefore readily be investigated even at
relatively small ranges of COmixing ratios. The linear regression analysis showed gcaths
correlations in HREA updraft and downdraft and in prefisamples, which supports the
assumption of scalar similarity at different temporahlss. However, different slopes were
found in HREA and profile samples from early morning saion periods. This effect is very
likely caused by isotopically depleted air above the canopy frespiratory built up during the
night in combination with high photosynthetic discriminationtihe top canopy in the morning.
Consequently, temporal and spatial scales of the jgotxchange must be considered carefully
for the regression analysis of the EC/flask method esgglgcabove tall vegetation. HREA
measurements provide additional information on the scalaati@m and on the most significant
events in the turbulent isotopic exchange above the canopldatdatermination of isofluxes.

The comparison of measurement results and simulations dAdBampling for bulk CQ
confirmed good instrument performance and indicated 10 to 2A@8¢ertainty for the
guantification of fluxes due to the sampling method. The meaeffectiveb-factors should be
preferred for flux determination. Simulateb-factors require validation and potentially
correction in order to prevent the risk of systematic uadémation of fluxes. Detailed axis
rotation procedures for REA and HREA sampling withoutragtilag Beverland et a). 1996b;
Mclnnes et al. 1998; Moncrieff et al, 1998] can be implemented by evaluating the 3D wind
vector and performing online planar-fit correction8Vilczak et al. 2001]. The precise
synchronization of REA segregation valve switching can bleieved under defined sample
flow conditions by differential cross-correlation measueats as outlined in Section 3.4. A
concentration difference increase of 63% was achieved by applyingREA sampling method
instead of classical REA. Nevertheless, relatively brstopic differences in updraft and
downdraft samples collected during the WALDATEM-2003 experimémiva spruce forest
required high precision isotope analysis. The measuremecertainty due to the chemical
resolution of the isotope ratio differences was estimaite10 to 20%.
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Whole-air HREA in combination with high precision isotopmalysis can quantify the
isofluxes of *CO, and CA3®0 and collect additional information on the scalar corietato
bulk CO,, representing the relatively short timescale of updraftd downdrafts in the turbulent
exchange above the canopy.
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8. Appendix — Whole-air REA System components

Component Company Type

Filters Gelman Sciences Inc., Ann ACRO 50, 1.0 um, Teflon® (PTFE)
Arbor, MI, USA

Inlet tubing SERTO jacob GmbH, SERTOflex-6, 6 mm OD (Dekabon

Tubing in REA system

Connectors

Connectors

Mass flow meters
(MFM1, MFM2)

Pumps
(P1, P3, P4)

Pumps (P2 bypass,
P5 flushing unit)

Pump
(P6 drying air)

Pump motor drivers (P1, P2)
Nafion® gas-dryer

Sampling valves
(V1, V2 and dummy)

Valves
(V3, V4, V5, V6, V7, VV8)

Bag 1, bag 2
(intermediate sample
reservoirs)

Drying traps

Glass flasks

Pressure sensor

(installed at the outlet of one
flask filling unit)

Backpressure valves

Fuldabriick, Germany

Swagelock, Solon, OH, USA

University of Bayreuth,
Germany

Bronkhorst Hi-Tec B. V.,
Ruurlo, Netherlands

KNF Neuberger GmbH,
Freiburg, Germany

KNF Neuberger GmbH,
Freiburg, Germany

FURGUT, Aichstetten,
Germany

Conrad, Hirschau, Germany

Perma Pure Inc., Toms River,
NJ, USA

Burkert, Ingelfingen, Germany

Burkert, Ingelfingen, Germany

Anagram International, Inc.,
Eden Prairie, MN, USA

University of Bayreuth,
Germany

Max-Planck-Institute for
Biogeochemistry, Jena,
Germany and QVF AG,
limenau, Germany

Suchy Messtechnik, Lichtenau,

Germany

tubing, PE as inner wall material)

Stainless steel, 6 mm OD, clelaed
heated

Stainless stitields, quick connects
and ultra torr connectors, seals:
Viton® (FPM)

Stainless steel fittings, seals: Viton®
(FPM)

F-111C-HA-33-V, 6 In/min.
(low pressure drop)

N 86 AVDC, aluminum, Viton®
(FPM)

N 86 KVDC, Ryton®, Viton® (FPM)
DC24/80S

192285-mitith dc motor driver

MD-110-48S-4, stainless steel,
Nafion® (FPM)

0330, 3/2 way solenoid valvey
orifice, stainless steel, Viton® (FPM)

6011A, 2/2 way solenoid valvé, 2
mm orifice, version for analytical
applications, stainless steel, Viton®
(FPM)

Mylar® foil balloons, 45 cm, circle
shape, (one bag reservoir consists of
two balloons which fill with about

14 L each to allow increased sample
volumes)

Magnesium perchlorate granulate,
Mg(CIQy)2, in 200 mm x 20 mm ID

glass tubes and glass wool cleaned and

heated and Viton® (FPM) seals

1 L borosilicate glass flasks with
PCTFE stopcocks

SD-30, -1000...+1500 hPa, stainless
steel

Riegler & Co. KG, Bad Urach,Sicherheitsventile DN 8, +500 hPa,

Germany

brass, Viton® (FPM)
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9. Tables

Table 1. Concentration difference increase achieved by HREA samglimigng the WALDATEM-2003
experiment and comparable data.

Scenario Concentration difference increase Average scalar concentration

HREA (H;=1.0) / REA H,=0.6) differences HREAI{,=1.0)

Simulation, ideal 1.78 this study, COy: 4.9(x2.4) pmol mot*

1.84 Bowling et al, 1999b] [Bowling et al, 1999b] based on
data from Eastern USA deciduous
forest

Simulation, imperfect  1.73 this study,

scalar similarity 1.65 Ruppert et al.2006b]

Simulation, proxy 1.63 this study C@ 2.4(+0.5) pmol mol*
scalar anab,, statistics this study

defined from previous
data and filter function

Measured, including COy: 2.3(x0.6) pmol mot*
physical sampling 5%3C: 0.11(+0.03) %o VPDB
effects

3'%0: 0.11(+0.02) %0 VPDB-CQ
CHg: -0.4(¢1.2) nmol mol*
N,O: —0.02(0.26) nmol mot
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10. Figures and Figure captions

flask fill
samplel, flushing unit 1 fiter
inlet 4 inlet flushi it
® flushing uni quick-
C connector
mass-flow-
meter
- y um
g : O
2 drying trap
: . T dyi
® REA sampling unit |3 e
N\ % 3-way-
MFM- 1 J Nafion® dryer Vi v valve
3.0 min X bag 2 no
sub-ample 'C} 2-way-
QP sampling X valve
valves £33  dess .
connector
MFM .\ vent
— & backpressure-
3.6 I mint X
bypass flask fill valve

unit 2

b)

_ foil balloon
quick

connect

perforated filling tube

Figure 1. Design of the whole-air REA system (a) for isotope flmeasurements with foil balloon bags as
intermediate reservoirs (b). The perforated filling tubéniserted into the foil valve of the balloon and tightBased
with a strong rubber band. Refer to Table Al in the AppendidEetails on individual components in (a).
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Figure 2. Foil balloon bag test fot°C (a) and*®0 (b) isotope sampling before cleaning. The symbols reptase
measured isotope ratios in 6 individual balloon bags. Eachwaadlushed 3 times with sample air from one air tank
on its first usage. Dashed lines indicate the progressiveamination of the air with heavier isotopes after the
flushing procedure.
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Figure 3. Foil balloon bag test fot°C (a) and'®0 (b) isotope sampling after bag cleaning. Symbols in thteniest
section of the figure represent isotope ratios measurad sampled from one tank after different residence $inme

9 different balloon bags. Error bars indicate the standavihtien of up to 12 repeated measurements on the same air
sample, which form the basis for the specification ofiststope ratio with high precision. Dashed lines and the solid
symbol in the right section of the figure represent the agerisotope ratio measured in the 9 balloon bags. The
corresponding error bar indicates the standard deviation oBtlspecified isotope ratios from the balloon bag
samples. As reference, the rightmost section of the fighmvs the isotopic ratio of air sampled from the aitka
into a glass flask without residence in a balloon bag. Nutedifference in scales when comparing to Figure 2.

102


rj
Textfeld
102


RUPPERT ET AL.: WHOLE-AIR RELAXED EDDY ACCUMULATION REA-28

-8.60 - -
a) : all air
—~ : samples| tank
8 -8.65 = § § :
s s SRS S0 SUNEE i .
> 870 - _} }_{ : {
& :
QO -8.75 :
] : o=
0.014
-8.80
-0.45 - -
- b) : all air
8 -0.50 : samples| tank
N A& 3 % % _ﬁ_ﬁ_%_”%ii 1l gL O
g 0.60 § % : %ﬁ 3
> TN § :
o H
X -0.65 1 :
O 0704 o=
o : 0.019
-0.75
AN T O O~V O A NMST 510 O 0O W1
O OO 0O 0000 d o +d - 1 @ 00 O W 0 O
S N - - R - - - - - N W WwLWwLwmS
b B ar B e BN ar BELar L L B e B B R ] g m D D D
samples in chronological order <}

Figure 4. Test of the complete whole-air REA system f6€ (a) and*®0 (b) isotope sampling. The usage of the
symbols and lines follows the logic of Figure 3. Air frothe tank was used for threefold flushing and directed
through the REA sampling system, stored in the balloon bagssampled into glass flasks in the same manner as
required for REA sampling in the field. Subsequently, @ and*®0 isotope ratios of C@sampled into the glass
flasks were measured.
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Figure 5. CO, mixing ratios (a) and*C (b) and*®0 (c) isotope ratios of updraft and downdraft air samplégiia
above a spruce forest at 33 m above ground (FLUXNET Stafialdstein/Weidenbrunnen, GE1-Wei) during the
WALDATEM-2003 experiment by applying a hyperbolic deadbandHgt 1.0 (HREA). Solid upward triangles =
updraft air samples, unfilled downward triangles = downdrafsamples. Unfilled circles represent air samples taken
simultaneously with an isotope- and trace-gas profile systéso at 33 m. Solid circles represent profile samples
from the canopy top at 15 m or 22 m. The gray bar markspbasn which (i) were taken after refreshing the drying
traps in the whole-air REA system and the period, in which*fO isotope ratios in REA and profile system air

samples show the expected agreement. Two HREA samphessted of relatively small amounts of sample air and
are marked with a ‘+' in plot (a).
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Figure 6. Scalar correlation between th€ (a) and*®0 (b) isotope ratios and the G@nixing ratio in updraft and
downdraft air samples and profile samples taken above aesponest at 33 m and in profile samples taken at the
canopy top at 15 m or 22 m. Symbol usage corresponds to Figiigure 6b contains only samples from the period
for which effective sample drying was assured. The efezircamples were collected during nighttime or morning
transition periods.
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Figure 7. Measured updraft and downdraft g@ixing ratios in HREA whole-air samples plotted agaiasd,
mixing ratios from simulation of HREA sampling based on the €O, time series (updraft solid and downdraft
unfilled triangles) with their least square linear regiasgline).

106


rj
Textfeld
106


RUPPERT ET AL.: WHOLE-AIR RELAXED EDDY ACCUMULATION REA-32

0.4

0.3 A1

0.2

b, Measured

simulation

bCOZ

Figure 8. Effective b-factors derived from measured ¢@ixing ratios in HREA whole-air samples in relation to
simulatedb-factors (circles) and their least square linear regjan (line).

107


rj
Textfeld
107


RUPPERT ET AL.: WHOLE-AIR RELAXED EDDY ACCUMULATION REA-33

365 A

C (umol mol™)
w
3

355 A

2 1 0 1 2
w(ms™

Figure 9. Plot of the effective hyperbolic sample selection foB@min sampling interval (dots) regarding vertical
wind speedv and the open path GOnixing ratio dataC from the WALDATEM-2003 experiment, day of the year
188, 12:00-12:30. The sample selection is based on the originBAHRIve switching record. Both axes are scaled
to the 30 min average 14 standard deviations. The solid imdisate the ideal hyperbolic deadband with the size
Hn=1.0 in respect to the 30 min statistics. The dashed linesatelithe average G@nixing ratios of updraft ¢, :
w>0) and downdraft § :w<0) air samples, resulting from the effective hyperboBample selection.
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Figure 10. CO, mixing ratio differences (a) andC (b) and*®0 (c) isotope ratio differences in updraft and downdraft
REA air samples (solid diamondsfO isotope ratio differences presumably influenced by incotepdeying out of

the period marked with a gray bar are indicated as unfillieasnonds. Dotted lines indicate the fivefold and tenfold
standard deviations specified in Section 4.2 and Figure 4 in codesdess the measurement precision for the isotope
samples.
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Figure 11. Turbulent CQ flux density (a) and*CO, (b) and CG®0 (c) turbulent isofluxes determined from whole-
air HREA measurements. The solid line in (a) indicates turbulent C@flux density continuously measured with
the EC system as reference. Measubgd-factors were used for the turbulent isofluxes determinecHREA
(diamonds in b and c}%0 turbulent isofluxes presumably influenced by incomplete dryimpodthe period marked
with a gray bar are indicated as unfilled diamonds in (c).yGricles represent HREA turbulent flux densities
calculated from measured concentration and isotopic differeand simulatedco-factors, which were corrected
according to the linear regression leffactors in Figure 6. Either updraft or downdraft €@ixing ratios of four
samples marked with ‘+" at the bottom of plot (a) showedufficient accuracy and were therefore replaced by
simulated values. Consequently, for these samples gmbigofluxes in plot (b) and (c) could only be determined

based on simulateloko-factors (gray circles).
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Abstract

The ecosystem isotope discriminatidq and the flux weighted isotopic signatutg of the atmospheric CO
exchange of ecosystems are important parameters for Igktzde modeling of the carbon balance. Their
measurement is also the basis for the isotopic flux paniitig method applied for the determination of gross flux
components at ecosystem scale. The objective of this ssudydemonstrate how these parameters and their diurnal
variability can be determined by hyperbolic relaxed eddy accumnldHREA) and whole-air sampling of the
turbulent exchange of GO*CO, and C3®0 isotopes. Additionally, the isotopic signatures of theimdation flux
and the respiration flux are analyzed in order to assegsdtential for the application of the isotopic flux partitioning
method. The sampling was performed above a spruce foréise &LUXNET station Waldstein/Weidenbrunnen in
Germany during a three-day intensive measurement campaigheoéxperiment WALDATEM-2003 (Wavelet
Detection and Atmospheric Turbulent Exchange Measurements.ZD03¥lux weighted isotopic signatuik of the
atmospheric turbulent exchange was determined directly frigih precision analysis of updraft and downdraft air
samples. Their display and geometrical interpretation incalled Miller-Tan plots visualized key processes
influencing the C@ exchange. Based on the HREA measurements, the ecosigsitape discriminatior\, and net
ecosystem isotope discriminatiag could be determined on half-hourly timescales with a footgsimilar to that of
eddy covariance (EC) measurements. The observed diurnabiigy of isotopic signatures and ecosystem isotope
discrimination demonstrates the need for their repeateduneaent for the evaluation of isotopic mass balances at
ecosystem scale. The analysis of vertical profile samples showed that (i) the isotopic signatdreof the
respiration flux during daytime could not be inferred fromhtigne samples and (ii) that the determinationdgf
during daytime should be restricted to sub-canopy samples eechunsultiple source mixing at higher levels. The
definition of the canopy integrated isotope discriminatidgn.py commonly used for isotopic partitioning of
assimilation and respiration fluxes is a potential sowfdgias. An alternative definitioncanopy) is suggested, which
yielded estimates 0™ *C'.anop17.7(22.6)%0 anth'®0'tanop=17.8(£2.1)%0 on average. However, half-hourly values
were subject to diurnal variability and data from independessurements or validated models, which should reflect
this variability, is indispensable for the isotopic ptoiing of the assimilation and respiration fluxes. At the
beginning of the intensive measurement campaign, thepsotisequilibrian™*C and»®0 were opposite in sign.
Two days past the end of a prolonged rain period, both disegaibisappeared. The observed fast equilibration may
limit the periods for the successful application of thet@pic flux partitioning method. Due to its general sendivi

to the precision of isotopic signatures, there is furtheechéo investigate the variability of truly flux weighte
isotopic signatures by high precision isotope measuremesioaystem scale. The diurnal variability of the isotope
discrimination should be regarded for the evaluation diojge mass balances and for the validation of models.

