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Peroxyacetyl nitrate (PAN) is an organic nitrog@edes playing an important role in
atmospheric chemistry. Being a source of otherogén oxides, it promotes for
example the formation of aerosol particles anddspperic ozone (£). It has an impact
on air quality, human health, as well as on aquatitl terrestrial ecosystems.
Knowledge of the formation and removal of atmosgh®&AN is thus important and
also essential for the improvement of the chemisfrglimate models. While PAN is
known to be taken up by vegetation, underlying rae@ms are still not well
understood and the role of PAN deposition as a vaarocess and source of nitrogen
to ecosystems is not clear.

This thesis presents a measurement system dedmynite determination of biosphere-
atmosphere exchange fluxes of PAN. The system wpbed on a natural grassland
ecosystem with the focus on the performance oflthemeasurement system, but also
with the aim to contribute to a better understagdof the biosphere-atmosphere
exchange of PAN.

The system was designed for the application of flug measurement techniques,
hyperbolic relaxed eddy accumulation (HREA) and thedified Bowen ratio (MBR)
method, employing a gaschromatograph with eleotapture detection (GC-ECD) for
PAN analysis. A keystone in its design was the qmeeentration of PAN by capillary
columns, which were used as up- and downdraft vegerfor the HREA application
and enabled simultaneous sampling at two measutemegghts, which is an important
feature for the MBR method. A major challenge o thesign was the resolution of
small PAN mixing ratio differences by the analyticait, which required an optimum
choice of operational settings and a detailed emnatysis.

The PAN flux measurement system was first applied ao nutrient-poor natural
grassland site at the premises of the Mainz-Fintheport, Germany, in the period
from August to September 2011. The applicationhef MBR method yielded average
daytime PAN fluxes of —-0.07 nmolm?s™* with a random flux error of
+0.03 nmol m?s™*, which was mainly attributed to the small PAN mii ratio



differences. Due to both a higher surface resigtama larger uncertainties of the PAN
analysis, at the natural grassland site no sigmfi¢AN fluxes could be resolved with
the HREA method. The thesis demonstrates that alooveegetation, like the studied
grassland, the MBR method is in most cases motaldeithan the REA technique,
while REA is preferably used above high vegetasioch as forest canopies.

Due to large errors of the HREA application, thiedis presents a detailed analysis of
the effects of an imprecise sampling of up- and mhirnaft events for REA applications.
Especially, the implication of a long inlet tubeymatroduce a significant lag time error
and high frequency attenuation effects. The simadadf REA fluxes of several scalar
quantities revealed that REA fluxes might be gdhetaderestimated from less than
5% to about 50% for typically observed lag timeoesr The observed effect of high
frequency attenuation on REA fluxes is of similaagnitude, ranging between less than
5% to about 30% for typical filter strengths. Fattb effects a function of the flux loss
with the so-called eddy reversal frequency was dowrhich could be used to correct
HREA fluxes at the investigated grassland site @eniify their uncertainties.
Furthermore, in the Appendix a detailed procedweprovided how to minimize,
evaluate and correct lag time and high frequenfeces for future REA setups.

In the last part of the thesis, the impact of PAdpakition at the nutrient-poor natural
grassland site is investigated. PAN depositiondiiobtained with the MBR method
were partitioned into stomatal and non-stomatabdgjn pathways. A significant non-
stomatal conductance was found, which was of similagnitude than the non-stomatal
conductance for ¢ which would imply that currently applied depositimodels may
significantly underestimate the deposition of PARhe retrieved information on the
stomatal and non-stomatal conductances was useddel the PAN deposition over a
3.5 months period (summer to early autumn). Siheenheasurement site was situated
on the edge of an urban and industrialized regdias, allowed the investigation of the
influence of local air pollution on the PAN depdasit. Although PAN deposition was
about twice as large during polluted periods, thsults suggest that PAN deposition
does not play a critical role as a nitrogen sourdhe investigated nutrient-poor
grassland ecosystem, during both polluted and Wredl conditions. Instead, PAN
deposition was found to contribute to 20—30% ofRAdN removal from the atmosphere
during daytime. In higher latitudes or during wmtewhen thermochemical
decomposition of PAN is low, PAN deposition is lIkéo be the predominant sink.



Peroxyacetylnitrat (PAN) ist eine organische StiokKserbindung und spielt fir die

Chemie der Atmosphéare eine wichtige Rolle. Als @uahderer Stickoxide, ist PAN
beispielsweise an der Bildung von Aerosolpartiketter tropospharischem OzonsjO

beteiligt. Dadurch nimmt es Einfluss auf die Lufijtét und damit die menschliche
Gesundheit und wirkt auf terrestrische und aquiatisOkosysteme ein. Die Kenntnis
der Quellen und Senken von atmospharischem PANiaker von Bedeutung und
zudem ein wichtiger Baustein in der Optimierung mafseher Prozesse in Klima-
modellen. Eine bekannte Senke ist die Depositiom RAN an Pflanzenoberflachen,
allerdings fehlt das genaue Verstandnis tUber diehtigsten Mechanismen und die
Bedeutung von PAN Deposition als ein wichtiger Ssnkozess ist noch ungeklart.

Die vorliegende Dissertation beschreibt die EntWing eines Messsystems zur

Bestimmung des Biospharen-AtmosphérenaustauscimeBAN. Das Messsystem fand

Anwendung auf einem Trockenrasen-Okosystem, um é@soBderen die Eignung und

Leistung des Systems zu testen, und mit dem Ziekizem besseren Verstandnis der
Prozesse des PAN-Austausches beitragen zu kdnnen.

Das Messsystem wurde fur die Anwendung von zweidfae zur Flussbestimmung
entwickelt, der hyperbolischen Relaxed-Eddy-Akkuatiohs-Methode (HREA) und
der modifizierten Bowen-Verhaltnis-Methode (MBR)pbei ein Gaschromatograph mit
einem Elektroneneinfangdetektor (GC-ECD) fir dieN?Analyse zum Einsatz kam.
Eine Grundlage des Messsystems war die Nutzung Kegpillarsaulen, welche als
Sammeleinheiten fir PAN aus auf- und abwartsgesieht Luftmassen (fur die HREA-
Methode) verwendet wurden und zudem die simultaessdng in zwei Einlasshdhen
(fir MBR-Methode) ermdéglichten. Eine besondere Wsfarderung bei der Mess-
systementwicklung stellte die Auflosung von seleidkn PAN-Mischungsverhaltnis-
differenzen dar, was eine optimale Abstimmung dlemponenten erforderte.

Das PAN-Flussmesssystem kam auf einer nahrstoffaifineckenrasenflache auf dem
Gelande des Flugplatzes in Mainz-Finthen im August September 2011 zum Einsatz.
Mit der MBR-Methode wurden tagsiiber PAN-Fliisse ve®,07 nmol m?s™*



gemessen, wobei der statistische Fehler von +0va8 m? s* hauptsachlich auf die
geringen PAN-Michungsverhaltnisdifferenzen am Tagigkzufihren war. Aufgrund
eines grolReren Oberflachenwiderstandes und ein&Beggn Messunsicherheit der
PAN-Messungen, wurden auf dem TrockenrasengelandéemHREA-Methode keine
signifikanten PAN-Flisse gemessen. Die Dissertatieranschaulicht, dass die MBR-
Methode Uber niedriger Vegetation eher geeignetlsstie REA-Methode, welche tber
hoherer Vegetation wie etwa Waldbestanden vorzeniést.

Aufgrund der grof3en Messunsicherheiten bei der Awlweg der HREA-Methode, geht
die vorgelegte Dissertation im Detail auf die Auswingen einer ungenauen Auf-
trennung von auf- und abwartsgerichteten Luftmasken der REA-Methode im
Allgemeinen ein. Besonders die Verwendung einegdanmAnsaugschlauches kann zu
erheblichen Fehlern durch eine ungenaue Verzogspaitgoder Dampfung hoch-
frequenter Anteile des Turbulenzspektrums fiihrere Bimulation der Flisse ver-
schiedener skalarer GréRen mit der REA-Methodebergass REA-Flisse fur typische
Fehler der Verzdgerungszeit um weniger als 5 % hisdu 50 % unterschatzt werden
kénnen. Die beobachteten Auswirkungen der Hoch&egdampfung mit typischen
Filterstarken sind mit weniger als 5 % und bis Bu%8 ahnlich grol3. Beide Probleme
konnten als eine Funktion der sogenannten ,eddersay frequency* beschrieben
werden, mit Hilfe derer die mit der HREA-Methodestimmten PAN-FlUsse korrigiert
wurden oder zumindest ihr Unsicherheitsbereichnitfi werden konnte.

Im letzten Teil der Dissertation wird der Einfluder PAN-Deposition auf das nahr-
stoffarme Trockenrasen-Okosystem untersucht. Daatdem die PAN-Depositions-
fliusse, welche mit der MBR-Methode bestimmt wurdenihre stomataren und nicht-
stomataren Anteile aufgeteilt. Eine erhebliche agtbmatére Leitfahigkeit wurde fest-
gestellt, was bedeuten wirde, dass PAN-Depositidrisherigen Depositionsmodellen
deutlich unterschatzt wird. Auf Basis der gewonmeRkekenntnisse Uber die stomatare
und nicht-stomatare Leitfahigkeit wurde die PAN-Dsfbion fir einen 3,5-monatigen
Zeitraum (Sommer bis Frihherbst) modelliert. D4 sler Messstandort am Rande des
Ballungsgebietes der Rhein-Main-Region befind&lf3 Isich der Einfluss von lokaler
Luftverschmutzung auf die PAN-Deposition untersuch@bwohl die PAN-Deposition
unter dem Einfluss von belasteten Luftmassen etgspelt so grold war wie bei
weniger belasteter Luft, legen die Ergebnisse ndass wéahrend beider Szenarien die
PAN-Deposition keine entscheidende Stickstoffquiilleden néhrstoffarmen Trocken-
rasenstandort darstellte. Stattdessen, machte @iR-Dposition tagstber etwa
zwischen 20 und 30 % der atmospharischen Senkerraké&lteren Regionen dagegen
spielt der thermische Zerfall von PAN nur eine vgé®rdnete Rolle und es kann daher
angenommen werden, dass dort der Depositionspraegssorherrschenden Weg zur
Austragung von PAN aus der Atmosphare darstellt.



This dissertation is presented in a cumulative fotmconsists of three individual
manuscripts. One manuscript is published in a pegewed journal, while a second
manuscript has been submitted to a peer-reviewgdah The third manuscript will be
submitted after the second manuscript was accéptguiblication.
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Nitrogen is a basic component of amino acids amghric matter and, therefore, an
essential element for the growth and functioninglahts, animals and humans and an
essential element for food securitgrisman et al. 2013]. At the same time nitrogen
compounds play a key role in the chemistry of thmosphere, for example in the
formation of tropospheric ozone {Oor aerosols. About 99.96% of the Earth’s non-
crustal nitrogen is found in the atmosphere in then of the largely unreactive
molecular nitrogen (B and only a small fraction makes up the amounhitbgen
available for uptake by plant speci&iflerlund and Svenssd®76]. The large part of
the natural flow of molecular Nnto terrestrial or marine systems is linked toltgical
nitrogen fixation by microorganism&d@wler et al, 2013]. These are able to reducg N
to ammonium compounds, which are subsequently foened into a wide range of
amino acids and oxidized nitrogen compounds. Lk, ihitrogen fixation produces so-
called reactive nitrogen Ncompounds, which can be used directly or indiyebt
plants and other organisms. In the light of a gngaivorld population, the limitation of
the natural amount of Nand the demand of nitrogen as a fundamental matsieurce
led in the last century to the development of sgtithfertilizer with industrial fixation

of molecular N. It has been estimated that almost half of the dupopulation at the
beginning of the twenty-first century depends otrogien from industrially produced
fertilizers [Erisman et al. 2008]. Another major anthropogenic source eftd the
atmosphere is the combustion of fossil fuels foergg production, transport and
industrial processes. Being once createdsNiighly mobile and can trigger a cascade
of negative environmental effects in sequer@alloway et al. 2003]. The additional
creation of N has a major effect on air quality and, hence, amdn health, as well as
on aquatic and terrestrial ecosystems and climhenge. As a consequence, the
challenge for the current century is seen in oging the use of nitrogen while
minimizing the negative impact§&splloway et al. 2013]. For these reasons, there is a



general interest in the knowledge of processesattive nitrogen species and their
fluxes between the atmosphere and terrestrial arthenecosystems.

In the last decades, the understanding of thegetraycles has improved significantly
[Galloway et al. 2013]. However, the role of atmospheric organtoogen species is
still poorly understood, mainly due to the lack obnsistency in sampling and
measurements methods and the large number of ehtfesompounds(ape et al.
2011]. Atmospheric organic nitrogen species exisgjaseous, particulate and aqueous
phase. While water-soluble organic nitrogen compsusare mainly removed from the
atmosphere by precipitation, less soluble gase@esies are subject to chemical
transformation in the atmosphere or dry depositmthe surface. Among the gaseous
organic nitrogen compounds, peroxyacyl nitratesNBAare important compounds in
the context of the atmosphere’s oxidative capaddyy., Fahey et al. 1986].
Furthermore, they are discussed as a source, @b lcosystems and as a reservoir
species for NQ the sum of nitric oxide (NO) and nitrogen dioxi{@O,) [Singh 1987].

Peroxyacyl nitrates (also denoted as acyl peroxsates, APNs, in literature) are
formed in the atmosphere via the reaction o, M@h peroxyradicals (Rg where R is
used here as a short notation for R*(C)O with Riiateng a hydrocarbon group):

RO, + NG, RONO; (R1)

Next to the formation of PAN, another importantatgan of RQ concurring with R1 is
the reduction by NO:

RO, + NO RO + NG (R2)

As it is demonstrated in Figure 1, R@ompounds may have both anthropogenic and
biological volatile organic compounds (VOCs) ascpreors LaFranchi et al, 2009].
Biogenic VOCs, such as isoprene and terpenes aiteedrby plants and released into
the atmospheric boundary layer in significant ameuAnthropogenic VOCs originate
from combustion processes yielding various alkaafienes or aromatics. VOCs are
highly reactive and can be quickly oxidized to e compounds (RO) such as
acetaldehyde, acetone and biacetyl. Mainly in tiesgnce of the hydroxyl radical (OH)
and radiation (h), but also of ammonia (Nl during nighttime, these can be oxidized
to form PANs. While some PANSs are oxidation produaft biogenic VOCs, others are
only formed by the oxidation of anthropogenic VO@scontrast, peroxyacetyl nitrate
(PAN, R = CHCO) can have both biogenic and anthropogenic psecsir In addition,

it typically comprises 80 to 90% of the speciateddpet of PANsRoberts 1990] and is
therefore of special interest.

PAN was first discovered in the 1950s in the contéphotochemical smog conditions
in urban areas, providing both high concentratiohanthropogenic hydrocarbons and
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NOy together with UV-induced photochemical oxidati@ggaffney and Marley2001].
Under these conditions, high PAN mixing ratios banobserved, reaching several tens
of ppb or even higher [seEemple and Taylgrl983, for a compilation of early PAN
measurement in urban areas]. At these high mixaitigs a toxic effect on plant tissue
and impact on human health was found due to thdative nature of PANTaylor,
1969; Temple and Taylerl983]. Under less extreme conditions, PAN mixiatpos are
significantly lower with about 100 ppt in the Noeth free tropospheresingh 1987],
although its abundance is highly variable. In remateas with low NQand near
tropics mixing ratios in the magnitude of 10 ppé qrevalent Muller and Rudolph
1992;Singh et al. 1990].

The importance of PAN is characterized by its reddy long life time and reservoir for
both RQ and NQ. Once it is formed in the atmosphere, PAN is primaubject to
three removal pathways: (1) thermochemical decoitipns(2) photolysis and (3) dry
deposition to vegetatiorRpberts 1990]. PAN is also oxidized by OH, however, doe t
its slow reaction rate, this reaction is regardesd umimportant throughout the
troposphere Talukdar et al. 1995]. In addition, due to its low solubility iwater
[Kames and Schuratii995], multiphase reaction in water droplets amed deposition
are considered as insignificant removal procesdes.contrast, thermochemical



decomposition of PAN has a major impact on itstilifie. PAN is thermally unstable
and decomposes at higher temperatures via the feadtion of R1 and subsequent
removal of RQ [Orlando et al, 1992]. The latter is mainly removed by reactiothw
NO (R2) and to some extent also by the reactioh wfiher peroxy radicals. As a result,
the life time of PAN due to thermochemical deconifi@s can be significantly less
than an hour at temperatures exceeding 298 K andbwaover two days at around
273 K [Singh 1987]. Due to its stability at cool temperatusdsng with continued
synthesis, PAN can be transported over distances df0,000 km in the upper
troposphere over several months. Although its tifee in the upper troposphere is
limited by the UV photolysis, photolysis is congige to be an important process only
at heights above 7 knT flukdar et al. 1995]. As a consequence of its long life time in
the upper troposphere, PAN is discussed to be factek carrier species of \Nn
global atmospheric transport systen&nfgh 1987]. Being then exposed to higher
temperatures at the surface, it represents a sadirfoeth, NQ and RQ. In this way,
PAN can constitute a significant source of iN remote regions, thereby affecting
atmospheric chemistry and ecosystems. Via the athev dry deposition, PAN is
taken up by vegetation and removed from the atmersplwhile especially nutrient-
poor ecosystems might be vulnerable to this addatioput of N.

As it was shown, both production and loss of PANtiengly linked to the surface, by
emissions of VOCs or NOon the one hand and thermal decomposition and dry
deposition on the other hand. For this reason,pbiee-atmosphere interactions play a
key role in understanding the chemistry and preazess PAN and its link to the
environmental impact of anthropogenic production Mf and perturbation of the
nitrogen cycle. In the past a few studies have oredsdirect biosphere-atmosphere
exchange of PANDoskey et a).2004;Schrimpf et al. 1996; Turnipseed et al.2006;
Wolfe et al. 2009]. However, conclusive studies on PAN fluweaes currently very
limited, the obtained results differ considerabiylahe underlying mechanisms are not
well understood.
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The biosphere-atmosphere exchange of trace gagemésally based on both (1) their
production and depletion in the atmosphere andh@)j uptake or release by vegetation
or other biota such as microorganisms. Dependingheninvestigated trace gas and
ecosystem, the interaction with other inorganicssaces at the surface such as thin



water films on leaves or soil minerals may alsg/ @asignificant role. However, next to
atmospheric chemistry and plant physiological psses, the driving mechanism is the
transport at the atmosphere-surface interface anithé atmospheric boundary layer
(ABL) above, as without transport exchange procegsee e.g.Foken 2008; Stull,
1988] would result in an equilibrium and conseqlyertease. Within the first
millimetres above the surface, in the so-calledsgleaninar boundary layer, transport is
characterized by molecular diffusion. Above thatela turbulent transport is prevalent.
Turbulence is characterized by chaotic behaviodrssemingly random motion of fluid
parcels. It can be seen as a superimpositionefutar swirls, called eddies, at multiple
length scales, which are induced by both sheassstcaused by the friction on the
surface and buoyant instabilities. The turbulemngport is about five orders of
magnitude more efficient than the molecular diffursand next to convection the major
mechanism in transporting trace gases from thasesfto higher levels in the ABL. As
a consequence, studies on the biosphere-atmosmgxetegange require a detailed
understanding of the structure of the ABL and tiebttransport.

The biosphere-atmosphere exchange of trace gaselsecdescribed as a sequence of
multiple resistances, which the trace gas encosintdren being transported from
(emission) or to (deposition) the surfa¢tidks et al, 1987;Wesely and Hicks2000].
While the turbulent transport above the surfacerestricted by the aerodynamic
resistance, the transport through the thin layeaioin contact of surface elements is
restricted by the quasi-laminar boundary layerstasice. Applying a big-leaf approach,
the resistance of the surface itself is typicallyided into the resistances of the leaf
stomata, the leaf cuticle and the soil. In addititurther transport or metabolism
processes in the leaf mesophyll are accounted yothb mesophyll resistance. The
individual resistances are determined either frommect measurements or are
parameterised, and can be used to model biosptraasighere exchange fluxes.

In view of the observed phytotoxic effect of PANdaposition of PAN to vegetation
was suspected early in course of its discovetyl. [1971] was the first to directly
measure deposition of PAN to alfalfa in a flux cheem Garland and Penketftl976]
found in wind tunnel experiments that PAN was samally deposited to grass and
soil, but not to water surfaces. Years later, naetailed chamber experimentSano
et al, 1990;Sparks et aJ.2003;Teklemariam and Spark2004] could verify that PAN
was taken up largely by plant stomata. A limitatmhPAN uptake at high stomatal
conductancéswas found $parks et a).2003; Teklemariam and Spark8004], hinting
towards the existence of a mesophyll resistancéhede conditions, however, the
biochemistry for PAN assimilation is not clearlydemnstood Doskey et a).2004]. A




few studies have measured in situ PAN fluxes abow® [Schrimpf et al. 1996],
grassland [Doskey et aJ.2004] and pine forestTurnipseed et al.2006; Wolfe et al.
2009]. PAN deposition during night time, when leat@mata are mainly closed, proved
the existence of a non-stomatal deposition path&ay., Turnipseed et a[2006] found
almost 50% of the daytime deposition to be non-stairfor a pine forest and suggested
it to be the primary deposition pathway in the upgenopy. As a resulfurnipseed et
al. [2006] found 4-5 times larger daytime depositiaioecities than predicted with
currently used deposition models. In addition, tbke of chemistry above and within
the canopy can be significaw/plfe et al. 2009]. However, conclusive studies on PAN
fluxes are currently very limited and the obtaimesults differ considerably. Especially,
the role of wet surfaces — despite the low soltybdi PAN — and the relation of PAN to
O3 deposition fluxes are not well understood. As aseguence, the significance of
PAN deposition as a removal process from the atimgp in contrast to its
thermochemical decomposition and source afoNecosystems is not certain.

The lack in the current knowledge on the biosplanmeesphere exchange of PAN is
mainly caused by large uncertainties in the PAM fineasurements on the one hand
and the lack of extended flux measurements on theroWhile the improvement of
current flux measurement techniques is essentiamhpoove the quality of PAN fluxes,
reduced costs and user-friendly flux measurememtsadong-term objective for flux
measurements of nitrogen species, which might ailtothe future more extended PAN
flux measurements on various ecosystems or eveaopsewith multiple flux
measurement systems to investigate problems ofcidmeor flux divergencejutton et
al., 2007]. For these reasons, the focus of this shissthe development and detailed
evaluation of a flux measurement system for PANrasented hereafter.

(*- .9/

The aim of this thesis is (1) to develop a new eystfor determining biosphere-
atmosphere exchange fluxes of PAN, (2) apply iaamatural grassland ecosystem and
(3) thereby contribute to a better understandinghefbiosphere-atmosphere exchange
of PAN, while the focus is set on the design andgomance of the flux measurement
system. The used flux methodology and charactesisti the flux measurement system
are determined by the main research questions (Q1-wdich are:

Q1l: Which factors control the biosphere-atmosphere axgh of PAN and what
are the underlying processes?



Q2: What is the effect of dry deposition of PAN on g®iems as a source of N
under varying environmental conditions?

Q3: What is the importance of dry deposition of PANaasemoval process for
atmospheric Nunder varying environmental conditions?

The research of these scientific questions requairfisx measurement system which is
designed for in situ and long term measurementsagoture the effect of varying
environmental conditions. Furthermore, to invesaghe net effect of PAN deposition
on ecosystems, the spatial scale of the flux measemts has to be in the range of the
ecosystem scale. These requirements lead to theger mornerstones (C1-C3), on
which the design of the flux measurement systebased:

Cl. The system should provide online in situ measurésném investigate the
effect of varying environmental conditions.

C2: The used flux methodology is based on micrometegichl techniques
which integrate the trace gas fluxes over the estesy scale.

C3. For the detection of PAN a gas-chromatograph witkcteon capture
detection (GC-ECD) is used. The GC-ECD techniquéesstandard method
for the analysis of PAN and suitable for long termaasurements.

The first part of this thesis is the system develept, which includes the decision for
the appropriate flux measurement technique, iterieal realization and testing on a
grassland field site. According to the requiremegitgn above, the system is designed
for the application of two micrometeorological te@jues, the hyperbolic relaxed eddy
accumulation method (HREA) and the modified Bowatiormethod (MBR) (details on
methods are given in Sect. 2.8)oravek et al[2014a, Appendix B] describe the design
of the system with emphasis on the essential apesdtsettings and a detailed quality
assessment of individual components. Also majoptdi@ns that are necessary to meet
site specific requirements are given and an extensiror analysis is presented to
evaluate the overall performance of the systembfath methodological approaches
under varying environmental conditions.

A crucial point for the application of the HREA rhet is a precise timing and damping
effects within the inlet line. Since this issue daave a major effect on the obtained
fluxes and is thus of general importance for theliaption of the relaxed eddy

accumulation method (REAMoravek et al.[2013, Appendix C] evaluate the new
technical methods, that can be implemented to apdirREA systems, and quantify the
effect on REA fluxes under varying environmentahdidions. The results of this study
are used to correct PAN fluxes at the grasslaed sit



In the second part, PAN fluxes obtained at theglaasl site are evaluated to contribute
to the understanding of the biosphere-atmospheareaggye of PAN (Q1-Q3Moravek

et al. [2014b, Appendix D] investigate the stomatal armh-stomatal deposition
pathway of PAN using the PAN fluxes obtained wille tMBR method. The PAN
deposition is modelled under polluted and non-petduconditions, to evaluate the
effect of local air pollution on the PAN depositioRinally, the importance of PAN
deposition as a sink of /dnd its impact on the nutrient poor grassland estesy are
discussed.
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As addressed in Sect. 1.2, the biosphere-atmosgxerenge of trace gases is driven
by the vertical turbulent transport in the atmosphdayer above the canopy.
Micrometeorological methods, which determine thebulent exchange near the
surface, integrate the trace gas emission or diposiver a footprint area extending
several hundred meters and typically cover turbduéetdies with time scales ranging
from fractions of a second to up to an hour. Whigde of micrometeorological method
is the best choice for the determination of PANds, depends in the first place on the
time resolution and precision of the trace gas ymmal Table 1 lists typical
specifications of the most common measurement mdstifor PAN. In the past,
measurements of PAN have most often been accoredlisking GC-ECD, which is
currently still the best developed and proven metihbhas a good precision and the
limit of detection (LOD) can be improved by pre-centration or cryofixation of PAN
[Vierkorn-Rudolph et al.1985]. The typical time resolution of several oigs makes it
suitable for flux measurements approaches thawdl® use of slow sensors such as
REA, MBR or the aerodynamic gradient method [AGKeBusinger 1986].Schrimpf

et al.[1996] andDoskey et al[2004] have measured PAN fluxes using a GC-EC wit
the MBR method. However, in case the potential measent frequency is high
enough (ideally > 10 Hz) with sufficient precisighe eddy covariance method [EC, see
Aubinet et al. 2012] is the method of choice for flux measuretsemm the last years,
Turnipseed et al[2006], Wolfe et al.[2009] andMin et al.[2012] have implemented
the eddy covariance method using thermal dissociathemical ionization mass
spectrometry (TD-CIMS) with a time resolution of43Hz for the analysis of PAN. The
detection limits and instrument response times i TD-CIMS instruments are
excellent, however, interferences with peroxyacatid (PAA) can cause a significant
background, which increases the flux uncertaingigsificantly [Phillips et al, 2013;
Wolfe et al. 2009]. Furthermore, matrix effects induced by N® NO, and
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interferences with water vapour can add a sigmtidaas Mielke and Osthoff2012]
and the operation effort is intensive. Other comipoised techniques measure the sum
of all PANs ( PAN) after thermal decomposition (TD-) as N@vhich might be an
alternative for some studieBgrmer and Cohen2008;Min et al, 2012]. Laser-induced
fluorescence (LIF) can be operated with a timelwg®m in the order of seconds and a
reasonable precisiopy et al, 2002], however, they also show interferences Wit
and NQ. The advantage of instruments using cavity ringrdspectroscopy (CRDS) is
that they provide an absolute measure of PAN, leit precision is too low to be used
for flux measurementd). Paul and Osthoff2010].

