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Summary

Forest ecosystems play a key role in the Earth’s carbon cycle, as their uptake of carbon
dioxide is largest in the terrestrial biospheres (CO2 sink). Despite a vast number of eco-
logical studies about forest ecosystem, there are still outstanding issues about prevailing
meteorological conditions, turbulent and coherent structures and exchange processes of
heterogeneous forest ecosystems. erefore, this thesis is related to the joint research
project EGER IOP3 (ExchanGE processes in mountainous Regions - Intensive Observation
Period 3), aimed at the investigation of diurnal cycles of energy, maer and (non-)reactive
trace compounds in the soil–vegetation–boundary-layer-system at a forest edge within a
heterogeneous forest ecosystem in a very complex terrain in mid Europe.
Well established measurement techniques were used, such as the eddy-covariance

method for determination of turbulent/coherent fluxes and for detection of different ver-
tical and horizontal coupling regimes. SODAR/RASS systems were used to investigate
boundary layer phenomena. Additionally, a novel, fully automatic Horizontal Mobile
Measuring System (HMMS) was successfully developed, applied and assessed within this
thesis. e HMMS was installed on a 150m long transect perpendicular to the forest
edge, to obtain higher information density about horizontal gradients of eight quantities
(short/long-wave down/upwelling radiation, temperature, humidity, CO2 and O3 concen-
tration). e experimental design, with 3D installation of the towers/masts, HMMS and
profiling systems was ideal for the investigation of the research issues mentioned above.
By combination of all measurement techniques, significant differences could be observed

along the transect forest–forest edge–clearing (three locations), with strong distinctions
in the vicinity of the forest edge. e highest gradients in the HMMS measurements oc-
curred near the forest edge. Furthermore, it could be observed that the turbulence in-
fluenced quantities in the HMMS measurements (temperature, humidity and trace gases)
were mainly affected by the prevailing vertical structures at the forest edge, while the in-
fluence decreased, the further away from the forest edge. ese findings coincide with the
findings for coherent structures, where only at the forest edge a significant daily variation
could be observed for ejections and sweeps, with strong ejection motions during daytime
(updra) and strong sweep motions during nighime (downdra).



X Summary

e thermal updra during daytime could be aributed to the highest temperatures oc-
curring near the forest edge (1.5 K warmer than at the clearing and within the forest) and
the advective transport of energy towards the forest edge. e reverse was also appar-
ent, where energy was transported off the forest edge towards the clearing. Nevertheless,
highest energy and CO2 fluxes, as well as highest variation could be observed at the forest
edge. is leads to a beer energy balance closure at the forest edge (Residual Res = 17%),
compared to both other locations (Res = 25 – 30%). ese findings indicate the facilitation
of quasi-stationary secondary circulations above the observation site, which could be con-
firmed to some extent by further experimental observations. During times of horizontal
energy exchange, there was a horizontal coupled regime and an inflow of O3-depleted (de-
crease in concentration of approximately 20 ppb), and slightly colder air along the transect
perpendicular to the forest edge, originating from the atmosphere above the site. Addi-
tionally, the ACASA model showed discrepancies between modelled and measured fluxes
which could be aributed to horizontal advective flow and secondary circulations.
e investigation of boundary layer phenomena, such as low-level jets (LLJ) and strong

winds showed considerable different impacts on exchange processes above the heterogen-
eous forest ecosystem. During LLJ there was a coupled regime (C/Cs), with good mixing
and enhanced CO2 fluxes, while during strong wind situations wave motions (Wa; un-
coupled regimes) occurred with no mixing and reduced CO2 fluxes. True, effects could
be observed at every location, due to changes in vertical coupling regimes and coherent
transport. However, coherent transport was found to be largest above the forest and de-
creasing towards the clearing, and thus the CO2 fluxes were also most affected above the
forest and less affected towards the clearing. During LLJ events the CO2 fluxes were en-
hanced by approximately 100 % above the forest, 70 – 100 % at the forest edge, while above
the clearing the fluxes were only marginally enhanced. During uncoupled situations (Wa)
the fluxes were reduced by approximately 100 % above the forest and again, the changes
were less at the forest edge andmarginal above the clearing. e different CO2 fluxes led to
significant gradients of CO2 concentration along the transect, resulting even to a drainage
of CO2-enriched air out off the forest onto the clearing (during strong wind situation).
e continuous horizontal transect measurements of the HMMS in combination with

tower measurements provided a new understanding of exchange processes of heterogen-
eous forest ecosystems. Such an overview of prevailing gradients, inflows, outflows, ac-
cumulations, depletions, as well as insights on coherent/turbulent transport, coupling re-
gimes, secondary circulations and boundary layer phenomena over spatial and temporal
terms would have not been possible if only static tower measurements were used.
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Zusammenfassung

Der Wald spielt eine sehr wichtige Rolle im Kohlenstoreislauf der Erde, denn er
nimmt global gesehen das meiste Kohlenstoffdioxid der gesamten terrestrischen Biospäh-
re auf (CO2-Senke). Trotz einer Vielzahl bestehender Untersuchungen gibt es ungelöste
Fragen über die vorherrschenden horizontalen Gradienten meteorologischer Messgrößen,
die turbulenten und kohärenten Strukturen und die Austauschprozesse von heterogenen
Wäldern. Diesen offenen Fragen widmete sich das EGER IOP3 Projekt (Austauschprozesse
in Gebirgsregionen - Intensive Observationsperiode 3), welches Energie-, Stoff- und (nicht-
)reaktive Spurengasflüsse an einer Waldkante innerhalb eines heterogenen Waldes in ei-
nem mieleuropäischen Mielgebirge untersucht.
Für die Untersuchung der turbulenten und kohärenten Flüsse, sowie ür die Bestim-

mung der vertikalen und horizontalen Kopplungszustände wurde die sehr gebräuchliche
Eddy-Kovarianz-Methode verwendet. SODAR/RASS Systeme wurden verwendet, um Be-
sonderheiten in der Grenzschicht zu erkennen. Neben den üblichen Messmethoden, wur-
de im Rahmen dieser Dissertation ein neues, vollautomatisches Horizontal Mobiles Mess-
System (HMMS) entwickelt, mit anderen Messsystemen verglichen und damit gemessen.
Das HMMS war orthogonal zur Waldkante auf einem 150m langen Transekt aufgebaut,
um sehr detaillierte horizontale Profile von Globalstrahlung, Reflexstrahlung, Gegenstrah-
lung, Ausstrahlung, Temperatur, Lufeuchte, CO2- und O3- Konzentration (insgesamt acht
Messgrößen) zu erhalten. Der experimentelle Auau aller Messmasten/-türme, des HMMS
und der Profilanlagen wurde optimal ür die oben genannten Fragestellungen gewählt.
Erhebliche Unterschiede konnten entlang des Profils Wald –Waldkante – Lichtung (drei

Messstandorte) beobachtet werden, mit deutlichen Auälligkeiten in der Nähe der Wald-
kante. Diese Erkenntnisse waren erst möglich durch die Kombination einer Vielzahl von
Messsystemen. So haben die HMMS-Messungen ergeben, dass sich die deutlichsten Gra-
dienten ür alle Messgrößen an der Waldkante befinden, und diese sehr stark durch die
turbulenten Bedingungen dort beeinflusst werden (gilt nur ür Temperatur, Lufeuchte
und Spurengaskonzentrationen). Je weiter entfernt von der Waldkante, desto weniger ist
ein Einfluss messbar. Dies kann durch die Untersuchungen der kohärenten Strukturen be-
stätigt werden, bei denen ausschließlich an derWaldkante ein Tagesgang ür die Verteilung
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von aufwärtsgerichteten (Aurieb) und abwärtsgerichteten (Böen) Strukturen beobachtet
wurde. Am Tag dominiert an der Waldkante der Aurieb und in der Nacht die Böen.

Der Aurieb tagsüber an der Waldkante kann durch die dort höchsten Temperaturen
(1.5 K wärmer als im Wald und auf der Lichtung) und durch den advektiven Transport von
Energie von den beiden anderen Standorten in RichtungWaldkante erklärt werden. Es gibt
zwar auch den umgekehrten Transport von Energie von der Waldkante in Richtung Lich-
tung, dieser ist aber geringer, sodass die höchsten Energie- und CO2-Flüsse, sowie die größ-
ten Schwankungen in den Flüssen, an der Waldkante gemessen werden konnten. Die er-
höhten Energieflüsse ühren an derWaldkante zu einer besser geschlossenen Energiebilanz
(Residuum Res = 17%) im Vergleich zu den beiden anderen Standorten (Res = 25 – 30%).
Diese Untersuchungsergebnisse suggerieren eine quasi-stationäre, sekundäre Zirkulation
über der Messfläche, welche durch weitere Messungen ansatzweise bestätigt und gezeigt
werden konnte. So zeigten die horizontalen Kopplungszustände, zu Zeiten des horizonta-
len Energieaustausches, ein teilweise oder komple gekoppeltes System. Zur gleichen Zeit
war ein Eintrag von O3-ärmeren (ungeähr 20 ppb geringere Konzentration), leicht kälte-
ren Lumassen entlang des gesamten HMMS-Transektes messbar, welche von oben nach
unten transportiert wurden. Auch die Modellierungen mit ACASA zeigten Unterschiede
beim Vergleich der modellierten und gemessenen Flüsse, welche auf einen horizontal ad-
vektiven Transport und sekundäre Zirkulation hinweisen.

Die Untersuchung von Phänomenen in der atmosphärischen Grenzschicht hat gezeigt,
dass zum Beispiel ein Starkwindband (Low-level Jet, im Folgenden LLJ genannt; verursacht
durch Bodeninversion) deutlich unterschiedliche Auswirkungen auf die Austauschprozes-
se über einem heterogenenWald haben kann, als eine stark ausgeprägte Inversionsschicht
(Starkwinde treten häufig oberhalb der Inversionsschicht au). Während des LLJ kam es zu
einem gekoppelten System (C/Cs) mit guter Durchmischung und erhöhten CO2-Flüssen,
wohingegen es bei der Inversionsschicht mit Starkwinden zu einem entkoppelten Sys-
tem (Wa) mit schlechter Durchmischung und verringerten CO2-Flüssen kam. Bei beiden
Phänomenen waren zwar die Auswirkungen an allen Standorten messbar, aber am deut-
lichsten über dem Waldbestand und abnehmend in Richtung Waldkante und Lichtung.
Dies kann durch den kohärenten Transport erklärt werden, welcher über dem Waldbe-
stand ebenfalls am größten ist und in Richtung Lichtung abnimmt. Der CO2-Fluss wur-
de während des LLJ um 100% über dem Wald, um 70 – 100% an der Waldkante und nur
minimal über der Lichtung erhöht, wohingegen bei dem entkoppelten System (Wa) eine
Reduzierung um etwa 100% oberhalb des Waldes gemessen wurde. Die Reduzierung an
der Waldkante und über der Lichtung war deutlich weniger ausgeprägt. Die Unterschie-
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de in den CO2-Flüssen ührten auch zu erheblichen Gradienten in der CO2-Konzentration
entlang des Transektes. Im Falle des entkoppelten Systems kam es zu einem nächtlichen
Kaltluabfluss mit hohen CO2-Konzentrationen aus dem Wald auf die Lichtung.
Die kontinuierlichen horizontalen Transektmessungen des HMMS lieferten in Kombi-

nation mit den Eddy-Kovarianz-Turmmessungen ein neues, besseres Verständnis über die
Austauschprozesse eines heterogenen Waldes. Ein solcher Überblick in räumlichen und
zeitlichen Skalen von vorliegenden Gradienten, Zuflüssen, Ausströmungen, An- und Ab-
reicherungen von Spurengaskonzentrationen, sowie Einblicke in den turbulenten und ko-
härenten Transport, in Kopplungszustände, in sekundäre Zirkulationen und in Grenz-
schichtphänomene war erst durch die Kombination aller Messmethodenmöglich und wäre
niemals in diesem Umfang zu realisieren gewesen, wenn ausschließlich die wie sonst üb-
lichen Fixpunkt-Messungen verwendet worden wären.
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1. Introduction

1.1. Motivation: The role of forest ecosystems

Forest ecosystems cover 31 % of the total land surface (as of 2010), largely in the temperate,
boreal zones and in the tropics (FAO, 2010). Due to the high biomass and the resulting high
level of photosynthesis and respiration, forests play a key role in the Earth’s carbon cycle.
ey, as well as the oceans, are the most important sink for atmospheric carbon dioxide
(CO2), and it is widely considered to be the prime sink of the terrestrial biosphere. CO2 is
a greenhouse gas like methane (CH4), nitrous oxide (N2O), and the halocarbons – a group
of gases containing fluorine, chlorine and bromine; e.g. chlorofluorocarbons (CFCs) – they
are all responsible for a temperature increase in the atmosphere. Because of human activ-
ities the CO2 concentration in the atmosphere has risen rapidly since the industrialisation
(pre-industrial value of about 280 to 391 ppm in 2011), primarily because of fuel combus-
tion and land-use changes, and is therefore the most important anthropogenic greenhouse
gas with a radiative forcing of about 1.68Wm−2 (IPCC, 2013). However, this anthropo-
genic induced increase of CO2 affects not only the atmosphere (global warming), there
is also an interaction between the atmosphere and the other earth’s spheres (biosphere,
hydrosphere, lithosphere) observable, disturbing the global carbon cycle. e biosphere
reacts the fastest to changes in the atmosphere with a short time delay, followed by the
hydrosphere and then by the lithosphere. Having a closer look at the terrestrial biosphere,
mainly in forest ecosystems, an increased uptake of CO2 is observable. is is related to an
anthropogenic induced enhancement in the atmosphere (e.g. Prentice et al., 2001; Schimel
et al., 2001; Houghton, 2003; House et al., 2003; Le éré et al., 2003; Schulze, 2006; Wolf,
2008; Luyssaert et al., 2010; Ballantyne et al., 2012; IPCC, 2013). Despite the increased car-
bon uptake of the biosphere and the hydrosphere, CO2 concentrations in the atmosphere
will continue to increase, because anthropogenic discharge is higher then the uptake by
plants and oceans (IPCC, 2013).
ese insights illustrate the need to investigate the terrestrial biosphere, particularly

forest ecosystems, in order to understand the processes there in detail (e.g. prevailing
turbulent exchange processes above plants, photosynthesis and respiration rates, plant
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growth, etc). With the understanding of the processes, together with the investigation of
the total CO2 balance of an ecosystem, the so called Net Ecosytem Exchange (NEE), an
overall evaluation of an ecosystem can be created.
e majority of investigations performed until today were conducted in homogeneous

parts of forests. If one looks at the terrestrial earth’s surface, it reveals a patchy, or in
other words a heterogeneous surface. e heterogeneity increases more and more. Es-
pecially forest ecosystems are particularly affected by an increasing heterogeneity due to
wind throws, forest fires, pests, and human activities, like deforestation (fragmented land
use). It is presumed that the heterogeneity of forest ecosystems, or rather forest edges
has greater effects on exchange processes between atmosphere, vegetation and soil. Up
to now relatively lile is known about the influence of the heterogeneity on the exchange
processes (Knohl et al., 2002).
Based on the latest state of knowledge about forest ecosystems and the prevailing ex-

change processes an overview of the work already done is given in Section 1.2. is current
study addresses the investigation of horizontal as well as vertical structures in a heterogen-
eous part of a forest ecosystem, with the focus on a forest edge. Here, issues are considered
to achieve a beer understanding of the influences of a forest edge on the exchange pro-
cesses within a forest ecosystem (Section 1.3).

1.2. Scope of the research topic

1.2.1. Exchange processes of forest ecosystems

As already mentioned, a large portion of the earth’s surface is covered by forest ecosys-
tems and due to that, this is a very active area of research. With a large focus on exchange
processes between the (forest) ecosystem and the atmosphere, which differs substantially
from those in the ‘standard’ surface layer (Finnigan, 2000). Garra (1978, 1980) as well as
Cellier and Brunet (1992) considered the roughness sublayer (RSL, extent: approximately 3
times the canopy height), where the turbulent diffusivity is larger than in the unaffected at-
mospheric surface layer due to an increased vertical mixing. Within forest ecosystems the
turbulent exchange is extremely intermient and restricted to distinct, mainly short peri-
ods (Shaw et al., 1983; Finnigan, 2000). An additional special phenomenon for forest eco-
systems has been discussed by Denmead and Bradley (1985, 1987), the so-called counter-
gradients, where turbulent fluxes in the canopy do not follow local gradients. Counter-
gradients can also be observed in the RSL above the canopy (Fazu and Schwerdtfeger, 1989).
Furthermore, in forest ecosystems advection can also be observed (Aubinet et al., 2003). In
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addition to small-scale random turbulent motions, there are large-scale, organised, quasi-
deterministic, but non-periodic eddy structures observable (Cantwell, 1981), which play
a key role in the exchange processes of forest ecosystems, so called coherent structures
(Holmes et al., 2012). Coherent structures appear as ramp structures in scalar time series
and were described by Bergström and Högström (1989) and Gao et al. (1989) within and
above the forest. Ramp structures can also be found in trace gas fluctuations (Rummel
et al., 2002). According to the mixing layer analogy (Raupach et al., 1996; Finnigan, 2000),
coherent structures are caused by Kelvin-Helmholtz instabilities, which develop by high
shear forces above the rough forest canopy. Harman and Finnigan (2007, 2008) developed
a theory combining the mixing layer analogy with the RSL. Another reason for the devel-
opment of coherent structures within forest canopies are thermal plumes, rising up and
bursting through the canopy (omas et al., 2006), or larger coherent structures in the
lower boundary layer impinging down to the ground (Inagaki et al., 2012). Additionally,
low-level jets (LLJ) exist, which have a substantial effect on the night-time exchange in
forests (increasing the turbulence and mixing near the ground due to an increased shear;
Karipot et al., 2006, 2008; Foken et al., 2012b).

e investigation of coherent structures has been an integral part in a variety of labor-
atory (e.g. Kline et al., 1967; Wallace et al., 1972; Lu and Willmarth, 1973; Raupach, 1981)
and experimental studies (e.g. Finnigan, 1979; Shaw et al., 1983; Bergström and Högström,
1989). ese have shown that coherent structures mainly consist of a weak ejection trans-
porting warm and/or moist air out of the forest and a strong burst (sweep) of cool and/or
dry air penetrating into the canopy. Nevertheless, the contribution to the total flux of sens-
ible and latent heat liesmore on the side of the ejections than on the sweeps (Bergström and
Högström, 1989). e contribution under near-neutral conditions is higher for sweeps and
under unstable conditions higher for ejections (Maitani and Ohtaki, 1987). Wavelet ana-
lyses were also used for the investigation of large datasets, to determine the time scales
and flux contributions of coherent structures in forest ecosystems (Collineau and Brunet,
1993a,b). omas and Foken (2005, 2007a,b) improved the wavelet analysis technique by
estimating the mean temporal scales of coherent structures via the fiing of a normal
Gaussian distribution function to the probability density function of the results from indi-
vidual 30-min intervals. omas and Foken (2007b) defined different coupling (exchange)
regimes along the vertical profile by investigating the flux distribution, caused by coher-
ent structures, in different heights. is classification scheme is based on the conditional
sampling and averaging technique (Antonia, 1981) in combination with wavelet analysis
(omas and Foken, 2005) and was extended to the horizontal profile by Serafimovich et
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al. (2011b) to investigate the lateral contribution of coherent structures in the sub-canopy
layer (trunk space) of the forest. omas et al. (2013) introduced an additional coupling
regime in the vertical profile.
A variety of experimental studies have been conducted in homogeneous parts of forest

ecosystems in order to describe coherent structures prevailing there, with the following
results: (i) the persistence of coherent structures typically ranges from tens of seconds to
a few minutes, (ii) the contribution is higher to scalar fluxes than to the momentum flux
(Collineau and Brunet, 1993b; omas and Foken, 2007b; Serafimovich et al., 2011b; Steiner
et al., 2011), (ii) ejections are dominating the coherent structures in the RSL, whereas the
sweeps are dominating the canopy layer (valid for a dense crown layer; Finnigan, 1979;
Bergström and Högström, 1989; Poggi et al., 2004; Katul et al., 2006). In the ejection phase,
the motions can be directly linked to ecosystem responses such as sub-canopy respiration
events (Zeeman et al., 2013). And as a further result: (iv) the vertical coupling is usu-
ally stronger during daytime than at night (omas and Foken, 2007b; Serafimovich et al.,
2011b), whereas the horizontal coupling is not influenced by diurnal or nocturnal differ-
ences, but rather controlled by topography, vegetation structure and mean wind direction
(Serafimovich et al., 2011b).
Another observed phenomenon within forest ecosystems and also for other complex