Index terms: 0315 Biosphere/atmosphere interactions (0426, 1610), 0414 Biogeacteyiles, processes,
and modeling (0412, 0793, 1615, 4805, 4912), 0454 Isotopic compositibareemistry (1041, 4870), 0490 Trace
gases, 0428 Carbon cycling (4806)

Keywords: Isotope discrimination, Isotopic signature, Net ecasysexchange, Flux partitioning, Trace-gas flux,
Relaxed eddy accumulation, Conditional sampling
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1. Introduction

The carbon balance of terrestrial ecosystems andtitespheric flux components can be
investigated by relating the blllCO, mass balance to mass balances of the stable isotopes
¥c0, and C3®0 on ecosystem up to global sca@iis et al, 1995a.Ciais et al, 1995b:Yakir
and Wang1996;Yakir and da S. L. Sternberg000]. Due to discrimination of heavier isotopes
during photosynthetic uptake of G@h ecosystemsHarquhar et al, 1989] the combination of
the mass balances can be used for isotopic flux partitioniigs method requires the precise
determination of isotopic signatures of the atmospheric gqashange or of the ecosystem
isotope discrimination Buchmann et al. 1998]. With appropriate temporal and spatial
integration, the ecosystem isotope discrimination fothes basis for modeling of th&CO,
isotope and bulk C®balance at global scaldikwin et al, 1998; Baldocchi and Bowling
2003;Buchmann and Kaplar2001;Fung et al, 1997;Kaplan et al, 2002;Miller et al., 2003;
Randerson et al2002]. At the ecosystem scale, the isotopic flux partiignmethod is applied
in order to quantify the assimilation and respiration sgroflux components based on
micrometeorological isotope flux measurements above the deosyBowling et al, 2001;
Lloyd et al, 1996;Wichura et al, 2000;Zhang et al. 2006]. The difference of their absolute
contributions determines the relatively small net ecosysteohange (NEE). The success of the
isotopic flux partitioning method depends on (i) the differeraf isotopic signatures of the
component fluxes and (ii) the corresponding measurement pre¢Rltips and Gregg2001].
Several studies point out that the achieved measuremensiomecif thes**C and§*?0 isotopic
signature&of the atmospheric turbulent exchange is the most crifieaameter for the isotopic
flux partitioning method applied at the ecosystem scBlewWling et al, 1999a;Bowling et al,
2003a;Zobitz et al, 2006; Zobitz et al, 2007]. It is difficult to measure especially above tall
vegetation where due to the required measurement positionswifitient relative distance to
the canopy (i) concentration and isotopic differences ratatively small and (ii) the flux
gradient method cannot be applied. High demand for incckassasurement precision of the
3C and ™0 isotopic signatures of atmospheric turbulent,@GRchange and the ecosystem
isotope discrimination and for the investigation of the&mporal variability is expressed in a
number of recent studies on the measurement of isoteped| by tunable diode laser (TDL)
[Bowling et al, 2003b;Griffis et al.,, 2004;Griffis et al, 2005;Saleska et al.2006;Zhang et al,
2006] and on modeling of ecosystem/atmosphere isotope excharagaétjar et al, 2006;Chen
et al, 2006;Fung et al, 1997;Lai et al, 2004;0gée et al.2003;0gée et al. 2004]. Isotopic
signatures are often determined from Keeling plots of vakicofile air samplesHataki et al,
2003]. Their evaluation depends on the observed isotope raticamcentration differences.
The size of different flux contributions may not be accadhtorrectly. However, truly flux
weighted isotopic signatures are required for the adrezaluation of isotopic mass balances.
Also the relevant temporal variability and spatial €sali.e. the measurement footprints, have to
be considered carefully in order to avoid biased red@ickede et a).2008;Miller and Tans
2003; Zobitz et al, 2007]. Ruppert et al[2008] demonstrated that sufficient precision for the

! The term ‘bulk CQ is used to refer to the sum &C*¢0'%0, 3c%0*0, *?c**0'®0 and all other C@isotopes.

2 All results reported for*C and*®0 isotope ratios in this study refer to the isotope coritjs of CO,, i.e. the
isotope ratio of*CO, or CO®0 to bulk CQ. The isotope ratios are expressed as isotopic signatufesotation.
All 3°%C ands™0 isotopic signatures are reported relativé® and*®0 isotopic abundances in the international
standards VPDB (Vienna Pee Dee Belemnite) and VPDB-@€pectively (CG99 scale, see details\ivefrner et
al., 2001; and Werner and Brand2001]):

SEC=[[(“CIC)sampie (“CFC)vppal/ (*CI*C)yppe]- 1000 (%0 VPDB).
P 0=[[(**O/*°O)sampie-(*°0/**O)vpos.cod/(*0/*O)vpos.cod- 1000 (% VPDB-CQ).
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measurement of the isotopic flux density (isofluBpfvling et al, 2001;Bowling et al, 2003a])
above a forest at half-hourly timescales can be achi&yedombining the hyperbolic relaxed
eddy accumulation method (HREAB$wIling et al, 1999b]) with whole-air sample collection
and high precision isotope analysis in a laborat®¥efner et al, 2001].

In this paper we suggest directly determinitige flux weighted isotopic signature of
atmospheric turbulent exchange from bulk £@ixing ratios and*C and*°O isotope ratios
measured in updraft and downdraft HREA whole-air sampResults from a three-day
intensive measurement campaign in a spruce forest are npedseand the achievable
measurement precision is discussed.

From these results, the ecosystem discrimination is ohitvexd at half-hourly timescales,
which allows investigating its variability in the diurnajde. By roughly estimating the daytime
respiration flux based on a nighttime NEE temperatureaggjon also the isotopic signature of
the assimilation flux and the canopy isotope discriminatiom determined. We discuss the
sensitivity of the isotopic flux partitioning method and the grtal for bias resulting from the
definition of the canopy isotope discrimination.

Keeling plots and Miller-Tan plots of vertical profilerasamples, commonly used for the
determination of the isotopic signatutg of the respiration flux, are analyzed to test their
inherent assumption of two source mixing during daytime. Byhasig of the temporal traces of
HREA updraft and downdraft air samples in Miller-Tan gloive combine and visualize
information on key factors for the ecosystem £Ofchange, i.e. (i) assimilation and respiration
of the ecosystem and (i) release and recycling of @38pired during nighttime, (iii) changes in
the isotopic signature of canopy air and (iv) coupling andodeting of certain layers in the
ecosystem from the air exchange. In parallel, vertical, @@file and turbulence profile
measurements are analyzed for indication of temporal st of the canopy and the sub-
canopy space from the atmospheric exchange.

2. Theory
2.1. Isotopic signatures and mixing lines

The mixing of air from two sources with different isotopiosd; andd, can be described by
two simple mass balances,

C,=C,+C,, 1)
6aCa = 61C1 + 62C2 ! (2)

in which C; andC; are the dry air bulk C@mixing ratios of the two sources, andC, are the
isotope ratio and bulk COmixing ratio of the mixed air, respectively. The so call&geling
plot’ of the isotope ratios, versus the inverse of the GQnixing ratios 1C, of mixed air
samples results in a ‘mixing line’ that indicates thet@pic signature of one of the sources
[Keeling 1958]. It can be determined as the intercept of the extragublaiear regression and is
defined by combining (1) and (2):

1
8, = C1(61—62)€+82. 3)
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This method is commonly applied to identify the isotopicrsiture 3z of the nighttime
respiration fluxFgr in ecosystems from sampling air in a vertical profilafaki et al, 2003].
The same result can also be achieved by plotfiyiy versusC, [Miller and Tans 2003]. Here
the isotopic signaturd; is indicated by the slope of a linear regression:

6aCa = 6ZCa + C1(61 - 62) . (4)

Both methods require precise measuremend,aiind C, in order to robustly establish the
linear regression, especially for small ranges of mixratios and isotope ratio®Hillips and
Gregg 2001]. Both types of linear relation, i.e. the ‘Keelintpt and the ‘Miller-Tan plot’,
yield identical results and are equally sensitive to pomasurement resolution. Because the
relative measurement error is commonly higher for isotopiesaf CQ, than for the bulk C@
mixing ratios, ordinary least square (OLS) linear regien should be preferred to geometric
mean (GM) linear regression, which results in systematiors at small C@ranges Zobitz et
al., 2006].

2.2. Eddy flux and eddy isoflux measurement methods

The turbulent atmospheric gas exchange of an ecosystenbeameasured by the eddy
covariance method (ECBRIdocchi et al. 1988]. It requires that fast and precise sensors are
available to resolve the fluctuations of the scalar ofriestc’, which in combination with sonic
anemometer measurements of the fluctuations of the vertigadl welocity w above the
ecosystem allow the determination of the turbulent flux denBitys their covariance, often
called eddy flux:

F.=w'c'. (5)

The overbar denotes Reynolds averaging over a typical measurperéod of 30 min. This
method is commonly applied to measure the atmospherica®€hange of different ecosystems
around the globeAubinet et al. 2000; Baldocchi et al. 2001]. The derivation of the turbulent
flux density requires certain corrections, transformagi and quality controlHoken et al,
2004]. By convention, upward fluxes into the atmosphere haveitiymsign.

Up to now, no sensors are available which provide sufficiemhgoral resolution and
chemical precision for eddy covariance measurements ofeststitopes of C@ i.e. *CO, and
CO™0. Different methods are proposed for the investigatioisofopic signatures in the GO
exchange and critically reviewed bBowling et al. [2003a]. These include the so called
EC/flask methodBowling et al, 1999a;Bowling et al, 2001], which scales the high resolution
time series of bulk C&fluctuations by a linear function derived from the relatwfrthe isotopic
signatures and bulk COmixing ratios in air samples in order to estimate thmet series of
fluctuations of the isotopic signature. This method assuargsictly linear relation on all scales
of the turbulent exchange of GGand 1Bco, or CO®O isotopes, i.e. strictly linear scalar
similarity.

Above short vegetation, the flux-gradient method [&gsinger 1986] can be applied, which
is based on concentration and isotope measurements atffeedi levels above the ecosystem
and the assumption of flux-gradient similarity for two kgaguantities. Only for one of the
scalar quantities direct flux measurements have to b@pedd. This method is now combined
with tunable diode laser (TDL) isotope analysis, whichable to resolve typical isotopic
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gradients above ecosystems with intense photosynthetigtaevith sufficient precision, when
allowing about 10 s of integration tim&¢wling et al, 2003b;Griffis et al., 2004;Griffis et al,
2005; Pattey et al. 2006; Saleska et al.2006;Zhang et al. 2006]. The assumption of flux-
gradient similarity is based on certain vertical profilearacteristics. Over tall vegetation, these
can only be observed at greater distances from the canopp, Athe existence of counter
gradient fluxes Denmead and Bradley 985] often limits the use of the flux gradient method.
When no fast high resolution sensors are available fortB€¢onditional sampling or relaxed
eddy accumulation method (REABUisinger and Oncley1990] can be applied in order to
determine the turbulent flux density from the average conceatraifference measured in
updraft and downdraft air samples. Air samples are typicedlected on a 10 Hz basis and are
accumulated for subsequent laboratory analysis by ieatafio mass spectrometry (IRMS):

F. =bo,p,(c, -c,), ©)

wherep, is the dry air densityc; and, are the average scalar concentrations expressed as
dry air mixing ratios in updraft and downdraft air sampl respectively. The concentration
difference is scaled with the intensity of turbulent veat mixing measured by the standard
deviation of the vertical wind speeg, based on the assumption of flux-variance similarity. The
proportionality factorb is determined from EC flux measurements of a proxy scalar, ruhge
assumption of scalar similarity in the turbulent exchange dombining (5) and (6) and
rearranging fob:

wc'

b= —\. (7)
Gwpa‘CT —Cl j

The REA method can be applied to determine isotope fluxesiegsuring isotope and bulk
CO, mixing ratios in updraft and downdraft air sampl&ojvling et al, 1999a;Bowling et al,
1999b]. For the scalar similarity assumption this mebfiso=bcois=bco.. Rewriting (6) for
the determination of the turbulent isotopic flux density, ilee eddy isofluxd.F., based on
isotope ratios expresseddmotation Bowling et al, 2001;Bowling et al, 2003a] yields:

8.F, =bo,p,(5, C, -5, C). ®)

5 ands, are the average isotopic signatures in updraft and dafvreir samples,
respectivelyC; and, are the updraft and downdraft average bulk@i®ing ratios in dry air.
Such measurements directly above forest ecosystems rddgirenalytical precision in order
to correctly resolve small concentration and isotopidedénces. In order to increase the
concentration difference and to resolve certain techngahpling problems, normally a
deadband is applied during REA sampling for low vertical wintbgities at which no samples
are accumulated in the updraft or downdraft reservdissinger and Oncleyl990; Pattey et
al., 1993]. Bowling et al.[1999b] suggested a modification of the REA method, in which a
hyperbolic deadband is applied (HREA) in order to maximizestedar difference for isotope
flux measurements.