The flux measurement system presented in thisgshediased on GC-ECD. Due to the
absence of interferences, the uncertainties of Pé@dsurements are lower and GC-
ECD might be also more suitable for long term measents than other techniques. As
it was mentioned in the objectives of this theSedt. 1.3), the GC-ECD is used in
combination with both the MBR and HREA method, asal case of the REA method.
The REA flux () is determined by the difference of two reservoixing ratios
(), multiplied by a proportionality factor, the standard deviation of the vertical
wind speed ( ) and the molar density of air [Businger and Oncleyl990]:

1)

Eq. (1) implies that sampled air must be separatedtwo reservoirs, one for updraft
and one for downdraft events during a certain sargeriod (typically 30 min). The
separation is made with a fast switching valve,clvhs controlled according to the sign
of the vertical wind velocity () measured by a 3D sonic anemometer. Halue is a
characteristic of the bivariate joint frequencytdiition of the Reynolds fluctuation of
the vertical wind velocity () and the scalar of interest ) For an ideal Gaussian
frequency distribution, thé-value is 0.627 \Vyngaard and Moendl992]. However,
experimental data show that it varies and is orraaee slightly lower Baker, 2000].
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Thus, theb-value is often derived individually for every sdimg interval with a proxy
scalar, which can be measured with high frequeacgerive an eddy covariance flux
[see Eq. (2) inMoravek et al.2014a, Appendix B].

The HREA method uses a hyperbolic dead baalMing et al, 1999], a threshold
below which air samples are discarded when theifltexpected to be close to zero, to
increase values of . The threshold is defined according to the flux of a proxy scalar
as:

IS

(2)

Ye ()
where 45 is the Reynolds fluctuation and/(&.o* is the standard deviation of the

proxy scalar. If scalar similarity between the acalf interest and the proxy exists,
is increased as the threshold is only exceeded wigh vertical wind speed
fluctuations are accompanied by high fluctuatiohthe proxy scalar.

The MBR method assumes that the ratio between tbklrnilux and the vertical
concentration difference between two measuremeightseis equal for the scalar of
interest and a proxy scaldusinger 1986;Liu and Foken2001]. The scalar flux,,

is then typically estimated by the ratio of concaton differences between the upper
and lower measurement height of the scalar angrtrey, - and - g , multiplied

by the eddy covariance flux of the proxy (&.0* ):

+, - &0 - g / - &0 I (3)

For measurements above the surface, differenctgseimolar air density between two
heights can be often neglected so that mixing rdifierences ( and 45 ) are
used instead.

While both HREA and MBR are indirect methods andquiee reference data from
proxy scalars, the HREA might be more suitable unuhstable well mixed conditions,
where the application of the MBR method is difficdue to very low vertical
differences. In return, the technical realizatidntee HREA method is much more
complex and requires a significant effort in theteyn development.



This thesis presents the first REA (and HREA) systier PAN. Typically, REA
systems are employed for trace gases which aré¢ am&t can be stored over the
sampling interval in the reservoir without signdit loss. For example, in the past REA
systems were often used for volatile organic compsu(VOCs) as they are mostly
inert and also emitted in significant amounts frtva biosphere [e.gQkumura et al.
2011; Park et al, 2010]. PAN, however, thermally decomposes (baection of R1)
and may also react on surfaces as it was repastdelyfex glassljovelock and Penkett
1974;Singh and Salasl983]. Furthermore, what is known from previouglges [e.g.,
Turnipseed et al.2006;Wolfe et al. 2011], PAN fluxes are expected to be significantl
lower than those of VOCs. The MBR method has beeniqusly used for PAN by
Schrimpf et al.[1996]. However, they only determined nighttimexis since low
mixing ratio differences during daytime could na ftesolved.Doskey et al[2004]
sampled vertical PAN difference during daytimetloe application of the MBR method
using temperature as a proxy scalar, however,dtuxrs were large, ranging from 45 to
450%.

These examples show the difficulties of PAN fluxaserements and offer clues to the
major challenges that have to be considered indémgn and operation of a flux
measurement system for PAN with the REA and MBRhoebt which are:

1. Small mixing ratio differences.For both the REA and MBR method, the major
challenge is the resolution of low values for PAN ( o1 ) (Egs. (1) and (3)).
Especially, if they rely on a single measurememtsaenpling period, like for the
GC-ECD, the analytical system has to be precise.

2. Reactivity of PAN. Thermal decomposition of PAN (Sect. 1.1) increases
exponentially with temperature. For example, atC3@hd a NO/N@ratio of 0.5
the life time of PAN is about 45 min. While this ght seem long enough for
some analysis, it is crucial for flux measurementeere small concentration
differences have to be resolved. Furthermore, thesiple loss of PAN on
surfaces requires the use of inert materials.

3. Accurate sampling of up- and downdraft events durig HREA application.
Inaccurate sampling generally reduces the measumeckntration differences in
the REA reservoirs and, thus, leads to an underastin of the REA flux. As a
consequence, the accurate segregation of air maseesip- and downdraft
reservoirs requires a precise timing of the switghof splitter valves according
to the vertical wind velocity. In addition, the sy might be subject to
significant damping of high frequencies (high freqay attenuation)Mloore,



, 0

1986], which has to be considered in the setup thedevaluation of HREA
fluxes.

4. Scalar similarity. For both methods, an appropriate proxy scalar tbabe
found, ideally with a sink and source distributgimilar to PAN. As the proxy
scalar has to be measured with a high precisiarhagh frequency (> 10 Hz) for
eddy covariance fluxes, the choice is usually kahit

The consideration of these challenges together tvégbasic requirements stated in the
thesis objectives (Sect. 1.3) led to the final giesif the PAN flux measurement system
as it is presented in Chapter 3.

The PAN flux measurements system was first operateda nutrient-poor natural
grassland ecosystem on the estate of the MainkéfinAirport in Rhineland-Palatinate,
Germany (49.9685°N, 8.1481°E). Nutrient-poor hdbitaight be especially vulnerable
to additional nitrogen input via dry depositionPAN. Also, grassland ecosystems are
the third largest land use type in Europe and donst41% of global terrestrial surfaces
[EUROSTAT2011;Suttie et al.2005].

The system was installed from September 2010 toligct2011, while during the main
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part of this period, necessary site specific adegta and major improvements were
made. From 18 August to 4 September 2011 PAN fluwxer® measured with the MBR
method and from 20 to 26 September with the HRE otk

The natural grassland area of the measuremergxdgads over an area of 0.7 x 2.0 km,
providing good fetch conditions for micrometeorata] flux measurements (Figure 2).
The ecosystem is primarily unmanaged and the vegets characterized by the false
oat-grass Arrhenatherion elatioriy plant community on dry and sandy soil with a
considerable amount of senescent or dead grasssifEhis topographically situated on
a plateau 150 m above the Rhine valley and locabedit 9 km south-west of the city
centre of Mainz [see Figure 1 Moravek et al.2014b, Appendix D]. Being located on
the edge of the industrialized and densely popdl&ieine-Main-Area, it is influenced
by both polluted and clean air masses and, thusplies the requirements to study the
influence of local air pollution on PAN deposition.
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The setup of REA systems varies significantly, delogg on the trace gas of interest,
the field conditions and the analytical techniqg{fes basic concepts sd@elany et al.
1991]. Also the sampling at two inlet heights foe tapplication of the MBR technique
can be implemented in different ways, i.e. by stam#ous measurements at both
heights or by switching systems. For the PAN flugasurement system presented here,
two major points determined the design: (1) theessity of an inlet tubing of 21.5 m
and (2) sampling by pre-concentration of PAN oniliy columns.

To allow continuous measurements of PAN fluxedt ass stated in the objectives of
this thesis, the PAN analysis was performed on lsitehe GC-ECD [Meteorologie
Consult GmbH, Germany; modified accordingMoravek et al. 2014a, Appendix B],
which was installed in an air conditioned contair&nce the bulky container had to be
located in a distance from the inlets of the PAMkfineasurements system in order to
prevent flow distortion effects on the flux measuests, a 21.5 m long inlet tubing had
to be used. As shown in the very simplified skedththe system (Figure 3a), in the
HREA mode a single inlet tube was used, from wischsamples were drawn into the
reservoirs for up- and downdraft events (bypasacppie). The splitter valves were
switched according to the sign of the vertical wwelocity and the hyperbolic dead
band. During the MBR operation two separate inlées were used for measurements
at 0.8 and 4 m a.g.l. and sample air from bothHisigvas directed simultaneously into
the respective reservoirs (Figure 3b).
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Sampling for both methods was realized by trapft#dN onto two pre-concentration
capillary columns over the sampling period (30 ™uring HREA and 15 min during
MBR application) and subsequent analysis by the E&D (15 min). An important
feature of the system is that during the pre-cottaon method all PAN was trapped
by the pre-concentration column, i.e. the frontahe of PAN would not leave the pre-
concentration column during the sampling periodejred to as conservation mode, see
Novak et al. 1979], which is important for the applicationtbk REA method. This is
in contrast to the commonly applied pre-concerdratof PAN on capillary columns,
where the equilibrium concentration at the enchefsampling interval is analysed. The
used approach demanded (1) a very precise adjusth#aw rates in consideration of
the effective sampling time and (2) a customizdibion method for varying sample
volumes.

Next to the basic setup of the PAN flux measurensgstem, the following features
were implemented [seldoravek et al. 2014a, Appendix B] to meet the challenges as
stated in Sect. 2.2:

1. Small mixing ratio differences. The resolution of small mixing ratio
differences required the optimum choice of all atienal parameters. On the
one hand, the use of the hyperbolic dead band gluhie HREA application
increased mixing ratio differences by a factor bbwa 2.7. For the MBR
application, mixing ratio differences were maxinaday installing the inlets at
0.8 and 4 m a.g.l, which was the largest applicaklgical difference. On the
other hand, flow rates through the pre-concentnatolumns were adjusted
precisely to obtain the maximum amount of PAN.
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To improve the precision of the PAN analysis witte tGC-ECD the pre-
concentration units were optimized to guaranteesaige temperature control of
the capillary columns. In addition, the use of s@lggarticle filters significantly
reduced the pressure drop due to contamination tiemeasurement period,
which is typically observed for membrane filters.

Finally, to account for systematic variations ie AN analysis, extensive side-
by-side measurements of the two pre-concentratits were performed before,
during or after the flux measurements.

. Reactivity of PAN. The bypass system (Figure 3) allowed a high flate iin
the main inlet line, thereby reducing the chance pufssible thermal
decomposition or surface reactions. Furthermoreatgattention was paid in
using only inert materials (PEEK, PFA, PTFE) foe timlet system. To avoid
any loss of PAN, the additional pump of the maitetinine was installed
downstream from point where the subsamples wererdiato the reservoirs
[see Figure 2 itMoravek et al.2014a, Appendix B] .

. Accurate sampling of up- and downdraft events durig HREA application.
The accurate sampling of up- and downdraft everds assured by the REA
software program. The software program was desigtedperform (a)
acquisition of all signals and control of mass floantrollers, (b) coordinate
rotation of the wind vector using the double ratatmethod, (c) hyperbolic dead
band calculation, (d) switching of splitter valvasd (e) data storage with a
frequency of 20 Hz.

The accurate timing of the switching of the spliti@lves requires a precise
determination of the lag time induced by the rasogetime of sample air in the
inlet tube. To minimize variations in the residericee, the mean volume flow
in the inlet tube was continuously regulated. Inliadn, a new approach, the
online cross-correlation method, was used for thg time determination
[Moravek et al.2013, Appendix C]. For every sample interval g time was
retrieved by cross-correlation of the vertical wimelocity and the signal of a
high frequency C@analyzer, mounted in the main inlet at the positd the
splitter valves. During the HREA application the ltme ranged between 1.3
and 1.7 s, while the main variation was attributethe horizontal separation of
the sonic anemometer and the HREA inlet (25 cmg dllectronic time lag was
less than 20 ms, which was achieved by an optimataction between the data
acquisition and the HREA software program and theiae of high response
splitter valvesoravek et al.2013, Appendix C].



Since the high frequency attenuation induced by2thh&m long inlet tube might
be significant, turbulent flow was assured throughbe HREA measurements
to minimize the effect jenschow and Raupacii991]. The high frequency
attenuation effect was evaluated experimentallyiciwiwvas used for corrections
of the REA flux (see Sect. 3.1.2.4).

4. Scalar similarity. For both the HREA and the MBR method; Was used as a
proxy scalar due to its similarity to PAN in thalsiand source distribution. On
the one hand, the production of both PAN andi®linked to photochemical
processes and, on the other hand, both compourd&nawn to deposit to
vegetation. The similarity is also reflected by #teng analogy in their diurnal
courses [e.g.Garland and Penkettl976]. The signal of a high frequency O
analyser (Enviscope GmbH, Germany) was used fdr that calculation of eddy
covariance fluxes and the online calculation of tHHBREA dead band. In
addition, for the application of MBR method, mixingtio differences between
the two inlet heights were determined with a custaniit differential G
analyser Moravek et al.2014a, Appendix B].

Further details on the setup and operation of tABl Hux measurement system are
presented itMoravek et al[2014a, Appendix B].

_*(*’
The overall performance of the PAN flux measuremeaystem [sedloravek et al.
2014a, Appendix B] is measured by the performari¢keoindividual components (e.g.,
the GC-ECD) and the uncertainty of the obtainecetu The flux uncertainty itself
comprises of the sum of systematic errors andahdam flux error. Known systematic
errors sources were either minimized by the appatgpdesign and operation of the flux
measurement system (Sect. 3.1.1) or correctedviost importantly, this included the
systematic differences between the two reserveitsch were corrected for both the
HREA and the MBR method with the results from digeside measurements. The
random flux error was derived by propagating thedamn errors of the individual terms
in the flux equations (Egs. (1) and (3)). For botethods, PAN fluxes were defined to
be insignificantly different from zero and, thusldw the detection limit when the
relative random flux error exceeded 100%.

_*(* *(
The performance of the modified GC-ECD was sindlaeven better than that of other

state-of-the-art GC-ECD systems [se®ravek et al. 2014a, Appendix B]. During
calibration experiments, a precision J1Iof the GC-ECD of 1.5% in the gradient mode
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and of 3% in the HREA mode was found. The limitdetection was determined as
5 ppt (3). The precision of ;; was determined by the side-by-side measurements,
performed for both the HREA and MBR method indivatly. The precision of the
gradient system (i.e. MBR) ranged between 4 angpt5During the HREA application
the precision ranged between 18 and 26 ppt aftplyiyg a correction for pressure
fluctuations. The higher noise in PAN mixing ratidaring HREA application was
attributed to small pressure changes in the preeamration columns caused by the
switching of the splitter valves. A simulation aysmé revealed that expected daytime
o1 Values at the grassland site for both the MBR #red HREA method were
between 15 and 50 ppt. Since these values weresigaotficantly larger than the

obtained precision, the error of j; is expected to play a large role in the overaik fl
error.
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During the period of MBR measurements, the daytiP#eN fluxes at the grassland
reached on some days up 6.2 nmol m? s, while on other days, when daytime
o1 Vvalues were smaller or not different from zeroNP#uxes were below the flux
detection limit [sedMoravek et al.2014a, Appendix B]. Considering only values above
the flux detection limit, daytime PAN deposition svan average-0.07 nmol m?s™*

during that period.

As the error analysis revealed, the daytime randdlox error (median:
0.033 nmol m? s™!) was on average 50% during the MBR measuremeii¢peFhis
error was attributed to equal amounts to the randowrs of 5, and ;.. Due to

the limited turbulent exchange at night,;; Vvalues reached up to 400 ppt. However



most nighttime PAN fluxes were negligible (mediauxferror: +0.005 nmol if s™) or
fell below the turbulence criteria, characterizeg foiction velocities §4s) below
0.07 m §* [Liu and Foken2001].

The difference between daytime and nighttime flusors demonstrates that the flux
error does not only depend on the precision ofntineng ratio measurements but also
on the turbulence conditions. Figure 4 shows cantmes of the relative flux error
( 5789 ) of 20, 50 and 100% together with the measuregl; values during the MBR

operation. While for increasings values 5789 converges to a constanty, value,
below4s = 0.07 m &'

4:. The study showed that, according to the contaoesl in Figure 4 and not
considering values below the flux detection lindi,% of the measured PAN fluxes
were associated with a relative random error ofvbeh 20 and 50% and 27% between
50 and 100%. Only a few values (8%) showed a xeddhux error below 20% and some
(18%) above 100%.
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5789 of a certain ; Vvalue increases rapidly with decreasing

PAN fluxes during the HREA measurement period [8deravek et al. 2014a,
Appendix B] were in most cases below the flux dideclimit. Only on one day a
deposition flux of up te-0.4 nmol m? s was found. For the remaining values above
the flux detection limit a median random flux erafr+0.077 nmol ri*s™* for daytime
and +0.020 nmol is™ for nighttime was determined. While during nigimé all terms
had a similar impact on the total flux uncertairttye daytime flux errors were mainly
attributed to the error of 5, with a median error contribution of 50%. Consedlyen
the larger error during the HREA application wasntyaattributed to the higher error
of o1 . Another cause for the high flux errors during tHREA application are
generally lower PAN fluxes due to a reduced PANakiptby vegetation in the autumn
measurement period. Also the meteorological coomitifeatured weaker turbulence
than during the MBR period.
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Since the error during the HREA application wagydarthe effect of an imprecise
sampling of up- and downdraft events during the MRiIpplication was investigated in
detail for several scalar quantities. This implibd effect of both an erroneous lag time
and the high frequency attenuation of the inletetdm the HREA fluxes. As it is
presented irMoravek et al[2013, Appendix C] for the REA method in genefadth
effects lead to an underestimation of the REA flwhich decreases with higher
switching frequencies between the up- and downdrefervoirs. The switching
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frequency, under consideration of the used dead,barstrongly linked to the so-called
eddy reversal frequency.

The flux loss due to an imprecisely determined tiage was influenced by both the
eddy reversal frequency and the magnitude of theneous lag time;€-.,). While a
quadratic decline of the flux recovery (definedtlzes ratio of the REA fluxes with and
without an additional time lag@A=.» B=>» F gcpes=) With increasing eddy
reversal frequencies was found, the flux recovesgrelased linearly with<_.,. For
typical lag time errorsG<., = 0.05-0.4 s) flux errors may range from < 5% @ |
eddy reversal frequencies up to 50% at high eddgrsal and g<-., value of 0.4 s
[see Figure 4 itMoravek et al.2013, Appendix C].

For the high frequency attenuation effect, a depeoy of the flux recovery (defined as
the ratio of the attenuated and non-attenuated RHE#Xes: @Arg

BHs F Bcpes=) On both the eddy reversal frequency and cut+effjdency of the
used low-pass filterl{) was found. Flux errors due to the high frequeattgnuation
(I; = 0.5-10 Hz) may range from <5% at low eddy reakfrequencies up to 30% at
high eddy reversal and a cut-off frequency of 0.b@ most scalars the effect on REA
fluxes was comparable to the high frequency attemmigeffect on eddy covariance
fluxes [see Figure 9 iMoravek et al.2013, Appendix C].

In addition, the interaction between the lag time &igh frequency attenuation effect
was evaluated, which is important for the correctid REA fluxes. On the one hand,
high frequency attenuation reduces the effect afrgarecisely determined lag time. On
the other hand, high frequency attenuation intredua phase lagvlassman 1991,
Massman and Ibron2008] and, thus, an additional lag time. Thik lis illustrated in
Figure 5 for an eddy reversal frequency of 3 Hze Tontour lines show the reduced
flux recovery with increasing<-., (in positive and negative direction) and largeghhi
frequency attenuation (represented by the cutrefffency of the low-pass filter). The
bending of the contour lines towards positive.., for decreasing; indicates the
additional lag time associated with the phase sifithe low-pass filter. The magnitude
of this additional lag time is also representedtliy lag time determination from the
cross-correlation between the low-pass filteredperature time series and the vertical
wind velocity. Another feature of the interactioh lwth effects is the reduced error
made by an erroneous lag time with increased highuency attenuation. This is
illustrated in Figure 5b by the smoother peak @ fiux recovery in the cross section
for 13 = 0.5 Hz than fof; =5 Hz.

Transferring the results from this analysis toreasured HREA flux of PAN, the high
frequency attenuation of the inlet tudg € 1.2 Hz) lead to an underestimation of the
PAN flux ranging from 1.8 to 31.4% (median: 11.8%#%.the lag time was determined
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with the online cross-correlation method and aleottime responses were found
negligible, no correction for an erroneous lag twes necessary. However, a random
error of the lag time of 0.1 s was found due to uheertainty of the cross-correlation

peak of the vertical wind velocity and the £€)gnal, which yielded a random flux error

ranging between +0.6% and £9.9% (median: £4.0%).

Since the systematic error of the high frequent¢gnatation was corrected for in the
post-processing and the additional random fluxredrge to an erroneous lag time was
comparatively low, it can be concluded that an eeme sampling of up- and
downdraft events did not have a major impact onginlity of HREA fluxes of PAN.

In fact, the precision of the PAN analysis (Seci..31) and generally lower PAN
fluxes (Sect. 3.1.2.3) are the major causes.

*(*
As the analysis on the performance of the flux mesasent system has shown, the
applicability of HREA and MBR for PAN flux measuremts [seeMoravek et al.
2014a, Appendix B] largely depends on the capahilitthe flux measurements system
to resolve small mixing ratio differences () of PAN. This applies also to other scalar
compounds exhibiting small surface-atmosphere exghafluxes. Next to the
magnitude of the flux, the measured mixing ratiffetences are influenced by the
meteorological conditions and operational settirgggsh as the size of the dead band
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(HREA or REA in general) and the separation ofitiiets (MBR or gradient methods
in general).

To evaluate under which conditions either the gmadior the REA approach is
favoured,Moravek et al[2014a, Appendix B] examines the ratio of expeataging

ratio differences of both methods. Figure 6 sholwes éxpected ratios of mixing ratio
differences as a function of the stability paraméde\wpfor different operational

settings [for details see Sect. 4.4Ntoravek et al. 2014a, Appendix B]. The results
show that above high vegetatioll"i’l\(Q = 1.5) the REA method has a clear advantage
under unstable and also neutral conditions. Dusiiadple conditions, the REA method
only yields higher mixing ratio differences whenooking a large dead band. Above
low vegetation lﬂ\LQ: 8) the gradient method vyields larger mixing ratiifferences
under neutral and stable conditions. For unstabteditions, which usually represent
daytime fluxes, there is no clear choice for eittter REA or gradient method above
low vegetation. In the shown example the gradieathod yields larger mixing ratio
differences when no dead band is chosen, whilege ldead band would lead to larger
differences with the REA method. Applying the sejtiused in this stud;}‘PNQ: 10
and b = 0.21), larger mixing ratio differences wexpected with the MBR method than
with the HREA method not only for stable and nduti also for unstable conditions.



This is in a good agreement with results from ausation analysis of MBR and HREA
measurements and explains — next to the lower gioeciand expected lower PAN
fluxes during the HREA measurements — why PAN flugeuld be resolved with the
MBR but not the HREA method.

The PAN flux measurements system was developetitiroa better understanding of
the controlling factors of PAN deposition and itder within the nitrogen cycle. Since
no significant PAN fluxes were measured during HREA measurement period, the
results from the MBR flux measurements were useduither evaluations. As it was
mentioned in Sect. 3.1.2.2 [for PAN fluxes see d&ggure 3 inMoravek et al. 2014b,
Appendix D], a mean daytime PAN deposition durifge tMBR measurements
of —-0.07 nmol m?s™* was observed, with maximum values during the aften
reaching up te-0.2 nmol m?s™.

In a first step, the stomatal and non-stomatal gi¢ipo of PAN to the grassland was
investigated [sedloravek et al. 2014b, Appendix D]. While the canopy conductance
(the inverse of the surface/canopy resistance) weatermined from the MBR
measurements, the stomatal conductance was defreed the Penman-Monteith
equation and corrected for molecular diffusivitiee PAN and soil evaporation.
Maximum values of the stomatal conductance reachisout 0.26 cm & during
daytime. Due to an increased vapour pressure tgfithe afternoon the maximum was
skewed towards the morning and occurred at 11:0D. Cke non-stomatal conductance
— derived from the residual between the canopy eciahce and the stomatal
conductance — was considerable and within the radmiof the stomatal uptake.
However, no clear dependency of the non-stomatabuctance for PAN with the
diurnal cycle or other quantities was found. Tha-stomatal deposition of PAN was
also of similar magnitude as the non-stomatal dépasof Os. This is in contrast to
currently applied deposition models, which assuhgerion-stomatal uptake of PAN to
be about 10 times smaller due to its lower reagtiiSimpson et al.2012; Wesely
1989]. Hence, the finding in this study supports #tatement bylurnipseed et al.
[2006] that current deposition models may signiiita underestimate PAN non-
stomatal deposition.

In a second step, the retrieved information on #tematal and non-stomatal
conductances was used to model the PAN depositiena3.5 months period (summer
to early autumn) on the grassland site [Sewavek et al. 2014b, Appendix D]. The
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PAN deposition at the grassland site was govermgdwn contrasting pollution
regimes, (1) low NQ episodes with clean air from south westerly dioe and (2)
high NG, episodes with more polluted air masses from théhneastern sector. PAN
mixing ratios showed a clear diurnal cycle with maxm values in the afternoon of
300 ppt (median) during low NQOconditions. Under high NQconditions, locally
produced PAN from the industrialized region wassgported to the site, leading to
maximum PAN mixing ratios in the afternoon of oreeage 600 ppt. Mainly as a result
of the differences in the prevailing PAN mixingiogt the daytime maximum of the
(stomatal
about-0.05 nmol m? s* during low NG and-0.1 nmol m? s™* during high NQ
conditions (Figure 7). Considering only daytimeues, the contribution of the non-
stomatal deposition was of about 70% during lowxN@d 60% during high NO
conditions. As about half of the grassland vegetaivas senescing or was already died-
off, reaction on plant surfaces may be a reasothifarge non-stomatal fraction.

modelled

PAN

deposition

flux

and  non-sitat)

was

Next to the stomatal and non-stomatal depositisernhochemical decomposition was a
significant removal pathway of PAN from the atmosgh during daytime. During
nighttime thermochemical decomposition of PAN wasignificant. Integrating all
three removal pathways over the entire day (24thg, sum of stomatal and non-
stomatal deposition made up 32% of the total PANawal during low NQ conditions,
while it only accounted for 22% during high N€onditions. The total PAN deposition
per day was 333 pg th d* during low and 518 pg P d* during high NQ
conditions. However, these values are much lowan tbbserved deposition rates of
other nitrogen compounds at comparable sites, wsuggests that PAN deposition did
not play a critical role as a source qfthl the nutrient-poor grassland ecosystem.
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Up to date very few studies have measured diredi B&position to ecosystems. The
experiments often cover only a short time period anhe obtained results differ
considerably. Therefore, the main goal of this #hegas the development of a flux
measurement system for PAN and its application graasland ecosystem. The system
was designed for the use of the HREA method and Mi&&od in combination with a
GC-ECD for PAN analysis. It is the first REA systéon PAN and the first system that
allowed simultaneous sampling of PAN at two inletghts for the application of the
MBR method. Although it was developed for PAN, sonsv developments may be
also transferred to flux measurement systems @frdthce gases.