(heterogeneous) terrain, is an energy balance which can not be closed (the so-called energy
balance closure problem; Foken, 2008b; Mahrt, 2010; Foken et al., 2012b). eoretically, the
available energy at the Earth’s surface – sum of net radiation (Q∗S ), ground heat flux (QG)
and storage heat flux (QB), which is only relevant for the forest – should be the same as
the sum of sensible (QH ) and latent heat flux (QE). e investigations of Aubinet et al.
(2000) and Wilson et al. (2002) showed an underestimation of sensible and latent heat in
eddy-covariance measurements, which resulted in a residual (Res) of the energy balance.
e residual is in the order of about 20 % of the available energy:

Res = Q∗S − (QG +QB +QH +QE) (1.1)

Possible reasons for an unclosed energy balance have been discussed in a number of
former studies. ey have shown that (i) the eddy-covariance method as well as the meas-
urements of the net radiation are accurate and a careful application, in order to minimise
measuring errors, only have a small effect on the energy balance closure (e.g. Foken, 2004;
Moncrieff, 2004; Mauder and Foken, 2006; Mauder et al., 2006, 2007b), (ii) most energy stor-
age terms can be determined with high accuracy and the storage terms can not close the
energy balance (e.g. Culf et al., 2004; Liebethal and Foken, 2007; Oncley et al., 2007; Foken,
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2008b), and (iii) the surface heterogeneity generated larger time scale turbulent structures
(low-frequency part of the spectra up to about 2 h) which are close to measuring towers
can be captured by the eddy-covariance method (omas and Foken, 2007b; Zhang et al.,
2007) and therefore the relevance for the energy balance closure is small. Nevertheless, it
is assumed that the surface heterogeneity plays a substantial role for the unclosed energy
balance, because, in landscapes without heterogeneities, a closure of the energy balance
could be observed (e.g. Heusinkveld et al., 2004; Mauder et al., 2007a; Foken, 2008b). e
surface heterogeneity generates large-scale turbulence structures, which can not be cap-
tured adequately by the eddy-covariance method and therefore they have a substantial
influence on the energy balance closure (Foken, 2008b; Mahrt, 2010; Foken et al., 2012b).
So, there is an indication that the residual Res is transported within advective and low-
frequency flux contributions (e.g. Sakai et al., 2001; Finnigan et al., 2003; Malhi et al., 2005;
Foken et al., 2006; Mauder and Foken, 2006) and within quasi-stationary circulations (e.g.
Kanda et al., 2004; Inagaki et al., 2006; Steinfeld et al., 2007; Foken et al., 2010; Stoy et al.,
2013). Such secondary circulation systems are mainly buoyancy-driven due to differences
in thermal heating of the land surface. Possible ways to close the energy balance are long-
time averaged fluxes (Sakai et al., 2001; Finnigan et al., 2003; Mauder and Foken, 2006) or
spatially averaged fluxes (Kanda et al., 2004; Inagaki et al., 2006; Steinfeld et al., 2007), via
Laser-Scintillometer or airborne measurements. ere is another approach for a closed en-
ergy balance available, which divides the available residual to the sensible (QH ) and latent
(QE) heat flux (Twine et al., 2000; Charuchiipan et al., 2014)

1.2.2. Characteristics of exchange processes at a forest edge

Investigation of surface heterogeneities of forest ecosystems (mainly forest edges) and the
presumed impact on the exchange processes is becoming more and more the focus of the
community. Here, the forest edgewith the prevailing driving forces, which are in detail dif-
ferences of up- and downwelling radiation, temperature, moisture, and the resulting wind
regime (Murcia, 1995; Matlack and Litvaitis, 1999; Davies-Colley et al., 2000; Klaassen et
al., 2002), has a strong impact on the atmospheric boundary layer (ABL) flow structure
(Mahrt et al., 1994; Weaver and Avissar, 2001). A possible consequence is the facilitation
to develop quasi-stationary secondary circulations near the forest edge, caused by differ-
ent surfaces. A secondary circulation is defined as an ‘organized flow superimposed on
a larger-scale mean circulation’ (Glickman, 2000). Additionally, at the forest edge an en-
hancement of vertical turbulent fluxes in the downwind region is observable (Klaassen
et al., 2002; Leclerc et al., 2003), which might be explainable by an increased number of
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coherent structures there (Zhang et al., 2007; Eder et al., 2013).
Forest edges and prevailing gradients were targeted in a variety of micrometeorological

studies (e.g. Dawson and Sneddon, 1969; McDonald and David, 1992; Chen et al., 1993,
1995; Davies-Colley et al., 2000; Newmark, 2001). Sogachev et al. (2005, 2008) investigated
the effects of forest edges and source distribution on fluxes, estimated by eddy-covariance
measurements above forests. Also numerical studies, like large-eddy simulations (LESs),
in many cases also combined with experimental measurements have been performed (e.g.
Yang et al., 2006a,b; Cassiani et al., 2008; Dupont and Brunet, 2008, 2009; Finnigan et al.,
2009; Huang et al., 2011; Belcher et al., 2012; Dupont et al., 2012; Schlegel et al., 2012;
Kanani et al., 2014). However, the micrometeorological community lacks sufficient exper-
imental data and because of this, there still exists a knowledge gap about turbulent ex-
change processes, as well as properties of coherent structures directly around roughness
heterogeneities (forest edges).

1.2.3. Measuring techniques

Measurements of turbulent fluxes of sensible heat, momentum, water vapour, carbon di-
oxide (CO2), and further trace gases are performed with the fast-response (measuring fre-
quency: 10 – 20Hz) and direct eddy-covariance method, which is state-of-the-art. ere-
fore, the eddy-covariance method is also appropriate for the quantification of long-term
flux measurements (Baldocchi et al., 2001; Moncrieff, 2004; Baldocchi, 2014) and for the
detection of forest typical phenomena (see sections above).
Despite the relatively easy applicability and the high temporal resolution of the eddy-

covariancemethod, it lacks an adequate spatial resolution, as well as the representativeness
of measurements (omas et al., 2006). A high spatial resolution needed for the interpret-
ation of huge investigation areas can be achieved either by a large number of locally fixed
sensors at various locations or by (fast moving) mobile measuring systems (Oncley et al.,
2009). e application of mobile systemsmakes sense if the number of locally fixed sensors
is not sufficient and/or the accuracy of different, independent sensors of the samemeasured
quantity is not guaranteed (Oncley et al., 2009). For a highly spatially resolved investiga-
tion of the ABL, in order to determine coherent structures and LLJ for example, there are
(radio-)acoustic sounding systems available (SODAR/RASS; e.g. Taconet and Weill, 1982,
1983; omas et al., 2006; Karipot et al., 2006, 2008; Duarte et al., 2012).
In former studies, mobile measuring systems mostly carried radiometers above and un-

der forest canopies to measure the areal distribution of upwelling and/or downwelling
radiation (e.g. Leonard and Eschner, 1968; Mukammal, 1971; Brown, 1973; Baldocchi et al.,
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1984a; Baldocchi et al., 1984b; Péch, 1986; Lee and Black, 1993; Chen et al., 1997; Priv-
ee et al., 1997; Blanken et al., 2001). Rodskjer and Kornher (1967, 1971) did comparable
measurements above grasslands. To study wind velocity and tower-induced errors of its
measurements, Dabberdt (1968) built a mobile system which carried an anemometer. e
‘Asa-Shule’ of Örlander and Langvall (1993) and Langvall and Löfvenius (2002) measured,
in addition to radiation, the air temperature along a horizontal transect of decreasing shel-
terwood density of Norway spruce. e mobile system of Gamon et al. (2006) carried
a dual-detector spectrometer to measure ecosystem spectral reflectance. A mobile sys-
tem, moving in the vertical and horizontal direction, was invented by Singh et al. (2008).
ey used their system for the study of river and lake aquatic systems. e TRAM (Tran-
sect Measurement) system of Oncley et al. (2009) measured wind velocity (high frequency
via ultrasonic anemometer), carbon dioxide concentration, air temperature and humidity.
ey were able to run their TRAM within a closed measurement track (loop) through a
forest ecosystem and over a creek (AmeriFlux site at Niwot Ridge) through the use of steel
cables and masts, which allowed mobile measurements over a long horizontal distance
and also changing of the vertical measurement height. Besides the mobile platforms men-
tioned above, there are investigations withmobile measurements in aircras,balloons, lis,
and other mobile platforms (e.g. Lenschow, 1972; Kaimal et al., 1976; Ogawa and Ohara,
1982; Balsley et al., 1992, 1998; Friehe and Khelif, 1992; Muschinski et al., 2001; Mayer et
al., 2009), as well as temporally and spatially high resolved measurements of temperature
with fibre-optic (omas et al., 2012).

Most sensors used on mobile measuring systems are low frequency measuring sensors –
except of the wind velocity measurements of the TRAM from Oncley et al. (2009), some
high frequency airborne measurements and the fibre-optic measurements from omas
et al. (2012) – and due to that, mobile systems are not performing the eddy-covariance
method and consequently no fluxes are measured (to provide a comprehensive view of
flux measurements within large investigation areas the eddy-covariance method has to
be applied at a variety of locations). Mobile systems are rather used for the investigation
of gradients along transects. But there exists a common problem when low frequency
sensors are in use. e input signal of every low frequency sensor will follow a very sudden
change in the measured quantity with certain delay and damping effects. ese effects are
commonly characterised by an individual sensor response time, or time constant τ . e
bias is usually due to (i) the sensor itself, (ii) the sensor’s housing, and/or (iii) the sensor’s
inlet system, particularly for gas analysers (see Mayer et al., 2009). e time constant
influences the measurements of mobile measuring systems in such a way that because of



8 1. Introduction

the movement, the time constant can result in an error in time, but also in space. e total
error of a measuring system is referred to as the dynamical error.
ere are possibilities named in the literature to correct dynamical errorsmathematically

and these corrections were done mainly for temperature sensors in aircra (e.g. Rodi and
Spyers-Duran, 1972; McCarthy, 1973; Friehe and Khelif, 1992; Inverarity, 2000; Saggin et al.,
2001). Correction algorithms also exist for the temperature and humidity measurements
with radiosondes (e.g. Miloshevich et al., 2004), while another simple linear correction
algorithm for temperature sensors in a vertical moving platform was developed by Mayer
et al. (2009). Comparable corrections formeasurementswith horizontal measuring systems
(mentioned above) have not yet beenmade, because of (i) an averaging along themeasuring
track (especially for radiation measurements in more homogeneous measuring sites), (ii) a
non-moving system while measurements are conducted, to guarantee a full adaptation of
the sensor input signal to the prevailing environmental conditions and (iii) the application
of high-frequency sensors for which the dynamical errors are negligible.

1.3. Objectives of the thesis

is thesis investigates horizontal structures at a forest edge within a heterogeneous forest
ecosystem during the EGER IOP3 project (ExchanGE processes in mountainous Regions -
Intense Observation Period 3, see Section 2.1 for an overview of the EGER project). Several
studies already exist in heterogeneous forest ecosystems (see Section 1.2.2), however not
all turbulent exchange processes around roughness heterogeneities are completely under-
stood. To beer understand the impact of forest edges (equivalent to a roughness change)
on the exchange processes of a forest ecosystem, the following research issues have been
addressed:

1. Application of a new mobile measuring system to investigate horizontal gradients
and implementation of a correction algorithm for dynamical errors.

2. Investigation of the interaction between forest and clearing, including the influence
of the forest edge on the temporal and spatial variability (heterogeneity) of micro-
meteorological parameters, turbulent structures and energy balance closure.

3. Investigation of vertical structures and their influence on horizontal structures con-
sidering the prevailing coherent structures and coupling regimes (Eder et al., 2013).

4. Consideration of other influencing factors on horizontal structures, like boundary
layer dynamics, in particular low-level jets, nocturnal strong winds or bursts.
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In Section 2 the objectives of the EGER project, and the project site, as well as all used
methods of measurement, and post-field data analyses needed for the processing of the
research issues are presented. e EGER project was conducted in three different IOPs.
In IOP1 (autumn 2007) and IOP2 (summer 2008) the focus was on the investigation of
exchange processes within a homogeneous part of a heterogeneous spruce forest (see Sec-
tion 2.1.2), while in IOP3 the focus changed to the investigation of exchange processes
caused by roughness heterogeneity (forest edge) within this forest (see Section 2.1.3). As
previously mentioned, this study mainly addresses IOP3, and therefore, known measure-
ment techniques were used. Such as the eddy-covariance method, SODAR/RASS systems
and additional vertical gradient measurements of temperature, wind velocity and CO2 con-
centration. e measurements were positioned in such a way to obtain best representativ-
ity of the heterogeneous forest ecosystem. Measurements were taken within and above
the forest (which can be compared to the results gained in IOP1 & IOP2 and presented in
Foken et al., 2012b), at the forest edge and at the clearing and additionally another transect
along the forest edge. is 3D installation of the fixed tower measurements was like a
cross, with a transect perpendicular and another parallel to the forest edge, with SODAR
measurements on both sides (Section 2.2).

Beside the fixed tower measurements, a new Horizontal Mobile Measuring System
(HMMS; Hübner et al., 2011, 2014 and Section 2.3) was designed, built and applied to
investigate horizontal gradients along a 150m long transect perpendicular to the forest
edge. e HMMS is equipped with long-wave and short-wave radiation sensors (with
individual sensors for up- and downwelling radiation), a sensor for air temperature and
relative humidity, and analysers for the carbon dioxide (CO2) and ozone (O3) concentra-
tion. In particular, the O3 analyser used on such a small system is an innovation in mobile
measuring techniques. It was installed because trace gases are good tracers for different
coupling regimes (Foken et al., 2012b). Here, low frequency sensors are used to measure
gradients and not turbulent fluxes. To my knowledge, dynamical errors caused by the in-
dividual response times of the sensors have not been considered in near-ground horizontal
mobile measuring systems up to now (in contrast to vertical systems and aircras). A lin-
ear correction algorithm to correct dynamical errors was applied and results presented,
showing the necessity of this application (see Hübner et al., 2014 and Section 2.4.1).

Comparison of the HMMS results with fixed tower measurements show, in essence, a
very good agreement (Section 3.1) and therefore a successful realisation of the new mobile
system. is allows an interpretation of the prevailing gradients of typical meteorological
parameters near the forest edge (Section 3.2.1), which have never been possible with fixed
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tower measurements. is enables the interpretation of energy fluxes and the energy bal-
ance closure (Section 3.2.2), which are investigated along the same transect perpendicular
to the forest edge. e same is also true for the interpretation of the horizontal and vertical
coupling regimes and the distribution of coherent structures. At and in the vicinity of the
forest edge discrepancies are expected, caused by the roughness change (landscape hetero-
geneity) and thereof induced secondary circulations, which affect the closure of energy bal-
ance (Foken, 2008b) and the exchange of the soil-vegetation-boundary-layer system. ere
is already a good indication for secondary circulations at the forest edge of the EGER site.
Such as the findings of Eder et al. (2013), which are presented in Section 3.2.3, with a daily
cycle of coherent structures only at the forest edge as well as the ACASAmodelling results,
produced by Gatzsche (2013) in the scope of her master thesis (Section 3.2.4), show a beer
agreement by closing the energy balance by the buoyancy flux (Charuchiipan et al., 2014).
eir results are now linked with all other measurement results (mainly turbulent fluxes,
vertical temperature and CO2 profiles and the HMMS measurements) to validate their as-
sumptions. To clarify if discrepancies are mainly caused by changing weather conditions
or alternating wind directions, the coherences were, in addition to averaged periods, also
considered in individual cases (Section 3.4.1).
In addition, other influencing factors on horizontal structures are considered, such as

atmospheric boundary layer dynamics, which were investigated with the aid of SODAR
systems. Here especially, low-level jets (LLJ; Section 3.4.2) are very interesting, since they
enhance the mixing and nocturnal fluxes (e.g. Karipot et al., 2006, 2008; Foken et al., 2012b)
due to changes of coherent transport. But also, nocturnal strong winds change the con-
ditions significantly. Longtime decoupling situations, and the accumulation of trace gas
concentrations and nocturnal drainage are the result (Section 3.4.3). Other boundary layer
dynamics can change the vertical and horizontal conditions directly by for example inflow
of fresh air reaching the ground (Section 3.4.4).
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2. Materials and methods

2.1. The EGER project

e EGER project (ExchanGE processes in mountainous Regions) investigates the diurnal
cycles of energy, maer, reactive and non-reactive trace compounds in the soil-vegetation-
boundary layer-system of a heterogeneous forest ecosystem in a very complex terrain (see
Section 2.1.1). erefore, a total of three intensive observation periods (IOPs) have been
conducted. In IOP1 & IOP2 (Section 2.1.2; Foken et al., 2012b) the measurements were
conducted in a more homogeneous part of the forest ecosystem in autumn 2007 and sum-
mer 2008, where footprint analyses have shown that the results are mainly unaffected by
the heterogeneity (Siebicke, 2008). In IOP3 (see Section 2.1.3) the focus of the investiga-
tions changed to a more heterogeneous part of the forest and due to that, measurements
were conducted at a transition from the forest to the clearing ‘Köhlerloh’ (forest edge with
roughness change), in summer 2011. As previously mentioned, this work addresses the
results found during IOP3.

2.1.1. Site description

eexperimental fieldworkwas conducted at a research site of the BayreuthCenter of Eco-
logy and Environmental Research (BayCEER), namely the ‘Waldstein-Weidenbrunnen’ site
(50°31′11′′N, 11°52′1′′ E, 775m a.s.l.). e site is situated within a very complex terrain in
the upper ‘Lehstenbach’ catchment (4.5 km2; 695 – 877m a.s.l.) part of the ‘Fichtelgebirge
Mountains’ (northeastern Bavaria, Germany, see Figure 2.1). e ‘Fichtelgebirge Moun-
tains’ are located in the climate zone Dc (Classification by Köppen according to Hendl,
1991). e annual precipitation at the site is 1162.5mm and the mean annual temper-
ature is 5.3℃ (1971-2000; Foken, 2003). e upper ‘Lehstenbach’ catchment is surroun-
ded by the hilltops of ‘Großer Waldstein’ (879m a.s.l.) in the south-west and ‘Bergkop’
(857m a.s.l.) in the north-east. e wind flow regime at the site is dominated by westerly
winds (west to south-west) due to the synoptic prevailing wind direction and the chan-
nelling function of both hills, ‘Großer Waldstein’ and ‘Bergkop’. Furthermore, there are
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BayCEER research site
Waldstein-Weidenbrunnen

Figure 2.1. Location of the investigation site of the EGER project within the ‘Fichtelgebirge
Mountains’ (Gerstberger et al., 2004modified). Hatchings indicates elevations > 500m a.s.l.
and > 750m a.s.l., respectively.

Table 2.1. Representativeness of the vegetation at the clearing ‘Köhlerloh’ with ground
cover (%), height (m) and PAI (m2 m−2) (Serafimovich et al., 2011a).