Problems with the assumption of scalar similarity for RBAd HREA are discussed in
Ruppert et al.[2006b]. A comprehensive assessment of the impact of scaldlastg on
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isotopic flux measurement methods could only be performed wibntinuous and high
resolution time series from EC isotope flux measurementswaéver, in comparison to the
EC/flask method, the assumption of scalar similarityHREA is significantly relaxed. Strict
similarity is only assumed for sample selection, whadgividual samples are rated according to
their flux contributionw'c' to the proxy scalar turbulent exchange, i.e. when defining the
hyperbolic deadband for updraft and downdraft sample segregafithile there is some
evidence that the relation between bulk £Dd its isotopic signatures in the turbulent exchange
might generally be linearBowling et al, 2001], the slope of that relation may change
temporarily, e.g. during morning transition perio@oivling et al, 2003a;Ruppert et al.2008].

In HREA the slope of the mixing line is determined by pretysmeasuring the average isotopic
and mixing ratio differences in updrafts and downdrafisis incorporates important additional
information on the major turbulent fluctuations and tkie' joint frequency distribution of the
isotopes into the flux evaluation schenkuppert et al.2008].

The proxy scalar difference and appropridtdactors can be determined either from
simulation of HREA sampling of turbulent time series lmsed on measured concentration
differences, e.g. in the case of whole-air sampling antdtiple scalars analysis. In the latter
case, the advantage is, that potential sources of eglated to the current micrometeorological
situation or the technical sampling procedure identicaifjuence the concentration difference
of the scalar of interest and the proxy scalar. The mesth-factors are then determined for
each measuring period of typically 30-40 min individualljhis and other issues regarding the
technical performance of whole-air HREA measuremengsdigscussed in detail biruppert et
al. [2008]. If bulk CO, mixing ratios ands*3C and/or8*°0 isotopic signatures are measured
from the same updraft and downdraft air sample and scalalasity is assumed as discussed
above, the ratio of (8) and (6) directly determines the fleighted isotopic signatur& of the
turbulent atmospheric exchange of £O

5 = 8cI:c _( t C__ac_i)

1

= SNy 9
’ FC (C_T_Cl ( )

& is the key parameter that relates the eddy iso8ifs measured by HREA to the G@ddy
flux F., which can be measured by EC (5). Consequently, theesarm results from combining
(8) with the definition ofb by (7) and dividing by (5). This definition has similarity the
expressions suggested blpyd et al.[1996, Equations 14 and 15] for the determination of the
isotopic content of one way fluxes. However, in the presttfibem and in the context of HREA
whole-air sampling it allows the direct derivation 6f and &.F. without requiring flux
determinations other than the eddy flux of bulk £@etermined by EC according to (5). It
conceptually compares to the flux-ratio methodology suggeste@rlifjs et al. [2004] for the
estimation of the isotopic signaturé of the respiration flux from isotope flux-gradient
measurements at two levels above an ecosystem with adtibihg nighttime. However, above
tall vegetation flux-gradient measurements could be distdiby counter-gradient fluxes and
internal boundary layers. The definition & according to (9) in the context of HREA sampling
contains information on the dynamic of the turbulent exchangaich is inherent to the
updraft—-downdraft differences. In this respect, thregaathges of isotope HREA should be
considered. Firstlyd. is determined in a truly flux weighted manner and represengs th
derivative of the isotopic mixing line of the turbulent exoga at the point or level of
measurementz,, above the ecosystem. Secondly, the isotopic signature oftuhmulent
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exchange can be measured with a footprint that is identicat least very similar to the
footprint of EC flux measurements. Thirdly, also the tadimeasurement integration times of
the HREA and EC measurements are well comparable.

2.3. Mass balances for the net ecosystem exchange (NEE)

Mass balances for the G@xchange of ecosystems are commonly evaluated by accounting
for concentration changes in the air below measurement hagystorage fluxs in order to
derive the mass balance for the ecosystem/atmosphemaggeunder the assumption that
horizontal and vertical advection terms are negligible. Thiews quantifying the net
ecosystem exchange (NEE)for individual sampling periods, which can directly beateld to
ecosystem processes. Equally, mass balances forigstfbpes at the ecosystem/atmosphere
interface, i.e. the isofluxes;, are defined by including the so called ‘isostorage’saglux term
dsFs[Bowling et al, 2001]:

F=F +F=Fy+F,, (10)
FB = 6cI:c + 6SI:S = 6R FR + (Sa _Acanopy) I:A . (11)

NEE can be partitioned into its component fluxes of assititih F5 and respiratiorFr by
combining (10) and (11)Howling et al, 2001; Bowling et al, 2003a;Lloyd et al, 1996;
Wichura et al, 2000]. According to the definition presented Bpwling et al.[2001], the
daytime foliar respiration is excluded from the daytimepiestion flux Fr and included into the
assimilation flux Fa, which then represents a canopy net assimilation flux. Thiereifice
between the isotopic signatusgof canopy air and the integrated canopy isotope discatrom
Acanopy defines the isotopic signature of the assimilation fiaxd.—Acanopy The mass balances
(10) and (11) and the isotopic flux partitioning method are basecherassumption of well
mixed air below EC measurement heighfLloyd et al, 1996;Wichura et al, 2004].

The isotopic disequilibriunm is defined as the difference in the isotopic signat@esf the
carbon dioxide released to the atmosphere by respiratidrilee isotopic signature® of the
carbon dioxide consumed by assimilation:

D=8, =0y (12)

The ecosystem CQOexchange is in a state of isotopic equilibrium 4f=0. Isotopic
disequilibrium results e.g. from changes of the canopy isomiperimination Acanopy in the
assimilation flux due to changes of environmental conditiorssiomata openindgdarquhar et
al., 1989; Flanagan et al. 1994]. The isotopic flux partitioning method requires isatop
disequilibrium»+#0 and the precise measurement or modelingpFs, 6Fc, dsFs, 6r andda.

A schematic overview of the mass balances established fointlestigation of ecosystem-
atmospheric C@exchange in a forest is presented in Figure 1. The measmteheightz,
(dashed line) is the level of EC flux measurements and ahébattion of the isotopic signatuig
of atmospheric turbulent exchanger from HREA sampling. Thssrbalances of bulk G@nd
its isotopes can here be described by (5) and the product(5df and (9). The
ecosystem/atmosphere boundary (dash-dotted line and dioie®ds the interface at which the
CO, NEE and the isoflux are determined according to (10) and (1&)mass balancing after
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inclusion of the storage flux terms. Additional terms of inontal and vertical advection are
neglected here.

With the same concept as for the derivationsefn (9), the flux weighted isotopic signature
oy of the NEE is defined by the ratio of (11) to (10):

F

SN :? . (13)

During daytime and well-developed turbulent exchange, the gtoflax termsFs and dsFs
are normally small compared to the turbulent eddy flukgandd.F.. Thus, the most important
parameter for the determination of the isotopic signadiref the NEE isd., which has to be
measured with high precision above the ecosystem.

In tall vegetation, complex exchange processes like €@ycling ® within the canopy or
decoupling of certain air layers in the canopy or sub-cgnepace can complicate flux
measurements and mass balancing for the derivation of NEEd#cated in Figure 1. A dense
canopy can act like a bottleneck in the vertical exchange ofrain the sub-canopy space in
times of less developed turbulent mixingHomas and Foker2007b]. This has implications for
mass balances based on gas exchange measurements perftronedtlze canopy as the
ecosystem/atmosphere boundary in the canopy or sub-capapg $dotted line) is sometimes
poorly defined. A variable status of atmospheric coupling riant the mixing of canopy air
with air from the sub-canopy space. The assumption of wetkth air below EC flux
measurement height,, which is fundamental to the isotopic flux partitioning mmet, may then
partially be violated. Stable stratification of canopy and a lack of vertical air exchange are
often observed during nighttime. These conditions result sk of systematic error for the
evaluation of isotopic mass balances, as discussed ikefor the evaluation of the GONEE
[e.g.Ruppert et al.20064a].

2.4. Ecosystem isotope discrimination

A general definition of isotopic discriminatioh commonly used in the context of biological
processes is presented Bgrquhar et al.[1989]:

8,-8
Azfs". (14)
+D

It relates the isotopic signatuig of source air to the isotopic signatudg of the product.
This relative definition makes the isotope discriminatidnindependent from the reference
value of the international isotope standard Vienna Pee Belemnite (VPDB).

The definition of isotope discriminatiomd\. at the ecosystem scale was suggested by
Buchmann et al[1998]. A, is estimated on long timescales based on the differenweckea the
isotopic signatured,., of air samples from the free troposphere and the integcalystem
isotopic signature inferred from the isotopic signatdreof the respiration flux commonly
measured during nighttime.

— 8trop - 8R

15
=T (15)
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In this definitionég is dominated by small spatial scales representedrisanples collected
close to the ground, whil&., represents the large scale background air of the figmaphere.
The underlying assumption of complete mixing in the air colspanning from the ground to
the free troposphere and the uségfs integral ecosystem isotopic signature are only wadid
long timescales. Consequently, the variabilitydafon diurnal and seasonal timescales should
be considereddkblad and Hogberg2001;Knohl et al, 2005].

As described above, two different surfaces exist for,Gfiass balancing of ecosystem
atmospheric exchange on ecosystem scale: (i) A plane asureraent height, and (ii) the
ecosystem/atmosphere interface. The corresponding leslagiffer by the inclusion of the
storage flux term in the mass balance for the ecosystenosphere interface. For the isotopic
discrimination related to a net exchange through a surfheeproduct is characterized by the
isotopic composition of the net flux, e.g. the isotopic casition of CQ that remains (i) below
measurement height or (ii) within the ecosystem. The esponding isotopic signatures are
described by, anddy, respectively.

In the first case (i), the definition of ecosystem isotojecdmination describes the isotopic
influence of the turbulent exchange above the ecosystem on tresplere, here the lower
boundary layer. This concept corresponds to the definitioreafsystem discrimination,
[Buchmann et a).1998; Buchmann and Kaplar2001;Kaplan et al, 2002]. We here suggest
that on smaller half-hourly timescal@g can be defined as ecosystem isotope discrimination of
the atmospheric exchange at measurement height agaitgpesan the lower boundary layer
air. It can be determined from the flux weighted isotopignsitured. of the atmospheric
turbulent exchange at measurement heghin reference to the isotopic signatuig of lower
boundary layer source air above measurement height.

8,8
¢ 148,

. (16)

The source air from above the measurement height is best edimpkollecting downdraft air
like in the HREA sampling scheme, which for its isotopigreture implieg=3, .

In the second case (ii), the combined discrimination effettisotopic fluxes during
photosynthesis and respiration was termed net ecosystenmuisation and denoted withe by
Lloyd et al. [1996]. It equals the ecosystem isotope discriminationttaf net ecosystem
exchange (NEE) in reference to the isotopic signattigeof canopy source air below
measurement height, and can be defined as
3, — 3y

=2 .
E 1435,

17)

This term is conceptually identical to the original defiioin [Lloyd et al, 1996]. However,
assumptions on the magnitude of net and one-way flux componentaweetethere, which are
not required for its definition according to (17). We wantatdopt the second assumption made
by Lloyd et al.[1996], stating that an integrated air sample of air betogasurement height, is
sufficiently approximated by the updraft air sampled e HREA sampling scheme and can
also be used to describe the source air at the ecosystaogphere interface, i.6,.=5: and
C.=C; . Support for this assumption during daytime was provigeddiose agreement between
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diurnally changing C@mixing ratios,3°*C and&*0 isotopic signatures in updraft air samples
and canopy air sampleR{ippert et al.2008].

2.5. Canopy isotope discrimination
The integrated canopy isotope discriminatiin.pyis commonly defined as the difference of

da to the isotope ratio of canopy source air by (1Bpyvling et al, 2001;Bowling et al, 2003a],
ie.

A §,—8,. (18)

canopy =

This definition of the discrimination in the net assintiten flux is based on an approximation,
in which terms ofSaAcmpyandAcanopy2 are ignoredBowling et al, 2001;Bowling et al, 2003a]
in order to allow for simple calculations of the flux paidhing method. Similar approximations
were also used for global scale modelingakwin et al, 1998; Randerson et al.2002].
However, the definition of isotope discrimination from a pim difference has a systematic
difference to conceptually similar definitions of isotogiecrimination of ecosystem fluxes, i.e.
Ae and Ag [Buchmann et a).1998; Lloyd et al, 1996] and the general definition of isotope
discriminationA [Farquhar et al, 1989]. We therefore suggest an alternative definition of the
canopy discriminatior\'canopyin the net assimilation flux,

! _Sa_SA

canopy — 1+ SA ’ (19)

which is compared to (18) and discussed in Section 4.6 anddBett8. A solution for the
inclusion of (19) into the isoflux mass balance (11) is preseint Appendix B.

3. Methods and Material
3.1. Field experiment

A whole-air REA system was used to collect updraft and dowihdia during the field
experiment WALDATEM-2003 (Wavelet Detection and Atmospheriariulent Exchange
Measurements 2003Thomas et a).2004]). Samples were collected during the summer above a
spruce forestRicea abies, L). with a plant area index (PAl) of 5.2%m™ and an average
canopy height of 19 mThomas and Foker2007a]. Understorey vegetation consists of small
shrubs and grasses. The experiment site Waldstein/Waidenen (GE1-Wei) is part of the
FLUXNET network and is located in the Fichtelgebirge Mains in Germany (50°08'31" N,
11°52'01" E, 775 ma.s.l.) on a slope of 2°. A detailed diggion of the site can be found in
publications byGerstberger et al[2004] andStaudt and Fokef2007].

A sonic anemometer (R3-50, Gill Instruments Ltd., LymingtbiK) and an open path GO
and HO-analyser (LI-7500) were installed on a tower at 33 m #mgr data was used for
continuous EC measurements. The application of correctiorthéoderivation of the turbulent
flux density and further quality control measures are discussedetail by Ruppert et al.
[2006a] and were equally applied to determine the sensible heant laecat and COflux
densities presented in this study. Turbulence data from dicakrprofile of 3D-sonic
anemometers was evaluated by methods present@thdiynas and Fokef2007b] to determine
the status of coupling of the turbulent exchange between the autpy, canopy and above-

120


rj
Textfeld
120


RUPPERT ET AL.: ECOSYSTENPCO, AND CO*0 ISOTOPE DISCRIMINATION, ED-11

canopy space. Mean air temperature was measured in é&alegrofile of ventilated
psychrometers. Long and short-wave radiation was measiitbe tower top.