Following the presented results, the major conohssifrom this thesis can be divided
into three categories:

1. Conclusions on the development of the PAN flux meament system and its
performanceNoravek et al.2014a, Appendix B]:

Uncertainties in the determination of PAN mixindioadifferences are the
most critical issue for a successful applicationboth the HREA and the
MBR method for PAN. This is mainly due to small fage fluxes of PAN

and uncertainties in currently used methods foraiaysis of PAN. At the

investigated natural grassland site, the preseffiti@dmeasurement system
was able to measure PAN deposition fluxes with MR method during

daytime. However, due to generally lower fluxes ankbwer precision the
HREA method was not applicable. As an importantuiea of the quality

control, this thesis demonstrated the importance fle-by-side

measurements to determine the precision of the fh@asurement system
under different environmental conditions.

As a consequence of the previous point, the agplisaof HREA and MBR
for PAN flux measurements largely depends on thmalsiity of the flux
measurement system to resolve small PAN mixingosatiThe thesis



demonstrated that above low vegetation the gradmesthod yields larger
mixing ratio differences under neutral and staleditions. For unstable
conditions, which usually represent daytime fluxtggre is no clear choice
for either the REA or gradient method. Above higtgetation the REA
method has a clear advantage under unstable aodhaigral conditions,
while during stable conditions the REA method owiglds higher mixing

ratio differences when choosing a large dead band.

One major characteristic of the flux measuremerdtesy is the pre-
concentration of PAN on capillary columns as a daigpmethod. This is
possible since a linear relationship was found betwthe PAN peak area
and both the PAN mixing ratio and the sample voluifieis allows the
system to be used with varying sample volumes, lwtica prerequisite for
the application of the HREA and REA method. The afseapillary columns
as a reservoir for REA applications has not begrorted elsewhere and
might be a prospective option for REA applicatioo other reactive
compounds. Furthermore, the procedure of simulameampling of PAN
with two pre-concentration units and subsequenltyaizawith the GC-ECD
reveals that PAN can be stored at lower temperature the pre-
concentration units for at least 10 min withoungigant loss of PAN.

2. General conclusions on the application of the RE&thmd Moravek et al. 2013,
Appendix CJ:

An imprecisely determined lag time may lead to gniicant reduction of
the REA flux, especially in case a long single tinide is employed (< 5%
to 50% for probable lag time errors of REA systatascribed in literature).
The comparison of different methods for the lagetidetermination reveals
that the online cross-correlation method yields thest accurate results,
although it is technically challenging. In case tmdine cross-correlation is
not applied, a horizontal displacement betweensthi@c anemometer and
the REA inlet has to be included in the lag timetedmination by
considering wind direction and speed. For any setup flow in the main
inlet line should be regulated by the volume flowcase a systematic error
of the lag time is known (e.g., electronic delaysensor separation effect),
the REA flux has to be corrected for, e.g. by udimg provided corrections
function. In case the lag time method has a randoor (e.g., when using
the (online) cross-correlation method), the adddicandom error should be
accounted for in the error analysis of the REA disix
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High frequency attenuation due to the employmena &fingle, long inlet

tube may lead to significant reduction of the RB&xf(< 5% to 30% for

commonly used setups). This thesis shows thatltixerécovery decreases
linearly with a decreasing cut-off frequency of tbe-pass filter and there
is a quadratic decline of the flux recovery witlcrigasing eddy reversal
frequencies. REA fluxes may be corrected in the-poscessing of REA

fluxes by using the correction function given insttihesis in case the
transfer function of the high frequency attenuatedfect is known. Here it
has to be considered, that the high frequency @dtem by a long inlet tube
is found to be significantly larger than predictey theoretical functions,
which might be attributed to a large extent toeffect of inlet filters.

In case both lag time error and high frequencynatiéon are significant, the
ensemble effect on REA fluxes has to be evaludted.this, this thesis

provides a detailed procedure for validation of R&Atems with one single
inlet tube. It has to be noted that REA systems wishort single inlet tube
or two separate inlets for updraft and downdraérés may also be prone to
the discussed uncertainties. Furthermore, in soasescthe error due to
imprecise conditional sampling can be much lesa tha error induced by

inappropriate chemical analysis. Hence, the knogdedbout the potential

effect is important for the design of future REAstwms, where a

compromise in the setup has to be made as it veasabe for the presented
PAN flux measurement system.

3. Conclusions on the PAN deposition at the naturatgland siteNloravek et al.
2014b, Appendix DJ:

At the natural grassland site, daytime non-stomafabke is of similar
magnitude as stomatal uptake of PAN and non-stdndafaosition of Q.
This is in contrast to currently applied depositiandels, which assume the
non-stomatal uptake of PAN to be about 10 timesllsmdue to its lower
reactivity. Hence, the finding in this thesis sugipothe statement by
Turnipseed et al. (2006) that current depositiorde® may significantly
underestimate PAN non-stomatal deposition.

It is likely that PAN deposition does not play &ical role as a source of;N
to the nutrient-poor grassland ecosystem during potluted and unpolluted
conditions, following the results about the effettotal nitrogen deposition
on grassland ecosystems Btevens et a[2010]. Furthermore, a phytotoxic
effect of PAN on grass species can be excludedrigrconditions observed
at the site.



Dry deposition of PAN is a significant removal pess of PAN from the
atmosphere accounting for approximately 20-30%mefRAN removal from
the atmosphere during the examined period. In hidgigudes or during
winter, when thermochemical decomposition of PAN lsv, PAN
deposition is likely to be the predominant sink.ridg nighttime non-
stomatal deposition of PAN leads to a distinct gemfaP AN mixing ratios in
the nocturnal boundary layer and is the predomimantoval process for
PAN.

This thesis focuses on the development of a PAM flueasurement system and
contributes to a more detailed understanding on Ri&Nosition. To obtain a deeper
insight into the importance of PAN deposition andcimanisms of PAN uptake, further
PAN flux measurements on different ecosystem tyges needed. Ideally, they are
performed over a long period, covering more seasonsven annual cycles together
with atmosphere-surface fluxes of othgrddmpounds. Laboratory studies pursuing the
studies ofSparks et al[2003] andTeklemariam and SparH2004] are promising to
gain further insight into the role of non-stomatabosition to surfaces and mechanism
of PAN uptake by plant tissues. While the PAN flmeasurement system in the
presented configuration can be used under conditisrthere PAN fluxes of
> 0.05 nmol n? s are expected (e.g. above forests ecosystems ensike
grasslands in non-remote regions), flux measuresnenter low PAN mixing ratios
and at sites with a high surface resistance aftk astgreat challenge. While the
application of the REA method for PAN requires ateasive effort, the gradient or
MBR method with simultaneous sampling at two hesghtay facilitate a feasible
alternative to eddy covariance measurements, edfyefdr long term measurements.
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Peroxyacetyl nitrate (PAN) may constitute a siguifit fraction of reactive nitrogen in
the atmosphere. Current knowledge about the biospdtenosphere exchange of PAN
is limited and only few studies have investigatkd tleposition of PAN to terrestrial
ecosystems. We developed a flux measurement syfpenthe determination of
biosphere-atmosphere exchange fluxes of PAN usitly the hyperbolic relaxed eddy
accumulation (HREA) method and the modified Bowatior (MBR) method. The
system consists of a modified, commercially avddalas chromatograph with electron
capture detection (GC-ECD, Meteorologie Consult GBIinermany). Sampling was
performed by trapping PAN onto two pre-concentraticolumns; during HREA
operation one was used for updraft and one for doafh events and during MBR
operation the two columns allowed simultaneous $iagat two measurement heights.
The performance of the PAN flux measurement systasitested at a natural grassland
site, using fast response ozone)(@easurements as a proxy for both methods. The
measured PAN fluxes were comparatively small (adagtiPAN deposition was on
average-0.07 nmol m?s™) and, thus, prone to significant uncertainties.mfjor
challenge in the design of the system was the u@isal of the small PAN mixing ratio
differences. Consequently, the study focuses orpénrmance of the analytical unit
and a detailed analysis of errors contributingh® @verall uncertainty. The error of the
PAN mixing ratio differences ranged from 4 to 1% dpring the MBR and between 18
and 26 ppt during the HREA operation, while durtytime measured PAN mixing
ratios were of similar magnitude. Choosing optimattings for both the MBR and
HREA method, the study shows that the HREA methmb bt have a significant
advantage towards the MBR method under well mixadlitions as it was expected.

()

Peroxyacetyl nitrate (PAN, G&(O)O,NO,) is an important organic nitrogen
compound, whose production is often associated thighanthropogenic emissions of
NOy (= NO + NQ) and non-methane hydrocarbons (NMHG)dphens1969]. It is
formed through the oxidation of the peroxyacetydical (PA) with nitrogen dioxide
(NO):

CH3C(0)O, + NO, + M« CHyC(O)O.NO, + M (R1)

The decomposition of PAN is dependent on tempezgfueick reaction of R1) and also
on the reaction of PA with nitrogen monoxide (NO):

0O &!'5! 2?2 $;?21;*1;? 41D **1x 2
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CH3C(0)0, + NO® CHsC(0)O + NG (R2)

Due to its long lifetime at low temperatures PANhdae transported in the upper
troposphere over long distances and acts as avoasspecies for NQ In this way,
PAN can alter the ozone {Obudget and the oxidative capacity of the atmosphe
especially in unpolluted and N@oor environmentsJingh and Hanst1981]. In
addition, the dry deposition of PAN is a sourcendfogen for remote, nutrient-poor
ecosystems and, hence, influences carbon sequas{idagnani et al. 2007].

Besides thermal decomposition, dry deposition B iajor removal mechanism of
PAN from the atmosphereGprland and Penkett1976; Hill, 1971; Shepson et al.
1992]. However, only very few studies have direatigasured the flux of PAN to
terrestrial ecosystem®pskey et a). 2004; Schrimpf et al. 1996; Turnipseed et al.
2006; Wolfe et al. 2009]. The results of these and other indiregtliss about PAN
deposition fluxes show a large range in the magdeitaf PAN fluxes and deposition
velocities. The latter varies between around 0¢mis 1.5cm$ for different
ecosystem types. Although the difference in theaioled results might be caused by
environmental conditions and different uptake meadras of plant species, they can
also be attributed to relatively large uncertamtie the determined PAN fluxes. Both
Turnipseed et al[2006] andWolfe et al.[2009] used a chemical ionization mass
spectrometer (CIMS) and applied the eddy covariaecénique (EC) above a pine
forest canopy. They found flux uncertainties of 258065% and 40%, respectively.
Doskey et al[2004] applied the modified Bowen ratio (MBR) methusing a gas
chromatograph with electron capture detection (GZDJEand determined uncertainties
of PAN deposition velocities of 45% to 450% duridgytime above a grassland
ecosystem. These uncertainties are mainly causeédeblpw precision and accuracy of
the concentration measurement, which thereforeesgmts a major challenge in flux
measurements of PAN. For instan@¥éolfe et al.[2009] report total uncertainty for a
single point PAN measurement of £(21% + 3 ppt) @yiplg a CIMS at a pine forest
site. Recent measurements with GC-ECD achieveeéasoon (1) of 1 to 3% Fischer

et al, 2011;Mills et al,, 2007;G Zhang et al.2012], while the accuracy is typically
below 10% [e.gKischer et al. 2011; Flocke et al. 2005]. Schrimpf et al.[1996]
derived PAN fluxes from measurements of PAN &38n concentration gradients only
at nighttime when concentration differences wergdaenough to be resolved by the
analysing unit. Other existing studies inferred PAMes using indirect methods such
as boundary layer budget mode®&afland and Penkettl976;Shepson et gl1992] or
chamber studies on leaveSparks et a). 2003; Teklemariam and Spark2004].
Mostly, these are also prone to large uncertaintées they either rely on rough
assumptions, or the errors were not derived und&t €onditions. Hence, our current
understanding of the controlling mechanisms andrtportance of PAN deposition for
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the atmospheric and biogeochemical nitrogen cyslssll very limited. Although PAN
and other organic nitrates may constitute more B@# of NQ (total odd nitrogen
compounds), the deposition fluxes of these speasepart of the nitrogen cycle are
largely unknown INeff et al, 2002].

We developed a flux measurement system using a GO-tor the determination of
biosphere-atmosphere exchange fluxes of PAN. Tk&esgycan be operated to apply
both the MBR and the hyperbolic relaxed eddy acdatimn (HREA) method. Both
methods are favourable when no fast-response gégsen for the application of the EC
method is available. They represent less experteefeniques, potentially applicable
also for long-term PAN flux measurements. Partidylat low atmospheric mixing
ratios of PAN, a longer integration time or a traggpmechanism is required to resolve
very small mixing ratio differences required fantlmeasurements.

In this study we describe the setup of the PAN flagasurement system and its
application on a natural grassland site usigga®a proxy scalar. We present a detailed
assessment of the system requirements to resadvexijmected PAN fluxes at the site.
We additionally evaluate the applicability of HREAnd MBR under various
environmental conditions. An extensive quality coh{detailed systematic and random
error analysis) is performed, allowing the investign of the system performance in
relation to the magnitude of the determined PAMdRkI We find that HREA and MBR
are generally applicable to determine PAN fluxemgioour GC-ECD setup, but the
limitation of the analytical unit to precisely rég® mixing ratio differences remains a
major drawback.

(
(9 % 093 1

Relaxed eddy accumulation (REA) systems are widelyd to determine biosphere-
atmosphere exchange fluxes of trace gases, in edsashigh frequency measurements
for the application of the eddy covariance (EC) hodtare not possible. According to
Businger and Onclef1990] the turbulent flux () is determined by the difference of
two reservoir mixing ratios ( ), multiplied by a proportionality factor, the standard
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deviation of the vertical wind speed () and the molar density of air (conversion of
mixing ratio to molar concentration):

1)

Eq. (1) implies that sampled air must be separatedtwo reservoirs, one for updraft
and one for downdraft events during a certain sargeriod (typically 30 min). The
separation is made with a fast switching valve,clvhs controlled according to the sign
of the vertical wind speed () measured by a 3D sonic anemometer. Hhalue is
determined using a proxy scalan{g ), which can be measured with high frequency:

I"#$

(2)

S I'#$ I"#$ T

For an ideal Gaussian frequency distribution thealue is 0.627 \Wyngaard and
Moeng 1992]. However, experimental data show that itiegand is on average
slightly lower Baker 2000]. While some studies found the value forto be
independent of stabilityBusinger and Oncleyl990;T. Foken et a).1995], a slight
stability dependence was reportedAymann and Meixng2002]. In addition, the -
value may also vary for different scalars.

Besides the appropriate timing of the valve swiighand the choice of the proxy scalar,
a major challenge for the application of the REAht@que are small values of ,
which must be resolved by the chemical analysi® Vdue of can be increased by
the application of a so-called dead band, a thidsbelow which air samples are
discarded when is close to zero. The most significant increase ofs retrieved with
the hyperbolic relaxed eddy accumulation (HREA) hmodt (Bowling et al., 1999),
which was used in our experiment (Sect. 2.4) suatees of ; near the precision
of the chemical analysis were expected (see Sebk Bhe HREA method defines a
threshold according to the flux of a proxy scalar as:
4

3)

e
where and 43 are the Reynolds fluctuation of and .4 , respectively, and
. Is the standard deviation of the proxy scalarsdalar similarity between the
scalar of interest and the proxy exists, is maximised since the threshold is only
exceeded when high vertical wind speed fluctuatiame accompanied by high

fluctuations of the proxy scalar.

REA systems are usually designed for inert scalantities since air samples are stored
in the reservoirs. However, the life time of PANtire troposphere varies significantly,
mainly with temperature and the NO/Bl€atio (e.g., at 30°C and a NO/N@atio of 0.5
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the life time of PAN is about 45 min). Hence, ieactivity is a critical point in the
design of a REA system for PAN.

4 & 0 31

Gradient methods based on the flux-gradient redatigp are commonly used for the
determination of biosphere-atmosphere exchangesdlufhe MBR method assumes
that the ratio between the molar flux, ( 4 ), in this case normalized by , and the
mixing ratio difference ( , mug ) Of two measurement heights is equal for the
scalar of interest and a proxy scal&u$inger 1986; Liu and Foken 2001]. This
implies that both quantities would be transportéith e same transfer velocitidy

Lwi s (4)
4

If 4 Is determined by eddy covariance, the trace g&sctn be calculated as:

(5)

Lwi "4
"4

It is important to note that for the MBR method is defined as the mixing ratio
difference from the upper minus the lower height ( Lp L o), which yields,
for the same sign of, the opposite sign of than with the REA method. Furthermore,
when using mixing ratios instead of concentratiahferences in the molar air density
between the two measurement heights are assuntednegligible.

A major prerequisite for the application of the MBRethod is the scalar similarity of
the scalar of interest and the proxy scalar. Funibee, the occurrence of internal
boundary layers and chemical transformations withim considered layer violate the
application of the gradient approach in general.thé two heights are sampled
subsequently and not simultaneously, non-statibeariof the scalar mixing ratios
within the sample interval (typically 30 min) aresaurce of uncertainty, especially for
systems with a low temporal resolution.

Like for the HREA method, the major challenge fbe tsuccessful application of the
MBR method for PAN is the accurate determinationsofall values of by the
chemical analysis. Especially during daytime, whiwe boundary layer is well
mixed, values are expected to be small. For conditionth weak developed
turbulence, the transfer velocities determined whih MBR method are expected to be
very small and prone to large uncertainties. Hent&) and Foken[2001] suggest
omitting flux data where the friction velocitdd ) is very low @5 < 0.07 m &), which
mainly concerns nighttime periods.
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We used a commercially available gas chromatogreigth electron capture detection
(GC-ECD) for PAN (Meteorologie Consult GmbH, Germgnwhich is a further
development of the system described Wglz-Thomas et al[2002]. To prevent
contamination of the main column, the automatic BCD contains a pre-column,
which is back-flushed once all substances of istenave eluted onto the main column
(Fig. 1). The chromatogram retrieved by the ECLCaugomatically integrated by the
ADAM32 software program (Meteorologie Consult GmbBermany), which is
installed on a PC and facilitates the control & @C-system, the data-acquisition and
reduction via a USB-based I/O module (USB-1408F8as8lirement Computing Corp.,
USA) (for details on GC-ECD analysis see Suppleargriviaterial (SM) 1).

We modified and optimized the GC-ECD for the apdion of both the HREA and
MBR method to determine PAN fluxes. The two reses/oequired for the HREA
sampling (see Sect. 2.1.1) can also be used fait@taneous sampling at two heights
and subsequent analysis by the GC-ECD requirethio™MBR method. Sampling for
both methods was realized by trapping PAN onto fwe-concentration capillary
columns (MXT-1, Restek, USA; for details see SMoler the sampling period and
subsequent analysis by the GC-ECD. For this, weifleddcommercially available pre-
concentration units (Meteorologie Consult GmbH, rGamy) and implemented them
together with two additional multi-port valves (¢al VICI, Switzerland) in an
extended housing of the GC-ECD (Fig.1). The modtfons of the two pre-
concentration units (PCU#1, PCU#2) mainly involvechprovements on the
temperature control and stability as well as a nabte housing, which allowed us to
exchange the columns easily for maintenance (ftaildesee SM 1). All connections
were made of 1/16” OD PEEK tubing (ID 0.050 and78.tnm), which was coated with
silicon tubes as insulation against temperaturengés During the sampling mode,
sample air was drawn through the pre-concentratiolumns, which were cooled
to -5°C to enhance the pre-concentration efficiencyA&iN. The pre-concentration
was performed in conservation moddojak et al. 1979], i.e. the frontal zone of PAN
would not leave the pre-concentration column dutimg sampling period. Depending
on the overall sampling time this required a loamflrate of only a few mL mih (see
Sects. 2.4 and 2.5 for details on flow rate and fbmntrol). At the end of the sampling
time, PAN was injected from PCU#1 into the separatiolumns by back-flushing the
pre-concentration units (Valco#1, see Fig. 1) antukaneous heating of the MXT-1
column to 25°C (see SM 1). PCU#2 was injected im same way 10 min after the
injection of PCU#1 by actuation of the 6-port va(Malco#2, see Fig. 1). After further
5 min, the system was switched back to samplingen{¥@lco#1), which lead to a total
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analysing time of 15 min for both PCUs. The in-bpiheumatic-actuated 10-port valve
(Valco#3, see Fig. 1) was kept from the commeraralyser to connect the pre- and
main column in series just before the injectiorboth PCUs and to back-flush the pre-
column 5 min after injection (in case of PCU#1)just before switching back to the
sampling mode (in case of PCU#2).

The testing, validation and application of the PAINX measurement system was
carried out at a natural grassland site (49.9688°N81°E) at the estate of the Mainz-
Finthen Airport, Rhineland Palatine, Germany. Tkgatation is classified as a nutrient
poor steppe-like grassland ecosystem with a meaopgaheight of 0.6 m and extends
roughly over 0.7 km x 1 km, providing good fetchnddions for flux measurements.
The modified GC-ECD was installed in an air-coradigd container, which was located
about 20 m north of the eddy covariance complegprapromise between short inlet
tubing and a large distance to reduce flow distarti
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Three dimensional wind vector and temperature wezasured by a sonic anemometer
(CSAT3, Campbell Scientific Inc., USA) at 3 m a.@qahd recorded at 20 Hz using a
data logger (CR3000, Campbell Scientific Inc., USI)addition, a fast response open-
path CQ/H,O analyser (LI-7500A, LI-COR, USA) was installedxhdo the sonic
anemometer and sampled by the logger at the sageeincy [for details sddoravek

et al, 2013]. All turbulent fluxes and stability paramet were calculated using the
eddy covariance software TK3.Mauder and Foker2011].

We chose @ as a proxy scalar for both HREA and the MBR metlolo@ to its
similarity to PAN (see Sect. 4.3 for discussion)r fhis, a fast response; @etector
(Enviscope GmbH, Germany) was added to the eddgr@we complex. The sensor
discs required for the fast responsen@@asurements were prepared accordirtgrioel

et al. [2013] and exchanged every five to eight daysc&ie sensitivity of the sensor
disc typically decreases with time, the €ignal was calibrated by independery O
measurements at 4 m a.g.l. using a slow UV-absorp@; analyser (49c, Thermo
Environmental, USA). The employed analyser was pém trace gas profile system
with inlet heights at 0.2, 0.8 and 4 m a.qg.l., withich also NO and NOwere measured
(CLD 780 TR, Eco-Physics, Switzerland). The profilsstem was installed on a profile
mast located 3 m northwest of eddy covariance cexapl

For the application of the modified Bowen ratio heitjue, we modified a UV-
absorption @ analyser (49i, Thermo Environmental, USA) to diseeneasure mixing
ratio differences between 0.8 m and 4 m a.g.l.fdckihtial O3 measurements, see
Cazorla and Brung2010]. To account for systematic errors the uragnt was zeroed
every 30 min by directing the gas flow of each heitprough an ozone scrubber for
1.5 min before entering the absorption cells. Thea@alyser was placed in a water-
proof box together with a data logger (CR1000, CaefipScientific Inc., USA) for
instrument control and data acquisition. For thetitines opaque 1/4” OD PFA tubes
and PTFE membrane particle filters (Pall CorporgtldSA) were used.

The PAN flux measurement system was operated irHBIEA mode in the period from
20 to 26 September 2011 and in the MBR mode frorAddust to 4 September 2011.
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The inlet for the HREA system was installed at 3arg.l. at the eddy covariance
complex, with a horizontal displacement distanceheoCSAT3 of 25 cm. Since a long
inlet line from the eddy covariance complex to #ireconditioned container (Sect. 2.3)
and a low sample flow through the PCUs (Sect 2 @&ewequired, we designed a REA
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system with a bypass [s&oravek et al. 2013], where subsamples are drawn from the
main sample line into the reservoirs (Fig. 2a).

For the main sample line a 21.5 m long opaque P##e twith ¥2” OD was used,
equipped with a HDC-II particle filter (ACRO50 LCPall Corporation, USA). This
filter type did not cause an increasing pressumg dvith time due to contamination,
which is typically observed with PTFE-membraneefit. The flow rate through the
inlet tube was regulated by a mass flow contro{iet-flow, Bronkhorst High-Tech,
Netherlands) and set to a volume flow of 11 L Thito ensure turbulent flow conditions
(@A-3800). A buffer volume was implemented upstreaimthe membrane pump
(MD 8C, Vacuubrand GmbH, Germany) to ensure atemgperformance of the mass
flow controller. The volume flow instead of the md®w was regulated to maintain a
constant lag time between the change of sign ofvietical wind speed and the
switching of the splitter valves [s@&oravek et al.2013]. The lag time was calculated
online by cross-correlation between the verticahdwelocity and the high frequency
signal of an in-built high frequency G@nalyser, ranging between 1.3 and 1.7 s while
the main variation was attributed to the sensoaisgon effect [sedoravek et al.
2013].

During sampling mode, the splitter valves were shet according to the sign of the
vertical wind velocity (Fig. 2a). A third splitteralve was used for dead band situations.
The splitter valves were mounted on a PFA manifaldich was installed in the main
sample line. We used bi-stationary valves (typed6@iirkert, Germany) to reduce the
heat development causing a reduction of PAN mixatgps, which was observed when
using other solenoid valves. In addition, the valweere composed of inert materials
(PEEK, FFKM) and they feature a low internal volurf8b ul). Tests with a fast
pressure sensor revealed that the valves werdkuftar a switching frequency of more
than 33 Hz (see SM 2).

The subsamples, which were diverted by the sphtidves from the main sample line,
were purged through 1/8“ OD Nafion dryers (MD-50H,2Perma Pure LLC, USA) to
prevent the condensation of water-&°C in the PCUs (Sect. 2.2). To improve the
performance of the Nafion dryers, we introducedyspéiss system, which allowed
purging the splitter valves and the Nafion dryeitn80 mL miri* regulated by a mass
flow controller (Fig. 4 in SM 5). The dew point tife sample air in the outflow of the
Nafion dryers was constantly monitored with a hutgiggrobe (HMP series, Vaisala,
Finnland, not shown in Fig. 2a). The average devntpwas -14°C and never
exceeded-10°C during the experiments. A loss of PAN by Nafidryers was not
observed, which was also found in previous stujvéls et al., 2007].
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The sample air was drawn through the PCUs wittow flate of 1 mL min* (STP),
which was regulated with a needle valve (CNV1A15081CI, Switzerland) and
monitored with a mass flow meter (EL-flow, BronkebHigh-Tech, Netherlands). A
pressure sensor (HCX series, Sensortechnics Gmbéih&y) and a temperature probe
were installed upstream of the mass flow meter.(&&). A buffer volume was
employed upstream of the sample pump (NMP 830 KNED&NF Neuberger GmbH,
Germany) to exclude an effect of high frequentatasns in the pump performance on
the flow rate through the PCUs.