Vegetation form Ground cover Height PAI

Deschampsia flexuosa 21.7 0.17 ± 0.05 2.65± 1.08
Picea abies 21.4 1.21 ± 0.50 8.67± 2.29
Vaccinium myrtillus 15.9 0.27 ± 0.10 3.46± 1.05
Calamagrostis, Agrostis, Poaceae 9.0 0.42 ± 0.11 3.43± 1.07
Juncaceae, Cyperaceae 3.1 0.74 ± 0.13 1.77± 0.60
other herbaceous* 1.6 - -
mosses 0.9 - -
dead grass, bare soil 7.2 - -
dead wood 18.8 - -
leats 0.2 - -
* I.a. Digitalis purpurea, Epilobium angustifolium, Urtica dioica
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anabatic winds which originate from the ‘Lehstenbach’ valley, hiing the site in the south-
east and katabatic drainage following the slope from north-east to south-west. A more
detailed description of the surrounding topography can be found in omas and Foken
(2007b). e site is also a FLUXNET site (DE-Bay, Baldocchi et al., 2001) featuring CO2 flux
measurements above the dense spruce forest since 1996.
e research site is dominated byNorway Spruce (Picea abies) with amean canopy height

hc of 27m (as of 2011) and a stage age of approximately 55 years. e plant area index
(PAI ) is 5.6m2 m−2 (leaf area index (LAI ): 4.8m2 m−2) for the overstorey and 3.5m2 m−2

(LAI : 0.5m2 m−2 and less) for the understorey (Foken et al., 2012a), characterising a forest
with an open trunk space and a dense crown space. e understorey covers about 60 to 80 %
of the forest floor (Gerstberger et al., 2004) and consists of grasses, ferns, bushes (mainly
blueberries), young spruces (hc : 1 – 2m), and deadwood. On 18 January 2007, the ‘hur-
ricane like’ low pressure system ‘Kyrill’ destroyed large areas of the dense spruce forest
close to the research site and enlarged the ‘Köhlerloh’ clearing to its present dimensions (in
southern direction of research site). Furthermore, the northern border of the clearing was
artificially straightened. Meanwhile, the clearing’s vegetation is similar to the understorey
of the forest, with a heterogeneous distribution of vegetation cover and species. e plant
height ranges from 0.2 to 4.5m. See Table 2.1 for an overview of the representativeness
of the clearing’s vegetation. For a detailed ecological description of the site, see Gerstber-
ger et al. (2004) and reference data on climate, meteorology, vegetation structure and soil
properties can be found in Staudt and Foken (2007).

2.1.2. Intensive observation periods 1 & 2 (IOP1 & IOP2)

e focus of IOP1 & IOP2 was the analysis of coupling regimes between the trunk space,
the canopy and the above-canopy atmosphere and their consequences (Foken et al., 2012a),
as well as the interaction between turbulent transport and chemical processes within the
dense spruce forest. e used methods for flux observation were vertical gradient flux
measurements via the eddy-covariance method, direct advection measurements in the
trunk space and remote sensing with SODAR/RASS and miniSODAR to extend the ver-
tical profile to a height of several hundreds of metres. e experimental field observa-
tions were combined with flux modelling using the multi-layer model ACASA (Advanced
Canopy-Atmosphere-Soil Algorithm, Pyles, 2000). A detailed documentation of the micro-
meteorological and chemical instrumentation and their location in the homogeneous part
of the forest ecosystem during IOP1 is given in Serafimovich et al. (2008a), which was con-
ducted from 6 September to 7 October 2007 (mainly wet autumn weather conditions), and
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in Serafimovich et al. (2008b) for IOP2, which took place from 1 June to 15 July 2008 (sunny
summer weather conditions). An overview of the results of IOP1 & IOP2 is presented in
Foken et al. (2012a).

2.1.3. Intensive observation period 3 (IOP3)

In IOP3 the former research topic was modified and the focus changed to the investigation
of energy and maer exchanges around surface heterogeneities in a disturbed forest eco-
system. It is assumed that heterogeneities will substantially impact exchange processes
between atmosphere, vegetation and soil, because of (i) the formation of secondary cir-
culations at roughness changes (like forest edges) and (ii) the enhancement of coherent
structures near the forest edge (Section 1.2.2). To achieve answers for the issues of IOP3,
comparable micrometeorological and chemical measurements like in IOP1 & IOP2 were
performed, but the focus is the investigation of exchange and coupling processes at and
near the forest edge (see Section 2.2). Aerwards, the measurements (mainly surface-near
fluxes) are combined with adequate modelling approaches (large-eddy simulation, LES).
IOP3 was conducted from 13 June to 26 July 2011 (Serafimovich et al., 2011a).
During the measuring campaign there were some bad weather conditions but three peri-

ods with mainly good weather conditions (so-called ‘Golden Day’ periods, GDP) were se-
lected. ese are presented with prevailing weather conditions in Table 2.2. For a detailed
documentation of instrumentation and location of the measurements see the text below.

Table 2.2. ‘Golden Day’ periods and corresponding weather conditions during EGER IOP3
in June/July 2011 (Serafimovich et al., 2011a). e acronym LLJ stands for low-level jet.

No. Period Conditions Wind Occurrences

1 26 – 29 June
DOY:
177 – 180

best conditions on 27th,
28th and 29th up to
2 p.m.

moderate from east
(26th/27th), respectively west
(28th/29th)
(1.0 – 4.5m s−1)

LLJ in the night
of 27th/28th and
28th/29th

2 4 – 8 July
DOY:
185 – 189

best conditions on 6th

and 7th, other days
partly cloudy

low from west (4th/7th/8th),
respectively east (5th/6th)
(0.5 – 3.5m s−1)

Small amount
of precipitation
on 4th/8th

3 14 – 17 July
DOY:
195 – 198

best conditions on 15th

and 16th, other days
partly cloudy

moderate from south-west
(1.5 – 6.0m s−1)

Small amount
of precipitation
on 17th
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2.2. Measurements

2.2.1. General set-up of the measurements

e exact positions of all measuring points during the EGER IOP3 project within the het-
erogeneous forest ecosystem are shown in Figure 2.2 (coordinates of the towers are in
Serafimovich et al., 2011a). e so-called ‘main tower’ (M1, walk-up type) with a height
of 32m is located in the forest and measurements of vertical profiles of standard meteor-
ological parameters (e.g. wind velocity, dry and wet bulb temperature) as well as trace
gas concentrations and trace gas fluxes at the top height were conducted. At the 35m
tall so-called ‘turbulence tower’ (M2, slim tower type), also located in the forest, turbulent
flux measurements at different heights were performed. Directly at the forest edge, an-
other walk-up tower (M3) was installed, the ‘forest edge tower’ with a height of 42m. e
tower was equipped to measure vertical profiles of standard meteorological parameters
(as for M1), vertical CO2 profile and vertical profiles of trace gas concentrations and trace
gas fluxes. In addition to the canopy protruding towers there were some small turbulence
masts installed at various positions in the forest (near M2 & M8) below the forest canopy
(in the trunk space), at the forest edge (M6 & M7) and at the clearing (M4). At M5 the
modified Bowen ratio method was performed. In addition, at a total of four locations (M1,
north and south of M3, near M4), measurements of net radiation as well as ground heat
fluxes were conducted and in conjunction with the turbulence flux measurement of latent
and sensible heat, the energy balance could be determined. For a detailed overview of the
measurements of turbulent fluxes see Section 2.2.2, for vertical profile measurements see
Section 2.2.3, and for further measurements see Section 2.2.4.
As already performed during IOP1 & IOP2, the structures in the atmospheric boundary

layer were monitored via remote sensing with SODAR/RASS (METEK GmbH, Elmshorn,
Germany) and miniSODAR (Scintec AG, Roenburg, Germany) and the 482MHz windpro-
filer (Vaisala Oyj, Vantaa, Finland) of the GermanMeteorological Service (DWD, Deutscher
Weerdienst) about 25 km south of the field site. e horizontal mobile measuring system
(HMMS, for more details see Section 2.3 and Hübner et al., 2011, 2014) performed profile
measurements on a 150m long transect perpendicular to the forest edge. e necessity
of the ozone monitor ‘49i’ (located in the forest near the HMMS track) is explained in
Section 2.3.3. e Laser-Scintillometer SLS-40 (Scintec AG, Roenburg, Germany) was
used for determining momentum and sensible heat flux along a horizontal path parallel
to the forest edge. Some chemical measurements of ozone, NOx and nitrous acid (HONO)
on a vertical li (0.1 – 1.6m), as well as wet and dry bulb temperature, leaf wetness and
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Figure 2.2. Aerial view of the investigation site of the EGER IOP3 project in summer 2011
with all measuring points and exact positions of the main tower M1 (32m), the turbulence
tower M2 (36m), the forest edge tower M3 (41m), the turbulence mast M4 (5.5m), the mast
for the modified Bowen ratio Method M5 (3.1m), the turbulence masts M6-M8 (5.5m), the
mast for chemical measurements CM (2m), the Laser-Scintillometer SLS-40, the horizontal
mobile measuring system HMMS, the ozone monitor ‘49i’, SODAR/RASS, miniSODAR,
and the GFS3000 (leaf gas exchange measurements). e map is orientated to the north.
Image taken from Bayerische Vermessungsverwaltung, URL: http://geoportal.bayern.de/
bayernatlas?base=910

photolysis frequency of NO2 were performed at the mast CM (chemical measurements).
Lastly the GFS3000 (Walz GmbH, Effeltrich, Germany) served for the investigation of plant
photosynthesis and respiration (here: six representative species were investigated). For a
detailed documentation of measurement instrumentation of turbulent fluxes, vertical pro-
files and other parameters see text below (some of themeasurements named in this section,
which are not used in this study, are not described in detail) and for further information on

http://geoportal.bayern.de/bayernatlas?base=910
http://geoportal.bayern.de/bayernatlas?base=910
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experiment set-up, geographic coordinates of the measurements, calibration parameters,
and data acquisition, see Serafimovich et al. (2011a).

2.2.2. Measurements of turbulent fluxes

As mentioned in Section 2.2.1 a total of 7 turbulence towers/masts were installed during
EGER IOP3. e instrumentation of all towers is shown in Table 2.3. e towers/masts
were equipped with 3D sonic anemometers (USA-1, METEK GmbH, Elmshorn, Germany;
CSAT3, Campbell Scientific Inc., Logan, Utah, USA) to measure the three wind compon-
ents (u, v and w) and the sonic temperature Ts . In most cases, the 3D sonic anemometers
performed their measurements in conjunction with high-frequency optical gas analysers
for the carbon dioxide (c) and water vapour (q) concentration (LI-7000, LI-7200, LI-7500,
LI-7500A, LI-COR Biosciences Inc., Lincoln, Nebraska, USA) and at some points addition-
ally with fast-response ozone (O3) analysers (Enviscope fast ozone detector, cooperation
between Karlsruhe Institute of Technology, Karlsruhe, Germany and enviscope GmbH,
Frankfurt Germany; GFASOSG-2, Immenstaad, Germany (dissolved); both analysers based
on the solid-phase chemiluminescence technique from Güsten and Heinrich, 1996). All
time series of turbulent fluxes were recorded with a high acquisition frequency (20Hz, ex-
cept at M3 at 27m, where the acquisition frequency was 10Hz). In the case of the ozone
analysers, measured raw signal is provided only in relative units (counts s−1, or voltages),
and additionally the analysers’ sensitivity is not temporally constant (due to the influence
of relative humidity on the chemiluminescent dye, the sensor’s disc ages within two days;
Zahn et al., 2012). erefore, absolute ozone concentrations were simultaneously meas-
ured side-by-side of each fast-response ozone analyser by commercial state-of-the-art slow
response UV-absorption based ozone analysers (Model 205, 2B Technologies, an InDevR
company, Boulder, Colorado, USA). Based on this data, the fast-response ozone signals
could be converted to ozone concentrations and the turbulent ozone fluxes calculated.
emeasurements within the forest were conducted at M1 in one level above the canopy

(z/hc = 1.2) and atM2 in three levels: above forest canopy (z/hc = 1.3), around canopy height
(z/hc ≈ 1) and 2.25m above ground (z/hc = 0.1). At the forest edge (M3) the measurements
were also conducted in the three different levels (z/hc = 1.5, z/hc ≈ 1, z/hc = 0.1). At the
clearing the measurements were taken at 2.25m above the ground (z/hc = 1.2) and at 5.5m
above the ground (z/hc = 6.1). Additionally three 3D sonic anemometers (without gas-
analysers) were installed at 2.25m above the ground (z/hc = 0.1) at various locations around
the forest edge in order to investigate horizontal coherent exchange. Locations of the
towers were west of M3 (M6) and east of M3 (M7) leading to a transect parallel to the forest
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Table 2.3. Turbulent flux measuring instrumentation of towers/masts M1 – M4 and M6 –
M8 during EGER IOP3 (hc,f orest = 27m; hc,clearinд = 0.9m)

Tower z (m) z/hc Measured variables Instrument Period of measurement

M1 32 1.2 Wind vector, Ts USA-1 13 June – 26 July 2011
c , q LI-7000 13 June – 26 July 2011
O3 (sensor) Enviscope* 13 June – 26 July 2011
O3 (monitor) Model 205† 13 June – 26 July 2011

M2 36 1.3 Wind vector, Ts USA-1 13 June – 26 July 2011
c , q LI-7500 13 June – 26 July 2011

26 1.0 Wind vector, Ts USA-1 18 June – 26 July 2011
2.25 0.1 Wind vector, Ts USA-1 18 June – 26 July 2011

M3 41 1.5 Wind vector, Ts CSAT3 13 June – 26 July 2011
c , q LI-7500 13 June – 26 July 2011

27 1.0 Wind vector, Ts USA-1 13 June – 05 July 2011
c , q LI-7500 13 June – 26 July 2011
O3 (sensor) GFAS* 13 June – 05 July 2011
O3 (monitor) Model 205† 13 June – 05 July 2011

2.25 0.1 Wind vector, Ts CSAT3 20 June – 26 July 2011
c , q LI-7500A 27 June – 01 July 2011

M4 5.5 6.1 Wind vector, Ts CSAT3 13 June – 26 July 2011
c , q LI-7500 13 June – 26 July 2011
O3 (sensor) Enviscope* 13 June – 26 July 2011
O3 (monitor) Model 205† 13 June – 26 July 2011

2.25 2.5 Wind vector, Ts CSAT3 13 June – 26 July 2011
c , q LI-7000 13 June – 21 June 2011

LI-7200 21 June – 26 July 2011
M6 5.5 6.1 Wind vector, Ts CSAT3 20 June – 26 July 2011

c , q LI-7500A 20 June – 26 July 2011
2.25 0.1 Wind vector, Ts USA-1 20 June – 26 July 2011

M7 5.5 6.1 Wind vector, Ts CSAT3 20 June – 26 July 2011
c , q LI-7500A 20 June – 26 July 2011

2.25 0.1 Wind vector, Ts CSAT3 20 June – 26 July 2011
M8 2.25 0.1 Wind vector, Ts USA-1 13 June – 26 July 2011
* All fast-response O3-analysers based on solid-phase chemiluminescence technique (Güsten and Heinrich, 1996)
† e measured raw signals of the fast-response O3-analysers in relative units were recalculated via side-by-side O3-monitor meas-

urements (see text for more information).
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edge (M6 – M3 – M7). A third tower was installed north of M3 in the sub-canopy layer
of the forest (M8) leading to a transect perpendicular to the forest edge (M8 – M3 – M4).
At M6 and M7 additional flux measurements were conducted in 5.5m above the ground
(z/hc = 6.1).

2.2.3. Profile measurements

In the forest, at the ‘main tower’ (M1), measurements of vertical profiles of wind velocity
at nine different levels and dry and wet bulb temperature at six levels (for height of dif-
ferent levels see Table 2.4) were performed since 1997 in a continuously running monitor
programme, which is maintained by the Department of Micrometeorology, University of
Bayreuth. e wind velocity is measured with cup anemometers, characterised by a low
distance constant of approximately 3m (eodor Friedrichs & Co. Meteorologische Geräte
& Systeme GmbH, Schenefeld, Germany) and dry and wet bulb temperature with aspirated
Frankenberger type psychrometer (Frankenberger, 1951), all equipped with high precision
sensors. At the forest edge, at the tower M3, a vertical profile of wind velocity at six levels
and dry and wet bulb temperature at five levels was installed (height of different levels are
given in Table 2.4).
Additionally, a vertical profile of CO2 concentration was measured at eight levels at M3

(Ruppert, 2005). e CO2 concentration from the different levels have been measured
sequentially by one absolute, non-dispersive infrared gas analyser (LI-820, LI-COR Bios-
ciences Inc., Lincoln, Nebraska, USA) in order to exclude deviations due to the limited ab-
solute accuracy of gas analysers. e ambient air was drawn continuously from all eight
heights through Dekabon lines (3.9mm inner diameter; opaque; length: 55m each) into
buffer volumes of 2.5 L each. Every minute the system switched to another height, includ-
ing 15 s of flushing time, in order to purge the system with ambient air of the ‘active’ level,
followed by aerwards 45 s of measurements (averaging time). e time period required
to ‘scan’ the full vertical profile was 8min. e LI-820 was calibrated twice a day (12 a.m.
and 12 p.m.), using a defined CO2 standard and nitrogen zero gas.
At the mast CM at the clearing a further vertical profile of dry and wet bulb temperat-

ure (two levels), as well as trace gas concentrations on a vertical li (five levels between
0.1 – 1.6m and occasionally only in three levels) were measured. e li was equipped
with a moving platform, carrying inlet tubes for different trace gas analysers (O3, NOx,
HONO). In the current study only the O3 concentration from the li is used. e ozone
analyser was a dual-cell, UV photometric analyser Model 49i (ermo Scientific, Part of
the ermo Fisher Scientific Inc., Waltham, Massachuses, USA). Approximately every
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Table 2.4. Instrumentation of vertical profile measurements of meteorological parameters
as well as trace gases at towers M1 and M3 and at mast CM during EGER IOP3

Tower z (m) Measured variables Instrument Period of measurement

M1 2, 4.6, 10, 16.5, 18,
21, 25, 31

Wind velocity Cup
anemometer

continuously

0.05, 2, 5, 13, 21, 31 Dry & wet bulb
temperature

Ventilated
psychrometer

continuously

M3 5, 13, 18, 21, 25, 39 Wind velocity Cup
anemometer

15 June – 19 July 2011

1, 5, 18, 25, 39 Dry & wet bulb
temperature

Ventilated
psychrometer

15 June – 19 July 2011

0.5, 1, 2.25, 5, 8, 13,
26, 36

CO2 CO2 profile
system with
Li-820

01 July – 25 July 2011

CM 0.1, 1.4 Dry & wet bulb
temperature

Ventilated
psychrometer

14 June – 26 July 2011

0.1, 0.2, 0.4, 0.8, 1.6 O3, NOx and HONO* Vertical li 14 June – 08 July 2011†

0.1, 0.4, 1.6 O3, NOx and HONO* Vertical li 08 July – 23 July 2011†

0.1, 0.2, 0.4, 0.8, 1.6 O3, NOx and HONO* Vertical li 23 July – 26 July 2011†

* Ozone concentration measurement at the vertical li were the only considered in the current study
† No continuous measurements during indicated period

6.5 to 7min the li changed the position in the following order: 1.6→ 0.8→ 0.4→ 0.2→
0.1→ 1.6→ … (five levels), or 1.6→ 0.4→ 0.1→ 1.6→ … (three levels).