During the WALDATEM-2003 experiment, the online EC data was uf@dthe HREA
measurements with the whole-air REA system. The desighefvhole-air REA system goes
back to the principles ideas of conditional sampling of trgases Businger and Oncleyl990;
Delany et al, 1991;Desjardins 1977;0ncley et al. 1993;Pattey et al. 1993] and is based on a
design suggested Wgowling et al.[2003a] in which foil balloon bags serve as intermediate
storage for updraft and downdraft air samples at ambpmessure. Technical details, the
complete evaluation scheme and thorough quality control applieing the material selection,
the construction, the measurements and their evaluation aceiloied and discussed Ruppert
et al.[2008]. Only a brief summary is presented here:

The sample air inlet was installed at 33 m just beltw sonic anemometer. The air samples
were directed through a 1 um Teflon® filter into théhebe-air REA system positioned just
below the tower top. Updraft and downdraft samples werectetl according to the definition
of a hyperbolic deadband defined from the proxy scalas, @8e-dried in a Nafion® drier and
accumulated in foil balloon bags at ambient pressurerfimrinediate storage. Foil balloon bags
were conditioned before the first usage by exposure to diaalight and flushing for several
days and before each sampling interval by threefolting with dried ambient air from
measurement height. After a typical sampling period o#480win, updraft and downdraft air
samples were further dried by pumping them through Mg@:l@rying traps and were stored in
1L glass flasks with PCTFE stopcocks. All air samplesre analyzed in the gas- and isotope
laboratories of the Max-Planck-Institute in Jena, Gangn

Thorough testing of the complete whole-air REA system witHfram a pressurized air tank
assured that neither the foil balloon bags during storage timpeto 1 h nor the rest of the
sampling system contaminatéiC or %0 isotope ratios. For bott§**C and&'®0, the overall
measurement precision of the whole-air REA system was #l@se to the high measurement
precision of the IRMS system, which was used for isetamalysis Werner et al. 2001], i.e.
0.014%ovs. VPDB for 3°C and 0.02%ws. VPDB-CQ for §'%0 respectively Ruppert et al.
2008]. The evaluation of measurements from the field experimharihg three consecutive days
from 6-8 of July 2003, day of the year (doy) 187-189, and the companigitin samples
collected with an independent isotope and trace gas prefstem showed a very close match of
mixing ratios and isotopic signatures in updraft @nples and in profile air samples from 33 m
measurement height and canopy top. This confirmed that leigkld of measurement precision
could be maintained fo’C and*®0 isotope ratios and bulk GOnixing ratios during the field
experiment and even small isotopic differences could be veddufficiently. However, at the
beginning and the end of the measurement period, insufficimgl due to exhausted drying
traps caused artificially changéfD isotope ratios of CO These values are therefore omitted
from further analysis in this studyC isotope ratios antfO isotope ratios measured after the
replacement of the drying traps in the morning of doy 188 wereaaffetted. Systematic errors
from specific sampling paths in the whole-air REA systevere avoided by changing the
sampling path for updrafts and downdrafts after each sampitegval.

In parallel, an isotope and trace gas profile systam@ed air at eight levels from the tower
top to the forest floor at 33, 22, 15, 5.25, 2.25, 0.9, 0.3@8&@ m above the ground. The 33 m
inlet was installed close to the inlet of the whole-REA system. Inlets at 22, 15 and 5.25 m
span from the top to the bottom of the canopy space, whiktsrat 2.25 m and below are
positioned in the sub-canopy space. Air from each height eeasinuously sampled at about
1.2 L min?, passed through a 1 pm Teflon® filter and 25 m of Dekalubing into a 2.5 L
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buffer volume. Profile sample air from the buffer volumeasndried with a Nafion® gas dryer
and continuously analyzed with a closed path,@®@alyzer (LI-820). Whole-air samples were
taken from the buffer volumes within 15 to 30 min during nighti and up to three times
during the day, dried with Mg(Clg), and sampled into 1 L glass flasks with PCTFE stopsock
for subsequent high precision isotope and trace gas asatyshe laboratory. The whole-air
profile samples allowed for improved inter-calibration Hipwing for an offset correction in
the continuous C@profile measurements. The design of the isotope and tgaseprofile
system followed the design principles of the whole-air REsteyn, in particular with respect to
the treatment and use of materials.

3.2. Estimating storage flux and isostorage from HREA updraftair samples

In our experiment, the best temporal representation ofcti@nges in the isotopic content
below measurement height can be obtained from the HREA upairatamples, in which the
signal of mixed canopy air is captured above the canopy. Jibisal can be used to determine
storage changes with regards to the isotopic compositfddO,, i.e. the isostoragésFs. The
representativness of the updraft air samples for the airnwoldrom the forest floor to
measurement heiglat, of 33 m was tested for bulk COThe CQ storage fluxed-s calculated
from updraft air samples fell on a 1:1 line compared to nssabtained from the continuous
CO, mixing ratio measurements in the eight-level profile.eTadoption of a 1:1 relation
correctly reproduced about 85% of the variation. This findinggests that most of the storage
change below measurement heightcan be approximated correctly by evaluating updraft air
samples:

d(p,C,) d(p.C,)
F = a—a d = a7 s 20
5 I e dz= g, (20)
2d(p.5.C.) d(p,5. C,)
§Fs = | 22 dz=z, —2 117, (21)
-([ dt dt

It is worth noting that the temporal integration dif the storage flux calculated from the
preceding and subsequent HREA updraft air samples is Wliglitferent (~2 h) from the
temporal integration of the storage flux measured withabmetinuous profile system (30 min)
and HREA isoflux temporal integration (30-40 min). Howevtre absolute contribution of
storage fluxe$-s to the NEE was very small during daytime when isotopedls were measured
(Figure 5). For consistency of the data used for masangal analysis in this study, both the
bulk CG; storage fluxFs and isostoragésFs were approximated according to (20) and (21),
respectively.

3.3. Isotopic signatured, of the assimilation flux and canopy discrimination Acanopy

The isotopic flux partitioning method based on equation (10) and (Ehuires the
determination of the isotopic signatures of the net asatinih flux 3, and of the respiration flux
or. We determinedr from the mixing line intercept in Keeling plots of sub-cayair samples.
The reasoning for restricting the analysis to sub-canepypdes is discussed in Section 4.1. The
isotopic signatured, of canopy source air for the net assimilation flux wasedained from
HREA updraft air samples by assumibg:5; . The whole canopy isotope discriminatdgopy
can be determined from models for leaf level isotope disicration [Farquhar et al, 1989] and
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canopy conductance estimated from the Penman-Monteith equdmnling et al, 2001;
Grace et al, 1995; Knohl and Buchmann2005]. However, for the comparison of canopy
discrimination Acanopy to €cosystem discrimination valuég and Ae we chose to inverse the
partitioning approach in order to estimaig.nopybased on measured isotopic signatures of the
atmospheric turbulent exchandgdwling et al, 2003a]. This requires the determination of the
contribution of the respiration flu¥g to the NEE.Fr was obtained from a simple exponential
temperature regression modélldyd and Taylor 1994], which was used for gap-filling of
nighttime data and derivation of the annual sum of NEEValdstein/WeidenbrunnemRlppert

et al, 2006a]:

FR — Fvao eEo[(l/(283-15_T0))'(1/ (T-To)l ) (22)

Fr10=3.84 pumol m?stis the respiration flux density at 10 °€y=163.7 K is the temperature
sensitivity parameter and,¥227.13 K was kept constant as in the original publicationhef t
model. The regression showed a high coefficient of deternaindtir 2 K bin aggregated data of
nighttime total ecosystem respiration®®.86). It also compared well to the intercept of a
daytime temperature-light response modBluppert et al. 2006a]. However, half-hourly
nighttime total ecosystem respiration data plotted agjasnib-canopy air temperature at 2 m
showed large scatter. Due to this scatter and the assumptbdaytime soil respiration shows
a similar exponential dependence on temperature, the modeapiulation flux data should be
regarded as a rough estimafejchstein et al.2005]. Nevertheless, during daytime, normally
the absolute assimilation flux is significantly higher in magnittiten the respiration flux. For
estimating the isotopic signatufg from a combination of (10) and (11), the propagation of
error in Fg scales with the relative contribution & to NEE. Therefore, some confidence is
provided, that during daytime valid estimates of the caniopggrated and flux weighted value
of da andAcanopyCan be obtained. These values will depend primarily omtieasured isotopic
signatured. in the atmospheric turbulent exchange. With this calcafathethodda andAcanopy
are independent of leaf-level model assumptions.

4. Results and discussion

The flux weighted isotopic signatube of the atmospheric turbulent exchange was determined
from high precision measurements of tB¥C and &0 isotopic signatures and bulk GO
mixing ratios in whole-air HREA updraft and downdraft aamples. Frond. as principle
parameter the isotopic signatuiigin the net ecosystem exchange and related ecosystempésot
decimation parameterd. and A were determined as described in Section 2 and 3.2. The
estimation of Acangpy required modeling of the respiration flukg (Section 3.3) and the
determination of its isotopic signatusg from sub-canopy air samples.

4.1. Determination ofég from isotopic mixing relations in vertical profile air s amples

Air samples from the vertical profile were evaluated by sapay analyzing the isotopic
mixing lines for upper canopy samples (ranging from mid to abmamopy, 15-33 m) and sub-
canopy samples (0.03-5.25 m). The analysis of samples fronit®y12:50 h (Figure 2a-e)
indicated the existence of two different mixing lines. BHIC, the slope of the two mixing lines
was obviously different. However, the uncertainty of «imi line for upper canopy samples is
larger due to the small range of G&nd a small number of sampling points. Exactly the same
pattern was found in three other mixing relations of migddeertical profile air samples
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presented together in Figure 2f. Although the definition leé upper canopy mixing lines is
poor, the common pattern clearly demonstrates that the assungptiosingle mixing line often
made for the evaluation @k is not valid during these daytime hours.

Sampling height dependence of the isotopic signadineas found in a study bpgée et al.
[2003] in a pine stand with a leaf area index (LAI) around 3m. Also Knohl et al. [2005]
found visual indication for the existence of different migilines in upper and lower canopy air
samples from a deciduous forest. Their analysis howevenatidesult in statistically significant
differences in Keeling plot intercepts.

From the minimum C@concentrations and maximudi°C isotopic signatures at mid canopy
height in Figure 2a and b it is obvious that the observeaghan slope is due to photosynthesis
as a sink for C@leading to relative enrichment 6t°C due to isotopic discrimination in the net
assimilation flux. The height at which a sample will repeat exactly the crossing of the two
mixing lines is likely to change with photosynthetic adiyvand the dynamic of the atmospheric
exchange. Consequently, if accepting all vertical prafdemples for the determination 6§,
any mixing line regression and slope in a Miller-Tantplor intercept of a Keeling plot) will
highly depend on at which heights within and above the canopy leasmyere collected. It is
likely, that with more intense vertical mixing and cogsently smaller gradients or with less
analytical precision, such patterns cannot be clearly ifiedt In Figure 2e the discussed effect
seems to be even more critical 0O than ford**C. It remains unclear, how the two different
isotopic mixing lines with similar slope relate tah other.

Due to the obvious existence of different isotopic mixindatiens in vertical profile air
samples, we restricted our analysis &f to the sub-canopy air samples, for which the two
source mixing assumption seems to be more appropriate &ichvgenerally showed high
coefficients of determination for linear regression lif@s most cases £0.99). Studies by
Pataki et al.[2003] andZobitz et al.[2006] suggested the use of the standard error of the
regression coefficients as measure for the uncertaing.ofhe corresponding results féx for
the HREA sampling period of doy 187-189 are summarized indadbMWe found that most of
the daytime samples showed significant differences betwgdémm sub-canopy samples only
and dg derived from sub-canopy and upper canopy air samples. This assessed by
exceedance of the onefold or twofold standard error ghificant difference observed f6r°0R
in the second nighttime profile was related to strong decouplirtheair exchange within the
canopy and changing boundary layer air. The observed sthtmipling, the diurnal variability
of 8g and appropriate methods for the determination of flux weigligetbpic signatures are
discussed in context of Section 4.2, 4.7 and 4.9.

In conclusion, the assumption of a single mixing line fowtitae vertical profiles seems
problematic in forest canopies because the assumptiomao$ource mixing is clearly violated.
Dynamic processes on different height levels and with difietemporal scales influence the air
composition. Also, correct flux weighting of the differeigotopic signatures cannot be
assumed. Firstly, any combined estimate would highly depanaghere samples were obtained
in the vertical profile. Secondly, it would require thdwettwo different isotopic signatures or
slopes are weighted by the corresponding dynamic flux contribytitiller and Tans 2003,
Equation 7] and not by the absolute span of,@tixing and isotope ratios observed.

4.2. Isotopic mixing lines determined from HREA updraft and downdraft air samples

The mixing relation of HREA updraft and downdraft air saggptan be analyzed in a similar
way as in Figure 2 by the display in a Miller-Tan plotiggre 3). According to (9), the slope of
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the line connecting the updraft and downdraft samples equaldlukeweighted isotopic
signatured, of the atmospheric turbulent exchange measured above the canopy.

Despite variability in individual slopes and the spreadisaftopic signatures especially for
3'%0 in Figure 3d, a common direction of mixing lines and an allemixing relation of the
group of all samples in each plot is apparent. Contateth&amples, as thos€O isotope
samples that were subject to inefficient drying (Sectioh), are not displayed, because they
showed up as extreme outliers from this overall mixing relagiher regarding their absolute
updraft C: 5: C; ) or downdraftq 5, C, ) values and/or the slope of their connecting line.
Therefore, Miller-Tan plots of HREA samples allow effint visual data inspection for the
assessment of data with small mixing ratio and ipatalifferences. Despite an overall isotopic
mixing relation, the diurnal variability in the data demtrases, that the definition of one single
mixing line, like tested for the application of the EC/#tamethod Bowling et al, 1999a;
Bowling et al, 2001;Bowling et al, 2003a], is not a valid assumption.