During operation of the PAN flux measurement systemthe HREA mode the
sampling period was set to 30 min. Together witk #mnalysing time of 15 min
(Sect. 2.2) a total time resolution of 45 min wekiaved.

A PC together with a LabVIEW (National Instrumer@®rporation, USA) software
program was used for the control of the HREA systé&ime software program was
designed to perform (a) acquisition of all signah&l control of mass flow controllers,
(b) coordinate rotation of the wind vector using thouble rotation method, (c)
hyperbolic dead band calculation, (d) switchingspfitter valves and (e) data storage
with a frequency of 20 Hz. Details on the accutateng of the signal transmission and
processing are given in SM 2. Statistical valuesdusr the coordinate rotation and the
calculation of the hyperbolic dead band were re¢deby applying a moving average
window of 5 min. Furthermore, the LabVIEW programlaulated the online cross-
correlation for the lag time for the switching bktsplitter valves as well as the actual
lag of the high frequency £signal at the end of every sampling interval (eeery
45 min) [seeMoravek et al.2013].

A 3

For the application of the MBR method, the setuthef GC-ECD, the flow control and
data acquisition was the same as described in &dctHowever, the inlet system was
modified for simultaneous sampling at two measur@neights (Fig. 2b). Two 1/4”
OD PFA inlet tubes were installed at the profilesmat 0.8 and 4.0m a.g.l,
respectively. Like for the HREA operation, the islavere equipped with HDC-II
particle filters and had a length of 21.5 m. Thenbmed volume flow rate at the
position of the mass flow controller was set toLIhin™ leading to a residence time of
~3 s. Subsamples were drawn directly from the inlbes, through the Nafion dryers
into the PCUs with a total flow rate of 2 mL min(STP) (Fig. 2b). Since both sample
lines and both PCUs were identical in their seitpyas assumed that the flow rate
through each PCU was close to 1 mL minThe sampling time was reduced to 15 min
to ensure that the frontal zone of PAN would naivke the pre-concentration column.
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With an analysing time of 15 min (Sect. 2.2) th@lkdime resolution during the MBR
operation was 30 min.

1*<l $

1*<~k( ' $

The flux measurement system was calibrated regutarlaccount for changes in the
performance of the PCUs and the increasing seitgit’the ECD with time. The PAN
calibration air was produced using a photolytidkration unit (Meteorologie Consult
GmbH, Germany) as described Btz et al[2002]. Hereby, synthetic air (Air Liquide,
Germany) was first enriched with acetone in a patroe cell. A known mixing ratio of
NO standard gas (Air Liquide, Germany) was thentglyped in a reaction cell together
with the acetone—air mixture to produce PAN. Finalhe calibration air was diluted
with zero air that was produced from ambient apirased through a membrane pump
(NO35, KNF Neuberger GmbH, Germany) and purifiedhwactive charcoal and
Purafil®. To obtain the same flow and pressure conditienguaing the sampling mode,
we aspirated the diluted calibration air throughidemtical inlet system, consisting of
one tube during the HREA operation and two tubesiduhe MBR operation.

Since the total mass collected by the PCUs variednd HREA sampling, PAN
calibration coefficientsWX- were obtained by normalizing the peak integradZ¥
with the sampled volumeJ(\), derived from the actual sampling time of eachUR®d
the flow rate (at STP) through the PCUs. The PANMimg ratios (o1 ) were then
determined as:

01 W % - (6)

for both PCU#1 and PCU#2 individually.

To obtain a similar amount of sample volume asrduthe HREA sampling, the splitter
valves were switched according to the sign of teaieal wind velocity and with the
respective dead band during the HREA calibratiamsequently, the pressure and flow
conditions in the PCUs were the same as during kagnpvhich improved the accuracy
of the calibration.

*<*

For both the HREA and the MBR method, the accuiany precision of 4, is of
crucial importance. Uncertainties in g4 may be caused for example by slight
variations in the sample flow or in the pre-concatmbn efficiency of the two
reservoirs. To account for these systematic andomnrerrors of o, , we performed



side-by-side measurements of the two PCUs beforgingl or after the flux
measurements (the periods are denoted as SBS_HREASHRS HREA#2,
SBS_MBR#1 and SBS_MBR#2 and comprised for each adeti least 50 h in total).
Accordingly, we introduced an artificial time delay 30 s for the switching of the
splitter valves for the HREA operation. On the dvand, this should result in o4
values to be near zerdpravek et al. 2013], and, on the other hand, the actual
sampling time and the pressure conditions aredheesas for the HREA sampling. For
the MBR operation, we placed the two trace gadsrdele-by-side at 0.8 m a.g.l..

For both, the HREA and the MBR method, systematifer@nces between the two
reservoirs were corrected for by adjusting PCU#2P@U#1 using an orthogonal fit
function. The random error (precision) ofy; (denoted as 5, ) was defined as the
standard deviation of the residuals of the fit adow to Wolff et al.[2010] (see
Sect. 3.3).

F<ro 3 >

The random flux error ) was deduced for both the HREA and the MBR metiwpd
combining the random errors of the individual tenm<€gs. (1) and (5), respectively,
using Gaussian error propagation (see SM 3), whilédhe HREA method the-value

in Eq. (1) was substituted by Eq. (2). The requiredividual random errors were
determined as follows: (a) The random error of B¥eN mixing ratio differences
( o1 ) was deduced from the side-by-side measuremeats.(&6.2). (b) The random
error of mixing ratio differences of the scalarxyd », ,) was derived for the HREA
method from the calibration. A value of 1% was fduand applied as a conservative
estimate. For the MBR method,, , was derived by propagating the standard
deviations of the ambient air and zero air measargrof the differential @analyser
(Sect. 2.3). (c) The random error of the fux ( 6A3) was calculated by the TK3.1
software program according tMauder et al.[2013] representing the turbulence
sampling error. Although it was not directly used the flux calculation, we derived
the random error of the-value ( ) by combing the individual random errors in EQ. (2
(see SM 3). For the determination of the randorareat (- ), we assumed that _
mainly results from the uncertainty of the vertisahd speed measurement, which is
given by the manufacturer as 0.5 mrh See SM 3).

For all above mentioned quantities, we define vafwebe insignificant from zero and,
thus, below the detection limit when the relatiaadom error (denoted ag ) of the
quantity @) exceeds 100%. Additionally, PAN fluxes are regarcés below the flux
detection limit when (,; is below the detection limit (i.e., ;; > 100%).

4 0O &!'5! 2?2 $;?21;*1;? 41D **1x 2



0 " $?2 '($+

Furthermore, flux values determined with the MBRtmoe which do not meet the
turbulence criterion (see Sect. 2.1.2) are consitias insignificant from zero.

For the evaluation of the presented PAN fluxes,used time periods with sufficient
developed turbulence and stationarity Foken and Wichurdl 996], represented by the
quality flags +6 afterThomas Foken et aJ2004]. Additionally, a footprint analysis
and a site specific characterization approa@lbckede et al.2004; Gockede et al.
2006] was conducted, utilizing a Lagrangian forwarochastic model frorRannik et
al. [2000]. We excluded data where the footprint arethe flux measurement included
less than 80% of the target area.

The successful application of both the HREA andMiBZR method largely depends on
the capability of the analytical system to resalve mixing ratio differences (o1 ).

We simulated the expected o1 values under various meteorological conditions for
the Mainz-Finthen experiment site to define thecigion requirements of the analytical
system and the optimal configuration for the amgtian of HREA (dead band) and
MBR method (measurement heights). Expected,; values were calculated
according to Egs. (1) and (5) withs@s a proxy scalar for the data period from
1 August to 30 September 2011.

Whereas ,, and ,,cd@ could be retrieved from direct measurements,
2, @ef was retrieved by simulating the conditional samgplusing the measured
high frequency time series ofz;@nd the vertical wind velocity. To investigate the
influence of different dead bands, the simulaticasvperformed using both fixed and
hyperbolic dead bands of various sizes. For thed deand calculation and the
simulation the same data pre-processing steps asgduhe real-time REA

measurements were performed (Sect. 2.4).

The required estimate fog; was derived by applying the big leaf multiple st@nce
approachHicks et al, 1987;Wesely and Hick2000]. The approach divides the overall
resistance against deposition (inverse of the depowelocity) of a substance into the
aerodynamic resistancé), the quasi-laminar boundary layer resistar@e) (@and the
surface resistanceq[) and can be used to describe unidirectional dépaosfluxes,
which was expected for PAN at the grassland sie. is then expressed as the ratio of
the PAN concentration (PAN mixing ratio multiplidsy ) at one height and the
resistances against deposition to the ground:

g

01 m 01 (7)
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@ was calculated according @arland[1977], using the integrated stability correction
function of Businger et al[1971] modified byHOgstrom[1988]. @ can be described
according toHicks et al.[1987] as a function of5, the Prandtl and Schmidt number.
The latter largely depends on the molecular diffigi(h) of the trace gas and was
found for PAN according to data éficks et al.[1987] to be ~1.72. For th@ we
assumed as a rough estimate that the resistaribe atirface for PAN was similar to
@i j , which could be determined from the resistanceaamh since , ,was known.

- (
-*(*( $

The size and type of the dead band had to be chzeefully since it influences not
only the magnitude of the sampledy; values but also the effective sampling time
and the scalar similarity. The results from the HWR&mulation analysis (Fig. 3a)
shows a steady increase of the relativg, values from a zero dead band (median:
1.4%) to a large hyperbolic dead band of 1.5 (nmred#a3%), whereas at the same time
the variability increases with the dead band si=.a result of the increasing g1
values, the -value decreased exponentially with increasing desad, starting from
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0.56 without dead band to 0.14 forgkl

. In the same way, the effective sampling

time for each PCU decreases from 50% of the tatalpding time with no dead band to

5.4% at gkl

value and the sampling time showed only a very bvaaiability.

. In contrast to the relative 5, values, both the simulation of the

Figure 3b shows the results of the simulation fdéixed dead band scaled only by.

The linear increase of relative g1

values with increasing dead band is less steep

compared to a hyperbolic dead band only resultnmedian relative ,; values of

2.5% at a dead band gkl
17% at this point.

. In return, the effective sample volume per PCldtils

Since the simulation yielded much higher expectegl; with the HREA method, we
chose a hyperbolic dead band ofgkg for the further simulation and the experiment.
The lower sample volume associated with the hypdierbdead band could be
compensated by using a higher sample flow ratgi(es in Sects. 2.4 and 2.5) through
the PCUs without reaching the breakthrough of PAN.

_*(*,

The diurnal course of the expected PAN values ewvshin Fig. 4 for both the HREA
and MBR method. For the HREA method, expectegl; values were very low during

nighttime (median values: =5 ppt), whereas absolute ¢4

values increased in the

morning together with both the increase of turbulmixing and the increase of PAN
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mixing ratios (not shown). The average median,; values during the day were
around -27 ppt whereas most values ranged betwed®b ppt (0.25 percentile)
and -50 ppt (0.75 percentile). Lowest absolute valueseclto zero occurred at high
wind speeds under neutral stability conditions. @arable daytime values were
simulated when applying the MBR method. As found tlee HREA method, lowest
values were reached under neutral conditions. Qurighttime, expected ,, values
were generally larger but also showed a high véitalvith median values between 23
and 117 ppt. o, Vvalues of up to 300 ppt were calculated under itimmd with
limited turbulent exchange. However, under theseditmns fluxes are expected to be
very small and might be below the turbulence dote(Sect. 2.1.2).

_*"$

The aim of the regularly performed calibrations wa¥ to determine the point of
saturation of the PCUs, which was important fortisgtthe sample flow, (b) to
investigate the relationship between peak integainple volume and PAN mixing
ratio and (c) to determine the precision and liofitletection (LOD) for a single mixing
ratio measurement.

Experiments testing different flow rates througke CUs showed that the time after
which the PCU was saturated decreased linearly antlincreasing sample flow rate.
For a sample flow rate of 1 mL mih(STP), as set during the HREA application, the
saturation occurred after ~12 min. For the averagenpling time per PCU of
3.83 (x0.77) min (with gkg ) this was sufficient to guarantee that the froataie of
PAN would not have eluted from the PCUs during darmgpSince the volume (and not
mass) flow rate of the sample gas controls thedspééhe frontal zone in the PCU, the
saturation point is dependent on the pressureerPtbUs. During the HREA operation
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the pressure measured downstream of the PCUs rdregegen 718.2 and 739.8 hPa.
These variations were mainly caused by the diucoatse in ambient air temperature.
The standard deviation of the short-term signar @ne sampling period was +0.7 hPa.
The mean pressure during the MBR operation wasehigdnging between 901.3 and
927.6 hPa (£ 0.5 hPa), which was due to the empdoyrof two instead of one sample
line. This lead to a longer time until saturatidrttte PCU was reached, which allowed
us to set the sampling time during MBR operatiotGamin.

We generally found, on the one hand, a linear icelahip between the peak integral
and the sample volume for different PAN mixing oati(Fig. 5a), and, on the other
hand, between the peak integral and the PAN mixatig at different sampling times
(Fig. 5b).

-k $

Although all side-by-side measurements were peraornduring good weather
conditions and covered a period of one diurnal &y more, the range of prevailing
PAN mixing ratios was large (Fig. 6). During botleripds, SBS HREA#1 and
SBS_MBR#2 PAN mixing ratios below 200 and 400 petrevmeasured, respectively.
Due to the low mixing ratios during SBS_HREA#1 weluded the results from the
calibration with PAN mixing ratios of 1080 ppt (xpft). During SBS_HREA#2 and
SBS_MBR#1 higher PAN mixing ratios above 200 pgvailed reaching up to 700 and
1400 ppt, respectively. For all side-by-side measwants the linear regressions show
systematic differences between both PCUs, whictewerrected for by using PCU#1
as a reference and adjusting the signals from PGAM#2the orthogonal fit function.
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For the periods between the side-by-side measutsmer linearly interpolated the
values for the slope and intercept given in Table 1

As shown in Table 1, the derived precisions (S&ét2) varied between the different
experiments. While for the MBR operation the prieciswas determined as 15.2 ppt
before and as 4.1 ppt during the flux measuremeoerénent, the precision before and
after the HREA flux measurements was much lowemeaig 32.5 ppt and 59.9 ppt,

respectively (Table 1). The significantly largeater during the HREA side-by-side

measurements was partly corrected for (for detsls SM 4 and Sect. 4.2) and the
precision was improved by 50%, to 17.9 and 26.]1 pggpectively (see Table 1 and
Fig. 6a). This correction was applied to all datathe post-processing of the HREA
measurements.

As defined in Sect. 2.6.3, the precision valuesgmeed in Table 1, are considered as
the detection limit for ,; . This means that 5, values below are associated with

01 > 100%.

-*6
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During the period of the HREA measurements (20 écS@ptember 2011) dry and
mostly sunny autumn weather conditions prevailedthwmaximum daytime
temperatures of 20 to 25°C and minimum temperatofésto 17°C during the night.
While on most days atmospheric conditions were almistduring daytime and stable
during nighttime, on 22 and 28 September mostlytraélconditions prevailed on
daytime and on 24 September only slightly unstableditions were encountered. On
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these days, the daytime average maximal wind spaedshe averagés values (see
Fig. 7a) reached 4.5m'sand 0.5m, respectively, which were much larger in
comparison to the other days. The higher turbutthange during those days is
represented by higher values of (Fig. 7a), which has an impact on the REA flux
(EQ. (1)). During the other days, the mean maxinuatue of  during daytime was
0.10+0.07 m3, which is lower than the respective annual mean tfee site

( =0.18%0.15m¥%) and during the period of the MBR measurements
( =0.13+0.11 m).

Since Q was used as a proxy scalar for the determinatiacheoHREA dead band and
the -value, the similarity between PAN ang @ixing ratios is shown in Fig. 7b. On
most days both quantities feature a simultaneotiease of their mixing ratios in the
morning and a diurnal maximum in the afternoon leev16:00 and 17:00 CET with
maximal PAN mixing ratios ranging between 243 add2lppt and @ mixing ratios
between 41 and 57 ppb. On 22 September the dajANemixing ratios did not show
a significant increase, which was probably causgdbbth reduced photochemical
production due to overcast periods and lowNfnditions, as well as downward
transport of PAN-poor air masses due to the enfthhiggh turbulent mixing.

The values for 5., calculated from the high frequency @ata with a dead band size
of gkg , were mostly negative and reached minimal valdes3ppb in the late
afternoon, indicating a deposition flux (Fig. 7ilot considering the », values which
are below the detection limit § , > 100%), few positive values were observed during
nighttime, which might be caused by limited turlmilexchange and small;@uxes at

night (Fig. 7d). The @ eddy covariance fluxes showed a clear diurnal sswith
maximal deposition fluxes betwee#s and—10 nmol m? s™* during daytime.

The -values, which were determined from the fdx and ,, values, are shown in
Fig. 7e. The median was 0.21, which is slightlyhleigthan the median value (0.16)
from the simulation analysis with a dead band size gkg (Fig. 3a). However, as
found by other studiesBeverland et a).1996a; e.g.Oncley et al. 1993], calculated-
values may vary significantly (inter-quartile range0.19 to 0.30 in this study). The
variation was particularly large for conditions witveak turbulence4¢ < 0.1 m &%
and small sensible heat fluxes of +5 W?mUnder these conditions, which occurred
mostly during nighttime, both the conditional miginatio differences ,. and the @
eddy covariance flux (>0.5 nmol m?s™*) changed sign occasionally (Fig. 7c+d) and
were also characterized by higher random errors.

Figure 7f shows the measured PAN mixing ratio déffees, o, , between the two
PCUs for updraft and downdraft events. Most;; values did not exceed the
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detection limit (; >100%) determined from the side-by-side measunésne
(Table 1). The values above the detection limitrarelomly distributed throughout the
time series and still seem to be within the noisthe mixing ratio measurement. Only
on 25 September some significanty; values were detected, which reached up
to —150 ppt, indicating a net deposition flux.
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As a consequence of the lowg; values, PAN fluxes during the HREA measurement
period were in most cases below the flux detectiomt (Fig. 7g) as defined in
Sect. 2.6.3. Only on 25 September a deposition @ifixip to —0.4 nmol m? s™* was
found. For the remaining values above the flux cteda limit (n = 21) a median
random flux error of +0.078 nmolThs™ for daytime and +0.020 nmol s for
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nighttime (Fig. 9a) was determined. The daytimex #urors were mainly attributed to
the error of 5, with a median error contribution of 50% (Fig. 9bhe magnitude of
the covariance term in the error propagation equatbM 3) was largely governed by
the error of .. During nighttime all terms had a similar impact the total flux

uncertainty.
-*6*, 3

In general, the weather conditions during the MBRasurements (18 August to
4 September 2011) featured higher temperaturemger wind speeds, but also more
frequent isolated rain events than during the pedbthe HREA measurements. The
MBR measurements can be divided into two sectidds-Sll) according to the
prevailing weather conditions: (SI) from 20 to 26ghist was a sunny period with
occasional cloud cover and one short rain even2 bAugust. Stable stratification at
night and unstable stratification during daytimesmetimes leading to free convection,
prevailed. Daily maximal temperatures reached upAREL, while maximal wind speeds
in the afternoon were on average 3.5 Period S| was terminated by a passing cold
front in the late afternoon of 26 August accompdni®/ rainfall together with a
temperature drop and increasing wind speeds. (81§ period from 30 August to
4 September was a dry period with mostly sunny dayder the influence of high
pressure systems with increasing temperatures @mer lwind speeds (mean diurnal
maximum: 2.3 m$), resulting also in loweds values (Fig. 8a) as during (Sl). During
that period also stable stratification at night amdtable stratification during daytime,
partially leading to free convection, prevailed.eTferiod from 27 to 30 August is not
considered here due to the performance of thelsjei@dde measurements (Sect. 3.3),
extended calibrations and maintenance of the GC-BQBis period.

The effect of the varying weather conditions ona@d PAN mixing ratios is shown in
Fig. 8b. On most days during period (SI) and (&lblear diurnal course of;@nixing
ratios is visible with maximum values of 65 ppb,iliduring (Sll) the development of
strong nocturnal inversion layers lead to nearlynplete Q depletion at night. The
diurnal course of PAN mixing ratios was stronglypted to that of @ although on
some days (e.g., 26 August and early morning oépté&nber) the decline of PAN
mixing ratios starting in the late afternoon waschistronger. During nights with
strong Q depletion, PAN mixing ratios of more than 200 ppgvailed. Daily maxima
of PAN mixing ratios ranged from 400 ppt to morarntiL200 ppt.

The ,, values and the £¥lux, which were used to calculate the transfdocigy, are
displayed in Fig. 8c+d. While during daytime ,, values were on average 2.0 ppb

(x0.6 ppb) the differences during nighttime werechmlarger and reached up to 18 ppb
during strong stable stratification. During daytinseme values were below the
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detection limit (:23 > 100%). Q deposition fluxes were higher than during HREA

measurements and reached during daytime upl®nmol m? s* during daytime,
with an average maximum o8 nmol mi? s™. During nighttime @ fluxes were small
except on nights with neutral stratification, whiaxes of up to-5 nmol m?s™*

prevailed.

The resulting transfer velocity (Fig. 8e) represemtthe layer between 0.8 and
4.0 m a.g.l. showed average daytime values of @88 (+0.06 m 5%), whereas during

nighttime the transfer velocity was close to zenal aften below the detection limit
( n, >100%).

As a result of the limited turbulent exchange ahti 4 values reached up to
400 ppt (Fig. 8f). In general, the course of nighét o, compared well to »,
indicating scalar similarity of PAN ands;OOn average, the daytime 54 values were
27 ppt (30 ppt). While on some days they wererbledifferent from zero, on other
days they were close to zero and did not exceeddébection limit (,, > 100%)
determined from the side-by-side measurements €THbl

On those days with significant daytime,, values also a significant daytime PAN
deposition flux was visible and reached up-©.2 nmol m?s™* (Fig. 8g). On other
days, when daytime ,; values were smaller or not different from zero N°P#uxes
were below the flux detection limit (for definitiogee Sect. 2.6.3). Considering only
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values above the flux detection Ilimit, daytime PANeposition was on
average-0.07 nmol m? s during that period. The corresponding median ramélax
error was +0.033 nmol ths™* (Fig. 9¢c) and mainly consisted of the errors of; ;
and ,, with median error contributions of 52 and 65%peadively (Fig. 9d). At
nighttime PAN fluxes were negligible or fell belawe turbulence criteria whefy <
0.07 m §* (see Sect. 4.1.3 for discussion). The magnitudeehighttime random flux
error (median: +0.005 nmol s ) was mainly attributed to the errors of,.and the
O3 flux (median contribution: 38 and 52%, respecyyeWhile the error of 5, was

insignificant (median contribution: 5%).

6%(

6*(X( e

The uncertainties in the PAN fluxes were mainlysealiby the error of 44 , hence, a
precision and performance of the GC-ECD analysisaignain criterion for the
performance of the flux measurement system. The dfidetection (LOD) of absolute
PAN mixing ratios was derived from the height oé ttesidual peak compared to the
baseline noise during calibration with zero air aletermined as 5 ppt (Jdefinition).
This value compares well to other GC-ECD systemschviemployed a capillary
column for the pre-concentration of PANafobi et al. 1999;Mills et al, 2007]. For
systems without pre-concentration LODs above 1(fisther et al. 2011;Schrimpf et
al., 1995] ranging up to 30 ppt or high&fdlz-Thomas et gl2002;J M Zhang et aJ.
2009] were reported previouslflocke et al.[2005] and Williams et al. [2000]
designed their systems for aircraft measuremerntsaahieved a much lower LOD (3
definition) without pre-concentration, 3 ppt an® pt, respectively. During calibration
experiments with 850 ppt PAN we found a precisibn) ©f 1.5% in the gradient mode
and of 3% in the HREA mode (for discussion see &sot. 4.2). These values are
within the range of other recent GC-ECD systemsgclwineported a 1 precision for
PAN of 1% [G Zhang et a].2012] or 3% (at 470 ppt}[scher et al. 2011].

Although the performance of the GC-ECD was similaeven better than that of other
state-of-the-art GC-ECD systems, the derived pi@tigalue at a single mixing ratio
does not necessarily apply for the whole rangeref/gling PAN mixing ratios. In
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addition, for the application of the HREA and MBRetimod the precision of 5, is
important. As presented in Sect. 3.3, the preciéorthe ,; values derived from
the side-by-side measurements ranged between 1wW926.1 ppt for the HREA
measurements and between 4.1 and 15.2 ppt for BRe Mable 1). The precision was
largely independent from the prevailing PAN mixiagios, which is the reason why we
applied a constant absolute random error for theleviange of PAN mixing ratios. For
the HREA operation the experimentally determinedcions were as high as the
simulated daytime differences (Sect. 2.7), whichl@xs the large errors of the PAN
flux.

6*(*, 93

For the HREA measurements, an accurate conditicaahpling of updraft and
downdraft air masses into the according PCUs isomapt, especially at high eddy
reversal frequencies [e.dBaker et al. 1992;Moravek et al. 2013]. Besides a correct
online coordinate rotation of the wind vector aheé appropriate choice of the dead
band size and proxy scalar, this required a prdoisag of the switching of the splitter
valves and the investigation on high frequencynatéion effects of the inlet tube. As
presented in SM 2, the electronic time lag betweesteeding the dead band threshold
and switching of the splitter valves was less tl##nms and could be neglected
[Moravek et al.2013]. As shown bivloravek et al[2013], the application of the online
cross-correlation method corrected for the senspamtion effect, but was associated
with a random error of £100 ms. The resulting flerxor was determined using the
relationship between flux loss and the eddy revdreguency Moravek et al. 2013].
During the experiment, the eddy reversal frequermyged from 3.0 to 12.4 Hz

(median: 7.6 Hz) for the applied hyperbolic deaddaf gkg A simulation
analysis Moravek et al.2013] yielded a random flux error due to the eafathe online
cross-correlation method between +0.6% and +9.9%di@n: 4.0%), respectively. For
the effect of high frequency attenuation a cutfoéjuency of 1.2 Hz was determined
for the 21.5 m long inlet tubdévforavek et al. 2013], which lead to an underestimation
of the PAN flux ranging from 1.8 to 31.4% (medidi.8%), which was corrected for in
the post-processing.

6*(*- 3

A main criterion for the performance of the PAN xflineasurement system is the

random flux error. As presented in Sect. 3.4 andim 9, the flux errors were large

compared to the observed fluxes and were causedléange extend by the error of
o1 , but also by the error of ,.. This was the case for daytime MBR fluxes, when

the standard deviation of , is large at high ©@mixing ratios.
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The difference between the daytime and nighttime #rror indicates that the flux error
does not only depend on the performance of the addbut also on the meteorological
conditions. Considering the error of 51 as the largest fraction of the flux error, we
estimate values of 44 that would have to be measured with either HREMBR to
obtain fluxes with a certain minimum precision undearying meteorological
conditions.