2.2.4. Additional measurements

e net radiation measurements (short-wave downwelling radiation: K↓; short-wave up-
welling radiation: K↑; long-wave downwelling radiation: I↓; long-wave upwelling radi-
ation: I↑) were conducted at M1 at 29.5m, north of M3 (in the forest) at 2m, south of M3
(on the clearing) at 2m, and near M4 (at the clearing) at 2m. e measurement devices
were CM14, CG2, CNR1, CNR4, CM24 (Kipp & Zonen, Del, e Netherlands), PIR (Ep-
pley Laboratory Inc., Newport, Rhode Island, USA). At all four locations measurements of
soil temperature with PT100 (4-wire connection), soil moisture with TDR probes (IMKO
GmbH, Elingen, Germany) and heat fluxes with heat flux plates (REBS, Campbell Sci-
entific Inc., Logan, Utah, USA; CN3, Middleton Solar, Victoria, Australia; RIMCO HP3,
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Table 2.5. Instrumentation of net radiation measurements (short-wave downwelling ra-
diation: K↓; short-wave upwelling radiation: K↑; long-wave downwelling radiation: I↓;
long-wave upwelling radiation: I↑) as well as soil temperature, soil moisture and ground
heat flux measurements at towers M1, M3 and M4 during EGER IOP3.

Tower z (m) Measured variables Instrument Period of measurement

M1 29.5 K↓ , K↑ CM14 continuously
I↓ , I↑ CG2 continuously

-0.02, -0.05, -0.1, -0.2,
-0.5, -0.7, -1.0, -2.0

Soil temperature PT100 continuously

-0.1, -0.5 Soil moisture TDR IMKO continuously
2 x -0.1 Soil Heat flux REBS continuously

M3
(north)

2 K↓ , K↑ & I↓ , I↑ CNR1 13 June – 26 July 2011

-0.02, -0.05, -0.1, -0.2 Soil temperature PT100 13 June – 26 July 2011
-0.1, -0.2 Soil moisture TDR IMKO 13 June – 26 July 2011
2 x -0.1 Soil Heat flux CN3 13 June – 26 July 2011

M3
(south)

2 K↓ , K↑ & I↓ , I↑ CNR4 13 June – 26 July 2011

-0.02, -0.05, -0.1, -0.2 Soil temperature PT100 13 June – 26 July 2011
-0.1, -0.2 Soil moisture TDR IMKO 13 June – 26 July 2011
2 x -0.1 Soil Heat flux CN3 13 June – 26 July 2011

M4 2 K↓ , K↑ & I↓ , I↑ CNR4 13 June – 26 July 2011
2 K↓ , K↑ CM24 13 June – 26 July 2011
2 I↓ , I↑ PIR 13 June – 26 June 2011
-0.02, -0.05, -0.1, -0.2,
-0.5, -0.7. -1.0

Soil temperature PT100 13 June – 26 July 2011

-0.1, -0.2 Soil moisture TDR IMKO 13 June – 26 July 2011
2 x -0.15 Soil Heat flux CN3 13 June – 26 July 2011

McVan Instruments Ltd., Victoria, Australia; HFP01, Huksefluxermal Sensors B.V., Del,
e Netherlands) were measured at different depths. e setup of the measurements and
the measurement heights/depths are listed in Table 2.5.

At the ‘small’ clearing northwest of M1 (‘Pflanzgarten’), where the SODAR/RASS was
installed (see Figure 2.2), another continuously running monitoring programme was in-
stalled. Measurements of air temperature and relative humidity (HMP45a, Vaisala Oyj,
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Vantaa, Finland), air pressure (Ammonit Measurement GmbH, Berlin, Germany), precipit-
ation (OMC 212 heated rain gauge, Observator (Belfort), Ridderkerk, e Netherlands) and
some air chemistry measurements were conducted since 1994. e air chemistry meas-
urements included concentration measurements of O3 and SO2 (Model 49i and Model 43C,
ermo Scientific, Part of theermo Fisher Scientific Inc., Waltham, Massachuses, USA),
NO2 and NO (CLD-700, ECO PHYSICS GmbH, Munich, Germany).

2.3. The Horizontal Mobile Measuring System (HMMS)

In addition to all measurements at fixed locations (towers and masts named above), a fully
automatic Horizontal Mobile Measuring System (HMMS) was installed. e HMMS is
based on the drivemechanism of a garden railway system (moving on rails) and is equipped
with state-of-the-art measuring devices. In addition to meteorological quantities, in detail
long-wave and short-wave radiation (individual sensors for up- and downwelling radi-
ation), air temperature and relative humidity, the HMMS was equipped with trace gas
analysers for CO2 and O3 concentrations. e chosen measuring track during EGER IOP3
was a straight line with a length of 150m, installed perpendicular to the forest edge in a
NE to SW direction (75m in the forest and the clearing, respectively). e track is marked
by the doed line (labelled ‘HMMS’) in Figure 2.2. e elevation difference between start
(forest) and end (clearing) point of the HMMS track was approximately −8m (slope of
−5 %, or −3°). Applying a sampling frequency of 1Hz, the HMMS was running with a
quasi-constant speed of 0.5m s−1 approximately 1m above ground. e measurements
of the HMMS were usually started in the forest and for a complete return run (300m;
forest–clearing–forest) the HMMS needed approximately 10min. Within the EGER IOP3
measuring period (13 June – 26 July 2011) no continuous measurements were conducted
with the HMMS. Taking account of appropriate weather conditions and the main project
aims, almost 250 h of datawas collected during various day- and night-time periods, mainly
in the ‘Golden Day’ periods (cf. Table 2.2 and see Figure 2.3 for the operating time of the
HMMS during EGER IOP3).
In the following sections, the technical description of theHMMS is presented, comprising

details of drive mechanism and carrier design (see Section 2.3.1), train and position control,
as well as data acquisition (see Section 2.3.2) and sensor systems (see Section 2.3.3). e
front and lateral view of the HMMS are shown in Figure 2.4, with the corresponding de-
scriptions listed in Table 2.6. For more technical details of the HMMS, including technical
drawings, pictures and the detailed wiring plan, see Hübner et al. (2011). Besides the tech-
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Figure 2.3. Operating time of the HMMS during EGER IOP3. Blue lines indicate measure-
ments of the HMMS without the ozone analyser from enviscope GmbH and red lines with
the ozone analyser. e three ‘Golden Day’ periods (GDP) are highlighted in colour.

nical description of the HMMS, some results of laboratory tests for the individual sensor
response times (see Section 2.3.4), variabilities in the run duration (see Section 2.3.5) and
problems with the CO2 sensor (see Section 2.3.6) are also presented. e application of a
simple correction algorithm to correct the measurements for the response-time-induced
dynamical error are introduced in Section 2.4.1. A majority of the HMMS description is
also presented in Hübner et al. (2014).

2.3.1. HMMS design and power supply

e HMMS is based on two major components: a rail system and a fully automatic railcar.
erefore components of a commercial garden railway systemwere used (‘Lehmann-Groß-
Bahn’, LGB, since 2007 part of Gebr. Märklin & Cie. GmbH, Göppingen, Germany). e
rails used are made of brass with a track gauge of 45mm and a rail segment length of
2m. e segments are connected with brass connecting clamps. Two DC engines were re-
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Figure 2.4. Front and lateral view on the HMMS. Specifications of the numbers are in
Table 2.6.

Table 2.6. Specification of numbers from Figure 2.4.

No. Description
1 Short-wave radiation sensors on a 0.4m long boom
2 Long-wave radiation sensors on a 0.4m long boom
3 Code 39 bar code
4 Makrolon® cover to protect the HMMS for rain and dirt
5 Enviscope O3 analyser
6 Fan for ventilation of the HMP 155
7 Inlet for HMP 155, double shielded
8 Inlet for O3 analyser, made of PTFE
9 Inlet for CO2 analyser, made of aluminium
10 Pump for O3 analyser
11 Pump for CO2 analyser
12 Edinburgh Instruments Ltd. Gascard® NG CO2 analyser
13 National Instruments DAQ device
14 7 ” TFT monitor
15 Micro PC
16 LGB Analog throle with potentiometer
17 Fan for cooling the entire system
18 On-board storage baery
19 Lateral holder to protect the HMMS for downfalls
20 Sick CLV412-1010 bar code scanner

moved from a replica Diesel hydraulic locomotive and mounted under an aluminium plate
(300mm × 1000mm) with a downward-facing U-profile to increase mechanical stability.
is plate serves as the carrier platform of the (i) speed and position control system as
well as data acquisition via a Neop (see Section 2.3.2) and (ii) sensors (see Section 2.3.3).
A removable transparent cover, made of Makrolon® was constructed to protect HMMS
electronics and sensors against dirt and moisture (i.e. drizzle and short showers, but not
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prolonged wet conditions). To avoid heat accumulation inside the cover a fan was installed
(No. 17 in Figure 2.4). Four lateral holders at each corner of the carrier platform (No. 18
in Figure 2.4) prevent the HMMS falling from heights (measuring height during EGER
IOP3: 1m).
Due to the high electrical conductivity of brass, electrical power for the entire system

was supplied through the rails (infeed: 24 VDC, 5A). is infeed covers the total use of
the HMMS, which is approximately 3A for all devices and the rest is used for the drive
mechanism, which differs depending on speed and/or inclination. e power was fed in
continuously every 25m starting in the middle of the HMMS track (forest edge) and going
in both directions (feed points were at positions: 25m, 50m, 75m, 100m, 125m) to avoid
power loss over long distances. Spring-mounted pick-up shoes (sliding contacts) on both
sides of the engines tapped the power from the rails. Whereas the working voltage of the
engines is between 0VDC (motor standstill) and 24VDC (full throle) with an alternating
polarity (+: forward direction, –:backward direction), the sensors – except of the radiation
sensors, which do not have an external power supply and the heating of the ozone analyser,
which was supplied with 24VDC – and the Neop of the HMMS need a 12VDC supply
with constant polarity. is is realised by a DC/DC-converter which reduces the 24VDC
of the first electrical circuit to 12 VDC in the second electrical circuit of the HMMS. e
DC/DC-converter has a programmable and stabilised output and occasional breakdowns
of electrical power are buffered by an on-board storage baery (12 VDC, 0.8 A h).

2.3.2. Train control, position detection and data acquisition
system

On the HMMS, a Neop (anmax QBOX-1010, anmax Inc., Taipei, Taiwan) is used
as a central control unit for the train control, position detection and for data acquisition.
e anmax QBOX-1010 is a very small, light-weight, and low-power BOX PC with a
sufficient number of ports to connect all parts of the HMMS with an input voltage of 12 V
and a current of approximately 1A. A small 7 ” TFT display (MM400, e.g. CarTFT.com e.K.,
Reutlingen, Germany; No. 14 in Figure 2.4) and a compact wireless keyboard with trackball
(CTFWIKE-2, e.g. CarTFT.com e.K., Reutlingen, Germany) are used for operational control
of the anmax QBOX-1010.
A second central unit on the HMMS is a 16 bit data acquisition (DAQ) device (USB-6211,

National Instruments, Austin, USA) which is connected via USB to the Neop. e DAQ
device, a very compact box with 16 analogue input and two analogue output channels
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Table 2.7. e influence of the analogue output of the DAQ device on the HMMS speed
and direction.

DAQ output
[VDC]

Analogue throle
output [VDC]

Direction and speed of HMMS

0 -24 Backward direction with max. speed
0 to < 2.5 -24 to < 0 Backward direction with decreasing speed
2.5 0 Stop of the HMMS
2.5 to < 5 0 to < 24 Forward direction with increasing speed
5 24 Forward direction with max. speed

(with an additional four digital inputs/outputs), which contains a low pass filter, a multi-
plexer (MUX), a sample and hold circuit (SH) and an analogue-to-digital converter (A/D).
All analogue signals of the used sensors on the HMMS (the two pyranometers, the two
pyrgeometers, two extra PT100 temperature sensors for the pyrgeometers, and the tem-
perature and humidity sensor) are sampled one aer the other by the multiplexer and only
the CO2 and O3 analysers are connected via serial ports directly to the anmax QBOX-
1010. For a detailed overview of all applied sensors see Section 2.3.3. e sensors’ sampling
rate can be set in the range from 1 to 5Hz, with a 200 times higher internal oversampling
rate to improve resolution and reduce potential (although highly unlikely) aliasing effects,
caused for example by noise (signal frequencies occur that are greater than half of the
sampling frequency, or Nyquist frequency) of the power frequency (Bentley, 2005). Over-
sample mode is a common practice also used in data loggers. Because of the movement of
the HMMS, only the first 10 % of the internal sampling rate were used for linear averaging
in order to allocate the measured values to an exact position, without having blurring ef-
fects. e A/D converter converts the analogue signals which it receives from the SH and
transfer it as digital via USB to the anmax QBOX-1010. Via an analogue output of the
DAQ device a potentiometer of an analogue throle (provided by LGB) can be controlled,
in order to change speed and driving direction of the HMMS.e influence of the analogue
output on speed and driving direction is shown in Table 2.7.
For determination of position and speed, theHMMS is equippedwith a commercial raster

bar code scanner (CLV412-1010, SICK Vertriebs GmbH, Düsseldorf, Germany; No. 20 in
Figure 2.4). is is absolutely necessary in order to link the collected measuring data with
the exact position along the transect. e applied ‘Code 39’ bar codes (No. 3 in Figure 2.4)
contain information of the distance in metres from the starting point, as well as a check
digit (digit sum in hexadecimal). Beside the determination of position and speed, it is
possible to program distinct speed profiles along the measuring track. Additionally, each
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bar code can be used as a turning point for reversing the driving direction of the HMMS.
e specifically developed HMMS soware (Gesellscha ür Akustik und Fahrzeugmeß-

wesen mbH (GAF), Zwickau, Germany) is installed on the Neop anmax QBOX-1010.
It is responsible for a failure-free regulation of the train control system (position, speed
and change of driving direction), as well as the handling of the DAQ device USB-6211, in-
cluding the storage of a comma-separated datafile on the internal hard disk drive (HDD).
Depending on the chosen sampling rate, data files are updated automatically.
During the EGER IOP3 project, three new updates of the HMMS soware were released.

e first was released because of incorrect measurements of the PT100 temperature of
the radiation sensors and the second release was a bug-fix for a fatal exception error
caused by the previous update. Both updates were during the testing phase of the HMMS
(13 to 24 June 2011) and before the effective measurements, which started shortly before
the first ‘Golden Day’ period (GDP1) on 25 June 2011 (Figure 2.3). e third update was
released on the 4 July 2011 to fix a bug in the HMMS soware, causing a communication
failure in the RS-232 signal reception of the CO2 and the O3 analyser. is resulted in a
loss of data up to the restart of the HMMS soware. e measurements during GDP1 and
2 July 2011 were affected. All update releases can be found in Hübner et al. (2011).

2.3.3. Sensor system

e selection of appropriate sensors was a major challenge due to (i) the limited power of
the drive mechanism, leading to payload restrictions for sensors and electronics, (ii) the
space on the carrier platform restricting the size of sensors, analysers, and electronics, and
(iii) the requirement for short response times in order to capture true spatial variations of
meteorological quantities and trace gas concentrations (with the highest variations occur-
ring mainly at the forest edge) within an acceptable time. So the final selection resulted
in a compromise between their weight/size and acceptable response times. e laer may
be described by the time constant, which is a sensor/analyser specific quantity. Generally,
the smaller the time constant, the smaller are dynamical errors and consequently spatially
smoothing effects of the measurements. An overview of the HMMS sensors and analysers
is shown in Table 2.8, and more detailed information, particularly of their individual time
constants τ63, which have been determined by laboratory tests (see Section 2.3.4), are given
in Table 2.9.
For air temperature and relative humidity measurements the HMMS was equipped with

a HMP155 temperature (PT100 RTD Kl. F0.1 IEC 60751) and a humidity (HUMICAP® 180R)
probe (Vaisala Oyj, Vantaa, Finland). A PT100 sensor for ‘true’ air temperature measure-
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ments should be protected against the incidence of direct sunlight. Additional ventilation
of the sensor prevents heat accumulation and the turbulent exchange of heat. A common
practice to realise both requirements is to place the sensor in an aspirated radiation shield
tube. For that, both sensors of the HMP155 were detached from the original sensor hous-
ing and the sintered PTFE filter. en, the sensors have been mounted in a double thermal
radiation shield tube according to Assmann (Assmann, 1887, 1888) and Frankenberger
(Frankenberger, 1951). Aspiration has been facilitated by a small PC fan maintaining a
constant air flow of approximately 4m s−1 within the tube. According to the manufactur-
ers’ information, the time constant of the temperature sensor could be reduced from <20 s
to approximately 12 s because of these modifications, while there was no change in the
relative humidity sensor’s time constant (<20 s). e time constants have been measured
in laboratory tests (see Section 2.3.4). Since the sintered PTFE filter was removed from the
HMP155 probe, the relative humidity sensor was changed approximately every 70 operat-
ing hours during EGER IOP3, to minimise potential problems of humidity measurements
caused by the accumulation of dust on the sensor. When comparing measurements by
locally fixed (aspirated) sensors close to the HMMS track, no increasing deviation in the
humidity measurements between the HMMS and the locally fixed measurements was ob-
served, even aer more then 250 operating hours.

A total of four radiation sensors were applied on the HMMS, two pyranometers (CMP3,
short-wave radiation, 0.3 – 2.8 μm) and two pyrgeometers (CGR3, long-wave radiation,
4.5 – 42 μm) to measure down- and upwelling radiation (Kipp & Zonen, Del, e Nether-
lands). e sensor housing temperature of the pyrgeometer was measured with a PT100
temperature sensor (replacing the original thermistor sensor). e conducted laboratory
tests for determination of the individual time constant of each sensor (see Section 2.3.4)
confirmed the time constants given in the manufacturer’s information. e output signal
of the thermopile-type radiation sensors (μV-range) was amplified (home-built amplifiers,
electronic workshop, University of Bayreuth) to match the input sensitivity of the applied
National Instruments DAQ device (range 0 – 1V). e amplification factors are given in
Table 2.8. Each pair of radiation sensors is mounted on 40 cm long booms, which in turn
are fixed to the front side of the HMMS’s carrier platform, pointing in opposite directions
but perpendicular to the driving direction (see No. 1 & 2 in Figure 2.4). is lateral in-
stallation minimises ‘shadowing’ effects caused by the HMMS itself and/or by the track’s
construction elements and guarantees a rather free hemispheric view.

e carbon dioxide concentrationwasmeasured on the HMMSwith a closed-path, single
cell, non-dispersive infrared gas analyser (OEM Gascard® NG CO2, Edinburgh Instru-
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Table 2.8. Sensors mounted on the HMMS are two pyranometers (down- and upwelling,
K↓,K↑), two pyrgeometers (down- and upwelling, L↓,L↑), a temperature (T ) and relative
humidity sensor (RH ), a CO2 analyser (CO2), and an O3 analyser (O3). e accuracies are
taken from the manufacturers’ information.