The display of the HREA data in Miller-Tan plots combinagormation on important factors
for the investigation of ecosystem Gé&xchange. This is the bulk G@onsumption and release
of the ecosystem and related isotope discriminatigninBicating the sequence of samples with
numbers and a gray line, the development of,@ixing ratios and the isotopic content of
updraft canopy air and downdraft boundary layer air cafoblewed. This relative development
contains information on the status of coupling and decouplindp@fair exchange between the
boundary layer, the canopy and the sub-canopy space. For exahwleoupling of the sub-
canopy space in the morning would be indicated by a drapefipdraft air sample to the left or
below the overall isotopic mixing relation, when isotopicallyptidéed air from nighttime
respiration is transported upwards towards the HREA sampiitgt. Such influence of
continued upward mixing of isotopically depleted air dam suspected in Figure 3b in the
development from sample ‘1’ to ‘2’. Further development from skemi@’ to ‘3’ indicates
significant enrichment of heavier isotopes in the canopygadise of discrimination in the net
assimilation flux. The enrichment coincides with less @axing ratio decrease than would be
expected from the overall isotopic mixing relation, whichuses a deviation to the top. This
pattern indicates C{recycling da S. L. O'R. Sternberd 989]. At the same time it provides an
explanation for the excursion of early morning samples fthenoverall isotopic mixing relation
[Ruppert et al. 2008] also observed in the study Bpwling et al.[2003a]. Further significant
decrease of COmixing ratios in sample ‘4’ and ‘5’ close to the overall ispic mixing relation
was related to decreased cloud cover for about 2 hounsndrnoon (Figure 4a) and intense
assimilation in well mixed canopy air. An inclined ‘Bke pattern results for the complete
diurnal course of doy 188 from the line connecting the updraft sesnpl Figure 3b. This
pattern partly is resample in Figure 3d. However, thetidachanges on the vertical axis seem
to be amplified for3'®0 data. Figure 3c shows a different pattern. The tracéheftemporal
development of updraft air samples would result in adifec! oval form, if we hypothesize
continued mixing of canopy air and further addition of igotally depleted C® from
respiration in the evening and night (gray-dotted line in Figdrenighttimeég=26.7%. VPDB,
Table 1). A ‘'S’-like pattern in the morning is assumed fbetstart of photosynthesis and
vertical mixing similar to the pattern found in Figure Ibata in Figure 3b, 3c and 3d also show
that even under conditions with well developed turbulent mixinghim afternoon of doy 188
and 189 (Figure 4d) the slope of the black line connecting eachaft and downdraft sample,
i.e. 8., can be different from the mixing relation inferred fraime temporal development of
isotope ratios in canopy air (gray line), e.g. im&ie 3b and 3d from sample ‘5’ via ‘6’ to ‘7’ or
in Figure 3c from sample ‘6’ via ‘7’ to ‘8". This demonsites the need for dynamic updraft and
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downdraft whole-air sampling instead of average whole-aifding for the measurement 6f.
We suspect that by the method of graphical display preseimegdigure 3 and by more
completely sampling the diurnal cycle (Section 4.10), typipatterns related to specific
characteristics of the net ecosystem exchange of €@0ld become visible. For the analysis of
isotopic signatures from updraft and downdraft samples #sessment of deviations from an
overall isotopic mixing relation in Miller-Tan plots hamethodological similarity to a
geometrical interpretation of conditional samples suggestedPtmporato [1999] for the
analysis of coherent structures and the dynamic in turibtiene series.

4.3. Environmental conditions and characterization of he turbulent exchange situation

Effects from the European summer drought in 20@2ghier et al, 2007; Reichstein et a|.
2007] were visible in the diurnal courses of NEE, which weaaluated for the derivation of the
annual sum of NEE for the year 200RUppert and Foker2005;Ruppert et al.2006a]. During
periods with very dry and hot weather in the beginning of Jumé August, decreased NEE
indicated drought stress and afternoon stomata closure.etdmw the intensive HREA
measuring campaign started in the beginning of July at noon ofl8@yafter a prolonged rain
period. Consequently, no signs of drought stress weretetén the diurnal course of the NEE
from doy 187 to 189. Changing degrees of cloud cover were observéadasited by the
diurnal courses of global radiatid® in Figure 4a.

During the second night, a strong temperature inversion withencanopy is apparent from
the vertical temperature gradient in Figure 4b, which wastrikely related to the advection of
warm boundary layer air masses in the evening of doy 188. Tdidesstratification at night
[(zw—d)/L>0.5, Ruppert and Foken2005] caused a nearly complete decoupling in the
atmospheric exchange, which is marked by steep @fXing ratio gradients between mid
canopy air (15 m) and air sampled at 14 m above the ecosyatEigure 4c starting at sunset at
about 20:00 h CET (mark ‘3") and diminishing GAluxes measured above the ecosystem
(Figure 5).

The maxima and minima in the trend of g@ixing ratios in and above the canopy in Figure
4c are a good indicator to determine the status of exchangeauqling in the morning. On
doy 188 and 189 photosynthesis starts with the first light atségl at sunrise. This is marked by
a sudden decrease in canopy £fixing ratios (marks ‘1’ and ‘4’). About 1 h later, treudden
increase of C@mixing ratios in the canopy air despite of increasing glafaaliation suggests
that the CQ pool, which was built up by nighttime respiration in the sub-ganepace
(2.25 m), is released into the upper canopy air. The couplfrthe sub-canopy space coincides
with the onset of sensible and latent heat fluxes mesisabove the ecosystem about 1 hour
after sunrise (marks ‘2’ and ‘'5’).

Before, significantly different situations for the excharggween canopy and above canopy
air are visible in the morning of doy 188 and doy 189. Whilahe first morning mixing ratios
at 33 m closely follow canopy air mixing ratios at 15 am the second morning equilibration of
CO, mixing ratios occurred only after the stable stratifioatended by warming of the canopy
top and the onset of sensible and latent heat fluxes (m&jk The observed equilibration is
likely due to the parallel onset of intense verticakimg. For the sub-canopy full coupling and
upward mixing of the C@pool from nighttime respiration seems to occur only afteruabo
10:00 CET.

The status of coupling in the vertical gas exchange wasaialyzed by evaluating organized
motion in turbulence time series from a vertical profilesafhic anemometers ifhomas and
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Foken[2007b]. Results from this analysis are presented in [igitt. They indicate complete
decoupling and the existence of wavelike patterns in the serees of the second night. The
complex process of stepwise enhanced coupling in the morisingflected generally well,
including the prolonged decoupling of the sub-canopy space in traing of doy 189. In the
early morning hours, the temporal resolution of the exchangk @upling status could be
enhanced by the identification of maxima and minima in @@, mixing ratio time series in
Figure 4c.

For the HREA measurement periods during daytime, genevedl+coupled conditions are
indicated for the canopy space. Only for the first samgplperiods in the morning of doy 188
and 189 and the last sampling period in the late afternoatogfl89, partial decoupling of the
sub-canopy space should be assumed. This is indicataa offset of sub-canopy GOnixing
ratios compared to canopy air in Figure 4c and the sta@s’'sand ‘Ds’ in Figure 4d.

4.4. Flux partitioning (F, Fgr, Fa)

Figure 5 presents an overview of the £ffix components in the NEE mass balance (10). As
discussed above, in the second night the atmospheric turbulerdregedf. was inhibited by a
very strong temperature inversion within the forest caneopsgulting in statically stable
stratification. Consequently, hardly any of the respi€&0, left the forest by vertical exchange.
Instead, wavelike motions were detected in the turbulené tseries of the sonic anemometer
profile (Figure 4d). Measured G@xchange and modeled total ecosystem respiration (FRR,
disagree for the second night. The stable stratificatiosiged and was observed well into the
morning hours. The inhibited turbulent exchange caused poor datityqoé the eddy
covariance flux measurements (missing datdoin Figure 5). Observed storage fluxes were
relatively small. However, small peaks of storage incedasair below measurement height are
visible at sunset.

During the first night, the respiration model fé¢fx seems to slightly underestimate the
nighttime total ecosystem respiration (TER, at night&tiequal to NEE, i.d=r=F). On the other
hand, the estimation of daytime respiration flexfrom the temperature regression of nighttime
TER involves an overestimation because of the partial inbibibf dark respiration by light
[Sharp et al. 1984]. Furthermore, by definition daytime foliar respiratisimall be excluded
from Fg for the isotopic flux partitioning method according to (11). ieokespiration is instead
assigned to the net assimilation flieg during daytime. Because of the general uncertainty
associated with the rough estimate of the daytime ratipn flux Fg from nighttime TER and
temperature regression (Section 3.3) and the opposing sighe two apparent errors discussed
for the actual situation during the measurement period, wedddanot to apply corrections to
the estimates for daytiner. Fa was determined from rearranging (10), Fe=F-Fr.

4.5. Isotopic signatures of turbulent atmospheric exchange() and NEE (6y)

The flux weighted isotopic signatuig of the atmospheric turbulent exchange was measured
by HREA 14 m above the canopy of the spruce forest at Waltdsteidenbrunnen and
determined according to (9) as slope of a mixing line frarhole-air HREA updraft and
downdraft samples (Section 4.2). Error bars &@rnvalues presented in Figure 6 indicate the
estimated uncertainty (standard deviation) associateti witsingle measurement. It was
determined by error propagation in (9) based on the observadpis and mixing ratio
differences and the measurement precision for updraft andhdi@ft air samples as specified
by Ruppert et al.[2008], i.e. 0.08 pmol mot for bulk CO, 0.014%.VPDB for 3°C and,
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0.02%.VPDB-CO, for §'%0. On average, the relative standard deviation of the diffees in the
numerator was 19% for’CO, and 28% for C&O compared to 5% for the bulk GOnixing
ratio differences in the denominator. This shows thatutheertainty of the slope of the mixing
line and of 6. is dominated by the relative measurement uncertaintysmofll isotopic
differences. Nevertheless, combined high precision bulk @@asurements are also essential.
The achievement of very high precision of the measuremensatbpic ratios by IRMS or
absolute abundances of isotopes by TDL in the turbulent exgghas therefore of utmost
importance Pgée et al. 2004; Phillips and Gregg 2001; Saleska et al.2006;Zhang et al.
2006]. This finding likewise applies to HREA and any other isoffagasurement method. The
inclusion of samples with an ‘average’ isotopic signatucerf within the hyperbolic deadband
in the EC method or application of smaller deadband sie@sld further decrease the average
differences that need to be determined with high precision.

The isotopic signaturéy in the NEE was determined according to (13), (10) and (1) b
accounting for the storage and isostorage changes (S&f#arDiurnal variability of values of
oy andd. is presented in Figure 6. The variability of consecutiveasurements is smaller than
expected from the mathematical propagation of measuremmriainty. Therefore, slightly
better estimates ob. and 3y can be achieved from the evaluation of several consecutive
measurements. We assume that most of the observed talmgamiability represents real
changes of the isotopic signatures. Temporal variabiityould be expected from the
observations and diurnal changes discussed in Section 4.2xBmple, a small positive offset
of noon and early afternodit*C, and&**Cy values of doy 189 compared to values of doy 188 is
apparent, which seems not to apply fi3fO isotopic signatures. F@"C., comparable values
were obtained at the same spruce forest site by relatidfics, fluxes measured by HREA
with a cryo-trap sampling system and EC £fixes in 2000 doy 174Wichura et al, 2004],
which showed a larger range from —15 to —38%. VPDBi¢hura et al, 2001]. In this study, the
averaged™C. of 16 samples was —26.0(+3.2)%. VPDB (Table 2b). While this agerdoes not
reflect the diurnal and seasonal variability, it is clésa value predicted for 50° N latitude by a
global scale model presented [8uits et al.[2005]. Because during daytime, storage and
isostorage changes and the difference betwigemd dy are normally smallg. is the principle
parameter that determines also the ecosystem and rststem discriminationXe andAg).

4.6. Ecosystem, net ecosystem and canopy isotope discriminati@q, Ag, Acanopy A’ canopy)

The determination of flux weighted isotopic signatureswtd the determination of related
ecosystem discrimination by referencing them to theojgsetratio of source air according to (16)
for ecosystem discriminatiorA, and (17) for net ecosystem discriminatiohz. The
measurements provide the temporal resolution necessary tp gdiwthal changes ime. The
canopy isotope discriminatiom\canopy iS commonly defined according to (18) and was
determined from the estimated canopy integrated and flughted isotopic signaturé, of the
net assimilation flux in this study as described in Sec8@ Results for all three parameters of
isotope discrimination are presented in Figure 7. Thearative definition of canopy isotope
discriminationA'canopy (19) was omitted from display in Figure 7, because itsat&on closely
corresponds tAcanopyWith @ small positive offset.

While differences between the three parameters and dexhpariation were found on
doy 188, less variation is observed on doy 189. Differences batwgand A in the first half
of the day are due to small GGtorage and isostorage changes. Remarkable excursibighto
3o, discrimination were observed in the morning of doy 188 when®OGdiscrimination
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seemed to be unaffected. Changes in"tO0discrimination were observed in the afternoon of
doy 188, in which*CO, discrimination seemed to be unaffected. Canopy isotligeimination
AcanopyS€EMeEd to be affected to a smaller extent by thesiati@rs. The average value of all
measurements oA'*C, in this study (Table 2a) closely corresponds to values ali®%o.
reported for spruce foresPicea mariana, Millefj [Buchmann et a).1998; Buchmann and
Kaplan 2001;Flanagan et al. 1996;Flanagan et al. 1997a].

The strong increase HCO, discrimination in the morning of doy 188 and in the afternoon of
doy 187 correlates with increasing but relatively moderate wampessure deficit (vpd)
measured at the canopy top (Figure 4b) and the formatiomubr@ complete cloud covers just
before the two measuring periods (doy 187, 15:20 CET, cumulus @3,188, 9:35 CET,
stratocumulus 8/8). This resulted in reduced global rahaR, (Figure 4a) but high proportions
of diffuse light. Diffuse light conditions are known to allowelatively high rates of
photosynthesisHaldocchj 1997; Law et al, 2002], which was also observed for the two
measuring periods (Figure 5). HigfCO, isotopic discrimination at the leaf scale is related
small vpd, while contrary effects are observed for ‘& discrimination Flanagan et al,
1994]. The combination of small vpd, small photosynthetic phéitondensity and cloudy skies
was discussed to maximiZ&CO, discrimination at the canopy scalBdldocchi and Bowling
2003]. Based on the results of these studies, the maxiniCi, discrimination are attributed
to a combined effect of increased cloud cover on raoliaand photosynthesis at low levels of
vpd.

The absolute values and diurnal course&@Ccanopyat doy 189 are very similar to branch bag
measurements performed in a spruce forBatga sitchensis, Bongby Wingate et al[2007]
and results presented Bpwling et al.[2003a], which were also derived from inverting the flux
partitioning method but based on isofluxes determined with th&l&®& method. The results
support the finding, thaA ..opyvaries on diel timescales in response to environmentahbbas
[Bowling et al, 2003a]. Furthermore, simulation results for a deciduauest Baldocchi and
Bowling 2003; Bowling et al, 2001] suggest that the greatest canopy discrimination sigain
30, occurs during the early morning and late afternoon.

The canopy discrimination against &0 was modelled Flanagan et al. 1997b] and
measured in branch bagSdibt et al, 2006]. Both studies suggest a significant change from
canopy discrimination below 20%. until around noon and a suddendsert® higher values in
the afternoon. The few measured values presented intthdy seem to resample this pattern.