For the MBR method, the required ;; values are obtained for a certain relative
random flux errors (5, in %) by

6789

Lvi 45

01 K 65 C

(8)

é789
where ¢, is the absolute flux error derived from the epospagation method. Here,
U, is determined as a function 44 via the aerodynamic approach, using the integrated

stability correction functions () of Businger et al.[1971] modified byHAgstrom
[1988]:

L P 4s
V! L L 9
qrEP Sl S%T ©)

wheres is the von Karman constant ahg the lower andp the upper height of the
gradient system. Finally, o, K 5789 Ois expressed as a function 4f, representing
the turbulent and micrometeorological conditions, dlifferent relative random flux
errors. Figure 10 shows the hyperbolic fit functicior 5789 of 20, 50 and 100%
together with the measured 5, values during the MBR operation. While for higher
4c the 5789 values are quite constant for a certain; value, belowds = 0.07 m &

the flux error increases rapidly. The latter vakialso given byoken[2008] as a limit
for MBR measurements and, hence, was used in firetaa of the flux detection limit
(Sect. 2.6.3). According to the error lines in Fif.and not considering values below
the flux detection limit, we find that 47% of theeasured PAN fluxes are associated
with a relative random error of between 20 and 5% 27% between 50 and 100%.
Only a few values (8%) showed a relative flux etvefow 20% and some (18%) above
100%.

Using the same approach for the HREA measuremermistermine the influence of the
meteorological conditions ong5789 , was not successful. A clear relationship between
the required o, values and4s was not found due to the higher scatter of the
determined ¢.,, Vvalues. For the daytime fluxes, the errors duMtiREA operation

were on average twice as high than during MBR dmergsee Fig. 9a+c), which can
mainly be attributed to the lower precision of thealysing unit (see Sect. 3.3).
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However, it has to be noted that the HREA measun&sreok place in September and
deposition fluxes to vegetation are lower than myrthe MBR measurements in
August. On the one hand, the surface resistancehigasr due to a higher fraction of
dead grass species and a reduced stomata openihg gfeen plant material. On the
other hand, during the HREA measurement period values, which reflect the
magnitude of turbulent exchange (Eq. (1)), wereowethe annual average and also
lower than during MBR period. Hence, in general édoiluxes due to the prevailing
conditions are an additional obvious reason for kwer quality of the HREA
measurements.

As it was outlined in Sect. 1, the flux errors ged by other studies, which measured
direct PAN exchange fluxes in the past, are algoifstant and vary depending on the
chosen methodDoskey et al[2004] give a rough estimate of the expected #wors
ranging between 45 and 450% for daytime fluxesyTdssume at a deposition velocity
of 1 cm §* a vertical mixing ratio difference of 1-10% of timean mixing ratio and an
error of 4, of 4.5% determined from the PAN calibration. Hoeewve find that
the most reliable method to determine the error ofy; are side-by-side
measurements at the field site to retrieve therectmracteristics over the whole
potential range of ambient air PAN mixing ratiosheTflux error using the eddy
covariance technique with a CIM3Jrnipseed et al.2006; Wolfe et al. 2009] was
found to be less (280%), although the uncertainty for a single conmn
measurement is larger than with the GC-ECD metmatithe effect of the background
signal on PAN measurements is currently discusBadlips et al, 2013].
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As uncertainties in the PAN flux were mainly causeg random errors in the
determination of ,; , we discuss potential error sources and possdsiliior their
reduction. Three different parts of the PAN measaet system contribute to the
random errors: (a) the inlet tube (b) the pre-catretion step, (c) the peak separation,
detection and integration.

a) Uncertainties due to chemical reactions in thetinlee could be excluded due
the short sample air residence time of ~1.5s (HR&Ad ~3.0 s (MBR) and
turbulent flow conditions. Experiments employindfelient inlet tube lengths
revealed that the main effect of the sample tube @we to its impact on the
pressure conditions in the PCUs, which was accdufde by using the same
inlet tube length also during calibration (Sec8. 2).

b) The use of capillary columns as a reservoir forRiE, MBR or other gradient
methods is unique and required the applicatioroimservation mode (Sect. 2.2).
Since we determined the saturation point regularig found a good linear
relationship between the PAN mixing ratio and th#or of peak integral and
sampled volume, potential uncertainties associatigd the pre-concentration
step are not caused by the operation in the coasenvmode in general.

However, the higher random errors found duringdioe-by-side measurement
in the HREA mode (Sect. 3.3) suggests that distufloev conditions due to fast
switching may have an influence on the performaofche PCUs. Apparently,
short-term pressure differences induced by the d$astching of the splitter
valves or varying sample volumes influence the igpabf the PAN
measurement. As shown by the developed correctiontibns for the HREA
fluxes (SM 4), we found that larger deviations we@related with larger
sample volume differences between both reservamsge differences in the
sample volume are caused by an imbalance of updamtdraft events during
the sampling interval. This is accompanied by arbalance of the mean
duration of up- and downdraft events, which miglavdn an effect on the
pressure equilibrium states in the PCUs. Although did not observe any
pressure change downstream of the PCUs inducechdyswitching of the
splitter valves, it might be possible that very 8rpaessure fluctuations inside
the PCUs lead to the higher random errors for tRERN operation. Hence, we
suggest that future setups should employ capiltatymns using zero air when
one PCU is not active. However, in our case thislditiave increased the total
sample time for each PCU from around 4 min (Se2). ® 30 min and required
either a much lower sample flow or a longer capill@olumn to avoid
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breakthrough of the PAN frontal zone. Since a mogrer sample flow than the
one used here (~1 mL mi) would cause other problems and is not desired,
more efforts should be made to develop PCUs witigdo capillary columns. In
this case, the quantitative release of all PAN ftbecolumn during injection is
the major challenge.

Since the pre-concentration efficiency is largelgpend on the cooling

temperature, small fluctuations of the pre-con@in temperature might also
cause random errors. Due to the optimized temperatntrol of the PCUs, the
cooling temperature, which was sett6°C, showed variations of only +0.1 K.
Furthermore, temperature measurements at diffepants of the capillary

column revealed that potential temperature diffeesnalong the column were
less than 0.5 K. We found an increase of the preeatration efficiency of

around 4% K'in the temperature range from +546°C. Consequently, larger
variations of the cooling temperature would be ssagy to have a noticeable
effect on the precision of the PAN measurementsduiition, variations of the

heating temperature during injection were also bomhpared to their potential
effect. Nevertheless, it cannot be excluded theagaificant improvement of the

temperature control would reduce the uncertainties.

It was found that contamination of the pre-conaian capillary column was
problematic. After some time of operation additiop@aks in the chromatogram
were observed when heating the pre-concentratipiiary column above 50°C
in the injection mode. Hence, we suggest to eithean the column by regularly
heating it or exchanging the pre-concentration mwidrom time to time.

The chromatogram of the PAN-GC featured a PAN pkedctly preceded by a
carbon tetrachloride (Cglpeak, which is present at a relatively constamell

in the atmospheredalbally, 1976] and detected by the ECD due to its electron
affinity. Although we achieved a good chromatogiaplsolution @t g) with

the employed operation settings, a small overlapotti peaks leads to potential
errors that might be relevant when resolving srddferences. We tested this
effect by comparing the results from the integratiosing the ADAM32
software with another independent software progmaml found a random
integration error of only 2%.

Moreover, we found a temperature dependency oP#ild signal which could not be
attributed to one single instrument part or procéss slow temperature changes with
small diurnal amplitudes the PAN integrals werei-aatrelated to the temperature
measured inside the instrument and a temperatuegehof 2 K lead to a change of
PAN integrals of approximately 5%. During the figddperiment the air-conditioning
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controlled the air temperature in the measurementainer to £1 K with an average
periodicity of around 15 min. Since the observeahgerature effect was of inertial

nature and a slow temperature change would hawedfact on the measurement of the
PAN from both PCUs, we found the impact of the terapure effect to be insignificant

for our results. However, as the potential influeiof fast temperature variations could
not be determined and cannot be excluded, we sudges$uture setups, aiming to

resolve small mixing ratio differences, to place 8C in a thermally insulated and
temperature controlled compartmeRtdcke et al. 2005].

6*-

Scalar similarity is defined as the similarity inetscalar time series throughout the
scalar spectraKlaimal et al, 1972; Pearson et a). 1998]. Since the maximal time
resolution of a single PAN measurement with the BZD was 10 min, we could not
determine its scalar spectrum over the whole rangebtain a detailed analysis as
suggested by other authoRefarson et al.1998;Ruppert et al. 2006]. However, the
distribution of sources and sinks within the foatprarea is an important factor
determining scalar similarity. The troposphericdarction of Q and PAN is strongly
coupled to photochemistry and driven by the abucdanf hydrocarbonsRoberts
1990; Seinfeld and Pandi006]. Furthermore, for both quantities downwieshsport
from higher altitudes is an important source toltveer boundary layerJingh 1987].
The sink distribution of both ©and PAN is strongly linked to dry deposition te th
biosphere, in our case the grassland species aW#nez-Finthen experimental site.
Although we can assume that stomatal uptake isni&er deposition process for both
O3 [Bassin et al.2004;Coyle et al. 2009;L M Zhang et al.2006] and PANQkano et
al., 1990; Sparks et a). 2003] when stomatal opening is not inhibited, th& of
cuticular and mesophyllic uptake processes for PBbdkskey et a).2004;Sparks et aJ.
2003; Teklemariam and Spark8004;Turnipseed et al.2006] as well as deposition on
soil are not well understood (see also Sect. l)iclwimay be the cause for some
divergence from scalar similarity betweep&hd PAN.

In order to investigate whether near ground prddactepletion or reaction with other
species has an effect on the application of the MREd MBR method, we analysed
the ratio between chemical time scales and turbutansport times (seBtella et al.
[2012] for calculation) in the respective layer (Bledhler number Hu)). For PAN,
daytimehu values were below 11072 and nighttime values below 0152 implying
that chemical time scales were much longer thaputant transport and, thus, did not
have an effect on the flux measurements. A similro between turbulent and
chemical time scales was found for Chu < 2.0107%), except between 6:00 and
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10:00 CET, when higher NO mixing ratios lead toaatér Q depletion. During that
time, hu values of up to 0.25 occurred occasionally (median4.0107?).
Consequently, chemical reactions might have had idffluence on @ flux
measurements during these periods.

66 $ 93 3

As shown in the previous sections, the applicabdit HREA and MBR for PAN flux
measurements largely depends on the capabilithefflux measurements system to
resolve small PAN mixing ratios. Furthermore, thagmitude of the measured mixing
ratio differences is influenced by the meteorolabmonditions, the PAN deposition, as
well as the dead band setting (HREA) and the séparaf the inlets (MBR).

The simulation analysis revealed that expectedimayt 5, values were of similar
magnitude for both the HREA and MBR method (Sedt.Z3 Fig. 4). Prior to the
measurements it was assumed that especially undelitions, when strong turbulent
mixing results in only small vertical mixing ratgradients, the application of the REA
method might be preferred. However, for the coodsgiat the Mainz-Finthen grassland
site and for the presented setup of inlet heigBeci. 2.1.2) and dead band settings
(Sect. 3.1.1), no significant advantage of the HREé#thod was found. To evaluate the
conditions under which the HREA method may be fagduover the MBR method
(higher o, values) for the presented PAN flux measuremengsexamine the ratio
of the derived mixing ratio differences by the MBRd HREA method. Using the
relationships in Egs. (1) and (4), we obtain a dps8on of this ratio, which is
independent of the PAN flux:

01 cd@ 01
01 @ef Lvi 01

Instead of determiningl,, with a proxy scalar, its aerodynamic representatan be
used (see Sect. 4.1.3). Expressing Eg. (10) for seglar quantity and gradient
measurements in general, the ratio offrom gradient and REA measuremerRs() is

(10)

then represented by:

VWUXYAZ Lp CE cﬁ
R o @ef s 7 zquC {MNT] “l\;Tl (11)

while R is defined as the inverse B .

Since the -value can be considered a constant for a certzaal thand size (see Fig. 3
and Fig. 7e),R,, and RQ are a function of the inlet heights of the gratien

measurements, the stability correction functiomteand Ng.. The latter represents
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the integral turbulence characteristics forwhich can be parameterized as a function
of I-I\M[Panofsky et al.1977]. For the turbulence data at the Mainz-FKntlgrassland

site we found the best agreement using the parameagten given byPanofsky et al.

[1977] forliy,< O:

gt ~%T . Ee. (12)

4 N

and for'—I\M 0 a constant value independent from stability:

L
2 ah 5 o (13)
Inserting the parameterizations in Eq. (11), waveea function forRo, which is only
dependent on the inlet heights of the gradientesysthe REA dead band size e{n\m

In case eitherjzor z is used as the reference level lﬂ&M the stability correction term

is independent from the absolute inlet heights@mg their ratio W LPN_Q) has to be

given. Figure 11 displays the expected, andR§ values forw =8 andW = 1.5,

representing gradient measurements above low ajid \agetation, respectively. For
W=8 and =0.6, we find under unstable to near neutral terd R, ranging
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between 1.5 and 2, i.e. the gradient method yibidker values than the REA
method. In contrast, when using a REA dead bandtmeg in a -value of 0.2, higher
values are retrieved with the REA meth&fy( > 1). Forw = 1.5,R values are

greater than 2, 3 and 4 forvalues of 0.6, 0.4 and 0.2, respectively. Henbeya high
vegetation the REA method has a clear advantagerumadstable and also neutral
conditions. During stable conditions, the REA methanly yields higher values
when choosing a dead band above high vegetatiowetkr, for most other settings,
the ratio shows a steep linear increase from neatral to stable conditions in favour of
the gradient method, obtaining higher values. Since the latter especially prevail
under weak turbulence conditions, it has to be dh@gain that fluxes under stable
conditions might still be prone to large errors whaeetermined with the gradient
method. Consequently, a turbulence criterion astfier MBR method (Sect. 2.1.2)
should be applied.

Applying the setting used in this studW( L p X,L o x =10 and =0.21),
larger  values are expected with the MBR method than WithHREA method not
only for stable and neutral but also for unstaldeditions (Fig. 11). During the latter,
when highest PAN deposition fluxes are expedig], is nearly unity a{-|\M= -1, but

increases to about 1.3 at the transition betweestable and neutral conditions. The
curve representing this study is in good agreemathtthe ratios of obtained by the
simulation analysis of MBR and HREA measurementsc{§ 2.7 and 3.1). This
confirms that the presented method can be a sitopleo evaluate the applicability of
the REA and gradient approach, especially when Ismiding ratio differences are
expected, as in our case for PAN.

We developed a measurement system for the detdraninaf biosphere-atmosphere
exchange fluxes using both the HREA and MBR metitiod.the first REA system for
the determination of PAN fluxes and the system designed such that it could also be
used for simultaneous measurements at two inlghkefor application of the gradient
approach. Sampling for both methods was realizedrdyping PAN onto two pre-
concentration columns over a sampling period om&® and subsequent analysis by a
GC-ECD. A linear relationship was found between BN peak area and both the
PAN mixing ratio and the sample volume. This alldwee system to be used with
varying sample volumes, which is a prerequisite tfog application of the HREA
method.
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We validated the system and made PAN flux measurtsra a natural grassland site at
the estate of the Mainz-Finthen Airport, RhinelaRalatine, Germany. For the
implementation HREA, the wind vector was adjustetine using the double rotation
method. High frequency {measurements were used as a proxy for calculatiag t
hyperbolic dead band (gkg ) and -coefficient (~0.21). The application of the
hyperbolic dead band reduced the sampling timeébtmtal2% for each reservoir. The
setup of the system allowed compensating the raguieduction of the sample volume
by a higher flow rate through the pre-concentratolumns.The lag time between the
vertical wind speed signal and the splitter valvea crucial parameter to determine
accurate fluxes — was determined continuously entinring the measurements and
varied by about £200 ms, mainly depending on thevailing wind direction and the
error of the cross-correlation method. High frequyeattenuation due to the long intake
tube was found to be small and corrected for.

Flux simulations revealed that the uncertaintiesi@asured mixing ratio differences are
the most critical issue for a successful applicatod both the HREA and the MBR
method. For the presented natural grassland biesystem should be able to resolve
mixing ratio differences of at least 30 ppt for bbdéhe MBR and the HREA method to
obtain significant daytime fluxes of PAN. The pson of the gradient system was
determined by side-by-side measurements and rafiged 4 to 15 ppt. During the
HREA application the precision ranged between 18 @6 ppt after applying a
correction for pressure fluctuations. The higherseaon PAN mixing ratios during
HREA application were most likely attributed to dimaressure changes in the pre-
concentration columns caused by the switching efttiitter valves.

We propagated the individual errors of the requirpdhntities for the PAN flux
determination and derived median random errors hef daytime PAN fluxes of
+0.077 nmol m? s for the HREA system and of +0.033 nmal4s™ for the MBR
system. Most values were below the flux detectiontlfor the HREA measurements,
which was attributed not only to the lower preamsht also to the fact that the HREA
measurement period took place in autumn (lowereltuprevailed due to higher surface
resistance) and weaker turbulence than during tB& Meriod. In contrast, significant
PAN deposition fluxes could be resolved during MMBR measurement period in
summer vyielding mean daytime PAN deposition flurés-0.07(+0.06) nmol it s~
with maximal values reaching up te0.2 nmol m?s™* during daytime. During
nighttime the fluxes were mostly close to zero eloly the detection limit. The range of
the obtained PAN differences matched the simulditfdrences well for both methods,
which indicate the plausibility of the PAN fluxestdrmined by the new system.
Damkohler numbers of < 0.02 for most periods rex@dhat chemical divergence due
to thermal decomposition of PAN had no impact andhtained fluxes.
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Our results show that mainly the precision of thrimg ratio measurement by the GC-
ECD has to be improved further to reduce the fluncantainties. Since the largest
uncertainties are most likely attributed to the-poacentration of PAN, the operation of
the PCUs should be optimized by adding zero whenreservoir is not active.

In general, the uncertainties are also expectettoease when the system is applied in
ecosystems exposed to higher PAN fluxes (i.e. mitgad area index and lower surface
resistance or higher PAN mixing ratios downwinduobban areas and higher surface
roughness) than at the nutrient-poor grassland site

Finally, we developed a simple method to test tesibility of the gradient and REA
methods for compounds exhibiting small surface-ahere exchange fluxes for
different meteorological conditions at ecosystenmthvow and high vegetation. In
general, the HREA method is favoured over high tesge while the MBR is more
feasible at low vegetation.
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During the operation of the GC-ECD the temperatafethe Peltier-cooled oven
module, which houses both columns, was set to 18@event thermal decomposition
of PAN at higher temperatures. For the same redker:CD was heated to only 50°C.
We used nitrogen 5.0 (Air Liquide Deutschland Gmi&€rmany) as both carrier gas
(volume flow 18mL min™%) and make up gas for the ECD (volume flowndl6min™?).
The chosen carrier gas flow rate gave the best oommipe to separate the PAN peak
(PAN retention time = 243 s) from carbon tetracider(CCl, retention time = 203 s)
and to minimize the total analysing time. To prdvehanges in humidity levels
between carrier gas and sample air, the carriemgashumidified in the GC-ECD by
flowing through a thermally-controlled cartridgdldd with CuSQ 6H,O prior to
injection [Flocke et al, 2005].

*, '@
The PCUs consist of a 1.15 m capillary column (MKTID 0.53 mm, film thickness
7.00 um; Restek, USA) as a trapping material, wiscboiled in an insulated circular
aluminium (ID 35 mm) housing and cooled by two ieett (Supercool PE-127-08-25-
S, Laird technologies, USA) arranged in series. ofgimize the stability of the
temperature control, the inner space of the housegfilled by an aluminium cylinder,
which could be removed when the column had to ptaced. The temperature of the
aluminium housing was monitored by a Pt100 probd esgulated to-5°C. For
injections, the capillary column is heated by pagsi current through the column using
a 12 V DC supply. To prevent a short circuit the Molumn (@= ~4.5 ) was coated
with 1/16” PFA tubing. The heating of the columnsmMamited to 25°C to prevent
thermal decomposition of PAN at higher temperatundsle it was assured that the coil
was heated long enough to allow slow substancesvaporate from the column. A
balance between the maximum heating temperatueehelating time and the cooling
temperature of the aluminium housing had to be doas typically the column
temperature declined slowly after heating and hadetach the initial temperature
of —-5°C before switching to the sampling mode (aftemib).
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The PC housing the HREA software program (LabVIEW&tional Instruments
Corporation, USA) was connected via RS232 with@R8000 data logger (see Fig. 1a
in main article) to receive the high frequency 29 wind vector, the @signal for
calculation of the hyperbolic dead band and therdahation of updraft and downdraft
events. The signal of the in-built closed-path,@Dalyser was transmitted for the lag
time determination (see Sect. 2.4 in main arcticlée data was transmitted at a baud
rate of 57.6 kBit 3" using the four byte floating point (IEEE4) datpeywhich resulted
in a time span between the start and end of the staihg of about 10 ms. A higher
baud rate could not be used due to the length ®)26f the RS232 data cable. To
assure an accurate timing of the HREA software lan RC, the execution interval
(50 ms) was triggered by the incoming string semmfthe CR3000. The splitter valves
were actuated using a PCI-DAQ card (National Imegnts Corporation, USA). To
avoid any delays caused by the PC’s operation isy8féindows XP, Microsoft, USA),
the PC’'s system preferences had to be set to lkirmance. The elapsed time
between the sending of the signal from the CR30@) the actuation of the splitter
valves was measured to be less than 20 ms.

* o+

The time response of the splitter valve was te$igdecording the signal of a fast
response pressure sensor (HCX series, SensortedBmbH, Germany) mounted in a
miniature inlet system (Figure 1) while the valvasaopened and closed with different
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frequencies. The results are shown in Fig. 2 fatching frequencies of 10, 20, 33 and
100 Hz. Whereas for 10, 20 and 30 Hz the pressgnalsstill follows the step function
of the valve switching, at 100 Hz clear deviatians visible.

The general form of the Gaussian error propagaopration was used to determine (a)
the random flux errors, (b) the random errors of,,,  and (c) the random errors of
the -value. The variance of a function )(with Z individual quantities lcy)y is
described as [e.gBevington and Robinsp&003]:

¥ s P
P %‘%VS—I<
cQ Sbc
s L (1)
SIS .
] ;A..C}:.Caxté—bf Zé_b,| # wWKDCBCZS e e

where 4, denotes the random error of the individual quegtiisee Sect. 2.6.3 in main

text for their determination) angl the correlation coefficient between two dependent
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quantities kcXp. In case the quantities are uncorrelated the rcawee term

(4, #WKBXPQ is zero. After solving the partial derivativeslofind substituting those

in Eqg. (1), the random error of an individual esttmofl is determined by the square

root of ”P. For the errors (a) — (d) is defined as:

(a) for the random error of HREA flux:

Iy 01 ————— o1 (2)

23 H

and accordingly for the MBR flux:
‘ 2

|, 01 — 01 3)

23 +,

(b) for the random error of 5,

| Yn 5 r f 23 + ®23 uw yAZ °25 ° (4)

where ¢ ,, UWYAZ< and « ,, = are the calibrated differential signals at

3
ambient and zero air measurements.

(c) Finally, for the random error of thevalue:

| 25 (5)
23 H

where="5_=is the covariance between the vertical wind véjo€i ) and the
O3z mixing ratios measured by the fast @nalyser. The error of , which is
needed for the derivation of (see Eq. (1)), was determined using the
simplified version of Eq, (1) without the covarianterm. After expanding the
general form of the standard deviation:

-9 n P (6)

we obtain the partial derivativez;ﬁ) needed in Eq. (1):

(0p08

R g TI
¢ > W g 0

(0p]

whereW is the number of measurements per averaging péreodVv. }ogeee
for 30 min at a sample frequency of 20 Hz) . Fialle obtain for the error of
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where is the random error of a single measurement ofgiven by the
manufacturer as 0.5 mm'ssee Sect. 2.6.3 in main text).

The values for the correlation coefficient betwéles individual quantities are given in
Table 1 for the HREA measurement period (for deteaton of ¢, and ) and
Table 2 for the MBR measurement period (for deteation of ¢ ., ) separated for
daytime and nighttime. The covariance term wascoasidered for the determination of
Yo 5 o as the correlation between,, UW yAZ< and * ,, i was not significant

during both daytimew <keg ) and nighttimewW ke~ ).

+$ (0 + I'$ I 1 < w= # 738 D !
9 < be b=
01 23 H 23
01 D 4, * D 6 >
25 H * 6D * AD* 4
25 * * *lnD*//
ko ko *x
+$, 0+ I I I < w= # 0)3 D !
9 < be b=
01 23 +, 23
01 D 4, * D 6
25+ * 6D

23
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As demonstrated in the main article, the scatterindu HREA operation was
significantly larger, which suggests that pressdiferences induced by the fast
switching of the splitter valves or varying samp@umes may influence the quality of
the PAN measurement. Indeed, we found a lineatioakhip between the ratio of the
normalized PAN integrals measured by PCU#1 and RPCasd the difference between
the sampled gas volumes of both PCWH\( UN\zg U[\z~ ) (Figure 3). Using the
slope W) of this relationship we could implement a cor@ctof the normalized PAN
integrals for PCU#1.:

(yyZ‘ig yZ<Zg g

. YyZzg . yZZ~
Uhzg o  UDNZg" ¥

“Upzg” UMz~

UN W (9)

and accordingly for PCU#2:
yZZ~ yZZz~ ¢ yZ72qQ . yZZ~
[0) = 0o/ ¢
e  upz= v N W %nzg! Gpas

Applying the correction for the HREA side-by-sideeasurements improved the
precision by 50%, to 17.9 and 26.1 ppt, respegctiveence, this correction was applied
to all data in the post-processing of the HREA meaments.

(10)
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Relaxed eddy accumulation (REA) systems that emplwy single long inlet tube are
prone to measurement uncertainties caused by (aphprecisely determined lag time
between the change of sign in the vertical winebe®y and the switching of the splitter
valves and (b) attenuation of high-frequency cotregion fluctuations in the tube flow.
However, there is currently no commonly applied cedure to address these
uncertainties. In this study, we first evaluated thg time error of the volume flow,
mass flow and cross-correlation method (online afiine) and experimentally
determined the magnitude of high frequency atteandor a 21.5 m long inlet tube of
an operating REA system. In a second step, we ateuilthe impact for different
artificial lag time errors and low-pass filter sigths on the REA concentration
differences and, thus, on the REA flux, using Higlguency time series of temperature,
O3, CO, and HO. The reduction of scalar fluxes was mainly cated with increasing
switching frequencies and ranged for typical lagetierrors of the investigated REA
system between < 5% and 50%, whereas the fluxdoesgo high frequency attenuation
was between <5% and 30%. The results were verilasifior all scalar quantities.
Based on our results, we derived empirical coroactunctions for both imprecise lag
times and high frequency attenuation, discuss thetential application to correct
fluxes measured with other REA systems and giverseial procedure to address the
uncertainties in future REA setups.

()

Despite recent advancements in the developmentasif trace gas measurements
techniques (e.g., use of laser techniques), therm@tation of some chemical species
still relies on slow-response analytical techniqegh as gas/liquid chromatography or
slow-response mass spectrometry with a longer iateg time. The time resolution of
these techniques is typically lower than 0.1 s,ciwhwould be required for the use of the
eddy covariance (EC) method. Hence, the relaxeg addumulation (REA) technique,
where air samples are segregated into up- and daftn@servoirs according to the
sign of the vertical wind velocity (), is still a valuable method for the quantificatiof
surface-atmosphere exchange fluxes. The REA flaeisrmined as

o= : (1)
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where- and~_ denote the mean scalar concentrations duringiypegutpdraft) and
negative (downdraft) vertical wind directiorBysinger and Oncley1990]. The
respective concentration difference ( is multiplied by the standard deviation of the
vertical wind speed ( ) and a proportional factor ), which is usually determined from
eddy covariance measurements of a proxy scalar.