Parameter Instrument Accuracy Remark
K↓ CMP3 <15Wm−2 Amplifier used (Factor: 50-fold)
K↑ CMP3 <15Wm−2 Amplifier used (Factor: 100-fold)
L↓ CGR3 <15Wm−2 Amplifier used (Factor: 500-fold);

optional PT100 temperature sensor
L↑ CGR3 <15Wm−2 Amplifier used (Factor: 500-fold);

optional PT100 temperature sensor
T HMP155 ± 0.1 K Radiation shield and ventilated

with 4m s−1
RH HMP155 ± 11 % Radiation shield and ventilated

with 4m s−1
CO2 Gascard® NG ± 40 ppm Vacuum pump DC24/16F

(Flow rate: 1.2 L s−1)
O3 Enviscope ∼ 0.09 ppbv* Vacuum pump DC24/80L

(Flow rate: 3.0 L s−1)
* Accuracy at a measuring frequency of 1Hz and a mixing ratio of 50 ppbv (1 ppbv = mixing ratio of 109 molmol−1)

ments Ltd., Edinburgh, United Kingdom) with a measurement range of 0 – 1000 ppm. e
Gascard® NG is a very lightweight (300 g) and small (160mm × 100mm × 40mm) sensor,
an OEM version, which (i) has no housing (sheltered by the HMMS’s Makrolon® cover
only), and (ii) is supplied by a small vacuum pump (12 VDC, 1.2 Lmin−1; model DC24/16F,
Fürgut GmbH, Tannheim, Germany). e inlet tubing of the CO2 analyser consists of an
aluminium tube (inner diameter 3mm; outside of HMMS) and a flexible tube of polyethyl-
ene aluminium composite structure (Dekabon, inner diameter 3mm; inside of HMMS).e
overall length of inlet tubing is 50 cm, which translates to a time delay td = 0.2 s. is time
delay has to be added to the delay caused by the time constant of the sensor. According
to the manufacturer, the Gascard® NG’s standard (optimised) response time should be 10 s
(τ90). In laboratory tests, a time constant (τ63) of approximately 1 s was determined for the
Gascard® NG, including the delay time caused by inlet tubing length.

To measure the ozone concentration on the HMMS, a fast response chemiluminescence
ozone detector was used (developed by a cooperation between Karlsruhe Institute of Tech-
nology, Karlsruhe, Germany and the company enviscope GmbH, Frankfurt, Germany;
Zahn et al., 2012). Here, a fast-response photomultiplier (up to 50Hz) measures the chemi-
luminescence originating from a surface reaction of O3 with a coumarin dye layer on a
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small aluminium disc, which is in contact with the sample air stream. For the EGER IOP3
project, enviscope GmbH provided an OEM version (without housing and front panel con-
trol elements), resulting in a 53 % reduction of weight and 81 % of volume. For operation,
the analyser itself needs 12 VDC, while the heating within the reaction chamber needs an
operating voltage in a range of 15 – 60VDC. erefore, 24 VDCwere tapped directly from
the engines of the HMMS. A small vacuum pump (12 VDC, 3 Lmin−1; model DC24/80L;
Fürgut GmbH, Tannheim, Germany) is used to draw ambient air through the O3 analyser.
Inlet tubing consisted of a 30 cm long black PTFE tube (inner diameter 6.35mm), like the
first 10 cm of the outlet tubing. Another 20 cm of Dekabon tube (inner diameter 3mm)
lengthens the output. In- and outlet tubing have to be black (lightproo), otherwise the
(chemiluminescence) detection of O3 in the reaction chamber would be affected by in-
cident sunlight. e chemiluminescence analyser, was developed for aircra and eddy-
covariance measurements at up to 50Hz; consequently its time constant is negligible and
only the delay time of 0.5 s, caused by the inlet tubing, has to be considered.
e (multiplier) raw signal of the enviscope O3 analyser (counts s−1) can be calibrated

by a suitable O3 source. However, the sensitivity of the O3 analyser has a considerable
temporal variability caused by the ageing of the sensor’s disc (it is recommended to change
the sensor’s disc approximately every 48 h; Zahn et al., 2012). In the case of the EGER
IOP3 project, the signal of the HMMS O3 analyser was adjusted in situ by simultaneous O3
concentration measurements performed on a fixed location 0.5m aside the HMMS track
at the turning point of the HMMS in the forest (see Figure 2.2, label ‘49i’). Every time the
HMMS passed this turning point, the fast-response O3 analyser at the HMMSwas adjusted
to the O3 monitor (approximately every 10min). ese measurements were performed by
a commercial state-of-the-art UV-absorption O3 analyser (Model 49i, ermo Scientific,
Part of the ermo Fisher Scientific Inc., Waltham, Massachuses, USA).
To assess the HMMS measurements, whether to check if there are influences of the

movement and/or the chosen design, the used components or the realised modifications,
a side-by-side comparison with fixed tower measurements was made. is field-site com-
parison was preferred over laboratory tests because the changing conditions caused by the
movement of the HMMS, or the changing position of the sun, etc. could not be simulated
adequately in the laboratory. is comparison is shown in Section 3.1.

2.3.4. Individual sensor response times and the dynamical error

As mentioned in Section 1.2.3 the input signal of most sensors will follow a very sudden
change in the measured quantity with certain delay and damping effects, characterised by
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an individual sensor response time, or time constant τ . e signal’s temporal adaptation of
so-called first-order measuring systems to a sudden temporal change of the quantity to be
measured can be described in the following form (e.g. Brock and Richardson, 2001; Foken,
2008a)

Xo(t) = Xi(t) + τ
dXi

dt
, (2.1)

where τ is the time constant and t stands for the time. e time constant τ characterises
the dependency between the input signal Xi and the output signal Xo , in other words, the
inertia of the sensor and/or the measuring system, respectively. By definition τ represents
the time required for the measuring system to reach 63 % of its final or equilibrium value.
Equation (2.1) has the following exponential solution

X (t) = X∞
(
1 − e− t

τ
)

(2.2)

where X∞ is the final value of X (t) aer final adaptation to new conditions.
Section 1.2.3 refers to the much greater importance of the time constant for mobile meas-

uring systems than it is for standard tower and other stationary measuring systems. e
movement of the measuring system means that the time constant can result in a temporal
and also a spatial error. e total error of a measuring system is referred to as the dynam-
ical error. A linear change in a measured quantity is achieved when

Xi(t) = 0 for t ≤ 0 (2.3)

and
Xi(t) = at for t > 0 (2.4)

with a as a constant and X (0) = 0 as the initial condition. is leads to a change of Eq.
(2.1) to

a · t = Xi(t) + τ
dXi

dt
. (2.5)

e exponential solution is

X (t) = a · t − a · τ
(
1 − e− t

τ
)

(2.6)

with the dynamical error as the second term in the right-hand side.
Mathematical corrections for the dynamical error exist and these were calculated mainly
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Table 2.9. Results of calculation of the sensor response time with the given signal differ-
ences∆Xi in the laboratory test and its consequences (in some cases additional delay time
td has to be taken into account) on the location of the measured data. e spatial relocation
(for HMMS speed of 0.5m s−1) is shown for a positive or negative signal difference, with
the possible effect of hysteresis. For the sensors used see Table 2.8.

Parameter ∆Xi τ63 td Hysteresis Spatial relocation
+∆Xi −∆Xi

K↓ , K↑ 350Wm−2 4 s* - no 12m 12m
L↓ , L↑ 150Wm−2 4 s* - no 14m 14m
T 5 K 12 s† - yes 21m 19m
RH 15 % 20 s* - yes 23m 20m
CO2 480 ppm <1 s* 0.2 s§ no 3m 3m
O3 - <0.1 s‡ 0.5 s§ no 0.5m 0.5m
* In agreement with the data given by the manufacturer.
† 8 s shorter than data given by the manufacturer due to sensor modification.
‡ Developed for high frequency measurements (50Hz), τ63 is negligible (no laboratory test conducted).
§ Delay time td caused by the inlet length.

for temperature and humidity sensors in radiosondes and aircra measurements, but up
to now were not applied to near-ground horizontal mobile measuring systems (see Sec-
tion 1.2.3 for the reasons). e measured values of the HMMS had to be corrected because
of (i) a heterogeneous measuring site, with the focus on a forest edge (not suitable for aver-
aging the measured quantities along the total measuring track), (ii) measurements during
movement in order to achieve a higher temporal resolution of the investigation site and
(iii) weight and money restrictions, which made the application of high-frequency sensors
impossible (apart from the O3 analyser).

To correct the response time induced dynamical errors in the HMMSmeasurements, it is
necessary to have a detailed knowledge about the individual sensor response time. ere-
fore, laboratory tests have been conducted, where the HMMS or rather the sensor was
rapidly positioned (<1 s) between two different environmental conditions. ose were for
temperature and humidity, a big cold chamber with moist conditions and a roomwith con-
stant ambient conditions (warmer and dryer). Long-wave radiation was tested above two
water bodies with different temperatures and the short-wave radiation with and without
short-wave light. e CO2 analyser was tested between nitrogen and a CO2 calibration
gas. A laboratory test for the O3 analyser was not conducted because of the high frequency
multiplier, resulting in a very low time constant.

Table 2.9 gives the exact numbers of the realised sudden change of environmental con-
ditions. e signal differences (∆Xi ) were used for the calculation of the time constant
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Figure 2.5.Measurement results of the laboratory tests conducted for the short-wave radi-
ation (K↓ , K↑), long-wave radiation (L↓ , L↑), temperature (T ), relative humidity (RH ) and
CO2 concentration to determine the individual time constant τ63. e small fluctuations
of the temperature and humidity signal are caused due to the turbulence under room con-
ditions. An overview of all sensors is shown in Table 2.8 and Table 2.9.

τ63, which indicating a signal change of 63 % of the final value (Figure 2.5). For a beer
comparison, the signal differences are presented as the normalised difference between the
initial value (0.0) and the final value (1.0). e calculation served also for the identification
of possible hysteresis effects, which were found in the temperature and humidity sensor.
For both sensors, the adjustment to changes in the input signal was faster for a positive
signal difference (T : cold→ warm; RH : dry→ wet).

e final signal is nearly reached aer a sudden change of the input signal beyond five
times the time constant (Foken, 2008a). is delay causes, together with the speed of the
HMMS (0.5m s−1) – and in the case of the CO2 and O3 analyser an additional time delay td
caused by the inlet length – a spatial relocation of the measurement signal (Table 2.9). e
relocation for the sensors with a hysteresis can vary, depending on the way the change in
the input signal occurred. is relocation can be corrected for (see Section 2.4.1) or must
be taken into account during the interpretation of the data.
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2.3.5. Variability of run duration

e application of the LGB drive mechanism was uncomplicated in terms of system in-
tegration and control by the HMMS soware. Nonetheless, there occurred problems with
the rail system and the driving mechanism (especially with the inner workings of the en-
gines) during the EGER IOP3 project. In wet conditions, the HMMS was not operational
because of a grave reduction in climbing ability. is was not a big loss, because the fo-
cus was on the ‘Golden Day’ periods with dry conditions. e HMMS measurements had
to be stopped in wet conditions anyway, because of an insufficient waterproofness. Ad-
ditionally, the relatively high coefficient of thermal expansion of brass caused problems
in the smooth driving of the HMMS. While during temperatures above 20℃ wave form-
ations in the total rail system could be observed, leading to a halting system, there were
during night/early morning (cold temperatures,T < 10℃) gaps between the 2m long rail
segments. If the gap occurred in the first 25m (Position: 0 to 25m) or in the last 25m (Po-
sition: 125 to 150m), this led to powerless rail segments and a stationary HMMS, due to
the chosen feed points for the power (Section 2.3.1).
ose problems led to a high variability in the durations for a single run of the HMMS.

Figure 2.6 shows the mean run duration with the standard deviation (arrows) for all three
‘Golden Day’ periods, broken down in the two different driving directions. e dashed line
shows the intended run duration of 5min (corresponding to a speed of 0.5m s−1). In GDP1
the run durationwas in both directions lower than the intended duration, especially in case
of the ‘Backward Direction’ (BD), but the variability was very low. So in other words, the
system was faster then the intended 0.5m s−1 but consistent. During GDP2 the mean run
duration in the ‘Forward Direction’ (FD) was similar to GDP1, whereas the run duration
in BD had increased by approximately 1min. For both cases a substantial increase in the
variability is observable. e reason for this is the ageing of the engines and their inner
workings (gearboxes), leading to an increase of the run duration in general and because of
the named problems above, the HMMS had more stops and halted runs. is trend contin-
ued in GDP3, where both driving directions had longer run durations than the intended one
with also high variability. e differences in the run duration (respectively speed) must be
considered for the corrections of the dynamical errors, which is exemplarily shown in Sec-
tion 2.4.1. Aer 250 h of operating time and more then 3500 runs (corresponding to more
then 500 km distance) during EGER IOP3, a maintenance and a change of the engines was
necessary. is is not surprising since the total weight of the HMMS was almost 10 times
greater then the original weight of the garden railway locomotive, resulting in a higher
axial load and consequently more stress for the engines.
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Figure 2.6. Mean run duration of the HMMS for all thre ‘Golden Day’ periods (GDP) de-
pending on the driving direction, with ‘Forward Direction’ (FD) and ‘Backward Direction’
(BD). Arrows indicates the standard deviation. Dashed line shows the intended run dura-
tion of 5min (HMMS speed of 0.5m s−1).

2.3.6. Radiation-induced error in CO2 measurements

Due to the small time constants of the CO2 and O3 analysers (τ63 < 1 s, see Table 2.9 and
Figure 2.5), there is no need for a response-time-induced error correction. Whereas the
O3 measurements were – with the exception of the connection problems between the ana-
lyser and the HMMS soware up to 4 July 2011 (see Section 2.3.2) – of high accuracy, some
substantial problems in the CO2 measurements were observable during daytime. Because
of the late delivery of the Gascard® NG CO2 analyser shortly before the start of the EGER
IOP3 project, there was not enough time to check properly the analyser against differ-
ent influences. Laboratory tests aer the project have shown that the CO2 concentration
can be kept at a constant level as long as the analyser was shadowed (no direct sunlight),
and immediately dris down when the analyser was exposed to direct sunlight. A de-
velopment of a temperature compensation was considered, but investigations showed a
complicated dependence of the errors on temperature and radiation, which made a correc-
tion impossible for daytime measurements. Because of this, the CO2 measurements were
discarded during daytime, whereas the measured values recorded during nighime were
in acceptable agreement with other CO2 measurements near the HMMS track.

2.4. Post-field data processing

is section is about post-field data processing. Details are given of the correction al-
gorithm to correct the dynamical errors in the HMMSmeasurements, caused by the move-
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ment and the sensor time constants (see Section 2.4.1), the analysis of turbulence fluxes,
using micrometeorological standards for data processing (see Section 2.4.2), analysis and
classification of coupling situations (see Section 2.4.3) and the modelling of energy and
maer exchange using the model ACASA (see Section 2.4.5).

2.4.1. Correction of dynamical errors in HMMS measurements

e HMMS measurements during the EGER IOP3 were performed on a transect from the
dense spruce forest to the open clearing ‘Köhlerloh’ (see Section 2.3). e main focus of
the HMMS measurements during EGER IOP3 lay on the forest edge: the relative distinct
transition area. Here, an abrupt change in the input signals of all quantities is observable
mostly within a fewmetres. Because of the individual sensor response times τ , the sensors
were not able to adapt to sudden changes adequately in a short time and through the
movement of the HMMS, the measured input signals lag behind the ‘real’ input signal.
To correct this lag in the input signals, or to be more precise, the dynamical errors in the
measurements of the HMMS sensors, a correction algorithm was applied.
For the correction of the dynamical errors in the recorded signal Xi of the HMMS meas-

urements, a linear adjustment aer Eq. (2.6) was used, a first-order differential equation.
e correction algorithm only considers a linear gradient along a defined distance, ignor-
ing the influence of turbulent structures and small-scale heterogeneities, which can affect
the prevailing gradient within a short time. Especially at the forest edge, the prevailing
gradients are significantly influenced by turbulence, with an increased number of coher-
ent structures like sweeps and ejections (Eder et al., 2013). Nevertheless, the application of
a generalised dynamic performance model (e.g. Brock and Richardson, 2001), which con-
siders – beside a steady-state solution – a transient solution, was neglected, since (i) the
changes in the quantities caused by the transition from the forest to the clearing are sig-
nificantly higher than the changes caused by fluctuations of small-scale structures, which
have a purely random character and (ii) analysis effort is considerably higher.
e data of every single runwas examined and properly corrected on a case-by-case basis

(forest → clearing: ‘Forward Direction’; clearing → forest: ‘Backward Direction’). e
starting point and endpoint (distance of linear gradient) and the gradient itself (variable
for every measured quantity) were determined and aerwards the correction algorithm
was applied. Aer that, the final value of the signal will be reached earlier in time and
also spatially. is procedure was seen to be the best way to correct the measured values
at the forest edge adequately aer the investigation of many runs. e disadvantage of
this procedure is the greater effort, required to an automatism and therefore only data of
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Figure 2.7. Example time series of temperatureT (top) and relative humidity RH (boom)
for one complete run of the HMMS during night-time of 28 June 2011. e runtime was
02:53 – 02:58 CET in forward direction and 02:58 – 03:03 CET in backward direction. e
forest edge is indicated by the vertical green doed line. e time series shows the un-
corrected measured values (black solid line) and, at the forest edge, the corrected gradient
(grey solid line).

measurements which are used for detailed studies of the micrometeorological phenomena
near the forest edge would be corrected in the following sections.
e application of the correction algorithm and results with a pre-post comparison are

exemplarily shown for the 28 June 2011 (DOY: 179). Figure 2.7 shows a night-time series
for air temperature T (top) and relative humidity RH (boom) of one complete run of the
HMMS.e run led from the forest to the clearing (‘Forward Direction’ – 02:53 - 02:58 CET)
and from the clearing back to the forest (‘Backward Direction’ – 02:58 - 03:03 CET). e
measured (equivalent to uncorrected) values (black solid lines) were almost constant in
the forest and at the clearing, while an obvious steep gradient near the forest edge was ob-
served. e grey lines indicate the corrected data of air temperature and relative humidity
at the forest edge. In both cases, the final value of the gradient was reached earlier in time
and spatial terms, and the relocation of the measured signal compared to the corrected
measured signal is obvious and corresponds to the calculated relocation in Table 2.9. Aer
the correction, the ‘real’ measured values for air temperature have almost the same val-
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Figure 2.8. Detailed horizontal profiles during daytime of 28 June 2011 at the forest edge
(horizontal green doed line), uncorrected profiles for short-wave downwelling radiation
K↓ (a) and long-wave downwelling radiation L↓ (c), and in both cases response time cor-
rected profiles (b, d). Position shows distance from starting point in metres, starting in the
forest (50m) and ending at the clearing (100m).

ues at the forest edge, while the gradient for the relative humidity starts in the backward
direction much later than in the forward direction. Possible reasons include (i) an effect
caused by the hysteresis, outlined in Section 2.3.4 or (ii) an abrupt change of the gradient
affected by turbulent structures, or (iii) a combination of both effects.

Figure 2.8 shows horizontal profiles of short-wave downwelling radiation (K↓) and long-
wave downwelling radiation (L↓) during the daytime on the 28 June around the forest
edge. e profiles in Figure 2.8a and 2.8c show the uncorrected measurements for K↓ and
L↓, respectively. Time constants of the sensors and the different driving direction of the
HMMS led to the zigzag paern of the uncorrected measurement data. To correct radiation
measurements between 14:00 and 18:00 CET of 28 June 2011, the corresponding response
times (4 s, see Table 2.9) were used to calculate the ‘real’ measured values assuming a
linear gradient between the defined starting and end point. e dynamical error corrected
horizontal radiation profiles, shown in Figure 2.8b (K↓) and 2.8d (L↓), are nearly free of
the zigzag paern. e correction made it easier to discern the significant change of K↓
(top), which occurred approximately 5m north of the forest edge (position measured from
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starting point: 70m). is is caused by the angle of incidence of the sun’s radiation and
the open forest’s trunk space. In contrast, the significant change of L↓ (boom) lies exactly
on/slightly south to the forest edge (position measured from starting point: 75 – 77m).