The determination of\. by HREA allows the analysis of diurnal patterns and preesshat
affect A. on smaller time scales as discussed in this sectiaseB on (9) and (16¥*CO, and
CO™0 ecosystem discriminatiof is directly determined from HREA whole-air samples with
a footprint similar to EC. These measurements requiigd sampling and analysis can be
performed with very high precision so that isotopic and mixiato differences can sufficiently
be resolved. Scalar similarity in the turbulent exchangadsumed so far as necessary to
establish flux weighting for*CO, and CGPO isotope updraft and downdraft samples by
selection of air samples that contribute most to the buk, @ux density. The ecosystem
discriminationA. is defined as discrimination in the atmospheric exchange atie/eanopy.
This definition allows for a precise measurement of therse air from downdraft air samples.
Whereas the net ecosystem discriminatignis defined at the ecosystem/atmosphere interface
by including storage and isostorage changes below measurdmigmt. Ae allows for even
closer temporal correlation with respect to ecosysprocesses. However, the definition of the
interface and of the source air may be less preciseAfothan for A, (Figure 1). Principally,
recycling of CQ below measurement height should have the same influence ondrath if
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the storage and isostorage are determined correctly.dRegywas discussed as a source of
potential error with respect to measurementsgdfida S. L. O'R. Sternberd 989;Yakir and da
S. L. Sternberg2000] and the original definition ok, [Buchmann et a).1998;Kaplan et al,
2002]. A. or Ag defined and measured based on (16) and flux weighted isosigi@atures
should not be biased by recycling processes after suffit@mporal integration. A statistical
summary of the data displayed in Figure 6 and 7 is preseintethble 2. It also contains
averages of canopy isotope discrimination according tcatternative definition ofA’ canopy by
(19) and averages of data presented in Figure 8, whidls@zissed in the following Section 4.7.

Average values ofA™®C, and A0, ecosystem isotope discrimination show a systematic
difference of 2.8%., and respectively of 2.5%. faF°Ce and A®Oc. However, average canopy
isotope discriminationABC'canopy and A180'canopy are nearly identical and closely agree with
values specified in the literature for C3 vegetatiom,. 47.8%. [loyd and Farquhar1994] and
without application of a correction according to (A2) ip@endix B also 16.8%Hakwin et al,
1998], 16.8-17.1%. Bowling et al, 2001] 17.9%. Bowling et al, 2003a]. The difference
between net ecosystem discriminatidg and canopy discriminatiom'canepy is due to the
influence of the isotopic signaturég of the daytime respiration flux, which is evaluated in the
following section.

The systematic difference between the two definitiongarfiopy discrimination\'canopy (19)
and Acanopy (18) was on average 0.45(+0.12)%. VPDB f5C O, isotopes and 0.30(£0.07)%o
VPDB-CO, for CO®0 isotopes. The different size of these offsets istetl to the different
isotopic scales involved for canopy &rC, andsd'0, values. The different definition hcanopy
and A'canopy IS @ potential source of systematic error for thealeation of the isotopic flux
partitioning method. Equation (11) with the simplified definitioor fthe canopy isotope
discrimination by (18) should only be used M..0py Was calculated vice versa from the
inversion of the isotopic flux partitioning method. If independemtadis used e.g. from
modeling Bowling et al, 2001], then a correction should be applied as outlined inefpix B.
Currently the systematic nature of the error is stilvered within the overall uncertainty of
measurement methods and models (Figure 6 and Section 3.3 $tmcessful application of
the isotopic flux partitioning method it is therefore of hagt importance to better constrain
O, A'canopy@nddg by precise measurements.

4.7. Isotopic disequilibrium ()

The comparison of the isotopic signatufgdn the respiration flux (Table 1) ari}, in the net
assimilation flux in Figure 8 show the presence of isotapigequilibriuma in the beginning of
the measurement period and equalization of isotopic digeaton doy 189. The isotopic flux
partitioning method in principle must fails in periods whenigotopic disequilibrium can be
observed Bowling et al, 2003a]. Hence, its application to results of doy 189 and of la
afternoon at doy 187 and 188 would likely be subject to largergeremd even the sign of
partitioned fluxes would be uncertain. Only samples from tleenimg and early afternoon of
doy 188 show a clear distinction of the isotopic signatures, lwigiould provide a basis for
isotopic flux partitioning. The isotopic disequilibrium obged on doy 187 and 188 is likely the
result of changing meteorological conditions after rain and tates of photosynthesis before
noon of doy 187 and relatively high rates of photosynthesis duttiregdaytime measuring
periods. In studies bikblad and Hogberd2001], Phillips and Gregg[2001]andKnohl et al.
[2005] it was observed that the time lag between changgshatosynthesis and the isotopic
signature of soil respiratiofr was only several days. This could explain, why two dafter
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the significant weather change we observe an equalizatiéif®fand3*?0 isotopic signatures.
A similar two-day time lag in the response of nighttifigto stomatal conductance was found
in a study byMcDowell et al.[2004] in a pine forestRinus ponderosapouglas ex Laws. & C.
Laws) after passage of a cold front. The analysis of théestd vertical coupling (Figure 4d)
indicated well-coupled conditions throughout the canopy during ayidshmpling periods. In
conjunction with the results presented in Figure 8, thiglihg confirms that the observed
equalization of the isotopic disequilibrium is not the ulesof changes in the vertical air
exchange. However, the isotopic signatl¥, of the assimilation flux seemed to be slightly
decreased in the early morning and late afternoon of doy 189diugng the first and last
sampling period, which coincided with the diagnosis of a debed sub-canopy space. Because
the determination 06, from the mass balance (11) is based on the assumption aftigély
mixed canopy air below measurement height, &aeand » values of these two measuring
periods should be regarded as uncertain.

During doy 188, »™*C and »*0 had opposite sign, which means that daytiétéCy is
isotopically enriched whilé*®0Og is depleted compared to new assimilai&®C, and 5'%0,).
This difference is also reflected in the averageand daytimedg isotopic signatures and doy
188 disequilibriap in Table 2. The use of nighttim& instead of daytimér values in reference
to daytimed, values would have led to an opposite assumption for segarapling periods.
This demonstrates the importance of measuring the dayisotopic signatures of the
respiration flux. Considering the negative correlationAﬂ)?Ccanopyand positive correlation of
AlSOcanopyto vpd as reported for measurements at the leaf $Eédmagan et al. 1994], then the
different sign ofp*3C and»*®0 can be related to low levels of vpd on doy 187 and 188 after
rain period, which cause opposite excursions from the sfasmtopic equilibrium, i.e. opposite
offset of §**C, from daytimes'*Cr compared t&*°0, from daytimed'®Or.

For doy 188, results in Figure 8 show a better agreementdstwighttimedg and early
morning and late afternoai than between nighttim&z and daytimedg. This finding indicates
that diurnal variability indg is linked to recent photosynthetic processes as reportstuiies
by Bowling et al.[2002], Knohl et al.[2005] andOgée et al[2004]. The diurnal variability of
dr values in Figure 8 clearly contradicts results obtaiaed boreal spruce foredPi€ea Abies,
L.) [Betson et al. 2007], in which no variation ofér was found despite changes in
meteorological conditions. For the investigation of the ismtagnatures in the atmospheric
exchange of ecosystems, it is therefore important uantify daytimedgr values and their
variability from the analysis of sub-canopy air samples.

The whole-air HREA sampling strategy combined with high miea isotope analysis was
able to resolve even smalt®0 isotopic differences with good precisioRUppert et al. 2008]
and thereby measure G0 isotope fluxes. There might be a higher potential Fer application
of the isotopic flux partitioning method based &¥O due to often largerm™®O isotopic
disequilibrium [rakir and da S. L. Sternber@000]. This finding is confirmed by results
presented in Figure 8b for doy 188 and a lar§®0 temporal variation visible in Figure 3d.
However, the evaluation based 81O isotopic signatures could be complicated, becdf@e
isotopes in C&FO exchange and equilibrate witfO isotopes in leaf and soil wateEgrnusak
et al, 2004;Flanagan et al. 1994;Riley et al, 2002;Seibt et al. 2006].

4.8. Sensitivity of the isotopic flux partitioning method

The canopy discrimination determines the isotopic signa@ped.—Acanopy Of the net
assimilation flux. Any systematic error therefore dirgcttranslates into the isotopic
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disequilibrium»=5,—3 (18). As denominator, the isotopic disequilibrium is the nmeestsitive
factor of the isotopic flux partitioning methodpée et al. 2004; Phillips and Gregg 2001,
Zhang et al. 2006; Zobitz et al, 2007] as can be seen from the combination of (10) and (11)
resolved forF, andFxg:

FA:FB_—SRF, (23)
6A_6R
F.-6,F
F,=—2—A 24
s (24)

From the data presented in Section 4.6 we estimatddhaartitioning based of™C isotopic
signatures the systematic relative errorify,opycompared to\'canopy Would amount to 22% of
the assimilation fluxF, with regard to an isotopic disequilibrium @$*3*C=2%., which is
comparable to several values of doy 188 presented in FiguaedBthe value reported by
Bowling et al.[2003a]. For partitioning based @0 isotopic signatures the systematic relative
error would amount to 7% of the assimilation fluxy with regard to a larger isotopic
disequilibrium of p*®0=4%. VPDB-CQ (Table 2c). Even larger relative errors would apply to
normally smaller respiration fluxeSs determined by isotopic flux partitioning during daytime
and in periods with smaller isotopic disequilibrium. i§ ldiscussion shows how sensitive the
isotopic flux partitioning method is in general to uncertaintytlre isotopic signatures. The
uncertainty scales directly with the isotopic disequiliion », which often might be smaller than
2%o (Figure 8).

The sensitivity top can be demonstrated in a third form of mixing line d&plwhich relates
flux weighted isotopic signatures to the actual size oflihék CO, flux and isofluxes. Due to
the correct flux weighting in this form of display, it & true geometrical interpretation of the
isotopic flux partitioning method (Figure 9). For land/ocedux{partitioning based on global
scale modelindRanderson et al[2002] used a similar ‘vector diagram’, which links annual
global carbon fluxes anfCO, isotope fluxes. The similarity of this method to the digpof
HREA updraft and downdraft samples in a Miller-Tan plbigure 3) can be demonstrated by
considering the definition of REA fluxes in (6) and (8) argually scaling both axes and values
of C; C, 5 C; and, C, in Figure 3 by the factbo,p.. This factor introduces flux-variance
similarity in the REA method and is assumed to equalbfiotk CO, eddy fluxes and®*CO, and
CO™0 eddy isofluxes under the assumption of scalar similafifter this proportional scaling
of both axes, the lines connecting updraft and downdrafsamples would represent the eddy
flux F. and eddy isofluxd.F.. For updraft and downdraft samples, the display in Millem
plots is therefore conceptually similar to GOIEE F and *CO, and C3®%0 isofluxes Fs
displayed in Figure 9 as black solid lines. The studyRpnderson et al[2002] showed that
also modeling of the global carbon balance and isotopic oaahflux partitioning is highly
sensitive to the precision of the ecosystem discriminatiorheir study a change of 0.19%. in
¥%C discrimination by C3 vegetation corresponded to a 0.37 @t 6liift between land and
ocean sinks.

In Figure 9, the isotopic disequilibrium is equal to the difference of slopes, i.e. the angle,
between the lines representing the net assimilation fipEA/F,) and the respiration flux
(8:Fr/Fr). Due to the different sign 0b™C and »*®0 in the morning of doy 188, 9:51 CET
(Figure 8), the orientation of the resulting shape of mat aomponent fluxes in Figure 9b has

132


rj
Textfeld
132


RUPPERT ET AL.: ECOSYSTEMCO, AND CO™0 ISOTOPE DISCRIMINATION, ED-23

opposite orientation compared to Figure 9a. Figure 9 demdastthat, ifFr andF, were not
determined from modeling but from isotopic flux partitioning, theiagnitude would be highly
sensitive to the size and precisionmf

As example, Figure 10 displays the isotopic flux partitioningdzhon the assumption of a
constant canopy isotope discriminatidia..pyequal to an average value of 17.8%. found in this
study (Table 2). The gross flux componeRisandFr of the NEEF were calculated from (23)
and (24). The isotopic signatudg of the assimilation flux was determined by

8A = 8a - A‘canopy_SaA‘canopy-l-A‘canopyz . (25)

This definition is according to Appendix B and identical keetterm in brackets in (Al). The
isotopic signaturé, of the canopy source air of the assimilation flux wasneated from HREA
updraft air samplesd(=3; , Section 2.4). The isotopic signatdigeof the respiration flux was
either measured or estimated as shown in Figure 8. Irettasple, the diurnal variability of the
isotope discrimination displayed in Figure 7 is explicitinored. Consequentlf, values show
unrealistic high assimilation rates. During the measuringods with prevailing isotopic
disequilibrium (gray bars), in one ca$gq is smaller than the NEE so thatFr becomes
negative. Although~, includes the daytime foliar respiration, it should exhilmibre negative
values than the NEE andFg should always have positive values. Results from peniitis a
lack of isotopic disequilibrium (unfilled symbols) should Biscarded, because the isotopic flux
partitioning methods must fail under such conditions. The comparisfotthe estimated
respiration fluxesFgr presented in Figure 10 and Figure 5 indicates, that isotdlix
partitioning yields highly variable and unrealistic respiratidaxfrates, when the isotopic
disequilibrium o and the isotopic signaturg, of the assimilation flux are determined from
constant canopy isotope discrimination.

In principle, the isotopic flux partitioning method thereforau&es also the precise and
independent determination of the variable canopy isotop&idigation Acanopy OF A'canopy BY
definition it must be flux weighted and integrated over theirentanopy. It is therefore of
utmost importance to better constraifanopy Dy multiple branch or leave level measurements,
e.g. by enclosures or analysis of the isotopic contéfitesh assimilate. A third option is the use
of validated models for the canopy isotope discriminafichen et al. 2006]. For the validation
of such models, isotope flux measurements and the inversapisdiux partitioning method
can provide canopy integrated and flux weighted estimateS'c.,opy as demonstrated in this
study.

4.9. Flux weighting of isotopic sighatures

From Figure 2 it is evident that the isotopic sighature ateed from the vertical profile
mixing line as slope in Miller-Tan plots (or interceldeeling plots) depends on the selection of
sampling heights and is weighted relative to the absolute ctrat@n differences. Correct flux
weighting like in Figure 9 is only accomplished when the concéiomadifference scales with
the size of the flux, e.g. by dynamically sampling updraftd downdrafts in HREA (Figure 3)
or, with restriction to low vegetation, by application of tHaxtgradient method for profile
measurements above the canopy. This distinction is most abvior the different relative
weighting of dg in Figure 2d vs. Figure 9a, which is represented by tliiedint length of the
lines determined of sub-canopy air samples anskB&/Fr, respectively. Due to the exponential
increase of C@mixing ratios close to the forest floor, in Figure 2d antegrated’ isotopic
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signature determined from all samples as overall mixingioeiavould significantly by biased
towardsdg. On the other hand, the determinationdgffrom all samples would be more or less
biased by samples from the top canopy, which to some degree eapréd® influence of
photosynthesis anll'c.nopydepending on sampling height.