The setup of a REA system may vary significantlgpehding on the trace gas of
interest and the field conditions as well as ondhalytical techniqueQelany et al.
1991]. Often, an in situ chemical analysis is reggli especially when continuous and
not only short term flux measurements are desinedhccase the chemical species
cannot tolerate prolonged storage. However, theetgas analyzers often cannot be
placed close to the sonic anemometer as (a) theeyoarbulky and would cause flow
distortion, (b) they have to be operated at condtamperature and, hence, installed in
an air conditioned container or (c) they requirgutar maintenance such as daily
calibrations. Consequently, inlet lines, rangingnira view meters to several tens of
meters are sometimes inevitable, especially wheasareng on tall towers with the
analyzers being located at the ground [d2grk et al, 2010].

In general, two types of REA systems exist; sucth weparate inlet lines for both up-
and downdraft events and such with only one simgjlet line. The former have the
desirable advantage that air samples are segreglaissl to the sonic anemometer and
should be preferred, if possible. However, depemndin the type of reservoir (i.e.
sampling bag or adsorption device), the chemicatigs (reactive or nonreactive) and
the type of sample volume requirements of the tigae analyzer, systems with one
single inlet tube may be required [for concept Betany et al. 1991]. Since these
systems usually employ a bypass system, where syitss are drawn from the main
sample line into the reservoirs, the flow rate banset independently from the type of
reservoir and analyzer [e.d?ark et al, 2010]. This is especially important in case a
high flow rate in the inlet tube is required (e.dar reactive species) and,
simultaneously, the type of reservoir requires amlower flow rate. The latter is
essential for instance, when the saturation pdimaincadsorption device is reached after
a short time, as in case of the REA system for pawetyl nitrate operated by the
authors Moravek et al. 2014]. Although their inlet line was relativellicat, Ren et al.
[2011] andzhang et al[2012] achieved also a much higher flow rate bpgig single
inlet with a REA system for nitrous acid, which wascessary to avoid wall reactions.
Furthermore, undesired pressure pulses, which aursed by switching of the splitter
valves, can be minimized by such an inlet systehes€& pulses can be particularly
large, if the inlet lines of a system with two segta inlet tubes and no zero air addition
[Nie et al, 1995] are required to be long and, thus, haagelinner volume. Finally, a
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single inlet can serve as a common inlet line fB’ARMeasurements and concentration
or closed-path EC measurements of other compoulraik et al, 2010].

A major challenge for all REA systems is the deiaation of the required lag time
between the change of the sign of the vertical wialbcity and the switching of the
splitter valves. Thus, the system specific timgoeses for (A) the detection of the
change of sign of the vertical wind velocity by tfigital measurement system and (B)
signal processing and actuation of splitter valesvell as (C) the response time of the
splitter valves have to be known. Hereby, (A), @)d (C) are known from the
manufacturer or can be determined accurately enaaghey are usually very constant
over time. The longitudinal separation betweengtieic anemometer and the trace gas
inlet introduces a further time lag (D), providinigat the fluctuations of the scalar
concentrations at both locations are still coreslat.e. the eddy travel time has to be
small compared to the eddy life timkr[stensen 1979; Moore, 1986]. However, for
systems with one single inlet tube as describedghbie time lag created by the inlet
tube (E) also has to be known. Depending on thaetaony of the sample volume flow
rate and on the accuracy of the lag time determoinaé long inlet tube may introduce
the largest error to the overall lag time deterrmiama[Ruppert 2005], which is critical
for the performance of a REA system. In most previgtudies, the lag time was
estimated from the average volume flow and the tibmensions [e.gRen et al.2011;
Zhang et al. 2012] or by a timed trace gas pulse, that wasasgld at the inlet and
analyzed at the other end with a fast responseyzgrale.g.,Mcinnes et al. 1998;
Oncley et al. 1993; Schade and Goldsteir2001]. Ruppert[2005] andPark et al.
[2010] determined the time lag between the sonidt #re splitter valves via cross-
correlation McMillen, 1988] between the vertical wind velocity and mead trace gas
concentration, using a built-in, fast trace gadyaes. While the former approach only
accounts for the residence time in the tube (E lakter includes the time lags (D) and
(E). The effect of an erroneous lag time on REA firas discussed by M Baker et al.
[1992], who provide a theoretical correction funati Other studies simulated the effect
on their REA fluxes using a proxy scalaknimann 1998; B Baker et al. 1999;
Beverland et a).1996a, 1996b;Schade and Goldsteir2001]. However, these results
differ considerably amongst each other and largerdpancies to the function ByM
Baker et al[1992] exist. It is often assumed for REA measwgrts with low switching
frequencies, e.g., above forests, that the lag @mer has no significant effect on the
REA fluxes Park et al, 2010; Zhang et al.2012].

Besides the challenge of an accurate lag time m@tation, the application of a long
inlet tube introduces the problem of high frequerdienuation, which reduces the
measured concentration differences in the REA veswsr and, thus, leads to an
underestimation of the REA flux. The damping of Hag frequencies is due to
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differential advection caused by the radial vaomtiof the mean velocity and
simultaneous radial diffusion of the sample dasngchow and Raupach991;Taylor,
1953; 1954]. Physical adsorption and desorpticdhatube walls as in the case of water
vapor lead to an additional high frequency atteounafe.g., Ammann et a).2006;
Ibrom et al, 2007; Massman and Ibron2008]. Typically, turbulent flow is maintained
to minimize these effectsLgnschow and Raupach991]. For post-processing of
closed-path eddy covariance data empirical trarigfestions are applied to compensate
for the damping effect of long tubing.dnschow and Raupacii991; Leuning and
Judd 1996; Massman 1991], or a correction factor is determined expentally by
the comparison of an attenuated and nonattenugiectram PAubinet et al. 2000;
Ibrom et al, 2007; Leuning and King1992]. In contrast, for the application of REA
systems usually no corrections for high frequerttsnaiations are applied. It is argued
by several authors that the expected effect far #etup would be small [e.gAmmann
1998; Park et al, 2010; Schade and Goldstei2001; Zhang et al.2012] or the effect

is considered less significant as often fluxesahpounds measured by REA systems
are prone to higher uncertainties.

In this study, we discuss the effect of an errosetag time and high frequency
attenuation on REA fluxes caused by a single longtitube. The knowledge of the
potential effects is important for choosing the tnappropriate design for a REA
system, which guarantees accurate conditional saghphd at the same time provides
optimal conditions for the chemical analysis of g@alar concentration differences.
Many previous studies based their error estimatesooigh assumptions or did not
address potential uncertainties. Up to date no cehgmsive study was performed,
which evaluates the effect of lag time errors armgh Hrequency attenuation on REA
fluxes when using one single long inlet tube. Imiadn, the impact of differences
between scalar quantities and the role of applgndead band, a threshold which is
applied to increase values for the chemical analysis, has not beetiesduso far. We
used a sophisticated experimental setup to exafingte¢he potential errors of lag times
determined with different methods and the high diesecy attenuation of the inlet tube.
In a second step, we used these results to sinthkaienpact on the REA concentration
differences and, hence, on the determined REA flins included the application of
different dead band sizes and the investigatiomefeffect on different scalars. Finally,
we provide a general procedure to assess theserdwd in future applications of the
REA method.
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Our analysis is based on the inlet tube of an dipgr&EA system, which was designed
for the measurements of trace gas fluxes of perstyh nitrate and was employed
above a natural steppe-like grassland ecosystenan(manopy height of 0.6 m) in
Rhineland-Palatinate (Mainz-Finthen, Germany) ingdst and September 2011 (a
detailed description of the measurement setup kel presented in a subsequent
publication). The system used one single inlet twlik a length of 21.5 m and an inner
diameter of 4 mm (x 0.1 mm tolerance) (Figure Tje Taterial of the tube was opaque
perfluoroalkoxy (PFA), which is suitable to minireiavall effects and photolysis of
reactive compounds. The mean volume flow rate vest konstant at 11 L miinby a
mass flow controller (Bronkhorst High-Tech, Netlaads), which ensured turbulent
flow (@A-3800). A LabVIEW (National Instruments, USA) sadre program
regulated the mass flow controller to maintain anstant mean volume flow.
Consequently, the mean velocity in the tube was &epstant despite potential pressure
or temperature changes, thereby minimizing theatians of the residence time in the
tube. Assuming a linear increase of the volume fthwe to a linear pressure decrease,
the mean volume flow was determined as the avevageeen the volume flow at the
inlet and at the position of the splitter valvesr Fhe latter, both a pressure (HCX
series, Sensortechnics GmbH, Germany) and a tempersensor were connected to
the tubing in front of the mass flow controller.elformer was derived using ambient
air temperature and pressure measurements.

In front of the inlet a HDC-II particle filter (PlaCorporation, USA) was installed. In

contrast to commonly used membrane filters, thierfitype ensured a lower pressure
drop in general and minimized the typically inciagspressure drop with time due to
contamination.

The inlet of the tube was mounted next to a CSAT8n{pbell Scientific Inc., USA)
anemometer at 3 m a.g.l., with a horizontal separatistance of 25 cnKJristensen et

al., 1997; Lee and Black1994; Moore, 1986]. At the same distance, a fast response
open-path C@H,0 analyzer (LI-7500A, LI-COR, USA) was installechi§ sensor was
used as a reference for g@uxes to study both the lag time and high frequyen
attenuation. Downstream of the splitter valves aosd LI-7500A analyzer was
installed, which was equipped with a glass cuv@iel.5 mm, length 117 mm) with
two CaFk, windows. These are transparent in the infraredratisn bands of C®and
H2O, such that the LI-7500A could be used as a clpseld analyzer.
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The internal time delay of both LI-7500A analyzesss set to 300 ms. Furthermore, we
installed a high frequency ozonesjQ@etector [Enviscope GmbH, Germany; Z&dn

et al, 2012] with its 2.5 m long inlet tube positionedtfze same lateral distance to the
sonic path (25 cm). Cross-correlation analysis aa a lag time of around 1.3 s and
showed a high frequency attenuation of the tthe series by a smoother cross-
correlation peak. The signals of all trace gasyaeas and of the CSAT3 were recorded
by a CR3000 data logger (Campbell Scientific LWSA) and sampled at a frequency
of 20 Hz.

1*’ #

To be able to analyze the effect of an imprecisigiermined lag time<(.,) on REA
fluxes an evaluation of possible errors in the tiage determination and its possible
variations over time is required. In this study, uwsed the volume flow measurements
and online cross-correlation to determine the il@g tof the REA system. To derive the
lag time by the former method, we used the contislyomeasured actual mean volume
flow, which could vary slightly from the set valudue to delays in the control
mechanism and deviations from the assumed average tube diameter of 4.0 mm.
Since this method only accounts for the residemoe tof sampled air in the tube
(denoted as (E) in Chapter 1), the time lag betvikersonic and the splitter valves was
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determined by cross-correlation between the véruwad velocity and the C@signal
from the closed-path LI-7500A analyzer, which asdsumainly for both lag (D) and
lag (E). Here, the internal time delay of the CSATB0 ms) and the LI-7500A analyzer
(300 ms) had to be considered. The cross-correlatias calculated online before the
start of every sampling period on the basis of It 30 min by the REA software
program during the operation of the REA systemnf@®Sep to 28 Sep 2011.

Additionally, we simulated the REA fluxes of sersiland latent heat, GGand Q for
different shifts in the lag time<-., . We atrtificially shifted the 20 Hz time series of
the scalars in relation to the vertical wind vetpdy 50, 100, 200 and 400 ms (more
shifts were made but will not be shown), and thelcidated the REA fluxes for these
scalars by a simulation analysis. The pre-procgssiaps of the datasets for the REA
simulation were: (1) removal of spikes and outli€¢?y coordinate rotation of the wind
vector using the double rotation methéGimal and Finnigan1994] and (3) correction
for the lag time between the vertical wind veloaiyd the high frequency scalar time
series using the cross-correlation method. The Bagnhperiod for the REA simulation
was set to 30 min.

The ratio between REA flux calculated from the &ulftime serieK g-.», Oand the
nonshifted time series (gcpe-= Yields the flux recovery

E=>? "=>?

@" =>7

(2)

ECDE> ~“CDE>

which equals to unity, when no flux loss is obsdrverevious studies have found that
the flux recovery@A-., decreases with increasing values of the so-caliiely reversal
frequency Ammann 1998; J M Baker et al. 1992; Beverland et aJ.1996a, 1996b].
The latter is the average frequency at which théica wind speed changes sign over
the sampling period. According oM Baker et al[1992], the eddy reversal frequency
can be defined by the mean duration of updraftédowindraft events over the sampling
period,< and<g:

3)

If no dead band is applied, this eddy reversaldesgy also represents the frequency of
valve switching during the REA application. The gd@versal frequency increases

with increasing turbulence intensity and smallethesizes and is therefore a function of

friction velocity, stability conditions and the nsemement height. In our experiment the
eddy reversal frequency ranged from 1 to 6 Hz.
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Furthermore, we simulated the effect of differeeiad band sizes by applying the
hyperbolic relaxed eddy accumulation (HREA) metH@&bwling et al, 1999] to
increase- with a threshold defined as

"

(4)

Je:
where  and- 4 are the Reynolds fluctuation of the vertical wwelocity and a
proxy scalar. In our study, we usedvalues of 0.4, 0.8 and 1.2 and £43 a proxy

scalar for all scalar fluxes, which provided fomgmarison reasons the same switching
pattern for all scalar fluxes.

As part of the data quality control we applied thmlity scheme ofFfoken and Wichura
[1996] to exclude periods with significant nonstatrity or poor developed turbulence.
Furthermore, periods where the EC flux was notiBggmtly different from zero or was
within  pre-defined limits (sensible heat flux +M8m™? O; flux
>-0.072nmolm?*s?, CO, flux +0.02mmolm?s™?, latent heat flux
+0.02 mmol m? s'!) were omitted. The quality of the cross-correlatizas visually
checked for each 30 min period, and periods wherertaximum correlation coefficient
was below 0.1 were removed. Finally, conditionshvaktremel,M values, which were
the cause for outliers of thevalue, were omitted.

-9

To evaluate the effect of high frequency attenumtiaused by a long inlet tube for the
REA application, we first determined the transtandtion of the inlet tube, using both a
theoretical and experimental approach. Subsequehtge results were applied to the
REA method by simulating the REA sampling with battenuated and nonattenuated
CO, time series.

For a closed-path system with an infrared gas aealgs it was employed in our system
setup (Figure 1), the high frequency attenuation etalar £ is described by the total
transfer functiomy | |

By | vy I ay | ooy | (5)
whereny.. | is the transfer function which accounts for thghhirequency loss by the
inlet tubing Moore, 1986].vy | represents the gain function for the high freqyenc
loss by the scalar sensor according to its timestao, andey | is the transfer
function for the scalar line averaging due to théhgength of the infrared gas analyzer.

The effect of the transfer function on the scalaret series can be described in the
frequency domain as
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where ey | denotes the power spectrum of the attenuated «gnid of the
nonattenuated scalar time series.

’*_*(

The high frequency attenuation effect of the isigdtem was evaluated experimentally
by the comparison of attenuated £@ower spectra of the closed-path LI-7500A
analyzer with the nonattenuated spectra of the -pagim CQ analyzer (Figure 1). Here,
the transfer functiomf# | is derived experimentally by the ratio of the powe
spectrum of the attenuated sign&fzf from the closed-path sensor) and the power

spectrum of the nonattenuated sign@f&'( from the open-path sensor):

© & |
E# ¥g
% | ©, -« E I (1)

As proposed byAubinet et al.[2000], we normalized the power spectra not by the
variance but by a normalization factor which is the integral of the power spectrum
excluding the attenuated part of the spectrum. Eti® between the normalization
factors of the open-pat and the closed-path spectr@n is then defined as

E#

a’ e
©. « ¥& I xl (8)
© ar e x

« ¥g

wherel is the limit frequency, which is low enough foethttenuation to be negligible
in the integral of the closed-path spectrum. Simgel was equal for both the open-
path and the closed-path analyzer and assumingmdasitime constant of both

analyzers, reveals that the experimentally det&rdﬂunctionuf# | represents only

the high frequency attenuation due to the air prartsin the tubing as described by
ay | (seeequation 5)

E
af* | By, | vy Il By I o

o | 9)

It should be noted that in our setup ﬂfé‘ | also included a possible damping effect
of the inlet filter. Furthermore, the time constaoft the analyzers represents the
electronic time constant, which was equal for baththe same type of analyzer was
used, and the response due to the air resideneeitirthe sample volume. The latter
was around 80 ms for the closed-path analyzer anged between 1.6 and 80 ms for
the open-path analyzer depending on the horizawtad speed. However, a test with
two closed-path analyzers, one installed at thet tbwnstream of the particle filter and
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the other close to the splitter valves, revealed the influence of the cuvette on the
overall damping was negligible.

Besides determining,~ | experimentally, we used a theoretical approachnoitsed
for the post-processing of eddy covariance dat& [blv-pass filtering due to the air
transport in the inlet tubingy>" | , -®£ proposed by.enschow and Raupagh991]
andLeuning and King1992]:

"« E" Fi'! . 2
Q\>;E" | A Q Edl (10)

for turbulent flow (i.e.@A ~}*» ) where @Ais the Reynolds numbew the tube
radius,Mthe tube length andthe mean horizontal wind speed. The Reynolds numbe

is defined as@A %, in whichR is the volumetric flow rate in the tube andhe

kinematic viscosity.
*_*k_ 3

To transfer the high frequency attenuation effecthie REA flux measurements, we
used the information provided by bottj | and eyt |
nonattenuated COsignal of the open-path sensor. As suggested hgraauthors
[Goulden et al.1997; Ibrom et al, 2007], we used a first-order recursive filtercBa
recursive filter accounts in contrast to a symmoefiiter for a phase shift under
turbulent conditions caused by radial turbulenfudiion and a characteristic radial
velocity profile Massman 1991; Massman and Ibrom2008] as well as by
sorption/desorption processes at the tube walldeasonstrated for nonpassive tracers
like H,O and Q [Ammann et al.2006; Massman and Ibrom2008]. The filter is

defined in the time domain as
S\ Tt f] g f TSN (11)

where- is the scalar signal.,\ the attenuated scalar signal &ndhe dimensionless
filter constant. For a given sampling frequenty),(this constant depends on the so-
called cut-off frequencyl(), which is the frequency at which the filter redagower
by a factor of two:

to low-pass filter the

f g APPSR (12)

Thus, we determined; by fitting the Lorentzian sigmoidal function, th& an
approximation of the first order filter functiongieation 11) in the frequency domain,

9
g] IFI;P

g,

(13)
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to the experimental transfer functig{i# I [lbrom et al, 2007]. Hereby, we used the
mean values o E># | for several days, after applying quality criterrecluding
stationarity, developed turbulence and the sigmaldise ratio of the variance.

Subsequently, we simulated a REA system, using thatHiltered and nonfiltered time
series of C@ H,O, O; and temperature and derived a flux recovery as# provided
for the lag time by equation 2:

EH6 “H6

@16

(14)
[CDE>  ~CDE:

The same data pre-processing steps as for themagstmulation were applied and the
same dead band sizes were used. The sampling pea®dlso set to 30 min.

Another approach to determine the attenuation effacthe REA fluxes would be to
directly use the attenuated g€lgnal of the closed-path sensor for the REA satioth.
However, the approach used here has the advaritag& tan easily be applied to a
long data record, once the tube effects are cheraet.

-3

_*( + 3

_*(*( C

The errors of the lag time determined with the malcross-correlation method as well
as from continuous volume flow and mass flow mears@nts were investigated by the
identification of both random { and systematic®( errors. As shown in Figure 2a, for

all methods the mean lag time varied about 1.508veler, we observed significant
variations.

&

The online cross-correlation method yields a maehdr variation of the lag time than
the volume flow method, ranging from 1.3 to 1.7&using the investigated time period.
Since this method accounts next to the residenoe ith the tube (E) also for the sensor
separation effect (D), wind speed and wind directiave a significant influence on the
lag time. Figure 2b shows a linear relationshipMeen the lag time and the cosine of
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the angle between the sonic-inlet axis and theeatinvind direction ) normalized by
the mean horizontal wind spee#)(The slope of the fit is in very good agreemeithw
the expected slope for a separation distangeof 25 cm. The expected slope is
determined according to equation 16, where the dapends on the orientation of the
coordinate system. However, we observed a variatidhe lag time of £100 ms that is
not due to the separation effect. Due to the oeowe of dispersion effects in the tubing
(Taylor [1954], for discussion see section 3.2.1) theatation function shows a much
wider peak compared to an open-path sensor (FR)usehich introduces an error to the
cross-correlation method. Since the maximum ofaberage correlation function has a
rough width of 200 ms, we can fully attribute theriations around the fit in Figure 2b
to the error of the online cross-correlation methdence, we can define the error of the
lag time, when using the online cross-correlatioethad, by the standard deviation
after subtracting a term for the sensor separdtan the lag time <.gjimey):

-1 o»
=>7EJI"¥¥ ® O/‘ﬁ:>?EJ!"¥¥ X 4_ < (15)

Due to the direct measurement of the lag time, dhkne cross-correlation is not
primarily prone to systematic errors.

& &

As the flow rate in the tube was regulated acc@rdanthe mean volume flow, the lag
time derived from the volume flow is very constamer time. The random error of the
lag time (-sog2) IS retrieved by the standard deviation and resckems. Those
fluctuations around the mean are probably causdtdyesponse time of the mass flow
controller (12 s). The effect of random errors in the pressacetamperature readings,
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which were used for the conversion from mass tauwa flow, was found to be
negligible (< 5 ms).

A significant contribution to the total systemaéoor €-.-g,-) IS an erroneous tube
radius. In our case the tolerance of £0.1 mm intthe radius may lead to a systematic
error of up to 75 ms, however, the true value m@sdetermined in this study. Another
systematic error source is the pressure drop imtume the particle filter, which
enhances the volume flow downstream of the fi@nce we used ambient pressure and
temperature to calculate the volume flow at thetirdind assumed a linear pressure
decrease in the tubing, a large pressure drop @tlby the particle filter would lead to
a significant underestimation of the lag time. Timessure drop may also be enhanced
due to filter contamination and may vary due to ity effects. Both influences were
observed when polytetrafluoroethylene (PTFE) membridters were used. However,
the HDC-II particle filters applied here inducedlym pressure drop of about 10 to
15 mbar, and the constant pressure measured itultieeindicated that errors due to
contamination or humidity effects could also be leegd here. REA systems which
maintain a constant mass instead of a constanimelilow introduce an additional
systematic error to the lag time. This is showkigure 2a by the theoretical lag time if
the flow rate had been regulated to a constant riess In this case, the lag time
shows a clear diurnal cycle and accounts for aesyatic error of approximately
+20 ms. As both methods, the determination fromvtiiame and the mass flow, do not
account for the sensor separation effect, a sysiemaor of the lag time is described

by

o -1 o»
=7 X i

(16)

This systematic error is especially large for lomavspeeds and wind direction along
the sonic-inlet axis and may account for more th200 ms in our case.
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Since lag time errors of other REA systems mayabgel than the range observed here,
we performed simulations of the REA flux with ern@lues up to +400 ms. The REA
simulation shows a flux loss when the scalar timees are artificially shifted against
the time series of the vertical wind velocity. Asmas also found in previous studies,
the flux recovery@A-., decreased with increasing values of the so-caitiely reversal
frequency (Figure 4).

In addition, the flux recovery decreased near-lityeaith an increasing lag time. For
large lag times shifts the magnitude of the fludueion is similar for all scalars and
reaches up to 30%<(->, *k~ ) and 50% <., *kY ). For small lag time shifts,
the effect is most pronounced for the sensible Reat(Figure 4a), leading to a flux
reduction of up to 10%<€--» °kel )and 20%<-., <kg ). The reduction of the
Os flux (Figure 4b) is only small (< 10%) for smadld times shifts. This is caused by
high frequency attenuation effects of the inletetwlb the @ analyzer, which results in a
smoother cross-correlation peak, and thus in acertieffect of an imprecise lag time.
A high frequency attenuation effect is also visifde the CQ flux (Figure 4c) and the
latent heat flux (Figure 4d), and their flux redantfor small lag time shifts is between
the one for sensible heat and flix. Due to the near-linear dependency on thditag,
we could define a quadratic fit function:

@A, g U ;<= AwP (17)

whereu is a factor which varies slightly for the diffetestalars. The best agreement of
this general function with the individual fit fumashs was found for the sensible heat
flux (u = 7.2 107%). The general fit function for thes@lux (u = 4.0 10°%), which was
the most subject to high frequency attenuationyestenates the effect for small and
underestimates it for large lag time shifts. Thefdnctions for the latent heat and the
CO, flux are very similar, which is represented byuesl ofu of 6.2 10 and
6.1 1072 respectively.

Evaluating the shape of the determined fit functie found that the main reason for
the observed quadratic decline is the double deperydof@A-., on the eddy reversal
frequency. On the one hand, the flux loss is lafgeran increased ratio between the
time lag and the mean duration of updraft or dowfidevents, where the latter is
represented by the inverse of the eddy reversguémcy. On the other hand, the flux
loss is also larger for scalar time series withigh “periodicity”, which occurs under
high eddy reversal frequencies, as they usuallyshdaster increase or decrease with
time after the change of sign of the vertical wiredocity, measured against the mean
scalar concentration during the respective uparadlowndraft event. This is illustrated

> 3 ?% 6?2 ?2P?7? . D. 432



6 $ 38 $+ | < @ == 01%- $+ 01$ $+8% #
! $ 9 1< Awi=  # : $
! '$$ 42 ? $ # $ #
01 $  $+? 0%1- $+  $!

in a conceptual model in Figure 5a, where the sdaiee series is simplified by a sine-
shaped function of two different periodicities. GQmuaming our results to the fit functions
of Ammann[1998] andBeverland et al[1996b] (Figure 5b), we find similar decline of
@A--, with the eddy reversal frequency, however, theiihgs suggest a larger effect
on the REA fluxes. The linear dependency givenBayerland et al[1996a] for a
spruce forest is within the same range, howevealsib shows positive values, which
could not be explained by the authors. The lind W Baker et al[1992] is based on a
theoretical approach accounting for the concemmathange in the reservoirs due to a
shift in the lag time. They assume in their modgtisnarity in the instantaneous
concentrations of upward and downward eddies, wisdhustrated in Figure 5a by a
rectangular function of the scalar concentratioardime. As a result, the effect of the
eddy reversal frequency on the flux recovery idesysitically overestimated compared
to the experimentally derived functions. The reastor the differences between the
experimentally derived functions might be differeaneteorological conditions, site
characteristics, measurement setups as well asraliifes in the source and sink
distribution of the used scalar quantities. Theetatan be excluded as the flux recovery
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from the presented REA simulation shows a similgpeshdency on the eddy reversal
frequency for all scalar quantities (Figure 4a-09. evaluate the influence of site
characteristics and the measurement setup, we@addly simulated the lag time effect
on the sensible heat flux with data sets from tweenograssland sites in Germany (for
site description se8tella et al.[2013] andMayer et al.[2011]) with a different setup
(i.e. measurement height and type of sonic anemernand retrieved a fit function
(equation 17). The values af are 7.2 1072 and 7.8 102, respectively, which
compares well to the values for the presented sfudy7.2 107%). We additionally
analyzed the sensible heat flux measurement atestfelearing = 7.3 107 and
above a spruce forest canopy< 1.4 10} at the same experimental site for the same
time period Foken et al.2012]. The latter differs significantly from tleéearing, which
suggests that meteorological conditions are notcthese for the observed differences.
This indicates that different surface types (eegnopy height and structure between the
clearing and forest canopy) are responsible foraibserved discrepancies, as for the
other sites with a low canopy comparable valuesifaere derived.