2.4.2. Analysis of turbulent fluxes

e turbulent fluxes measured during the EGER IOP3 project were post-processed and
quality controlled with the comprehensive soware package TK3b, an updated version
of the TK3 (Mauder and Foken, 2011), based on more then 20 years of experiences with
eddy-covariance data. An inter-comparison study of the former soware package TK2
with other EC-flux soware packages, like EddySo or ECPack was done by Mauder et al.
(2008) and the TK3b has the same micrometeorological post-field data processing stand-
ards, including some enhancements (e.g. Mauder et al., 2006; Mauder et al., 2013). e
applied flux corrections in TK3b follow the recommendations of Foken et al. (2012a) and
Rebmann et al. (2012). ality tests implemented in TK3b consist of a stationarity test
and a test on the fulfilment of integral turbulence characteristics (ITC) for each 30min in-
terval (according to Foken and Wichura, 1996; Foken et al., 2004). According to this, the
planar-fit method was applied to all towers/masts (Wilczak et al., 2001). While the mean
vertical wind for the complete period is set to zero by this method (w = 0), the individual
30min averages do not vanish completely. Siebicke et al. (2012) recommends for the very
complex terrain at the EGER site (surrounding hilltops and tall vegetation) a sector-wise
planar-fit rotation, which was applied to the measurements at the towers/masts where
needed (sector-wise planar-fit proposed by Foken et al., 2004). An overview of the applied
method for each individual tower/masts is given in Table 2.10. For the tower M1 (z = 32m),
as well as for the tower M2 (z = 26m; z = 36m) an analysis of the vertical wind velocity
was performed to determine the different sectors for the sector-wise planar-fit rotation.
For the towers/masts influenced by the forest edge (in particular M3, M6, M7) a sector-
wise planar-fit considering the angle of the forest edge was applied (direction of forest
edge is NW to SE: 300 to 120°). A schematic drawing of the sectors is shown in Figure 2.9.
e four sectors comprise two planes with different land surfaces (forest & clearing) and
two planes for the transition areas (this rotation procedure is suggested for complex ter-
rain e.g. by Paw U et al., 2000; Finnigan et al., 2003). At the forest edge tower M3 at 27
m height, data is only available up to 2 July 2011, so that there is only data for the first
‘Golden Day’ period available. For a reliable planar-fit, this quantity of data is insufficient.
e analysis of the vertical wind velocity for the mast M4 at the clearing, as well as for the
masts M2 (z = 2.25m) and M8 (z = 2.25m) within the trunk space of the forest showed that



40 2. Materials and methods

Table 2.10. Angles of sectors with their quantity in brackets behind used for (sector-wise)
planar-fit rotation at towers/mastsM1 –M4 andM6 –M8 during EGER IOP3. For themeas-
urements with the quantity indicated by ‘–’ no sector-wise planar-fit rotation was applied.
w-analysis (95 %) shows the ranges which contains 95 % of the vertical wind velocity data.

Tower z (m) Sector(s) w-analysis (95 %)
M1 32m 30 – 90°; 90 – 150°; 150 – 190°; 190 – 310°;

310 – 30° (5)
± 0.09m s−1

M2 36m 20 – 100°; 100 – 150°; 150 – 240°; 240 – 20° (4) ± 0.1m s−1
26m 20 – 100°; 100 – 150°; 150 – 240°; 240 – 20° (4) ± 0.08m s−1
2.25m 0 – 360° (–) ± 0.02m s−1

M3 41m 90 – 150°; 150 – 270°; 270 – 330°; 330 – 90° (4) ± 0.16m s−1
2.25m 90 – 150°; 150 – 270°; 270 – 330°; 330 – 90° (4) ± 0.06m s−1

M4 5.5m 0 – 360° (–) ± 0.06m s−1
2.25m 0 – 360° (–) ± 0.04m s−1

M6 5.5m 90 – 150°; 150 – 270°; 270 – 330°; 330 – 90° (4) ± 0.08m s−1
2.25m 90 – 150°; 150 – 270°; 270 – 330°; 330 – 90° (4) ± 0.04m s−1

M7 5.5m 90 – 150°; 150 – 270°; 270 – 330°; 330 – 90° (4) ± 0.04m s−1
2.25m 90 – 150°; 150 – 270°; 270 – 330°; 330 – 90° (4) ± 0.07m s−1

M8 2.25m 0 – 360° (–) ± 0.02m s−1

Clearing

Forest

Forest Edge  
Sector ‘West’

300°

330°

270°

120°

90°

150°
Forest Edge 
Sector ‘East’

Figure 2.9. Schematic drawing of used sectors for the sector-wise planar-fit rotation at
towers/masts at the forest edge (M3, M6, M7). Dashed line indicates the forest edge.

there was no sector-wise planar-fit necessary. Aer the (sector-wise) rotation, most of the
vertical wind velocity vanishes. e ranges which contain 95 % of the vertical wind velo-
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city data, are given for each tower/mast in Table 2.10. e effect of (sector-wise) coordinate
rotation approaches on vertical wind velocity w compared to the case before coordinate
rotation, are presented in Appendix A for each tower/mast. e figures show the vertical
wind velocity versus the wind direction.

2.4.3. Analysis of coherent structures

For the analysis of coherent structures and coupling, some data quality assessment and
quality control (QA/QC) presented by omas and Foken (2007a) were performed in or-
der to filter out inappropriate data. Additionally despiking, planar-fit rotation, cross-
correlation between sonic anemometer and gas analysers, as well as an averaging from
20Hz to 2Hz to reduce computing time and a low-pass filtering was conducted. Aer-
wards a wavelet transform was performed to extract coherent structures from the time
series of turbulent data (omas and Foken, 2005, 2007a). For a more detailed description
of the post-field data processing and wavelet analysis see Eder et al. (2013), who presented
the results of analysis of coupling for the EGER IOP3 project.

To detect the coupling in the forest of the EGER IOP3 project by coherent structures,
turbulence tower measurements at three different levels (above canopy, top of the forest
canopy, and sub-canopy) were performed (see Section 2.2.2). In detail, the method exam-
ines the coherent portion of the sensible heat of the canopy and can identify characteristic
exchange regimes. Considering the portion of coherent structures at each level allows the
definition of the coupled states between the sub-canopy, canopy and layer above the can-
opy. Foken et al. (2012b) describes this method as a good tool for the investigation of tall
vegetation, which also comprises night time situations with sudden coupling/decoupling
events. Five exchange regimes were proposed by omas and Foken (2007b):

(Wa)

Wavemotion (Wa): e flow above the canopy is dominated by linear
wave motions (gravity waves), resulting in a greatly reduced
scaler transport (Cava et al., 2004). e sub-canopy layer and
forest canopy are decoupled from the layer above the canopy.

(Dc)

Decoupled canopy (Dc): e air above the canopy is decoupled from the
sub-canopy layer and forest canopy (analogous to Wa regime).
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(Ds)

Decoupled sub-canopy layer (Ds): e forest canopy layer is coupled to
the air above the canopy, but the sub-canopy layer is still de-
coupled.

(Cs)

Coupled sub-canopy layer by sweeps (Cs): e canopy layer is coupled
to the region above the canopy, but the sub-canopy layer is only
coupled to the air above the canopy by strong sweep motions

(C)

Fully coupled canopy (C): All layers are completely coupled and in all
layers, both ejections and sweeps contribute to the exchange of
energy and maer.

Regarding the exchange in tall vegetation the coherent exchange in horizontal direction
has also be taken into account. Serafimovich et al. (2011b) introduced an approach based on
the assumption that coherent structures dominate the exchange in the sub-canopy layer.
ey used the horizontal sensible heat flux u′T ′S for the investigation and proposed two
further coupling regimes:

(Dch)

Horizontal decoupled regime (Dch): e different measuring locations
are horizontally decoupled. e vertical coupling into the sub-
canopy can be either absent (Wa, Dc, or Ds) or present (only by
sweeps Cs or fully coupled C).

(Ch)

Horizontal coupled regime (Ch): e sub-canopy is coupled by coherent
structures and also a vertical coupling with the air above the
forest canopy is present.

Vertical and horizontal coupling were investigated during the EGER IOP3 project at vari-
ous locations. Towers for the investigation of vertical coupling were M2, M3 and M4 (see
Figure 2.2 for locations and Section 2.2.2 for description). Horizontal coupling was invest-
igated along two different transects, one perpendicular to the forest edge (M8 – M3 – M4)
and one parallel (M6 – M3 – M7). Besides a fully coupled and decoupled situation along
the transect, there is also the possibility to distinguish the coupling situation between the
different towers (first two towers are coupled, while tower two and three are decoupled
and vice versa).
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2.4.4. Analysis of storage heat flux within forest biomass

To determine the residual Res of the energy balance in a proper way, in addition to the
measured net radiation (Q∗S ) and heat fluxes (QH , QE , QG), the storage heat flux QB of the
biomass has to be considered. is was calculated only for the forest, as the heat storage
capacity in the forest is significantly higher than in the vegetation of the clearing. Haverd
et al. (2007) and Lindroth et al. (2010) reveal the necessity of a correct analysis of the storage
heat flux for tall vegetation. e storage heat flux can be calculated in the following way:

QB = mw · cw ·
T (t) −T (t −∆t)

∆t
(2.7)

where mw is the biomass of the forest (biomass for research site ‘Waldstein-
Weidenbrunnen’ is mw = 12.7 kgm−2; Mund et al., 2002), cw is the specific heat capacity
for wood (cw = 1702.8 J kg−1 K−1) and T the air temperature. It is assumed, that the trunk
temperature correlates with the air temperature and therefore air temperature can be used
as a proxy for the calculation.

2.4.5. Modelling of energy and matter exchange

e energy and maer exchange within and above the canopy was modelled using the
multi-layer model ACASA (Advanced Canopy-Atmosphere-Soil Algorithm, Pyles, 2000;
Pyles et al., 2000), which incorporates a third-order closure method (Meyers, 1985; Mey-
ers and Paw U, 1986, 1987). Implemented features of the ACASA model are (i) long- and
short-wave radiative transfer within the canopy (Meyers, 1985), (ii) calculation of leaf, stem
and soil surface temperatures using the fourth-order polynomial of Paw U and Gao (1988),
(iii) plant physiological response to ambient conditions by a combination of the Ball-Berry
stomatal conductance approach (Leuning, 1990; Collatz et al., 1991) and photosynthesis
equation (Farquhar and von Caemmerer, 1982), following Su et al. (1996), and (iv) a model
for soil moisture and soil temperature adapted from MAPS (Mesoscale Analysis and Pre-
diction System; Smirnova et al., 1997, 2000).
e ACASA model requires half-hourly meteorological input data (precipitation, relat-

ive/specific humidity, mean wind velocity, downward short- and long-wave radiation, air
temperature, air pressure and CO2 concentration), as well as an initial soil profile (temper-
ature, moisture). Measurements were used from M1 and from the small clearing ‘Pflanz-
garten’ for the forest and for the clearing from the mast M4. A parametrisation and val-
idation of the ACASA model for EGER project site ‘Waldstein-Weidenbrunnen’ was per-
formed by Staudt et al. (2010) for IOP1 & IOP2 and these parameters were also used for
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IOP3. Because the investigation focus lay at the clearing ‘Köhlerloh’ during IOP3, it was
necessary to adapt the plant physiology sub models in the ACASA model to the altered
conditions, compared to the used parameters in Staudt et al. (2010). e ACASA model
was adapted for a tile approach of the clearing within the scope of the master thesis of
Gatzsche (2013). e used ACASAmodel for EGER IOP3 (release date April 2013) was cor-
rected by the author for the deficits found by Staudt et al. (2010) and due to that, the model
has a significant enhanced performance regarding the energy balance closure, compared
to the ACASA model used in EGER IOP1 & IOP2 (Staudt et al., 2010). Enhancements in-
clude a parametrisation to close the energy and maer exchanges for every single model
layer, without the utilisation of further assumptions, this facilitates a nearly closed energy
balance, with a residual Res not more than 20Wm−2 at the clearing during EGER IOP3
(Gatzsche, 2013). Plant physiological parameters used in the ACASA model during EGER
IOP3 are given in the Tables B.1 and B.2 in Appendix B.
Since themodelled energy fluxes have an almost closed energy balance (very low residual

Res , see Equation 1.1), the measured fluxes have to have also a closed energy balance.
erefore, two different approaches were used/compared in order to close the measured
energy fluxes. Both spread the available residual to the sensible (QH ) and latent (QE) heat
flux. e two methods are:

(i) Bowen ratio correction (EBC-Bo) method aer Twine et al. (2000):
With the Bowen ratio

Bo =
QH

QE
(2.8)

and for Bo > 0 the energy fluxes can be corrected as follows:

QEBC−Bo
H = QH + Res · Bo

1 + Bo
(2.9)

QEBC−Bo
E = QE + Res · 1

1 + Bo
. (2.10)

(ii) Buoyancy flux correction (EBC-HB) method of Charuchiipan et al. (2014):
With the ratio of the sensible heat flux QH to buoyancy flux QHB

fHB =
QH

QHB

= (1 + 0.61T ·
cp

λ · Bo )
−1

(2.11)

where cp is the specific heat of air and λ is the heat of evaporation for water. For
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Bo > 0 the energy fluxes can be corrected:

QEBC−HB
H = QH + fHB · Res (2.12)

QEBC−HB
E = QE + (1 − fHB) · Res (2.13)

Both methods have the premise that the application is only possible for energy fluxes
greater than 10Wm−2. e main difference between methods, is that with method (ii) sec-
ondary structures can be considered, which are mainly driven by buoyancy (Foken et al.,
2011) and a larger portion of the residual Res will be allocated to the sensible heat flux. In
method (i) structures with different scales should be considered (Foken, 2008b), by assum-
ing there is a similarity between small and large scale structures, which enables a closed
energy balance aer Equation (1.1) in the form:

0 = Q∗S −QG −QB − ⟨QH ⟩s − ⟨QH ⟩l − ⟨QE⟩s − ⟨QE⟩l (2.14)

where the index s represents small-scale structures and l large scale structures. e simil-
arity is not valid for for the long-wave part of the turbulence spectra (Ruppert et al., 2006),
which made an accurate distribution of the residual to the large-eddy part of the sensible
and latent heat flux problematic (Foken, 2008b).
emeasured net ecosystem exchange (NEE) was corrected with a ratio of corrected and

uncorrectedQE , since there is a dependency in the stomatal exchange of water vapour and
CO2 of all plants:

kEBC−Bo =
QEBC−Bo
E

QE
(2.15)

kEBC−HB =
QEBC−HB
E

QE
(2.16)

and therefore the corrected NEE is

NEEEBC−Bo = kEBC−Bo · NEE (2.17)

NEEEBC−HB = kEBC−HB · NEE. (2.18)
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3. Results and discussion

In Section 3.1 a metrological assessment of the HMMS is given, comparing the HMMS
measurements with fixed tower measurements at the clearing. e subsequent sections
concentrate on the analysis of three ‘Golden Day’ periods (GDP) during the EGER IOP3
project in June/July 2011, namely 26 – 29 June (DOY: 177 - 180, GDP1), 4 – 8 July
(DOY: 185 – 189, GDP2) and 14 – 17 July (DOY: 195 – 198, GDP3). e three periods
were characterised by good to adequate weather conditions, with a high solar radiation,
nearly similar radiation properties, low to moderate wind forcing and almost no precipita-
tion, but sometimes clouds. For a more detailed description of the weather conditions see
Section 2.1.3 and Serafimovich et al. (2011a). e confinement to these three periods, with
nearly similar radiation forcing, and wind velocity, but shiing wind directions, facilitates
the comprehensive investigation and interpretation of the heterogeneous forest, with a fo-
cus on the forest edge, or in other words, the roughness change, taking into account the
objectives of this work, named in Section 1.3.

3.1. Metrological assessment of the HMMS

e newly developed Horizontal Mobile Measuring System (HMMS) was used during the
EGER IOP3 project to capture horizontal gradients along a transect leading from the dense
forest to the open clearing, with a focus on the forest edge. Besides the technical realisation
of the system (presented in Section 2.3 and Hübner et al., 2014), the correction of dynam-
ical errors was a major task for an exact representativeness of the measured data. e
applied correction is presented in Section 2.4.1 and Hübner et al. (2014). is section sets
out to assess the HMMS measurements, whether if there are discrepancies caused by the
movement and/or the chosen design, the used components and the realised modifications.
erefore, a side-by-side comparison with fixed tower measurements was performed. is
field-site comparison was preferred over laboratory tests because of the changing condi-
tions caused by the movement of the HMMS, or the changing position of the sun, etc.
could not be simulated adequately in the laboratory. e comparison is shown for all four
radiation measurements in Figure 3.1, for the HMP155 measurements (temperature and
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relative humidity) in Figure 3.2 and for the trace gas measurements (CO2 and O3) in Fig-
ure 3.3. emeasurements of the HMMSwere averaged for the last fewmetres of the track
at the clearing (position 145 to 150m), including the turnaround and the same distance in
‘Backward Direction’. e HMMS passes this section approximately every 10min and has
a transit time of 20 s including the turnaround. is 20 s of data (a snapshot in time) was
used for the comparison with 10min averaged values from the tower measurements.

All four radiationmeasurements of theHMMSwere compared to the fixedmeasurements
near M4, where a Kipp & Zonen CNR4 was installed at 2m height (see Section 2.2.4). e
sensors have nearly the same accuracy, and the only difference between the two meas-
urements is the ventilated and heated sensor housing of the CNR4, which is not available
for the single sensors (2 x CMP3/2 x CGR3) used on the HMMS. Figure 3.1a shows the
short-wave downwelling radiation K↓, where the majority of HMMS data points show a
good correlation with the fixed measurements. But there is also a wide scaer of some data
points with absolute deviations of 400Wm−2 and more observable. is is an effect caused
by the mobile system, since only 20 s of data are compared with 10min averaged data, and
therefore one cloud can change the measured values of the HMMS significantly. e short-
wave upwelling radiationK↑ in Figure 3.1b shows a good correlation in the lower values (up
to 60Wm−2) and a systematic divergence towards the fixed tower measurements at higher
values. In other words K↑ is higher at the fixed measurements, than it is at the HMMS.
Considering both short-wave radiations it can be concluded that the albedo is higher at
M4 than at the HMMS. Another effect is observable for K↑ = 0Wm−2 at the HMMS, where
the values at M4 vary between 0 and approximately 50Wm−2. is can be explained by
the more easterly location of M4, where the short-wave radiation set in earlier, and the
differences in the measuring height (1m at HMMS against 2m at M4), which especially af-
fects the downward-looking sensor for short-wave upwelling radiation. e scaer caused
by the different averaging time exists here also. e long-wave downwelling radiation L↓

(Figure 3.1c) shows an acceptable correlation with a divergence towards the HMMS meas-
urements. is minor overestimation illustrates the absence of ventilation and a possible
thermal radiation from the HMMS housing which affects the long-wave radiation meas-
urements. In the long-wave upwelling radiation L↑ (Figure 3.1d) it can be observed that
there is similar behaviour as seen in the short-wave upwelling radiation. e lower values
(up to 400Wm−2) are in good agreement, whereas the higher values also show a system-
atic divergence, but now towards the HMMS measurements. In other words, the surface
near the HMMS is warmer (less the minor overestimation like it was found for L↓), than
it is near M4, which coincides with the findings of the albedo. A random scaer which
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Figure 3.1. Radiation measurements of the HMMS at the clearing (position 145 to 149m)
versus towermeasurements in 2m height nearM4 (see Section 2.2.4). Red line indicates the
regression between the measurements, with linear equation, coefficient of determination
(R2) and amount of data points (n) given top le.

can be seen in the short-wave radiation does not exist in both long-wave radiation com-
ponents, which can be explained by a smaller dependence of shadowing effects caused by
clouds. All radiation measurements have a good correlation with the fixed measurements
and divergences can be explained by differences in the surfaces, in the averaging time,
and probably by a small influence of the HMMS housing in the long-wave radiation and
by general uncertainties in the measurements, but systematic errors in the measurements
can be excluded.
e HMP155 measurements (temperature and humidity) shown in Figure 3.2 were com-

pared with the psychrometer measurements at 1.4m at the tower for chemical measure-
ments (CM; see Section 2.2.3). Both psychrometer at CM were also double shielded and
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Figure 3.2. Temperature and absolute humidity measurements of the HMMS at the clear-
ing (position 145 to 149m) versus tower measurements in 2m height near M4 (see Sec-
tion 2.2.4). Red line indicates the regression between the measurements, with linear equa-
tion, coefficient of determination (R2) and amount of data points (n) given top le.

ventilated. e correlation of the temperature measurements (Figure 3.2a) is very good,
with a somewhat larger scaer in the higher values. is can be explained by the different
surface temperatures also found in the long-wave upwelling radiation (see text above and
Figure 3.1d). e humidity measurements (Figure 3.2b) have been converted to absolute
values in gm−3. Due to the drying out of the water reservoir (needed for the wet bulb
temperature) at the psychrometer at CM at several instances, there are fewer data points
than for temperature. At values below 10 gm−3 the correlation between the HMMS and
CM is good, but at absolute humidities above 10 gm−3 the scaer is significant. Absolute
humidity measurements correlate with temperature measurements and higher values oc-
cur mainly during daytime – caused by higher temperatures the capacity of air to absorb
humidity is higher, till saturation is reached – and therefore the variations between the
two locations can be explained due to the higher temperature measurements found in Fig-
ure 3.2a. In both measurements, deviations can be assigned to true differences, caused by
variations between the sites and not caused by systematical errors.
e trace gas measurements (CO2 and O3) were compared to measurements performed

directly at M4. For CO2 comparison (Figure 3.3a) the LI-7200 in 2.25m was used. is is
a very commonly used sensor for turbulent flux measurements, with high accuracy and
quality checked results (see Section 2.4.2) the significant differences between both meas-
urements can be aributed to Gascard NG® used on the HMMS. is sensor has a lower
accuracy compared to the LI-7200. Because of the radiation problems during daytime (see
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Figure 3.3. Trace gas measurements of the HMMS at the clearing (position 145 to 149m)
versus tower measurements at mast M4 and CM for all eight quantities. Red line indicates
the regression between the measurements, with linear equation given top le.