Problems with incorrect concentration weighting may be aargped by significantly different
footprints associated with concentration measurementspamed to flux measurements as
discussed byGriffis et al. [2007]. It is therefore essential, that the analysis of -dgnamic
vertical profile samples in Miller-Tan plots (or Keetdjiplots) is restricted to simple two-source-
mixing problems, for which they are well defined according4) or (3). Such conditions can
often be assumed for the analysiséaffrom vertical profiles during nighttime. Analysis 6§
during daytime should use only data from below the photosyiathetive canopy (Section 4.1).
In any case, it would be favorable to horizontally extehe@ sub-canopy air sampling to
multiple locations in order to address ecosystem heteroyeaed match the footprint odg
measured in the sub-canopy space and very close to the gtouth@ footprint of EC flux
measurements above the canopy. The investigation of the diwarébility of isotopic
signatures in the atmospheric exchange of ecosystemsgdinglthe application of the EC/flask
method, requires a foundation on flux weighted mixing lifélsx weighted isotopic signatures
can be determined at the atmosphere/ecosystem boundary tigoeeosystem directly from
whole-air HREA sampling of updrafts and downdrafts, whicbrrectly accounts for the
dynamic and size of fluxes.

4.10. Strategies for continuous measurements

Especially above tall vegetation, any method 0, or CO®0 isotope flux measurements
will require very high precision for the determination ofall isotopic differences (Section 4.5).
Methods for isotope measurements by TDL are currently d@esl and will likely further
improve in precision and stability@riffis et al, 2004;Griffis et al, 2005; Saleska et al.2006;
Zobitz et al, 2006;Zobitz et al, 2007]. In order to achieve sufficiently precise and contirgio
measurements of the isotopic signattigef the atmospheric turbulent exchange 0, and
CO™0 above tall vegetation, we suggest combining whole-air HREA ainmding methods,
which maximize isotopic differencesRlppert et al. 2008] and incorporate valuable
information on the dynamic of the exchange (Figure 3), withticmous and differential TDL
measurements of the bulk GO*CO, and C3%0 isotope content of updraft and downdraft air
from the turbulent atmospheric exchange above the ecosystemdifftiential measurement
might have the potential to partially alleviate problemistvaccuracy and stability of absolute
TDL measurements.

As a first option, such measurements could be accompliblgeztbmbination of a whole-air
REA sampling system with foil balloon bags as intermediseagie and continuous differential
TDL isotope analysis at the experiment site. This wdaailow for long TDL measurement times
and improved precision of TDL analysis. A second optiondsapply conditional sampling
methods to TDL**CO, and CGP0 data as suggested Bjnomas et al[2008] for CG turbulent
exchange measurements. While the implementation of the Egtans easier, it requires very
high precision and stability of TDL measurements in orberesolve small fluctuations of the
isotopic composition above tall vegetation. Based on the@jgotdifferences observed over the
spruce forest at Waldstein/Weidenbrunnen, a measuremensiprecif 0.02%. vs. VPDB for
3C or VPDB-CQ for 8*0 should be aspired. This is a tenth of the measuremenisja
currently achieved by TDL measuremenBafbour et al, 2007;Griffis et al,, 2005; Saleska et
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al., 2006; Schaeffer et a].2008]. Currently, such measurement precision can onlych&eaed
by laboratory analysis, which requires the combinationwdfole-air sampling and high
precision laboratory analysis as demonstrate®bpgpert et al[2008].

5. Conclusions

Better understanding of the dynamic and absolute values obpabptsignatures in the
atmospheric exchange of ecosystems is highly needed to donss@tope partitioning
approaches on very different scales, i.e. partitioning ofoitean and terrestrial carbon sink on
global scale, dissolving the mixed isotopic signal of C3 addv€getation on regional scale and
partitioning of the assimilation and respiration fluxes aisystem scale. Isotopic signatures of
fluxes and isotope discrimination are commonly determinethatleaf and branch scale [e.qg.
Barbour et al, 2007;Cernusak et aJ.2004;Flanagan et al. 1994;Seibt et al. 2006;Wingate et
al., 2007] and are often needed for modeling at the global sBakvjin et al, 1998;Buchmann
and Kaplan 2001;Ciais et al, 1995a;Hemming et al.2005;Kaplan et al, 2002; Miller and
Tans 2003;Miller et al., 2003;Randerson et al2002].

Conditional sampling methods can provide the basis for isotffypicmeasurements directly
at the ecosystem scale, also above tall vegetation. Taeg & footprint similar to the footprint
of EC measurements and are therefore able to integraddi-scale heterogeneity in ecosystems.
They allow determining canopy integrated and truly flux weightgotopic signatures and
ecosystem isotope discriminatidy and Ag of forests on half-hourly timescales. The canopy
isotope discriminatiom\canopy Of the net assimilation flu¥, can be estimated. The commonly
used definition ofAcanopyignores certain higher order terms, which bears the ofséignificant
systematic error for isotopic flux partitioning of ecosystaasimilation and respiration fluxes.
A more precise definition of the canopy isotope discriation A'canopysShould therefore be used
for either assuming or validating values of independentlasoeed or modeled canopy isotope
discrimination, which are indispensable for the isotdhig partitioning method.

For the determination of isotopic signatures of the atrhesip turbulent exchange above
forest ecosystems, high precision isotope analysisqsired, which can be achieved by HREA
whole-air sampling and IRMS laboratory analysis. Howeuee, dbserved fast disappearance of
isotopic disequilibriump after significant changes in environmental conditions couldt lthe
periods for successful application of the isotopic flux piEmiing method.

High potential for achieving continuous and sufficientlyepise measurements of isotopic
signatures in the turbulent exchange above forests can be eddeatn the combination of the
HREA sampling method with tunable diode laser (TDL) anily$ bulk CQ and its**CO, and
CO®0 isotopes. More complete diurnal cycles of the updeaftd downdraft air isotopic
composition should be analyzed in Miller-Tan plots foribg patterns of atmospheric gas
exchange processes.

For the determination of isotopic signatures from mixingelintercepts in Keeling plots (or
slopes in Miller-Tan plots), the analysis of vertigadofile air samples should be restricted to
two source mixing problems in order to assure appropriateieighting, e.g. by limiting the
evaluation to air samples from below the photosynthetiivacanopy during daytime.
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8. Appendix

8.1. Appendix A: Nomenclature and Abbreviations

Symbols Description, unit

15c hereC isotopes of CQ i.e.*CO,
In combination with thé symbol**C denotes th&’C/*°C isotope ratio of C@in 5-notation,
%0 VPDB.

o here:*0 isotope of C@, i.e. C3%0
In combination with thé symbol*®0 denotes th&0/*°0 isotope ratio of CQin -notation,
%0 VPDB-CO,.

b proportionality factor of the REA flux equation

beoa proportionality factor of the REA flux equation derivediindCO, EC flux measurements and
measured or modeled G@oncentration in REA updraft and downdraft samples

c scalar concentration

cr updraft air average scalar concentration

c downdraft air average scalar concentration

C bulk CO, concentration as mixing ratio, pmol mbl
The term ‘bulk CQ is used to refer to the sum &C*%0*0, B*c®00, ?C'0'0 and all
other CQ isotopes.

Ca air bulk CQ; concentration at a certain measurement height as mixing 1t mol mol*

Cs bulk CO, concentration of lower boundary layer air as mixing raiool mol™*

Ci updraft air average CQnixing ratio from REA sampling, umol mdi

C, downdraft air average GQnixing ratio from REA sampling, pmol mdl

d displacement height, m

D isotopic disequilibrium between assimilation and respirafluxes,
p=3,—0r, [€.9.Z0bitz, et al. 2007]

F net ecosystem exchange (NEE) at the ecosystem/atmosptefade, i.e. flux density of
CO,, including the storage change below EC measurement heiglat, pi 2 s
This usage oF corresponds t8owling et al.[2003a] andZobitz, et al[2007]. In Ruppert et
al. [2006b]F¢ is used for NEE of C@including the storage change component.

Fa assimilation flux including daytime foliar respiratiolux (“net canopy exchange”)

Fr respiration flux without daytime foliar respiration flux

Fe eddy flux, here i.e. turbulent eddy flux density of bulk £@xcluding the storage change
component, pmol s
This usage oF, corresponds t8owling et al.[2003a]. InRuppert et al[2006b]Fc is used
for NEE of CQ; including the storage change component Bads used for the turbulent eddy
flux density.

Fs storage flux, i.e. storage change of bulk 8%@low measurement height expressed as storage
flux density, umol m?*s*

Fs isoflux, i.e. net isotopic flux density including the isosige and expressed dmnotation,
umol m?s %o, see definition irBowling et al.[2003a]

Fsiac=Fs °CO,  “COyisoflux in 8-notation, pmol rif s %. VPDB

Fsis=Fs CO'®O  CO™0 isoflux in8-notation, umol £ s % VPDB-CO;

he canopy height, m

Hy wind deadband size used for sample segregation in REA,
[e.g.Ruppert et al 2008]

Hn hyperbolic deadband size used for sample segregation in HREA
[e.g.Ruppert et al 2008]

L Obukhov length, m

p air pressure, hPa

R molar isotope ratio of heavy to light isotope (€-4/*°C)

R coefficient of determination

R.Fc turbulent isotope flux density, excluding the storage changepoaent, umol s 2, i.e. the

turbulent absolute flux of a certain isotop&F. # S.F¢
time, s
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T temperature, K or °C as specified

vpd vapour pressure deficit, hPa

w vertical wind velocity, m s

z height above ground level, m

Zm measurement height above ground level, m

Greek symbols Description, unit

S isotopic signature id-notation, %.VPDB

37 updratft air average isotopic signaturedimotation from REA sampling, %/PDB

3, downdraft air average isotopic signaturéinotation from REA sampling, %/PDB

3c % isotopic signature, here i.ECO,**CO, isotope ratio irS-notation, %VPDB

3Cx 3C isotopic signature of the respiration flux excluding thgtitae foliar respiration irs-
notation, %.VPDB

30 %0 isotopic signature, here i.e%0*¥0/C*0™0 isotope ratio ird-notation, %VPDB-CO;
In this papeB™®0 values are exclusively reported f80/*°0 isotope ratios of CQand vs. the
VPDB-CO, standard and not vs. VSMOV.

3%%0g %0 isotopic signature of the respiration flux excluding tlagtime foliar respiration ir-
notation, %VPDB-CO,

Oa isotopic signature of air at a certain measuremerghten 5-notation, %.VPDB

Sa isotopic signature of the assimilation flux including ttheytime foliar respiration flux ife-
notation, %.VPDB

Op isotopic signature of the lower boundary layer aibinotation, %VPDB

S¢ isotopic signature of the eddy flux inotation,5.=5.F/F., % VPDB

OcFe eddy isoflux, i.e. turbulent isotopic flux density excluditgtstorage change component
expressed id-notation, pmol i¥ s % VPDB
The definition corresponds ®owling et al.[2003a] andFegqy-isoiiuxin Z0bitz, et al[2007].

3%C, F, eddy isoflux of**CO,, pmol ni2s™ %, VPDB

=3.F. °CO;,

3%0.F, eddy isoflux of C3%0, pmol m?s™ % VPDB-CO,

=§.F, CO¥0

ON isotopic signature of the NEE inotation,dy=Fs/F, %. VPDB. The definition corresponds to
the common usage of N as subscript to refer to the NEEZaahg, et al[2006]. Note thaby
in Zobitz, et al[2007] is used to refer to the isotopic signature of édely flux, which here is
denoted a$. consistent witlBowling et al.[2003a].

dp isotopic signature of a product éanotation, %.VPDB

Or isotopic signature of the respiration flux excluding thetdae foliar respiration flux ird-
notation, %.VPDB

Ss isotopic signature of the isostoragedimotation, %.VPDB

SsFs isostorage, i.e. isotopic storage flux density arage change below measurement height
expressed iB-notation, pmol i s * % VPDB,
the definition corresponds ®sostoragd Z0bitz, et al[2007].

Strop isotopic signature of air in the free tropospheré-notation, %.vVPDB

A isotope discrimination , %o
see general definition of isotope discriminatiorFarquhar et al.[1989]

ABC 3C isotope discrimination, %o

A¥O %0 isotope discrimination, %o

Acanopy canopy isotope discrimination, i.e. isotope discriminaibthe net assimilation flux
including daytime foliar respiration against canopy %ir, see definition irBowling et al.
[2001] andBowling et al [2003a]

A'canopy alternative definition of canopy isotope discriminatiortiod net assimilation flux including
daytime foliar respiration against canopy air, %o, seénitéén in Equation (18) and Appendix
B in this study

Ag ecosystem isotope discrimination of the atmospheric ex@hagginst boundary layer air at
measurement height, %o, compare concept and definiti@uchmann, et al[1998] and
Buchmann and Kaplaj2001]

Ag net ecosystem isotope discrimination of the net ecosystechange (NEE) against canopy

air, i.e. the combined effect of isotopic fluxes during fisynthesis and respiration, %o, see
definition in Lloyd, et al.[1996]
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Hcoz CO, mixing ratio of dry air, umol moft

Pa dry air density, mol it

Pcoz CO, density, umol rie

c standard deviation

Cw standard deviation of vertical wind velocity, s

Subscripts Description. Subscripts are used with differenbsisn

a air, here referring to air samples from below eddy flleasurement height, i.e. air from
directly above canopy, within the canopy or sub-canopy space

A net assimilation flux including daytime foliar respiratio
denoted with A or P irBowling et al [2003a]

B lower boundary layer air
turbulent eddy flux of a scalar, here €O

e ecosystem, e.g. ecosystem isotope discriminatidmecitmospheric exchange at
measurement height

E ecosystem, e.g. net ecosystem isotope discriminatitie NEE

R respiration flux excluding daytime foliar respiration

N related to the net ecosystem exchange (NEE), the spbi&cnot used for NEE and isoflux in
order to be consistent witRowling et al [2003a]

S storage change (or flux)

S isoflux, i.e. the isotopic flux density expressednotation

1 updraft air of the turbulent exchange at measurement height

| downdratft air of the turbulent exchange at measurement height

Abbreviations Description

CET Central European Time

doy day of the year

EC eddy covariance method

HREA hyperbolic relaxed eddy accumulation method,
i.e. REA with a hyperbolic deadband, which is defined by tbgigal wind speed and the
scalar concentration of a proxy scaBawling, et al.[1999]

GM geometric mean (with respect to the linear regmrsmethod)