Figure 6 shows the deviations @A--, with different dead bands compared without
the application of a dead band. The linear fit fioxcshows that the flux reduction due
to an imprecisely determined lag time decreaseghtbfi with an increasing dead band.
We found that the relationship in equation 17 didlds for dead band applications
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together with the presented definition of the eddyersal frequency (equation 3).
However, since the sampling time during updraft dodndraft events is reduced by
the dead band, the eddy reversal frequency is higyme cannot be considered as a real
eddy reversal frequency, but still represents tm@umt of switching from or to an
updraft or downdraft event.

*, + ; 3
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The spectral energy of both the nonattenuated <ighal of the open-path analyzer and
the attenuated C&ignal of the closed-path analyzer are presented i

Figure 7 for different stability regimes. In theut&l and unstable cases, the spectra of
the open-path analyzer show a fall-off with a slop@bout-2/3 which corresponds to
Kolmogorov’'s -5/3 power law in the inertial subrange. For statmaditions, the fall-

off is steeper than the expected slope, which stggan influence of high frequency
attenuation due to the time constant and the etfth averaging of the open-path LI-
7500A analyzer. As the spectral densities undeblestatratifications are shifted to
higher frequenciesklaimal and Finnigan 1994], the impact of the transfer functions
vy | anday | on the variance, i.e. the integral of equatioms@lso expected to be
larger. The small tailing at the high frequency eath be attributed to aliasing as no
low-pass filtering was employed during the meaments to reduce the energy above
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the Nyquist frequency. The spectral energy of tlesed-path analyzer shows a much
steeper fall-off for all stability regimes in coms®n to the spectra of the open-path
analyzer. This steeper fall-off starts betweenahd@ 0.5 Hz, which would be expected
if high frequency attenuation in the tubing wasngigant. Surprisingly, all spectra
show a distinct peak at around 3 Hz and a steegaisards the Nyquist frequency. The
latter can be attributed to some extent to whiisayas the closed-path sensor showed a
lower signal-to-noise-ratio caused by the lowerspoee (~700 hPa) in the cuvette and
possible pressure fluctuations in the tubing of ¢lused-path system. The possibility
that the peak at 3 Hz is due to an effect of pmessu flow alterations caused by the
cuvette or the tubing can be excluded since th&gpe@@re not found in the spectra of
both the pressure and mass flow signal, which wesasured just behind the cuvette.
Hence, it is likely that the peak at 3 Hz is anfact caused by either the LI-7500A or
the data acquisition. Since the peak at 3 Hz wasrdhin an experiment we performed
before the presented observation period, we asthamhéhe peak is caused by electronic
interferences of other instrumentation, which waditonally installed in the container
for the observation period presented here. Unfaitlg, we could not identify the
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source of the interferences after the experimert fivashed. In the case of unstable
stratification, enhanced amplitudes in the spesteee found between 0.1 and 0.5 Hz.
This might be due to the increased signal noisthefclosed-path LI-7500A or due to
other interferences, which would become more appaethe high frequencies of the
spectrum under unstable than under stable conditida stable turbulence spectra are
shifted to the higher frequencielkgimal and Finnigan 1994], the fall-off at the low
frequency end is much more profound and associaéd less scatter than in the
unstable or neutral cases. Thus, the normalizafitmtor can be determined more
precisely, which is important for the determinatbfru\,Ef I

Although for a passive tracer, like G& | depends only on the characteristics of
the inlet system and not on the meteorological tmm$ [Aubinet et al. 2001;
Massman and Ibron2008], Figure 7 would imply tha{,Ef | differs for the different
stability regimes. Since we could not determine tvbethese differences were real or a
result of the described uncertainties of the spaatider neutral and unstable conditions,
we used in our further evaluations only spectraeunstable conditions for the
derivation ofu\,Ef | . As shown in Figure 8, the fall-off ot,Ef | is very similar to

g, | derived from the Lorentzian filter function (eqiaat 13) until the start of the
peak at 3 Hz, which corroborates the assumption tthe peaks are most likely an
artifact of the C@ measurements. The half power magnitudeﬁf | yields a value
for 1; of approximately 1.2 Hz. In contrast, the theaadtiapproach byvlassman and
Ibrom [2008] shows a smaller attenuation effect withatug forl; of approximately

9 Hz. This discrepancy was also found Aybinet et al.[2000], who attribute this
significant attenuation effect to the particlediltat the inlet, whereas the theoretical
transfer functiom> 5" | accounts solely for the effect of the tubing. Betup of our
experiment did not allow us to distinguish betwédenhigh frequency attenuation of the
inlet filter and the effect of the inlet tube itsel
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To investigate the effect of the high frequencermtation on the REA fluxes, we low-
pass filtered the scalar time series with the Laman filter function (equation 13),
usingl; values of 0.5, 1, 2, and 10 Hz thereby includimgtange of the experimentally
and theoretically derived values. Similar to thg tame simulation, we expected a
dependency of@Azes on the eddy reversal frequency as high frequetienaation
would only affect- at the point of switching to or from a reserv@m average, a
decrease o@Ass With increasing eddy reversal frequency is obsifee all scalar
guantities (Figure 9). Using a filter with g Hz, comparable to the value found for
the inlet tube system in this study (~1.2 Hz), RtA flux is reduced by up to 20% at
high eddy reversal frequencies for the latent, ibsieat and COflux. Whereas for
I; ekl Hz the REA flux recovery is nearly 30% lower atgihieddy reversal
frequencies, there is no visible effect on REA #sXorl; ge Hz. Considering the
results for values offy of 0.5, 1, 1.5 (not shown) and 2 Hz, we observédeardinear
dependency o Ags oOnl;.

Despite the dependency on the eddy reversal freguene found that the high
frequency attenuation effect is larger for neudnadl stable conditions than for unstable
conditions. First, this is caused by an enhancgh fiequency attenuation effect on the
scalar time series (equation 6) for stable conadtidue to the shift of the scalar
spectrum to higher frequencie&dimal et al, 1972]. Second, the eddy reversal
frequency generally shows a clear dependency dmlistavith values increasing from
unstable to neutral and stable conditions. Therpaséion of both effects may lead to
the nonlinear decline @Agzg Wwith increasing eddy reversal frequency.

In accordance to equation 17 we derived a fit fimmctrepresenting@Ags as a
function ofl; and the eddy reversal frequency:

@A g ul; AwP (18)

For the sensible heat flux we found a valueuasf 8.8 107 and for the @ flux of
5.7 1073 For both the C@ flux and the latent heat flux was 7.7 107>, The
attenuation effect on thes@lux is smaller (maximal about 10% kt= 1 Hz), because
the data used for the simulation were already stld@ high frequency attenuation
induced by the inlet tube. There are a few casesnvitw-pass filtering lead to a flux
increase, of which the majority was removed bydpplication of the quality criteria.
We found that the attenuation of certain harmomicthe time domain can cause an
increase of- after low-pass filtering and, thus, an increasthefREA flux.
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The implementation of a HREA dead band has no fsegmit effect on simulated REA
flux recovery due to high frequency attenuation. fAs the lag time, the linear fit
functions in Figure 10 show that the flux reductaune to high frequency attenuation
decreases slightly with an increasing dead bana ddnditional sampling with a
hyperbolic dead band is associated with a higher df the proxy scalar. Regarding the
shape of the turbulent scalar spectra, this imglishift of the sampled eddies to lower
frequencies, which are not affected by the higlydesmcy attenuation. However, the
simulation analysis for our data shows that theliegiion of a dead band does not
significantly reduce the flux loss caused by highgtiency attenuation, which is in
contrary to the assumption made Bghade and Goldsteif2001] for their REA
measurements.

We find that the high frequency attenuation effatREA fluxes (without dead band) is

of similar magnitude as the effect on EC fluxese Tdtter was investigated by low-pass
filtering the 20 Hz time series of temperaturgDHand CQ using the same filter as for

the REA simulation prior to the flux calculationttvithe eddy covariance software
TK3.1 [Mauder and Foken2011]. Applying a filter with the same characséa as for
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the used inlet system in this study ( 2 Hz), the median flux reduction was about 5%
for both REA and EC. Usiny 0.5 Hz, the median flux reduction was around 15%
for REA and ranged between 12% and 20% for EC d#pgron the scalar quantity.
Forl; 10 Hz no significant reduction of the EC fluxes vedsserved. However, the
presented values do not account for the stabildgetidency of the high frequency
attenuation effect for both REA and EC. At a fixe@asurement height under near-
neutral and unstable conditions the high frequeattgnuation effect on EC fluxes
depends only on the horizontal wind velociy) @nd the correction factor (inverse of
the flux recovery) can be approximated accordingAigbinet et al.[2001] by

Y2 g ] u 4, where the proportional factar only depends omh;. Evaluating this
relationship for our data, we find comparable valder u for both REA and EC,
although there is some variation for the differeoalars. For the COflux and with

l; <kl Hz, the flux loss for EC was significantly largtran for REA, reaching
occasionally up to more than 50%.

_*_'$

As it was discussed in section 3.1.2, the highuesgy attenuation may reduce the
effect of an imprecisely determined lag time. Oa tther hand, it was mentioned in
section 3.2.2 that a low-pass filter typically oduces a phase lag and, thus, an
additional lag time. To simulate the effect of b@th erroneous lag time and high
frequency attenuation, the time series of the stergperature was time-shifted (see
section 2.2) and low-pass filtered (see sectioh&. &he same time, using a series of 21
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values of bothG<., (ranging from-0.5 to 0.5s with increments of 0.1s) ahd
(ranging from 0.1 to 10 Hz with logarithmic incremg). The combined flux recovery
(@A=-» s ) was then obtained from the REA simulation (seso adection 2.2).
Figure 11shows the results @®A-., 4 for an eddy reversal frequency of 3 Hz. For
this, we retrieved a quadratic fit function @A-.,4¢ Versus the eddy reversal
frequency of the same kind as equations 17 andri8dch combination db<., and

l;. Figure 11a represents the previously discussedltse namely a reduced flux
recovery with increasing<-., and high frequency attenuation. The bending of the
contour lines towards positive& -, for decreasind; indicates the additional lag time
associated with the phase shift of the low-paserfilThe magnitude of this additional
lag time is also shown in Figure 1bs the results from the cross-correlation analysis
between the modified temperature time series aral \hrtical wind velocity.
Additionally, it demonstrates the influence of Ipass filtering on the lag time, which
is illustrated in Figure 11b by the cross-sectionkigure 11a at 0.5 and 5 Hz. Next to
the lower flux recovery and the increased phask, she error made by an erroneous
lag time alone is smaller at lowéy values, since the peak of the cross-section is
smoother. On the other hand, the positive phade afhihe optimum lag time implies
that not accounting for the high frequency attelomaeffect would favor to slightly
overestimate the actual lag time than to underesént. This does not apply when the
lag time was determined with the online cross-datien method, which already
accounts for the phase shift introduced by the pass filtering effect.
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In the previous sections we have discussed potanmt@'s of the lag time determination
and high frequency attenuation of the inlet systang we subsequently simulated the
effect of the potential errors on the REA fluxesic® we found a significant effect on
REA fluxes for both problems, we propose a procedor future REA applications
with a single long inlet tube including potentiarections methods and error estimates
on the REA fluxes (Figure 12).

As a first step, the main sources of lag time arand high frequency attenuation have
to be identified and minimized during the REA apgtion. The magnitude of the lag
time error depends on the precision of the lag tile&rmination before or during the
REA application, in case the lag time.() is expected to be larger than the sample
interval ). Preferably, the lag time is determined onlindoke the start of every
sampling period via cross-correlation, howevers trequires a permanently built-in
high frequency sensor of an inert scalar speclest, thows a significant correlation
with the vertical wind speed (e.g., @OIf the cross-correlation is performed offline
before the experiment or the lag time is derivednfthe flow rate, it is recommended to
maintain a constant volume flow rate in the tubel aonsider any longitudinal
separation of the inlet and the sonic anemometeadapting the lag time for each
sample period (section 3.1.1).

To evaluate the effect of an erroneous lag timekagh frequency attenuation on REA
fluxes, the potential lag time errors and low-péker transfer function have to be
determined, respectively. Systematic errors ofl#igetime result from an imprecisely
determined lag time during the REA application aad be avoided to a large extent by
careful assessment of the expected lag time comp®before the REA measurements.
However, when compromises in inlet system setufh@rREA application have to be
made or some error sources were unknown duringRiBA application, systematic
errors may be determined after the REA experiménése might include e.g., errors
caused by sensor separation, variations in the melacity in the tube, an imprecise
determination of the tube inner diameter or an usiered electronic delay. In contrast
to systematic errors, random errors cannot be cosgbed for during the REA
application. Depending on the lag time determimatiethod, random errors might
include the random error of the cross-correlatiogthnd or random variations of the
mean velocity in the tube (section 3.1.1). The Higlguency effect of the inlet system
is preferably determined experimentallfkupinet et al. 2000; Ibrom et al, 2007],
which requires a built-in high frequency sensor.thfs is not possible, the high
frequency attenuation effect of the inlet filtefr sed) should be tested and added to a
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theoretical transfer function of the tubing (eqaatil0). We found in our study that the
high frequency attenuation effect is only signifitéor | ; values below 2 Hz.

To obtain a site specific relationship between ftiue recovery rate and the eddy
reversal frequency, a REA simulation has to beqgoeréd including the applied dead
band. For the REA simulation scalar similarity beén the proxy scalar and the
compound for which the REA flux is determined slibouiold (Step 1 of REA

simulation in Figure 12). Since for the latter alac power spectrum cannot be obtained
to prove the similarity, other criteria should bakated, such as a similar distribution
of sources and sinksPgarson et al. 1998; Ruppert et al. 2006]. The data pre-
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processing steps (Step 2) such as the coordingaéorm as well as the dead band
calculation (Step 3) have to be performed in thmesavay as during the REA
application. The scalar time series has to be shited towards the vertical wind
velocity for the range of expected lag time errarsl low-pass filtered using the
determined transfer function (Step 4). The conddlomeans (Step 5) are created by
applying the dead band on the time series of thiécaé wind velocity. The quality
control (Step 6) involves removal of fluxes whicte anear zero or do not fulfill the
criteria of stationarity or developed turbulen€eken and Wichural996]. Finally, the
flux recovery is calculated according to equatidresd 14.

Finally, the potential errors of the REA fluxes amrected or a random flux estimate is
provided, depending on whether a systematic oralnig time error was determined,
by using the dependency of the flux recovery onetih@dy reversal frequency. If the data
for the REA simulation covered various meteorolagiconditions, the function can

then be easily applied to a data set over a lomger period. The corrected REA flux is

then expressed by:

g
.= 19
‘. oA (19)
using @A-., AWIXGs, for the lag time and@@Agg AwlX] for the high frequency
attenuation effect, a@A--, s AWIX Gs,X] when the combined effect was studied.

In case a random lag time error was determinedrahéom error of the REA flux can
be described as

6E u AW|P 1'\E=>’?]7 (20)

whereYzyg--¥accounts for the fact that an error in the lagetmasults in a flux loss for
both positive and negative errors of the lag time.

6 1

This study demonstrated that an imprecisely detethiag time and high frequency
attenuation in a long inlet tube may cause sigaificerrors on fluxes determined with
the REA method. For probable lag time erro@&<{, = 0.05-0.4 s) flux errors may
range from < 5% at low eddy reversal frequencietoufD% at high eddy reversal and a
lag time error of 0.4s. Flux errors due to the hhifrequency attenuation
(I; =0.5-10 Hz) may range from < 5% at low eddy reversajdencies up to 30% at
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high eddy reversal and a cut-off frequency of 0.8 ss likely that previous studies
using REA systems with long inlet tube are pronth&se uncertainties.

The observed lag time variations emphasize thatigthod to determine the lag time is
very critical and should be chosen with care. Timine cross-correlation method
includes the sensor separation, but had a highetora error (£0.1s) due to the
widening of the correlation peak. The lag time dedi by the volume flow rate was
mainly prone to systematic errors due to the tolegaof the tube diameter (error of
+0.08 s) and due to uncertainties in the deternonaof the average pressure and
temperature conditions in the tube. In additione thorizontal separation distance
between the sonic anemometer and the inlet leadftwther systematic error of up to
+0.25 s depending on wind speed and wind direcfitwe. flux loss due to an imprecise
lag time was correlated with the eddy reversal desgy and the lag time shift. We
found that the effect was largest for the sendiidat flux and lowest for the ;Qlux,
which could be attributed to the high frequencegmtation effects in the Qime series.
Furthermore, the simulation showed that the aptitinaof a dead band does not have a
significant impact on the flux loss compared to sugaments without a dead band.

To investigate the effect of high frequency attéimmon REA fluxes, the transfer
function of the system has to be known first. Far getup, a large discrepancy between
the transfer functions determined by the theorktiod the experimental approach was
found. This was due to the fact that the theoreap@roach only considers the tubing
while the experimental approach also includes otiteznuation effects, e.g., those
caused by particle filters. Hence, it is suggestaase the experimental approach for the
investigation of the effect of high frequency attation on REA fluxes. Particularly,
when sampling water-soluble sticky trace gasesh siscNH, HNOs; and HNQ, the
effect of high frequency attenuation may be everremsignificant. We found a
dependency of the flux recovery on both the eddyensal frequency and cut-off
frequency of the used low-pass filter, which waeduto define a fit function for the
correction of REA fluxes. The application of a deldnd leads only to a minor
reduction of the flux loss due to high frequendgmaaation.

We demonstrated that both effects are especiallgelaor high eddy reversal
frequencies, which are predominantly observed at toeasurement heights, under
stable conditions and high wind speeds. Hence, R&A measurements at high
measurement heights, such as above forest can@pmsusually <1 Hz), the effect
would be less significant and might be neglected.[Park et al, 2010; Zhang et al.

2012]. On the other hand, the proposed correctimk error considerations might be
inevitable for nighttime fluxes, when mainly stabtenditions prevail and a high
accuracy is required as scalar fluxes are genetallyer due to reduced turbulent
mixing. Since even small errors of the time lag tzad to a significant flux loss, also

> 3 ? % 6?2 2?2P?7? : D. 42



0o " $? ;& I 38 $+

REA systems with a short single inlet tube or tvepayate inlets for updraft and

downdraft events are prone to the discussed umtiety when e.g. the splitter valves
are not switched fast enough due to an electroelayd Furthermore, our study

demonstrates the requirement to account onlinéafptime variations associated with

the sensor separation. This applies for any tygalef system, where a certain distance
between the inlet and the sonic anemometer istkgmevent flow distortion effects.
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Dry deposition of peroxyacetyl nitrate (PAN) is kmoto have a phytotoxic impact on
plants under photochemical smog conditions, boriay also lead to higher productivity
and may threaten species richness of vulnerablesystams in remote regions.
However, underlying mechanisms or controlling fastéor PAN deposition are not
well understood and studies on dry deposition ofNPake limited. In this study, we
investigate the impact of PAN deposition on a mmiHpoor natural grass land
ecosystem situated at the edge of an urban andtimlized region in Germany. PAN
mixing ratios were measured within a 3.5 months reemto early autumn period. In
addition, for a selected period PAN fluxes wereedeined with the modified Bowen
ratio technique. The evaluation of both stomatal aon-stomatal deposition pathways
was used to model PAN deposition over the entirogeWe found that air masses at
the site were influenced by two contrasting potlotregimes, which lead to median
diurnal PAN mixing ratios ranging between 50 and Bpt during unpolluted and
between 200 and 600 ppt during polluted episodes.rieasured PAN fluxes showed a
clear diurnal cycle with maximal deposition fluxesf ~-0.1 nmol m?s™*
(corresponding to a deposition velocity of 0.3 ¢hh during daytime and a significant
non-stomatal contribution was found. The ratio 8f\Pto ozone deposition velocities
was found to be ~0.1, which is much larger thamassl by current deposition models.
The modelled PAN flux over the entire period reeéathat the total PAN deposition
over an entire day was 333 pgnd* under unpolluted and 518 pghd™* under
polluted episodes. Besides, thermochemical decoitimpo$AN deposition accounted
for 32% under unpolluted episodes and 22% undelutedl episodes of the total
atmospheric PAN loss. However, the impact of PANad#ion as a nitrogen source to
the nutrient-poor grassland was estimated to bg mmhor, under both unpolluted and
polluted episodes.

()

Originating from both anthropogenic and natural rees, peroxyacetyl nitrate
(CH3C(O)ONO,, PAN) is primarily known as an atmospheric polhitaBoth, the
peroxyactyl radical (CEC(O)0,, PA) and nitrogen dioxide (N which form PAN via

CH;C(0)O; + NO; + M CH;C(O)O:NO, + M (R1)
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have anthropogenic sources. Due to its thermadligly via the back reaction of R1
and subsequent reaction of PA with nitric oxide JNO

CHsC(0)O, + NO  CH3C(O)O + NQ (R2)

long range transport of PAN in cold layers of thmper troposphere may constitute a
significant source of reactive nitrogen,JNh remote regions. Consequently, it affects
e.g.; the production of ozone {Oand links the atmospheric and biospheric nitrogen
cycle through dry depositiorS[ngh 1987]. Besides, locally produced PAN may also
impact on ecosystems downwind of pollution sourt®kile high PAN mixing ratios
(> 15 ppb), prevailing under strong photochemieabg conditions, PAN is known to
be phytotoxic and may harm plant tissues signitigaiTemple and Taylerl983], the
impact of PAN deposition under less extreme cood#iand for lower PAN mixing
ratios is not yet clear. As a nitrogen source, Péd@position may lead to higher
productivity and may threaten species richness agpe in vulnerable ecosystems
[Stevens et 3l2010].

Previous studies on surface-atmosphere exchangesflof PAN showed that PAN is
deposited to vegetation. On the one hand, chamdparienents on PAN uptak®kano

et al, 1990; Sparks et al. 2003; Teklemariam and Spark2004] found a direct
relationship between PAN uptake and stomatal caadee. They suggest that stomatal
uptake is the major pathway of PAN into leaves.tfi@mmore, the stomatal uptake of
PAN is mainly driven by diffusion across the pdrpeessure gradient between ambient
air and air in the sub-stomatal cavity and condblby the stomata aperture. On the
other hand, previous studies have also shown tisteexe of non-stomatal deposition
of PAN, mainly associated with the uptake by thavée cuticles Teklemariam and
Sparks 2004; Turnipseed et al.2006; Wolfe et al. 2009] While Turnipseed et al.
[2006] found almost 50% of the daytime depositiorbé non-stomatal for a pine forest
and suggest it to be the primary deposition pathimnaihe upper canopyolfe et al.
[2009] attribute between 21 and 35% (for warm ealdl periods, respectively) of the
deposition flux to non-stomatal pathways for a piaeest site. However, conclusive
studies on PAN fluxes are currently very limiteddathe obtained results differ
considerably. The underlying mechanisms or comtiglfactors for PAN deposition,
like the role of wet surfaces, as well as the r@hadf PAN to Q deposition fluxes are
not well understood.

Grassland ecosystems are the third largest landypsein Europe and constitute 41%
of global terrestrial surfacesEUROSTAT 2011; Suttie et al. 2005]. Moreover,

nutrient-poor habitats, where additional nitrogewput via deposition may play a
significant role, are often dominated by grass sgsecather than trees. In this case
study, we investigate the influence of polluted aod-polluted air masses on the dry



deposition of PAN at a nutrient-poor natural grasdl ecosystem in Central Europe.
PAN mixing ratios were measured and analysed ovhrese months period under two
contrasting pollution regimes. For a selected pknge also derived PAN fluxes with
the flux-gradient approach, employing a newly depet flux measurements system for
PAN [Moravek et al. 2014]. In addition, fluxes of £ which has similarities to PAN
and thus is important for model applications, wesemated by eddy covariance. Based
on our approaches, we estimate the contributionstoinatal and non-stomatal
deposition pathways for PAN and compare thesetseguthose obtained for;0O

(

The study was conducted at a nutrient-poor nagresdsland ecosystem on the estate of
the Mainz-Finthen Airport in Rhineland-Palatina@ermany (49.9685°N, 8.1481°E).
The natural grassland area of the measuremergxdgads over an area of 0.7 x 2.0 km
(in  mainly east western direction), providing gootetch condition for
micrometeorological flux measurements. The ecosyst primarily unmanaged and
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the vegetation is characterized by the false oatsyfrrhenatherion elatioriy plant
community on dry and sandy soil with a considerabteunt of senescent or died-off
grass. Small bushes were occasionally removed artd pf the grassland were grazed
by sheep once a year. The soil nitrate contentugagslow (~0.7 mg kg' in the upper
5cm) and, hence, ammonium was most likely theestrgource of plant available
nitrogen from soil (~20 mg Kg in the upper 5 cm)Jswald et al. 2013]. The mean
canopy height during the field campaign was 0.6nehthe bulk LAI for both green and
brown grass was on average 4.8. A roughness lghgihof 0.1 m and a zero plane
displacementx) of 0.45 m were estimated using the approacBeBruin and Moore
[1985] for canopies with increased roughness.. diteeis topographically situated on a
plateau 150 m above the Rhine valley and locatenlita km south-west of the city
centre of Mainz (Fig. 1). The plateau is part @ioa Rhenish Hesse, which extends to
the south and south west and is characterized bicudtgral land use (mainly
vineyards, orchards and crops) and smaller villagesontrast, the industrialized and
densely populated Rhine-Main-Area extends to ndsthend easterly directions. Two
motorways bypass closely to the north and eastefite in a distance of 2 and 4 km,
respectively.

PAN mixing ratios on the site were measured forfrBonths period in summer and
early autumn 2011 (29 June to 21 October 2011)gusingas chromatograph with
electron capture detection (GC-ECD, sééoravek et al. [2014] for detailed
description). The GC-ECD was placed in an air-cooiaed container and regularly
calibrated with air from a photolytic calibratioawsce.

In addition, during the period from 19 August t&dptember we performed gradient
measurements at 0.8 and 4.0 m a.g.l. to determiospliere-atmosphere exchanges
fluxes via the modified Bowen ratio (MBR) technigiigusinger 1986]. The PAN flux
(+ .5 ) Was estimated by the ratio of the PAN ang mixing ratio difference
between the upper and lower measurement height, and - 5 , multiplied by the
eddy covariance flux of X . ):

01 01

+, 789 . A3 . . A3 . (1)
2j 2j

We used @ as a proxy scalar due to its similarity to PANthe sink and source
distribution. On the one hand, the production othb®AN and Q@ is linked to
photochemical processes and, on the other hanl,doeotpounds are known to deposit
to vegetation. Instead of using concentration déffiees in Eq. (1), we used the mixing



ratio differences of PAN ( ;1 ) and Q (5 ) since the differences in the molar air
density between the two heights were negligibleNRWixes were corrected for the loss
by thermochemical decomposition of PAN as presemteSlect. 2.5. The storage term
(see e.g.,Rummel et al.[2007]) of PAN was estimated using a logarithmical
interpolated vertical profile of PAN and was foutadbe negligible. Further details on
the flux measurements, including necessary modidca of the GC-ECD and the inlet
system, and an extensive error analysis are givéforavek et al[2014]. Flux values
with random errors larger than 100% were regardetedow the flux detection limit.
Furthermore, under conditions with low friction weities @5 < 0.07 m &) the
application of the MBR methods is prone to largeors [Liu and Foken2001].