Section 2.3.6), only the night-time values are shown in this plot. Due to the found devi-
ations, a comparison between the CO2 measurements on the HMMS and other CO2 tower
measurements performed during EGER IOP3 should be handled with care. e O3 meas-
urements (Figure 3.3b) show, on the other hand, a good correlation between HMMS and
the O3 monitor at 5.5m at M4, despite the significant difference in the measuring height
and the location for the performed calibration of the HMMS sensor in the forest and not
at the clearing (see Section 2.3.3).
When now looking at the results of this comparison, it can be concluded, that the found

discrepancies are basically caused by local differences in the surface, or rather the vegeta-
tion and soil parameters, and the different averaging times. e movement of the HMMS
plays only a role for sudden changes in the input signal (as found at the forest edge) where
a spatial relocation can be found, caused by the time constant τ (see Section 2.4.1). An
influence at the clearing can be excluded. e design and the realised modifications of the
HMMS have only a small influence on its measurements.

3.2. Characterisation of horizontal structures at the forest edge

A characterisation of the horizontal structures is given with the aid of the HMMS meas-
urements. Comprising of gradients of typical meteorological parameters and trace gas
concentrations along the transect from the dense spruce forest to the open clearing (Sec-
tion 3.2.1) and turbulent flux measurements on a transect perpendicular to the forest edge
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and another one parallel to the forest edge (Section 3.2.2). In addition, the horizontal dis-
tribution of coupling situations and coherent structures are presented in Section 3.2.3, and
in Section 3.2.4 the ACASA modelled energy and maer fluxes are presented.

3.2.1. Horizontal gradients of typical meteorological parameters

e measurements of the HMMS gave an overview of important meteorological paramet-
ers, like radiation, air temperature and relative humidity, as well as trace gas concentra-
tions of CO2 and O3 and their differences (gradients) at the forest edge. ese differences
are the prevailing driving forces at the forest edge (Murcia, 1995; Matlack and Litvaitis,
1999; Davies-Colley et al., 2000; Klaassen et al., 2002) and their investigation serves as the
basis of the detailed characterisation of prevailing horizontal structures.
For a detailed investigation of the prevailing gradients along the HMMSmeasuring tran-

sect forest to clearing, the meteorological parameters were investigated at five different
locations for all measurement days of the HMMS during the EGER IOP3 project (see Fig-
ure 2.3). One of the locations was situated in the forest (start of measuring transect), one
at the clearing (end of transect) and three were located in the transition area. Exact posi-
tions (defined with bar codes) and their designations are given in Table 3.1. e specified
endpoints differ depending on the driving direction, in order to capture in both directions
the same area. Ensuing from the endpoints, an averaging over the preceding 15 s was
performed. is approach was used to minimise influences caused by small-scale fluctu-
ations, which were found in any turbulence influenced measurements (here: temperature,
humidity and trace gases). Furthermore, influences of the dynamical error could be consid-
erably minimised (averaged out) as even the sensor with the slowest adaptation (relative
humidity sensor with a τ of 19 s) already has reached 60 % of the final value, the temper-
ature sensor 73 % and the radiation sensors almost 100 %. A longer averaging period has
not been applied, since the influences of spatial heterogeneities increases the longer the
defined averaging period. Over the EGER IOP3 project, the distance covered during the
15 s of averaging time decreased slightly because of the variances of the HMMS speed, or
in other words the increase found in the run durations (see Section 2.3.5). ese variances
(even if they are small) have been considered, in order to capture approximately the same
distance every time. e application of the correction algorithm to avoid the influence of
the dynamical error was, as already mentioned, not possible, since it could not be applied
for the amount of data which was investigated here.
In Figure 3.4 the mean diurnal variations for all measurement days is shown at the five

locations for the radiation measurements of the HMMS. Figure 3.5 shows the measure-
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Table 3.1.Designations of the five locations for a detailed overview of the prevailing gradi-
ents along the transect forest to clearing. From the specified endpoints (distance from
starting point in metre), which defer depending on the driving direction, an averaging
over the preceding 15 s was performed.

Location Forward Direction Backward Direction

Forest 10 0
Forest (near forest edge) 70 60
Forest edge 80 70
Clearing (near forest edge) 90 80
Clearing 150 140

ments of the HMP155 (temperature and relative/absolute humidity) and the trace gasmeas-
urements (CO2 and O3). Here, the data were averaged over 15 s (see text above) for every
single run at the five different locations and aerwards an averaging of 3 h took place.
e used box-and-whisker plot shows the median (clarified by the bar in the box and the
notches), the 25 % quartile and 75 % quartile (marked by lower and upper side of the box)
and by the whiskers, the minimum andmaximum values (1.5 times the interquartile range)
are indicated. e single points above or below the whisker illustrate outliers.
e short-wave radiation components K↓ (downwelling) and K↑ (upwelling) are presen-

ted in Figure 3.4a, and 3.4b respectively. e short-wave radiation measurements show a
significant gradient of approximately 750Wm−2 for downwelling and 110Wm−2 for up-
welling radiation between clearing and forest around noon. While the values of the down-
welling radiation decreases from the clearing to the forest continuously, the upwelling
radiation has its maximum at the forest edge (here the gradient to the forest is 120Wm−2).
e influence of the forest edge (shadowing effect) is discernible in the earlymorning hours
(03:00 to 06:00 CET) and enhanced between 06:00 to 09:00 CET, but also between 09:00 to
12:00 CET. Here, the gradient between forest edge and clearing is about 300Wm−2. Aer
noon the influence is no longer present and also during sunset, the effect of the forest edge
is indiscernible. e many outliers, especially in both locations within the forest can be
described by an inhomogeneous closed forest canopy (cf. sunny spots in Figure 3.21a and
3.21b). Here, the measured values are nearly as high as at the clearing. Outliers at clearing
occur only during sunrise (03:00 to 06:00 CET) and sunset (18:00 to 21:00 CET), due to the
presence/absence of fog, or the low position of the sun leads to a higher variation caused
by (i) the movement of the HMMS and/or (ii) the cloudage.
e long-wave downwelling radiation measurements (Figure 3.4c) show also an obvi-
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Figure 3.4. Diurnal variation of the radiation measurements; short-wave downwelling ra-
diation K↓ (a); short-wave upwelling radiation K↑ (b); long-wave downelling radiation L↓
(c); long-wave upwelling radiation L↑ (d); measured with the HMMS at five different loc-
ations: forest, forest (near forest edge/FE), forest edge, clearing (near FE) and clearing.
Table 3.1 contains the exact bar code positions. e data was averaged at each location
over 15 s per each run and aerwards these averages were averaged again in 3 h intervals.
Data based on all completed runs during the three ‘Golden Day’ periods (Figure 2.3).

ous gradient between the forest and the clearing, with its maximum in the forest and its
minimum at the clearing. e gradient persists all day long around 80Wm−2 higher in
the forest than at the clearing and the values decreased continuously towards the clear-
ing. e reason for this is the warmed forest canopy which radiates more heat than the
free atmosphere. e effect of radiation can also be seen at the forest edge and weakly
marked at the location near the forest edge. On the other side, the location in the forest



3.2. Characterisation of horizontal structures at the forest edge 55

near the forest edge shows significantly lower values (approximately 20Wm−2) than at
the first location in the forest, which suggets, that near the forest edge there is also an ef-
fect of the free atmosphere measurable. In other words, the influence of the forest canopy
decreases more and more towards the clearing, and the influence of the free atmosphere
decreases more and more towards the forest. Outliers can mainly be found at the clear-
ing, because of the greater influence of cloudy or sunny days on the measurements than
within the forest. e long-wave upwelling radiation (Figure 3.4d) has higher variations
throughout the course of the day at the clearing (350Wm−2 during night and 510Wm−2

during day), while variations in the forest are significantly smaller (410Wm−2 during night
and 460Wm−2 during day). To put it another way, the clearing shows during the night
an enhanced cooling compared to the forest and during day an enhanced warming. e
shadowing effect of the forest edge in the morning, like it was found for the short-wave
downwelling radiation (Figure 3.4a), has also an affect on the long-wave downwelling ra-
diation. e heating of the ground starts significantly earlier at the clearing than near the
forest edge. Aer noon, the effect is no longer discernible and the values along the transect
forest edge to clearing are almost the same, with the highest variations at the forest edge.
is may indicate the presence of advective conditions mainly from the clearing towards
the forest edge with enlarged convective conditions directly at the forest edge, like it was
found in Eder et al. (2013) for the EGER IOP3 project. Eder et al. (2013) presumed also the
presence of secondary circulations. Both will be investigated in detail in Section 3.4.1.

Figure 3.5a shows the diurnal variation of the temperature measurements. e temper-
atures decrease during night and have their minimum in the early morning hours (03:00 to
06:00 CET; with 12.6℃ in the forest and 11.3℃ at the clearing), with a continuous decrease
from the forest to the clearing. Additionally, in this time the variations are very small, but
outliers indicate (i) the presence of fog during some days and (ii) the start of turbulent mix-
ing. Caused by the earlier start of incident sunlight at the clearing, the temperature rises
earliest at the clearing (06:00 to 09:00 CET) and the gradient is now reversed (highest val-
ues at clearing and lowest values in the forest). During day, the temperatures in the forest
are 22.4℃ and at the clearing also 22.4℃, while the three locations in between have higher
values, most of all the location at the clearing near the forest edge with temperatures of
23.9℃. As the location at the clearing is the least wind sheltered and in addition most
humid, the lower temperatures are explainable. Aside from that, the forest line heats the
area near the forest edge. During the evening (sun down), with decrease of turbulence, a
relatively homogeneous temperature profile is discernible and aerwards a stronger cool-
ing at the clearing. e relative humidity is presented in Figure 3.5b. During night the
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Figure 3.5. Diurnal variation of the temperature T (a) and humidity, shown as relative
humidity RH (b) and absolute humidity a (c), CO2 (d) and O3 (e) concentrations, measured
with the HMMS at five different locations: forest, forest (near forest edge/FE), forest edge,
clearing (near FE) and clearing. Table 3.1 contains the exact bar code positions. e data
was averaged at each location over 15 s per each run and aerwards these averages were
averaged again in 3 h intervals. Data based on all completed runs during the three ‘Golden
Day’ periods (Figure 2.3).

transect becomes more and more humid and reaches its maximum during the early morn-
ing with highest values in the forest (91.5 %). With sunrise the humidity starts to decrease
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first at the clearing, but already during the period 09:00 to 12:00 CET, the locations near
the forest edge are drier. Additionally, the absolute humidity is shown in Figure 3.5c. e
profile along the five locations shows that absolute humidities are higher during night in
the forest than at the clearing, caused by the more humid conditions in the forest (higher
transpiration). e effect of sunrise can also be seen at first at the clearing, with an in-
crease of the absolute humidity caused there by a higher transpiration. e highest values
occur near the forest edge between 09:00 CET and 15:00 CET. Aerwards the faster cooling
of the clearing is noticeable, since the absolute humidities decrease fastest at the clearing
than in the forest. e findings for temperature and humidity may also, in addition to
the radiation-induced higher temperatures at the forest edge, be an indication for advect-
ive conditions near the forest edge, since the highest temperatures and lowest humidities
occur there during day.

Because of the radiation problems for the CO2 concentration measurements (Figure 3.5d)
named in Section 2.3.6 and 3.1, only values before sunrise and sundown were used for the
analysis and because of that, no values are shown in the time between 06:00 CET and
18:00 CET. Also, between the times of 03:00 to 06:00 CET and 18:00 to 21:00 CET, the
data basis is smaller compared to the other measured quantities. e found deviations
(named in Section 3.1) for the comparison with fixed tower measurements calls into ques-
tion how accurate the CO2 measurements are. Nevertheless, the night time values do
not show significant gradients between forest and clearing. is is aributable to stable
conditions which are prevalent during evening, night and early morning, but the outliers
during 00:00 to 06:00 CET mainly in the forest suggest the presence of coherent structures,
where motions into the trunk space (sweeps) or motions out of the trunk space (ejections)
change the CO2 concentration. Another possibility for the decrease of CO2 in the forest
are low-level jets (LLJ; Section 3.4.2), or strong winds above the forest, leading to a de-
coupling situation, causing cold air drainage with CO2 enriched air (Section 3.4.3). During
18:00 to 24:00 CET the outliers are mainly at the clearing, which indicate a later forma-
tion of a stable stratification caused by the intensity of the wind. e O3 concentration
in Figure 3.5e has, like the CO2 concentration, only minimal deviations/gradients along
the total measurement transect during the night. During daytime the concentration dif-
ferences are also very small (at clearing only 3 – 4 ppm higher than in the forest). e
significant gradient between forest and clearing, like it was found for the 28 June 2011 in
Figure 3.21h is the result of the good weather conditions during this day. e formation
of ozone is mainly a sun-induced photochemical reaction: NO2 + O2

hv NO + O3, but
because ozone is a reactive gas, there also exists a back reaction: NO+O3 NO2 +O2
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(Dlugi, 1993; Foken et al., 1995). During day (high radiation) and mainly in rural areas
(less exhaust gases), there is a surplus of ozone possible, since the reaction times of typical
chemical reactions are in the order of 101 – 104 s and therefore in the range of the turbulent
transport. A precise statement of transport and gradients arising thereof can only be made
when the Damköhler numbers Da are investigated, which is the ratio between transport
and reaction time (Molemaker and Vilà-Guerau de Arellano, 1998). For an exact investiga-
tion of Da, several measurements along a transect have to be made under the assumption
of isotropic turbulence (Foken et al., 1995). erefore, advective transport must be either
excluded or exactly measured. Because of this difficulty, the statement drawn above is
only an assumption. Figure 3.5e presents analyses, where such obvious gradients between
the locations are averaged out.
Appendix C.1 contains additional averaged variations of time series of the turbulent

influenced quantities (temperature, humidity and trace gases), regarding different wind
directions (Appendix C.1.1), and additionally including a breakdown of different stability
parameters (Appendix C.1.2) and friction velocities (Appendix C.1.3).

3.2.2. Horizontal distribution of turbulent structures

e horizontal distribution of turbulent structures is shown along two different transects.
e transect perpendicular to the forest edge with the towers M1 (M2/M8) – M3 – M4.
In each case the top heights were equipped with 3D sonic anemometers and with optical
gas analysers, while the lowest heights (M1 was not equipped within the canopy and con-
sequently the measurements from M2 as well as from M8 were taken) were only equipped
with 3D sonic anemometers. At the transect M1 – M3 – M4, measurements of the avail-
able energy were conducted. Another transect parallel to the forest edge with the towers
M6 – M3 – M7 was also equipped with 3D sonic anemometers and optical gas analys-
ers (only in top heights), while at the towers M6 and M7 no energy measurements were
available. Section 2.2.2 comprises measuring heights and used equipment for the turbu-
lent flux measurements (sensible QH and latent QE heat flux, as well as trace gas fluxes)
and Section 2.2.4 comprises the measurements of the available energy (net radiation Q∗S
and ground heat fluxQG ; additional, for the forest the storage heat fluxQB was calculated,
Section 2.4.4). e determination of the available energy at the forest edge tower M3 was
more problematic (mainly in the top height at 41m) than at M1 (forest) and M4 (clearing),
as the available energy consists of a part resulting from the forest and a part resulting from
the clearing. In addition to advection, the distribution can vary here significantly depend-
ing on the prevailing wind direction and the resulting footprint. Furthermore, a stability



3.2. Characterisation of horizontal structures at the forest edge 59

depending variation in the footprint, and thus, a variation in the available energy could not
be taken into account since exact footprints for the forest edge were not calculated. Be-
cause of the transition from forest to clearing, the fluxes are strongly influenced by sudden
changes in horizontal pressure gradients associated with changes in thermal and mech-
anical turbulence and consequently, common footprint models will encounter their limits
(Leclerc and Foken, 2014). Only high-order closure models (e.g. large-eddy simulations)
can properly quantify the effect of forest edges (roughness step-changes) on flux footprints
(e.g. Leclerc et al., 1997; Sogachev et al., 2004, 2005; Klaassen and Sogachev, 2006; Belcher
et al., 2008; Steinfeld et al., 2008; a comprehensive overview of footprint (models) is given
in Leclerc and Foken, 2014). Because of this, the footprint, and thus, the distribution of
available energy at the forest edge tower M3 at 41m could only be estimated. erefore,
the following assumptions for the distribution of the available energy were made depend-
ing on the wind sector, which are equivalent to the four used sector-wise planar-fit sectors
at the forest edge (Figure 2.9):

330 – 90° (Forest): 80 % Forest & 20% Clearing

90 – 150° (Forest Edge Sector East): 50 % Forest & 50% Clearing

150 – 270° (Clearing): 20 % Forest & 80% Clearing

270 – 330° (Forest Edge Sector West): 50 % Forest & 50% Clearing

In otherwords, if the prevailingwind direction comes from the forest (more or less north-
erly winds) the distribution of available energy lies towards the forest and when the wind
comes from the clearing (more or less southerly winds), the distribution is reversed. From
the sectors along the forest edge (easterly and westerly winds) an equal distribution is ad-
opted. To calculate the available energy, the measurements at M1 (forest) and at M3-South
(clearing) were taken. In Appendix C.2.1 different percentage distributions are discussed.
Figure 3.6 shows the observed energy fluxes along the transect perpendicular to the

forest edge M1 (M2/M8) – M3 – M4 averaged over all three ‘Golden Days’ periods
(Table 2.2). e figures on the le side (Figures 3.6a, 3.6c, 3.6e) show the top heights of
the energy flux measurements, whereas the figures on the right side (Figures 3.6b, 3.6d,
3.6f) show the lowest heights. A closer look into the top heights of the flux measure-
ments shows that the net radiation is highest above the forest and decreases towards
the clearing, whereas the forest edge (Figure 3.6c) has almost identical values (on aver-
age only 2.5 % or 5Wm−2 smaller than in forest). ere, the effect of the calculated dis-
tribution (mentioned above) is obvious, if compared to the net radiation measurements
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at M3 in 2.25m (Figure 3.6d) – for which the measurements of M3-South were taken –,
which are on average 20 % or 30Wm−2 smaller than at 41m. So in other words, at the
forest edge top level, a greater percentage of the net radiation (and hence higher avail-
able energy) results from the forest than from the clearing. e sensible QH and latent
QE heat flux, on the other hand, are during daytime highest at the forest edge, despite of
the higher available energy above the forest. Mainly, the latent heat flux is significantly
higher at the forest edge (max: 280Wm−2), than above the forest (max: 180Wm−2) and
the clearing (max: 200Wm−2), while the differences in the sensible heat flux are smaller
(M1: 220Wm−2; M3: 230Wm−2; M4: 150Wm−2). Ground heat flux QG and storage heat
flux QB (only calculated for M1) are, at all locations, very small (maximum at M3-South
with approximately 30Wm−2). e measurements in the lowest levels (on the right side
of Figure 3.6) show a comparable behaviour as the measurements at the top levels. While
the measurements of sensible and latent heat flux are very small within the trunk space
of the forest (< 20Wm−2; Figure 3.6b), they are highest at the forest edge (approximately
200Wm−2 both). Also the available energy is highest at the forest edge.

ere is a time lag in the onset of net radiation and heat fluxes of more than 2 h between
clearing (M4) and forest edge (M3), whichwas also found in the short-wave radiationmeas-
urements of the HMMS shown in Section 3.2.1, more precisely Figures 3.4a and 3.4b, caused
by the shading of the forest edge. e shading leads to an abrupt increase of available en-
ergy at the forest edge, which results in a very fast increase of the residual Res at 2.25m,
since the onset of turbulent heat fluxes is delayed. Aer onset the residual at the forest
edge at 2.25m is very low. Sometimes the energy balance is closed and more than closed.
e dailymean residual at the forest edge is approximately 17 % (also for 41m), while above
the clearing and the forest, a residual of 25 – 30% was calculated, which is a typical range
for residuals for such a landscape, like it is shown in Foken (2008b). e smaller residual,
or respectively the beer closed energy balance at the forest edge might be an indication
for thermal updra near the forest edge which contributes to higher turbulent fluxes and
probably to the development of secondary circulations during the daytime, which were
supposed by Eder et al. (2013) for the experimental site. A brief summary of the results
found by Eder et al. (2013) is given in Section 3.2.3 for the coupling regimes and horizontal
distribution of coherent structures. Section 3.4.1 contains a detailed investigation of the
residual at the forest edge using all important measurements.