GPP gross primary production

IFP isotopic flux partitioning method

IRMS isotope ratio mass spectrometry

KP Keeling plot, se&eeling[1958]

LAI leaf area index, mm™

Mg(CIOy), magnesium perchlorate used as desiccant

MTP Miller-Tan plot, seéMiller and Tans[2003]

NEE net ecosystem exchange

JFD joint frequency distribution of the vertical wind speed arscalar

oLS ordinary least square (with respect to the linegression method)

PAI plant area index, fm 2

REA relaxed eddy accumulation method, 8essinger and Onclef1990]

TER total ecosystem respiration

TDL tunable diode laser

VPDB Vienna Pee-Dee Belemnite (=international isotdpedard)

vpd vapor pressure deficit, hPa
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8.2. Appendix B: Effect of the alternative definition of A'cangpy ON the isoflux mass balance

The alternative definition oAcanopy@SA'canopy@ccording to (19) requires a mathematically less
comfortable definition of the isoflux mass balance (11) foe NEE regarding the respiration
and net assimilation component isofluxégdr andéaFa. It would require the inclusion of terms
of 3.A'canopy @aNd higher order terms at\‘canopyz by an infinite series expansion, which were
ignored in the definition ofAcanopy Presented byBowling et al. [2001] and Bowling et al.
[2003a]. In order to minimize the potential systemati®ediscussed in Section 4.6 and 4.8 but
also provide a practical definition, we suggest including th&t Btage of the series expansion in
the mass balance:

canopy “~a— canopy canopy)

Fy =85Fr + (8, = A canony=020 canopy ZFA' (A1)

Term | is similar in (11) and (A1), but not exactly identicalgarding its numerical value due
to the inclusion of Terms Il and Il in (Al). Depending dhe sign and isotopic scale of the
isotopic signaturé, of canopy source air, Term Il is normally positive ®FC measured on the
VPDB scale and negative but small f61°0 measured on the VPDB-GQcale. Term lll is
always positive for discrimination against heaviendges. The remaining IV term&kA‘canopyz,
which was not included in (Al), is truly small enough te ignored without significant error in
the context of flux partitioning methods. The inclusion of themigrl and Ill is important to
prevent systematic underestimation of the canopy isotopeimis@ation fromAcano.pycompared
to A'canopy (Section 4.6 and Section 4.8). The conversion between bothitiefis of canopy
isotope discrimination is evident from the combinatior{1#) and (19):

A
A canopy: 1ia—rg)rl . (AZ)
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9. Tables

Table 1. Isotopic signaturéy of the respiration flux and the standard error of the
intercept from OLS linear regressions in Keeling plotsub-canopy air samples.

doy  sampling time 38Cg (2std. err.) 3180, (+std. err.)
2003 CET (%0 VPDB) (%0 VPDB-CO)
187 1354 30.920.4)™ ~23.6 (z0.8)
188  night, 00:08 ~24.9+1.9) ~15.8(0.7)
188 08:35 ~21.740.8)* -20.3(1.4)
188 11:36 ~20.6+0.2)* ~23.0 (+6.1)
188 13557 ~22.4+0.6)* -18.9(0.8)*
189  night, 01:50 ~26.740.3) ~13.6(1.3)**
189 09:19 ~22.740.5) ~19.0(1.5)
189 11:31 ~24.1+0.7) ~17.5(1.0)*
189 14:34 ~24.1+0.3)* ~14.1 (+1.2)*

Values are marked with * or **, if the difference of theeling plot intercept for
sub-canopy air samples only and all air samples includingruggreopy air samples
was larger than the onefold or twofold standard emespectively.
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Table 2. Averaged ecosystem, net ecosystem and canopy isotopardisation A
against*CO, and CG®%0 (a), flux weighted isotopic signaturégb) and isotopic
disequilibriumo (c) determined from daytime HREA isotope measurementseaho
spruce forest at Waldstein/Weidenbrunnen and estimated réspifiax. Averages
and standard deviations are obtained from the statigtittee data in Figure 6, 7 and 8
and are subject to the observed diurnal variability.

a) lIsotope Equation AYC(+std. dev.) A¥O(+std. dev.)
discrimination (%o0) (%o)

Ae (16) 18.9(+3.4) 16.1+2.7)

Ae (7) 18.1(#3.2) 15.6+2.6)
Acanopy (18) 17.3(x2.5) 17.%+2.0)
A'canopy (19) 17.7(2.6) 17.8+2.1)

b) Isotopic Equation 3C(+std. dev.) 3180 (+std. dev.)
signature (%0 VPDB) (%0 VPDB-CQ)

Sc 9) -26.0(£3.2) -15.1+2.6)

N (13) -25.2(3.1) -14.%+2.5)

5 (10)+(12) ~ B

A Section 3.3 24.9(+2.5) 16.6+2.0)
daytimedg () -23.8(23.4) -19.5+3.3)
nighttimedg () -25.8(1.8)* -14.72.3)*
c) Isotopic Equation »¥C(+std. dev.) 0 (+std. dev.)
disequilibrium (%o VPDB) (%0 V PDB-CQ)
doy 188** » (12) -3.7(3.0) 4.3+0.8)
doy 189p (12) 0.1(x1.2) 0.31.6)*

* Variation is indicated by the absolute difference of tmeasurements.
** Except last sample from 14:57 CET.
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10. Figures and Figure captions

Cy= CT &g = a boundary layer
- g ; F.=wc' fromEC turbulent atmospheric
——— ——\_. 7 77 Texchange (eddy flux
A =878 5 _(51 C -3, l) from whole-air ge (eddy flux)
¢ 1+, ¢~ (a _aj HREA storage changes
ecosystem discrimination ‘2 d(p.C.
eeosy . FS:J‘d(p""C"")dzzzm (b=C,)
in the atmospheric exchange d dt dt
2 _
_ _Fd@8,C) _ d(p.d,C)
/‘ Ca = CT A. SSFS - "‘ dt dZ~ Zm dtT T
. \ o . 0
N 8,~8 \)
. \ a t \
7 ‘ , , F=F +F
\ \
' / . 14 net canopy . F, =8.F +8.F,
- N\ ® [ assimilation flux N
\_ recycling /- including daytime 5, = F
\ ! foliar respiration F
\ / 5A = (5a = Acanopy) A = Sa - §N net ecosystem
; / _ R €7 1+, discrimination
\_ /' isotopic disequilibrium
\ T, D =8, ~d;
i sub-canopy F, F=F,+F,
space

v DT : Fs = 8xFr * (8, = Danop,) Fa

respiration flux excluding © Sg intercept of Keeling plot from
daytime foliar respiration 8, Vs. 1/C in sub-canopy air

Figure 1. Carbon dioxide and isotope mass balances in a forest €tewsy Arrows indicate the one-way flux
components. The dashed line indicates the plane at EC ma@nirbeightz,, above the ecosystem. The dash-dotted
and dotted line represents the ecosystem/atmosphere intéfastich the NEEF=F +Fs and the isofluxF; are
determined. Additional terms for horizontal and vertical ection are here neglected. The mass balance equations
and the definition of parameters of the isotopic exchangeleseribed in detail in Section 2 and 3. The nomenclature
of symbols is summarized in Appendix A.
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Figure 2. Vertical profiles of bulk CQ (a), 8**C (b) and3'®0 (c) and the corresponding Miller-Tan plots with OLS
linear regression lines f@*C (d) ands*®0 (e) from air samples collected on day of the year (d§ at 12:50 CET.
Black circles represent air samples from the upper canppip 33 m measurement height connected by solid lines.
Grey circles represent samples from the sub-canopy spaoceected by dashed lines. Figure 2(f) shows
corresponding Miller-Tan plots and regression lines 35iC from air samples collected at doy 188 at 13:58
(diamonds), doy 174 at 11:26 (hexagons) and doy 204 at 12:56 (squares) bppaim. Note that in Figure 2(e) for
580 isotopic mixing lines the diagonal represents a smalgtopic signature as specified in the plots.
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Figure 3. Miller-Tan plots displaying the slopes (black lines) réisig from the relation of updraft (black triangles)
and downdraft (white triangles) whole-air samples collectedHREA with application of a hyperbolic deadband
(Hr=1.0). The slope of the lines connecting the updraft and downdeaftples equals the flux weighted isotopic
signatured. of atmospheric turbulent exchange measured above the cadombers on updraft values indicate the
sequence of samples in the diurnal cycle. Samples denotbdettiérs a, b and c in Figure 3(d) represent morning
samples 1, 2 and 3 from doy 189 connected with dashed lines. S@&mfleloy 187, sample 5 of doy 189 and
regardings'®0 sample b of doy 189 lack the downdraft sample. The gray $ioks indicate the temporal change of
the bulk CQ mixing ratio and the isotope content of updraft air sampldhiwihe diurnal cycle. The gray dotted line
is hypothesized for the development of updraft air samplesxdurighttime in a situation with continued vertical
mixing and based on the isotopic signatditéCr of the nighttime respiration flux of —26.7%PDB. Note that in
Figure 3(d) for3™0 isotopic mixing lines the diagonal represents a senaliotopic signature as specified in the
plots.

149


rj
Textfeld
149


RUPPERT ET AL.: ECOSYSTEM’CO, AND CO*0 ISOTOPE DISCRIMINATION, ED-40

1000

500 .

2
Rg H, LE (W m™)

T
=
o

Taam Tom (T)
T
&)]

vpd,; , (hPa)

390

380

370 A

C. (umol mol™)

360

c{ == [ ] [ ] [
Cs - [ | [ | -
Ds-4 mNR | I |
Dc - | I ] [ B mn
|
T

4d
188 189 190

status of
coupling

day of the year (CET)

Figure 4. Time series of (a) global radiatioR{), sensible and latent heat fluxds, (LE), (b) above canopy and sub-
canopy air temperature3£ m, T2 ) and vapor pressure deficit (vad,) measured at canopy top, (c) carbon dioxide
mixing ratios Cp) above (33 m), within (15 m) and below (2.25 m) the candpigure 4(d) shows the status of
coupling between the atmosphere and different layers below 33 asurement height derived from turbulence
measurements within and above the canopy with following nota&mre [Thomas and Foker2007b]: ‘C’ coupling

of the entire air column below measurement height, ‘Cs’igilytdecoupled sub-canopy space, ‘Ds’ decoupled sub-
canopy, ‘D¢’ decoupled canopy and ‘Wa'’ for decoupled situatisitls wavelike motions of air layers. Gray numbers

‘1’ to ‘5’ mark significant changes in the G@xchange as indicated from the €&ncentration profile and pointed
out by gray arrows and lines.
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Figure 5. CO, net ecosystem exchange (NEE, black diamonds) and individual flux components. NEE is
determined from the sum of the G@ddy flux (., black line) and the storage flux determined from updrafCix
mixing ratios s, unfilled squares). The latter is comparable to the gimftux determined from the vertical profile
of continuous C@measurements (gray line). The net assimilation flex @ray triangles) results from the difference
of NEE and the estimated respiration flubg( black triangles).

151


rj
Textfeld
151


RUPPERT ET AL.: ECOSYSTEMCO, AND CO™0 ISOTOPE DISCRIMINATION, ED-42

a)
-20
Z ~
O m
A
A PN TT S .
> 301
o X
— ~
o
-40 T T T T T T
b)
ZON -10 A
Lo L e ]
58 a0 t
OS>
-30 : . ; ; . .
188 189 190
day of the year (CET)

Figure 6. Flux weighteds**C (a) ands*®0 (b) isotopic signatures of the atmospheric turbulent exchahgevhite
diamonds) 14 m above the canopy of a spruce forest and otoneygtem exchangéy, black diamonds). Error bars

on J. values indicate the estimated standard deviation fonglesimeasurement. Dashed lines indicate the average of
the isotopic signature of the atmospheric turbulent exchang&ghwvas —26.0%0 VPDB fo**C, and —15.1%o

VPDB-CO;, for 8'%0,.
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Figure 7. Synopsis of parameters for discrimination agafi6t0, (a) and C&PO (b) isotopes in the atmospheric
turbulent exchange, net ecosystem exchange and net assimflatiore. respectively ecosystem discriminatiai,(
white diamonds), net ecosystem discriminatiake, (black diamonds) and canopy discriminatioficop, gray

triangles) estimated from modeling of the respiratianx fFx.
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Figure 8. Isotopic disequilibriumo (gray circles) between the isotopi¢®C (a) and3'®0 (b) signatures in the
daytime respiration fluxdg, upward-black triangles) and net assimilation fléx,(downward-gray triangles). The
periods during which prevailing isotopic disequilibriumwas observed in the ecosystem exchange are marked with
a gray bar. The error bars én values indicate the standard error of the intercept fean©LS linear regression in a
Keeling plot of sub-canopy air samples. The small-blackngles indicate the estimated values usedfofor the
evaluation of HREA measurements at times, in whighwas not measured or in one case subject to large
uncertainty. For comparison, the status of coupling as pteden Figure 4d is displayed at the bottom.
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Figure 9. Geometrical interpretation of flux weighted isotopic sigiress'*C (a) and5*?0 (b) as determined for doy
188 at 9:51 CET and flux partitioning based on the estimated réspifux Fr. In this display, the span of the lines
represents the bulk G@lux density on the horizontal axis and tB¥C or 3*%0 isoflux density on the vertical axis for
the net ecosystem fluxes«F, black-solid line), the respiration fluxe$gFr/Fr, gray-dashed line) and the net
assimilation fluxes §aFa/Fa, gray-dashed-dotted line). The slope of the lines equadsflux weighted isotopic
signatures &, Sg and 8,) comparable t®, and the geometrical interpretation of HREA updraft and downdraf
samples in Miller-Tan plots in Figure & denotes the isotopic disequilibrium as the differencelape i.e. the
angle, betweef, anddr.
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Figure 10.Isotopic flux partitioning of the NEE (black diamonds connected by solid line) into the assimitefiiox

Fa (gray triangles) and respiration flux (black trianglespés ons**C (a) and3*%0 (b) isotopic signatures measured
on doy 188 at Waldstein/Weidenbrunnen. The isotopic signaiuoé the assimilation flux was determined based on
the assumption of a constant canopy isotope discriminatigg,=17.8%0. The isotopic signaturz of the
respiration flux was determined from Keeling plot intercept sub-canopy air samples. Estimated values disglaye
in Figure 8 were used for missini values. The NEE- and isofluxesFs were determined from EC and HREA
measurements of the G@ddy flux F, and the eddy isofluX.F., respectively, and according to (10) and (11) by
adding the storage fluks and the isostorag&sFs, respectively. The gray bars and dotted lines mark thegenvith
prevailing isotopic disequilibriump. During periods with a lack of isotopic disequilibrium, the resulor the
component fluxe§, andFg are displayed as unfilled symbols.
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