For the determination of {eddy covariance fluxes, required for the applaraiof the
MBR method, a closed-path fast responsedétector (Enviscope GmbH, Germany)
was employed together with a sonic anemometer (GSAampbell Scientific Inc.,
USA) atLg =3 ma.g.l. (sedloravek et al[2014] for details on eddy covariance set
up and Q@ calibration). In addition, C®and latent heat fluxes were determined with an
open-path CgH,O analyser (LI-7500A, LI-COR, USA). All turbulentukes were
calculated using the eddy covariance software TKBlaAuder and Foken2011],
applying state-of-the-art corrections methods sigdi inThomas Foken et af2012].
Additionally, the Q flux was corrected for high frequency loss of th& m long inlet
tube Moravek et al. 2013], for the storage effect and for chemicaldoiction from
NO, photolysis and loss by reaction with NRUmmel et al.2007]. The quality scheme
of Foken and Wichurg1996] was used to exclude periods with signiftcaon-
stationarity or poor developed turbulence. Datawbich the footprint area of the flux
measurement (calculated with a Lagrangian forw#amdhastic model fronRannik et
al., 2000) included less than 80% of the natural ¢gadglsarea were omitted.

The mixing ratio difference of £between 4.0 and 0.8 m a.g.l. was determined wsing
differential UV absorption @analyser (49i, Thermo Environmental, USA, modified
according toCazorla and Brung2010]; seeMoravek et al.[2014] for details on
operation). Absolute ©mixing ratios at both heights were derived fronveatical
profiles system, which also measured NO and, M@Xxing ratios (Q analyser: 49i,
Thermo Environmental, USA; NO/NO analyser. CLD 780 TR, Eco-Physics,
Switzerland). A vertical profile of temperature,nhidity and wind speed was retrieved
at0.2,0.8,1.5,2.5and 4.0 ma.g.l..
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Meteorological parameters used in this study avballradiation (CNR1, Kipp&Zonen,
Netherlands), N©@ photolysis frequency ¢{, ) (Meteorology Consult GmbH,
Germany), rainfall (AGR100, Environmental Measurateg and surface wetness
(Campbell Scientific Inc., USA). All additional maaements were performed during
the entire experiment period from 29 June to 2ot 2011.

6

As PAN and Q are depositing the PAN and; @ux can be partitioned into deposition
to leaf stomata () and to non-stomatal surfacesy):

¥ (2)

Following the big leaf multiple resistance approdklicks et al, 1987; Wesely and

Hicks 2000] the overall canopy conductanég,(sum of the stomatab4{ and non-

stomatal ¥ay conductances) was obtained for both PAN andr@m the measured
deposition velocity  , i.e. the flux normalized by the concentratiorLgt ) and the

estimated aerodynamic@) and quasi-laminar boundary laye®@ ( resistances (see
Garland[1977] andHicks et al[1987], respectively):

Yy W] Yay "/(% G C 3)

Following e.g.,Lamaud et al[2009] andStella et al.[2011], %&,, and %, were
derived from the stomatal conductance for waterouwapvia the Penman-Monteith
equation ¥x,  corrected for the ratio of their molecular diffusies to the molecular
diffusivity of water vapour. Due to is longer molgar structure, the diffusivity of PAN
is lower Qg1 ~ 0.87107° m*s™) than for Q (h,,~ 1.4010"° m*s™*), which results in
Ya ., F¥4,, = 0.62 [derived fronHicks et al, 1987]. Since the measured®iflux, on

which Penman-Monteith equation is based, originatetl only from transpiration

through the plant stomata but also from water exatpm from other sources such as
soil pores or liquid water on divers surfaces, w/ aised dry conditions with relative
humidities (RH) <60% to computéy, . Under these conditions liquid water on

surfaces is assumed to be fully evaporated. Sapenation was excluded frofr,,
according tcStella et al[2011]. The finaPy, values were determined as a function of
the correctedy, values against the gross primary production (GPP).

Finally, %y, representing all non-stomatal deposition pathwayg., to leaf cuticles,
soil or water surfaces, was derived by the diffeeebetweeldy and¥y (Eq. (3)).



The findings on¥%y ., from the partitioning of , .=~ were used to model PAN

deposition fluxes for the entire period from 29dua 21 October. Applying the restive
scheme given in Eqg. (3), the modelled PAN fluxsg- ., ) was derived as

789

C

S 01 @

3 3
7159 ] Vt¥759

"DE= 789 Z@> ] @_789 ]

where@,, @,,, and¥%g,, were determined as described above over the gueired.
Here, and o, represent the molar air density and the PAN mixmagjo,
respectively, at the height of the eddy covariameasurementd,¢ )

R $

Next to dry deposition process, other sink termpaat the measured surface PAN
mixing ratios. While PAN photolysis and reactionttwthe hydroxyl radical (OH) are
expected to be very low at altitudes below 7 Hraljikdar et al. 1995], thermochemical
decomposition of PAN (back reaction of R1) has éodonsidered. Thermochemical
decomposition of PAN increases exponentially wamperatures and is more efficient
at high NQ NO, ratios as PA reacts faster with NO instead with, K®©reform PAN.
Hence, the time scale of PAN towards thermochendeabmposition{;.g ) is given
by [Orlando et al, 1992;Shepson et gl1992] as

R O pf
i~ Af© iZg] P 21

P pplOi £ ©)

To evaluate whether PAN loss significantly impacted MBR fluxes (Sect. 2.2), the
chemical flux divergence betweép andL, due to thermochemical decomposition of

PAN ( ;-

integration of the thermochemical PAN loss as

a4 ) Was determined according tooskey et al.[2004] by numeric

AcA L L
A 01

XL (6)

J-E 1A'A

The height dependent functions of; L and¢;.g L were approximated by
logarithmic interpolation between the available swament heights of the required
parameters and L was assumed to be constant with height (see &&gt.

The thermochemical PAN loss over the entire atmesptboundary layer, represented
as a flux (. . ), was obtained by integrating Eq. (6) from zeneldo the height of
the boundary layeiH, )
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Assuming a well-mixed boundary layer, the meas#Adl concentration and NOO;
ratio were taken as an average value for the wholendary layer. Agjg is very
sensitive to temperature, we assumed a dry adialmise rate of temperature with
height. The height of the nocturnal boundary layes estimated from the nocturnal
decline of Q and the corresponding measutgd, from the relation given byShepson
et al, 1992] (see also Sect. 3.3.3) as

A 2i <«
E: ercen ~ Leag \Z—ZJTQ (8)
j

where 2j <« and 2j  are the @ mixing ratios at the start and end of the
considered time interval, respectively. Sitktcg;c,-y was determined from a boundary
layer budget approach, it might not agree well wita real boundary layer height, as
the nocturnal boundary layer might be significantliratified. Instead,EzBiC?ﬂV
represents the theoretical depth of a mixed boyni@ger, which was required in Eq.
(7) to assume constant trace gas mixing ratios wiight. The development of the
diurnal boundary IayerE(23D>$) after dawn was modelled using the measured densib
heat surface flux and a simple encroachment apprimaglemented in the mixed layer
model MXLCH [Vila-Guerau de Arellano et al2011].

( ' &

The field experiment was dominated by wind diretsidrom south west. These air
masses were associated with relatively low levélsN®, (= NO + NQ) (ranging
mainly between 1 and 10 ppb). In contrast, air emd$som north easterly directions
were much less frequent, but were often enriched WO, with values ranging mainly
between 10 and 30 ppb (Fig. 1). This enrichment wasmly caused by advection from
NOx sources originated from the City of Mainz, neanhgtor ways or other sources in
the densely populated and industrialised Rhine-Megion. In contrast, the south west
sector is dominated by farming without major indastactivity, thus representing an
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area with much less air pollution. Consequentlg, dlacurrence of low and high NO
situations during the field experiment was directbupled to the wind direction and
could be attributed to two contrasting synopticaibans:

(1) Episodes under deep pressure influence and souskerlyewind directions
yielded low NQ conditions. They were characterized by higher wapdeds,
frequent cloud coverage, a mainly neutrally stiedif boundary layer and
typically lasted from 2 to 5 days.

(2) Sunny, convectively driven episodes with low winpeeds and, therefore, also
varying wind directions resulted in high N@onditions, in cases when the
wind direction was not from the south west sedimrcontrast to the low NO



0 " $2 ' ( $ !

conditions, these periods occurred sometimes asiselated events and were
associated with an unstable boundary layer duriagtithe and a stable
stratification during nighttime.

For the further evaluation, entire days were sebtk@nd classified according to wind
speed and wind direction. In total 20 days werassifeed as low NQ and 27 days as
high NQ, conditions. The diurnal averages of the metegiol conditions and
micrometeorological characteristics during thesgsdare displayed in Fig. 2& and
mixing ratios of @, NO and NQ are shown in Fig. 2g. For both low and high NQ
conditions photolysis of NOcontributed to the steady increase of NO mixingpsa
after sunrise, which peaked between 8:00 and 1&8n@0then declined with the growth
of the daytime boundary layer. During high NGbnditions both advection of freshly
emitted NO from nearby sources and generally hid¥@s levels lead to high NO
mixing ratios exceeding sometimes 10 ppb. Biog& emission from the grassland
ecosystem, determined with the dynamic chamber adettwere found to be
insignificant Plake et al. 2013].NO, mixing ratios showed a high variability during
high NQ, conditions also indicating local sources. The iagtNO, decline was caused
by both dilution due to the growing boundary laysrd photolysis. It was anti-
correlated with the increase of;zOnixing ratios. The development of a shallow
nocturnal inversion layer during high N@onditions caused increased @moval
rates. As a result, nighttime ;Qnixing ratios were lower than during low NO
conditions. During daytime, both the higher insolatand the presence of pollutants
under high N@ conditions resulted in highers@nixing ratios during the afternoon.

S &

The diurnal cycle of PAN mixing ratios was closéhked to the diurnal cycle of ©
As for O;, PAN mixing ratios increase after dawn to the maxn in the afternoon,
with median values of 300 ppt under low and of PO under high NQ conditions,
respectively (Fig. 2j). The maximum is followed bysteady decrease over night to
median values just before dawn of about 50 ppt ulaye NO, and 200 ppt under high
NOy conditions.

The major reason for the much higher PAN levelsnduhigh NG conditions, are the
elevated N@ mixing ratios, which occurred especially at nigh# and declined with
the onset of photolysis after dawn and the cleaghghe nocturnal boundary layer.
Comparing the diurnal evolution of PAN and; @ixing ratios, we find a higher
PAN, O3 ratio under high NQ conditions at all times throughout the diurnal leyc
During peak PAN and ©mixing ratios in the afternoon, the PAQ; ratio was 0.003
and 0.006 during low and high NOconditions, respectively. Since photolytic



production of Q from NGO, was similar for both conditions, a large PAD§ ratio
implies a higher abundance of PA as a precursd?Afl [J M Zhang et aj.2009].
Although no direct measurements of PA were avalall very low abundance of
volatile organic compounds at the site suggeststtiese higher levels of PA during
high NGO, conditions primarily originated from anthropogenioon-methane
hydrocarbons (NMHCs). Hence, PAN mixing ratiostet site were mainly influenced
by advection from nearby pollution sources fromth@asterly directions.

The timescale for thermochemical decomposition ANP¢;g , ranged for both low
and high NQ conditions mainly between 4 and 20 days at nidd. (2k). During
daytime, ¢y, ranged between 2 h and nearly one day (median) ¥6rhlow NO
conditions, but were significantly lower during hi¢gNO; conditions (ranging between
30 min and 5 h; median ~2 h) caused by both onageeshigher NONO, ratios in the
morning and higher temperatures in the afternoon.

_*_*(

During the period of the PAN flux measurement matigh NQ, conditions prevailed.
The PAN fluxes showed a clear diurnal cycle withximaum deposition fluxes at
midday and very small fluxes during nighttime (3. Although the random flux
errors were large compared to the observed fluresdign +0.035 nmol fis?, see
Moravek et al[2014]) a daytime PAN deposition was clearly visibn most days. The
gaps in the time series are due to extended instmugalibrations and maintenance of
the GC-ECD. For the further evaluation PAN fluxe$o the flux detection limit (34%
of data, see Sect. 2.2 for definition) were negléctiespite data whefe < 0.07 m &
(28% of data) as this criterion would have elim@thmost of the nighttime values.
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The diurnal median values of the PAN anglffoxes are shown in Fig. 4a—b. A diurnal
course of the PAN flux is observed with maximal a&pon fluxes of
~-0.1nmol m?s™ during daytime, which corresponds to;,, at Lg of
~0.3 cm &%, The visible short-term peaks are mostly attriduie the low number of
data values (n = 255) and also caused by the flux error of tHRRvVimethod. For @
this feature was much less pronounced due to thieehinumber of data points used
( n=639). Both measured PAN fluxes ard_
observations byWolfe et al.[2009] (midday averages-0.04 nmol m?s™; U, /
0.1cmsY) and fluxes by Turnipseed et al. [2006] (midday averages
~-0.35nmol m?s ™ U, / 1cm s measured at two different pine forest sites & th
USA during summer (Table 1). Daytime flux measuretseat a grassland site by
Doskey et al[2004] resulted in an averagg ., of 0.13 cm s, The magnitude of the
midday PAN flux at our site was about two ordersnaignitude lower than the;@lux,
yielding an averagék.,, FU;,, ratio of 0.1. Comparison with experimentally dedve

PAN fluxes in the past (Table 1) reveals thef ., FU;,, ratios vary considerably,

values were between the

which might be attributed to a large extent to #émeor of the applied measurement
methods and the assumptions made.

The chemical flux divergence betweene and L, due to thermochemical
decomposition of PAN (Eq. (6)) was found to be vemyall with the highest median
value of 0.007 nmol it st at noon (Fig. 4a). In contrast, for the flux, the loss term

due to reaction with NO and the production by Ny@otolysis were significantly higher



between 6:00 and 11:00 CET and led to a small reetyation of Q during daytime,
which was corrected for in the presented fluxes.

The overall canopy conductance for PAX_( ), representing the flux normalized by
the concentration dt,, shows a mean diurnal cycle with its maximum dyimaytime
(Fig. 4c-d). The midday median values were around 0.4 ¢naisd were similar t&
values observed for{O

*_*
%

During nighttime ¥, values were zero due to stomata closure (Fig.Wjh the
onset of radiation in the morningy,, increases and reaches its maximum of
0.26 cm & at 11:00 CET. As botha,,, and¥s, differ only by the PAN and ©
diffusivities (see Sect. 2.4), they show the samgepn, while¥s,, is larger by a factor

of 1.6 due to the faster diffusivity ofsODue to an increased vapour pressure deficit in
the afternoon the maximum values3af,, and¥, are slightly skewed towards the
morning.

The existence of a mesophyllic resistance limitimg stomatal uptake of PAN, as it was
found by Teklemariam and Spark2004] or bySparks et al[2003] at high stomatal
conductance, cannot be validated from our datay @nthe modelled¥s,,, values
exceeded the measurégl,, values, a limitation could be suspected. It isgasged
that the mesophyllic uptake of PAN is lower than®a, as there are less reaction sites
for PAN within the plant cell and its reaction wighvoteins is slower, although the
mesophyll biochemistry for PAN assimilation is mi¢arly understood [Doskey et al.,
2004].

*_*

According to the MBR flux measurements at our dite, non-stomatal sink played a
major role with median midda¥sy,,, values ranging between 0.05 and 0.4 chn's
corresponding to a non-stomatal resistan@y (¥ ;%) of 2000 and 240 sTh
respectively. The nighttimésy ., values are very low, but have to be treated with
caution due to the uncertainties of the MBR methbdight. The peaks ity ,, are
mainly associated with the uncertainties3gf,, caused by the limited data set (see
Sect. 3.3.1). For § we observed a clear diurnal cycle with lowestueal in the
afternoon. The diurnal cycle could be well reprcetias a function of relative humidity
multiplied by LAIl, despite elevated values betwe@t00 and 10:00 CET, where
surface humidity is still very high and the N@dvection might lead to a greater
uncertainty of the chemical production and losteains (Sect. 3.3.1).
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Since uncertainties in thes@ux impact the PAN flux directly, we discardedtaavith
large NQ values in the evaluation 64y ., as well as values wherg < 0.07 m st
We could not identify any significant dependencyhaf individual data point 6fay on
temperature, relative humidity or surface wetnds$ss contradicts the assumption of
Shepson et a[1992], who suspected thédy ., would decrease with higher surface
wetness due to the low deposition on water surfii€ames et a).1991].Turnipseed et
al. [2006] explained a maximum &k, after sunrise with increased deposition to leaf
surface water of a pine forest canopy and hypatkesie existence of a reactive uptake
process within the leaf water. However, our firgdirsupport the results I8chrimpf et

al. [1996], who did not observe a relationshig/§ ., with relative humidity.

For the determination of \pg- over the entire measurement period (see Sect. 2.4)

789
an estimate or parameterisations %k ., is required. Since from our data, no

significant dependency was found and nighttime eadwe uncertain, we assume a



constant value o¥4y ., . Hence, we derived a bul4y ., value by correlating the
measured PAN fluxes with a modelled PAN flux usmgeries of differen¥sy
values in Eq. (2). The smallest root mean squa eetermined an optiméky value
for the whole dataset of 0.28 ciit,swhich corresponds t@y ,, = 360s m*. This
resistance value is in the range of findings byeptstudies, e.g.Turnipseed et al.
[2006] observed a median value of 244 mnder dry and 125 sTthunder wet
conditions, although there was a great variability.

To obtain another independent estimate of the momeatal deposition, we employed
the nocturnal boundary layer budget (NBLB) methatoading to Shepson et al.
[1992], which compares the nocturnal PAN decayhit bf G and yields a ratio of
PAN to G; deposition velocities. The main assumption, that decline of both PAN
and Q mixing ratio during nighttime was only due to dsjpion, is valid as chemical
reactions at night for both PAN (see Fig. 2I) and(@® photolysis and low NO mixing
ratios) are negligible. We analysed in total 16htégwhere a clear logarithmic decline
of both PAN and @ mixing ratios was observed and where the main vdimection
came from the “clean” sector in the south west.ngsonly nights with a good
correlation between both PAN and @ecline (R > 0.7), we obtain an average value for
U FU: ., Of 1.75, which is similar to the average valueaai#d byShepson et al.
[1992]. As stomatal uptake is assumed to be zemighit, we obtained according to
Eq. (3) a bulk¥%y,, of 0.5cm3&" (@y,, =200sni"). This value of¥y.,, is
slightly larger than the value obtained from the RIBieasurement.

In currently applied deposition models [e.§impson et al.2012], %y ., is often
derived according toWesely [1989] as a composite between the non-stomatal
conductance of sulphur dioxid#(.. ) and¥y,,

Yi¥r0 ge i g 1 Vv ] lezgg  Y¥ns (©)
SO, represents a very soluble substance (effectiveyHeonstant 5 = 10 M atmi™})
and Q a compound that reacts fast with substances ifethe cuticles such as protein
thiols [Mudd, 1982]. Due to the poor solubility of PAN in water§; =4.1 M atm?,
seeKames and Schuratfil995]) the first term of the right side of Eq)(Gan be
neglected and only the reactivity inddy, is of significant importance. According to
Wesely[1989] | = 0.1, which suggests the non-stomatal depositfoRAN would
be about one order of magnitude lower than fgr lOZhang et al[2002] suggest a
l«,ss = 0.6 based on first studies on PAN depositiorily [1971] andGarland[1977].
This contradicts our findings by both the MBR ahd NBLB method, which observed
at least equal or even higher non-stomatal depositir PAN than for @ and supports

«789
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the statement by Turnipseed et al. (2006) thateotrrdeposition models may
significantly underestimate PAN non-stomatal dejpasi

-*6 &

To evaluate the PAN deposition under both low aigth INO, conditions as well as its
potential influence on the natural grassland edesysand its role for the atmospheric
N, budget, the PAN deposition flux for the entireipérfrom 29 June to 21 October
was modelled (see Sect. 2.4). For this, we usetduhevalue for¥4y ., of 0.28 cm g
(Sect. 3.3.3) for both low and high NGas we found this to be the best estimate from
our data. The values féf,, were determined as described in Sect. 2.4. Thairwut

median diurnal cycles of.pg- for low and high N conditions (Fig. 5) reveal that

789
the total deposition (i.e. stomatal + non-stomates more than twice as high during
high NO, (~ -0.1 nmolm?s™) than during low N (~ —-0.05 nmol nif s%
conditions, which is mainly attributed to the higlfAN mixing ratios during high NO
conditions. Median midday deposition velocities aveery similar during both episodes

(U, / 0.5cms"). As already discussed in Sect. 3.3.3, the nomatal pathway
was significant, which is reflected by a daytimactron of%y ., F¥. ., of 0.7 during
low NOy and 0.6 during high NQOconditions. As about half of the grassland vegatat
was senescing or was already dead, reaction om glafaces may be a reason for the
large non-stomatal fraction.

The importance of PAN deposition as a loss prooé$RBAN from the atmosphere is
determined by comparison to the magnitude of teemiochemical decomposition of
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PAN in the boundary layer (Eq. (7)). Due to the éowemperatures and the lack of NO
at night, the nocturnal thermochemical loss wagymgcant during both low and high
NOx conditions. Using the boundary layer budget apgroéEg. (8)), we found
Epico-y t0 be on average 200 m (Fig.5). In contrast, rduridaytime the
thermochemical loss constituted the largest PAN, siluring both low and high NO
conditions. After dawnE.gp-g grew during high N@ conditions on average up to
1200 m, whereas its development was slightly sigg@e during low NQconditions.
The modelled boundary layer height was comparedsétected days to the boundary
layer height obtained from a WRF model. The WRF ehodelded slightly higher
daytime maximum values ranging from 1100 up to 100N hen the boundary was
well mixed (11-17 CET), the thermochemical lossimiyrhigh NQ conditions was
about 3.5 times higher than during low N@©onditions. This was caused by a
combination of (a) the higher PAN mixing ratiosféet: 59%), (b) the reduced reaction
time scale due to higher temperatures and largetd\0O, ratios (effect: 34%) and to
some extend also by (c) the higher boundary lagéedgt: 7%). A summary of the
relevant parameters for nighttime and daytime doonB is given in Table 2, where the
timescales for PAN deposition is given Ryg 01 e g0 E. The
reaction rates towards PAN depositignpd and thermochemical decomposition over
the entire boundary layer heighty(¢ .. are the inverse values gfg andég-g ..,
respectively.

Integrating pg- and ;g .. over the entire diel cycle yields the total maés o

789
PAN removed per unit area by dry depositiobp() and thermochemical
decomposition ¥y .. ), respectively JicFadyen and Capel999; Turnipseed et al.

2006]. As presented in Table 2, during low Nfonditions dry deposition made up 32%
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of the diurnal PAN removal, whereas under high,d@nditions 22%. These values are
slightly lower as the ones given BcFadyen and Cap@l999], who suggest equal
PAN loss via both processes. Although they claanyvow NQ NO, ratios at the site
to be a major reason for the low chemical lossg\arestimation of the PAN deposition
in their study is possible, since it was not meegudirectly. Accounting for a
temperature decrease with heigfurnipseed et al.[2006] estimated a maximal
contribution of dry deposition of 10%Volfe et al.[2009] found that dry deposition
accounted only for 3% of the total PAN loss dunwveym and 13% during cool periods.

To evaluate its significance as a source of ttl the grassland ecosystem, PAN
deposition has to be evaluated in relation to otesources.Dennis et al.[2013]
estimate a contribution of dry deposition of PANsbout 3.5% to the total dry and wet
nitrogen annual deposition in the continental USl&wever, their values are based on
the parameterisation llyZhang et al[2002], which might significantly underestimate
dry deposition of PAN as found e.g. Byrnipseed et al[2006] and in this study.
Stevens et al[2010] evaluated the effect of total inorganicragfen deposition on
grasslands across Europe and found that spechesess decreased with sites that were
subject to higher nitrogen deposition. The obser?@&dN removal via dry deposition
(i.e., Mg ) over one entire day was in this study 333 g di' during low and
518 ug m?d* during high NQ conditions (Table 2). This is much lower than thiz
nitrogen deposition observed at the sites repobgdbtevens et al[2010] ranging
between 4.7 and 104.2 mghu™ (equivalent to 2 and 44 kg N Haa), which
suggests that PAN deposition under both low antl N@y does not play a critical role
on plant species richness at our site. Also, PAXingiratios observed at our site were
significantly below the threshold given for phyteio effect on plants, which is given
by Temple and Tayloj1983] between 15 and 25 ppb.

6 1

Up to date very few studies have measured diredi BAposition to ecosystems. The
experiments often cover only a short time periodd avbtained results differ
considerably. In particular, the relation betweekNPand QG deposition has remained
inconclusive. Based on the MBR method, we find his tstudy considerable non-
stomatal uptake of PAN/4y ., = 0.28 cm 5Y). This resulted in an equal or even higher
non-stomatal conductance for PAN than fors, Qmost likely suggestingan
underestimation of PAN deposition by current modéle did not find a relation of the
non-stomatal conductance for PAN with other ques#jitsuch as relative humidity.



However, it cannot be fully excluded that this nadgo be attributed to the limited PAN
flux data above the flux detection limit. The mdddlstomatal uptake did not exceed
the overall deposition, suggesting that stomataakeis not limited by further, not-

considered resistances.

PAN deposition at our measurement site was govehyetivo contrasting pollution
regimes, (1) low NQ episodes with clean air from south westerly dioexd and (2)
high NQ episodes with more polluted air masses from théhneastern sector. Under
high NGO, conditions, locally produced PAN from the induslized region was
transported to the site, leading to PAN mixingastwhich were a factor of two to four
higher than under low NQconditions. Hence, PAN deposition during thesesages
was larger with daytime maxima of0.1 nmol m?s™. However, as also found in
previous studies, the largest fraction of PAN ladsring daytime was due to
thermochemical decomposition of PAN. For clean a@mas dry deposition accounted
for about 32% of the daytime PAN loss, while it yrdccounted for 22% during
polluted conditions. The higher thermochemical Plass during polluted episodes was
mainly associated with different meteorological dibions and only to some extend
caused by larger NONO, ratios, due to freshly emitted NO by nearby sosir&airing
nighttime non-stomatal PAN deposition was the anyificant PAN sink.

Comparing PAN deposition at the site to other dejoos pathways of atmospheric
reactive nitrogen, suggests that PAN depositioly pidyed a minor role as a potential
nitrogen source to the nutrient-poor natural geas$l ecosystems in this study.
However, up to date still little is known about thieect uptake of PAN by vegetation
and the effect on their metabolism. Furthermonagliss which performed direct PAN
flux measurements are limited to only a few typkesamsystems and conditions and are
often prone to large uncertainties. As it was satggeby other studies in the past, PAN
deposition might be the dominant removal processvimer at lower temperatures.
However, up to date in situ PAN flux measurementl/ @over late spring to early
autumn periods in the northern hemisphere. Henath, im situ flux measurements of
PAN during different seasons and for a larger warod ecosystems, as well as detailed
studies on the role of non-stomatal uptake mechani® improve current deposition
models are desirable tasks for future researchAd deposition.
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