Figure 3.7 shows the net radiation and soil heat flux measurements conducted at M3-
North. Since the measurements were located in the first metres of the forest, the heat flux
measurements at M3 could not be used here. e net radiation measurements illustrates
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(b) M2/M8 (2.25m)
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(c) M3−S (41m)
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(d) M3−S (2.25m)
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(e) M4 (5.5m)
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(f) M4 (2.25m)

Figure 3.6. Mean diurnal cycles of the observed energy fluxes along the transect perpen-
dicular to the forest edge for all days of the three ‘Golden Day’ periods (a total of 13 days;
see Table 2.2). Measurements were performed above the forest at M1 (a), within the forest
at M2/M8 (b), at the forest edge (M3 - South) at two different heights (c,d) and at the clear-
ing (M4) at two different heights (e,). Remark: e scaling of the y-axis in (b) is different
compared to the other graphs.

the heterogeneity of the forest, which was also found in the radiation measurements of the
HMMS (Section 3.2.1). e soil heat flux has a delayed reaction to the increase of the net
radiation.

Figure 3.8 shows the measurements of the masts M6 (Figure 3.8a) and M7 (Figure 3.8b),
which form, together with M3, the transect parallel to the forest edge. e measurements
do not show notable differences along the transect and both masts have values which



62 3. Results and discussion

QS
∗ QG

−800

−600

−400

−200

0

200

400

00:00 06:00 12:00 18:00 00:00

time of day [CET]

en
er

gy
 fl

ux
es

 [W
m

−2
]
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Figure 3.7. Mean diurnal cycles of the observed energy fluxes near the forest edge within
the forest (M3-North) for all days of the three ‘Golden Day’ periods (a total of 13 days; see
Table 2.2).
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(a) M6
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(b) M7

Figure 3.8. Mean diurnal cycles of the observed energy fluxes along the transect parallel
to the forest edge for all days of the three ‘Golden Day’ periods (a total of 13 days; see
Table 2.2). Measurements were performed at M6 (a) at two different heights and at M7 (b)
at two different heights. e measurements of M3 (2.25m) which are part of the transect
are already presented in Figure 3.6d.

are comparable to the measurements at 2.25m at tower M3 (Figure 3.6d). As for these
locations no measurements of available energy exists, the transect is of more importance
for the investigation of horizontal coupling regimes (Section 3.2.3) than it is for the energy
fluxes. e coupling regime of this transect is, for example, a good indication of nighime
cold drainage, which was found in the HMMS measurements and investigated in detail in
Section 3.4.3.
Figure 3.9 shows the net ecosystem exchange (NEE) of CO2 for the transect perpendicular

to the forest edge, with measurements at M1 above the forest, forest edge (M3) at two
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Figure 3.9. Mean diurnal cycles of observed CO2 net ecosystem exchange (NEE) along a
transect perpendicular to the forest edge with towers M1 –M3 –M4 (laer two in different
heights) for all days of the three ‘Golden Day’ periods (a total of 13 days; see Table 2.2).

heights and at the clearing (M4) also at two heights. Most locations show a daily cycle, with
positive fluxes in mmolm−2 s−1 during nighime (respiration) and negative fluxes during
daytime (assimilation), as is normal. However, the daily cycle at M3 at 2.25m is extremely
weak compared to the other locations. While the respiration during night barely differs
from the other locations, there is a significant difference during day because, for the most
time the fluxes are also positive. e reason for this is the high amount of deadwood in
the vicinity of M3 and the elevated wood chips to cover the forest path along the forest
edge. Since the mean wind flow corresponds with the orientation of the forest edge, the
footprint has therefore a high amount of non-assimilating deadwood, which in fact respire
CO2 leading to a positive flux near the ground. e flux during daytime at M3 at 41m
fluctuates the most, which is an indication for thermal updra and secondary circulations
near the forest edge, which is investigated in detail in Section 3.4.1. e transect parallel
to the forest edge is neglected, since the energy fluxes in Figure 3.8 do not show much
variations compared to each other and here it is the same.

3.2.3. Horizontal distribution of coherent structures and coupling
regimes

Coherent structures play an important role, especially in the exchange processes of forest
ecosystems (contribution to the total flux: 20 – 30 %, up to 50 % during nighime), therefore
it is absolutely essential to analyse coherent structures. e analysis of coherent structures
and also of coupling regimeswas performed by Eder et al. (2013) for the EGER IOP3 project.
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A short illustration of the used methods and different coupling regimes is presented in
Section 2.4.3. In this section the results found by Eder et al. (2013) are briefly summarised
and discussed. Beside the contribution of the coherent structure flux to the total flux, the
flux contribution of sweeps and ejection events was determined. Additionally, the coupling
regimes (Section 2.4.3) were investigated. While in case of vertical coupling the regimes
were investigated at one location at different measuring heights, in the case of horizontal
coupling the regimes are investigated at different locations at the same measuring heights
(along the transects perpendicular and parallel to the forest edge).

In Figure 3.10 the vertical coupling was investigated in a daily cycle for two different
locations, within the forest at M2 (Figure 3.10a) and at the forest edge at M3 (Figure 3.10b).
According to the coupling regime classifications, five different regimes were considered:
wave motion (Wa), decoupled canopy (Dc), decoupled sub-canopy layer (Ds), coupled sub-
canopy layer by sweeps (Cs), and fully coupled canopy (C); a detailed description of the
regimes is given in Section 2.4.3. Since measuring data at 27m height at M3 is only avail-
able up to 2 July 2011, the vertical coupling regimes were analysed only for the time period
between 21 June and 2 July 2011 (Eder et al., 2013). At both sites there is a clear daily vari-
ation observable, with a higher amount of decoupled situations during nighime and more
frequent coupled situations during daytime. Due to low friction velocities (u∗ < 0.5m s−1)
and stable stratification, the decoupled situations are more oen during nighime, but
nevertheless, there are also coupled situations during the night. However, during day-
time, the fully coupled situations (C and Cs) are more frequent at both locations. e daily
cycle is typical for the forest site ‘Waldstein-Weidenbrunnen’ and was already documented
by omas et al. (2006), Serafimovich et al. (2011b) and Foken et al. (2012b). A closer look
at the differences of both sites shows in the morning and late aernoon a well coupled
forest site (Figure 3.10a), while the forest edge (Figure 3.10b) is not well coupled. is
indicates a more stable stratification at the forest edge caused by a higher cooling at the
clearing/forest edge (M3) compared to the forest (M2). e temperature differences can be
confirmed by the measurements of the HMMS (Figure 3.5a). Additionally, the later onset of
radiation at the clearing, and as a consequence, later warming prevents an earlier breakup
of the stable stratification, which in turn prevents coherent structures that can propagate
vertically in the morning hours (Eder et al., 2013). Between 15:00 to 18:00 CET the regime
Ds (decoupled sub-canopy) dominates at M2, which was also found for the former IOPs
of the EGER project (Foken et al., 2012b). is is caused by an oasis effect, leading to a
fast development of stable stratification. is effect could not be observed for the forest
edge because of the prevailing drier conditions there and as a consequence longer lasting
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Figure 3.10. Diurnal cycle of relative frequency of vertical coupling regimes within the
forest at M2 (a) and at the forest edge tower M3 (b). For this investigation only the data
between 21 June 2011 and 02 July 2011 was used (modified from Eder et al., 2013).

vertical coupling. Indeed, the vertical coupling over the total profile (C and Cs) is at the
forest edge (36.4 %) less frequent than at the forest site (48.9 %), and at M3 there is a large
number of Dc situations detected, which is detected rarely within the forest. To conclude
this, the vertical coupling mechanism at the forest edge is not dominated by structures that
evolve from the mixing layer like in the case of the forest site (Eder et al., 2013).
e analysis of the horizontal coupling regimes according to Serafimovich et al. (2011b),

with four different regimes, Ch: complete coupling, Ch/Dch: first two towers coupled but
second and third tower decoupled, Dch/Ch: first two towers decoupled but second and
third tower coupled, Dch: complete decoupling, was performed along the two transects
(Eder et al., 2013). One transect perpendicular to the forest edge (M8 – M3 – M4) and
the other parallel to the forest edge (M6 – M3 – M7) and both are shown in Figure 3.11.
Except for some nighime data, a horizontal coupling along the transect parallel to the
forest edge (Figure 3.11a) was always observed (86 % of all 30min averaged data), while
perpendicular to the edge (Figure 3.11b) the forest is only in a few cases coupled with the
clearing (16 % of all 30min averaged data). is contribution is based upon two remarkable
differences between the two transects: (i) the transect parallel to the forest edge has very
few obstacles (trees), which facilitates the propagation of coherent structures, and (ii) the
mean wind flow corresponds with the orientation of the transect M6 – M3 – M7. A daily
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Figure 3.11. Diurnal cycle of relative frequency of horizontal coupling regimes along the
transect perpendicular to the forest edge M8 – M3 – M4 (a) and parallel to the forest edge
M6 – M3 – M7 (b). e measurement heights were at 2.25m. For this investigation data
from the whole measurement period (13 June 2011 till 26 July 2011) was used (modified
from Eder et al., 2013).

cycle can be recognised along both transects with a larger amount of horizontally coupled
situations during daytime and decoupling during nighime. Eder et al. (2013) also found
a relationship between vertical coupling at the forest edge tower and the horizontal coup-
ling along both transects, but the wind direction has no significant influence on horizontal
coupling regimes. Furthermore, they observed that the decoupling situations during night
parallel to the forest edge is mainly caused by drainage flows, but this drainage is not ne-
cessarily associated with coupling along the transect perpendicular to the forest edge. Eder
et al. (2013) concluded that this flow should be regarded as a quasi-laminar mass flow as-
sociated with insufficient mixing, which could be confirmed by the HMMS measurements
(Section 3.2.1 and 3.4.3).

e relative flux contribution of coherent structures FCS to the total turbulent fluxes Ftot
ofmomentumu′w′, buoyancyw′T ′s , carbon dioxidew′c′, and latent heatw′q′ is presented in
Figure 3.12. At the top heights the contribution of FCS /Ftot decreases from the forest to the
clearing (Figure 3.12a). e percentage contribution above the forest canopy is 24 – 29 %
and above the clearing and the forest edge it is only 19 %. While coherent structures con-
tribute almost the same to buoyancy, carbon dioxide and latent heat flux, the contribu-
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Figure 3.12. e relative flux contribution of coherent structures FCS to total fluxes Ftot
of momentum u′w′, buoyancy w′T ′s , carbon dioxide w′c′, and latent heat w′q′ along the
transect perpendicular to the forest edge with towers M1 – M4. Measurements at top
heights (M1: 32m, M2: 36m, M3: 41m, M4: 5.5m) are presented in (a) and in (b) the
measurements were taken at 2.25m. e symbols mark sample medians and error bars
represent interquartile ranges (modified from Eder et al., 2013).

tion to momentum flux is less, which is confirmed by the results of Barthlo et al. (2007),
omas and Foken (2007b) and Serafimovich et al. (2011b). e contribution of FCS /Ftot
is also very similar to results from former studies at the ‘Waldstein-Weidenbrunnen’ site
(omas and Foken, 2007b; Serafimovich et al., 2011b). In general, the contribution of co-
herent structures to vertical exchange is smaller at the forest edge and at the clearing than
above the forest. is might be explainable by the spatial distance of M3 to the forest can-
opy, because the maximum contribution of coherent structure is near to the canopy where
most of the foliage is situated (Serafimovich et al., 2011b; Eder et al., 2013). ere is every
likelihood that the captured structures (originating from themixing layer) are not the dom-
inant transport mechanism at the forest edge, but rather the coherent flux is dominated by
other mechanisms, like secondary circulations (Zhang et al., 2007). At the lowest measur-
ing level (Figure 3.12b), the contribution of coherent structures to the turbulent fluxes is
less than at the top levels of the respective measurement tower.

In Figure 3.13 the daily cycles of the ejection contribution to coherent transport Fej/FCS
of momentumu′w′, buoyancyw′T ′s , carbon dioxidew′c′, and latent heatw′q′ are presented
along the transect perpendicular to the forest edge with towers M1 – M4 at top heights.
If one looks now at the daily variations, there is a discernible paern in all four different
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Figure 3.13. Daily cycle of the ejection contribution to coherent transport Fej/FCS of mo-
mentum u′w′ (a), buoyancyw′T ′s (b), carbon dioxidew′c′ (c), and latent heatw′q′ (d) along
the transect perpendicular to the forest edge with towers M1 – M4 at top heights. 3 h av-
erages were calculated from medians of 30min data and error bars represent interquartile
ranges (modified from Eder et al., 2013).

fluxes, which aract aention: while the contribution above the forest (M1 and M2) and
the clearing (M4) show a weakened variation during day, there is an obvious detectable
change of the contribution only at the forest edge (M3). Here, the coherent flux is mainly
dominated by sweeps during night and by ejections during day. is paern strengthens
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the assumptions of thermal updra and the enhanced turbulent fluxes during day (made for
the turbulent structures in Section 3.2.2). During night, the stronger cooling of the clear-
ing induces an increased presence of sweeps at the forest edge. e thermal variations
between the clearing and the forest is the driving force at the forest edge and the circula-
tion modulates then again the coherent structures. Eder et al. (2013) could also show, that
the daily variation is also weakened discernible in 2.25m at the forest edge, which sug-
gests that the secondary circulations reach the ground. is could be also reinforced by
the measurements of energy fluxes in Section 3.2.2 and will therefore be studied in detail
in Section 3.4.1. As this phenomena was not discernible in 5.5m at the clearing, it can be
assumed that this is restricted to the vicinity of the forest edge. Furthermore, Eder et al.
(2013) investigated the structures at the forest edge, depending on different wind directions
with two main results: (i) there are discernible differences of the ejection contribution to
coherent transport Fej/FCS , depending on the wind direction, but (ii) there was no discern-
ible dependence of the wind direction on the time of day meaning that the dominance of
the ejections during day and sweeps during night are not explainable by the flow distortion
and this is a further indication for a secondary circulation above the clearing.

3.2.4. Stand-scale modelling of the energy and matter exchange

e energy and maer exchange was modelled by the third-order closure model ACASA
(Pyles et al., 2000), following the first investigation by Staudt et al. (2011) for IOP1 and
IOP2. In Section 2.4.5 a brief summary of the model development and adaptation for EGER
IOP3 is given, which was done within the scope of the master thesis of Gatzsche (2013).
Additionally, both methods to close the energy balance for the measured energy fluxes is
given in Section 2.4.5.
ACASA model runs were conducted the forest (M2) and the clearing (M4), both with

individual forcing parameters. For the clearing, six different model runs were done for the
six dominating species, which are: Deschampsia, Picea abies, Vaccinium, Calamagrostis,
Juncus and deadwood (see Table 2.1 for ground cover and Table B.2 for model parameters).
To compare modelled data with measured data, the results from the individual modelled
species runs were combined by utilising a footprint-dependent tile approach. In Gatzsche
(2013) a uniform distribution of the species over the clearing was assumed, neglecting a
wind direction dependent change of the species composition. A subsequent consideration
of the species composition depending on the wind direction on the basis of a land-use mat-
rix and footprint analysis, performed in 2014, showed no substantial improvements in the
model and therefore the results from Gatzsche (2013) for the individual species Net Eco-
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Figure 3.14.Modelled Net Ecosystem Exchange (NEE) for six different land cover types of
the clearing for the first ‘Golden day’ period (GDP1; 26 to 29 June 2011). e mean is an
averaged tile approach of the land cover distribution of the whole clearing (modified from
Gatzsche, 2013).

system Exchange (NEE) and the combined NEE are shown in Figure 3.14. All species show
a typical daily variation with positive fluxes during nighime (respiration) and negative
fluxes during daytime (assimilation). Only the deadwood respires all day long. Further-
more, it was found for the deadwood that the sensible heat flux is lowest and the latent
heat flux highest compared to the other species (results not shown).

To validate the simulated sensible and latent heat fluxes, the model results are com-
pared to measured eddy-covariance fluxes. erefore, the measured fluxes were energy
balance closure corrected according to the two methods named in Section 2.4.5. e res-
ults are shown in Figure 3.15. For both locations (forest and clearing) the modelled sens-
ible heat flux Qmodelled

H shows beer accordance with the buoyancy flux corrected data
(QEBC−HB

H ) than with the Bowen ratio corrected data (QEBC−Bo
H ). During nighime both

methods show similar deviations, due to the limitations of both methods (energy fluxes
greater than 10Wm−2, which is oen not the case during nighime). e latent heat flux
(QE) shows a comparable behaviour to the sensible heat flux, with greater deviations dur-
ing daytime, but a beer accordance (smaller relative deviations) with the Bowen ratio
method (QEBC−Bo

E ) than the buoyancy flux method (QEBC−HB
E ), and because of the method

limitations during nighime both methods have similar deviations. In general, the ACASA
model shows a beer accordance for QH than for QE .
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Figure 3.15.Comparison of modelled andmeasured sensible (a,c; le) and latent (b,d; right)
heat fluxes for the first ‘Golden day’ period (GDP1; 26 to 29 June 2011). Comparison was
performed above the spruce forest (a,b; M2 36m) and at the clearing (c,d; M4 2.25m).
e measured fluxes were energy balance closure corrected according to the Bowen ra-
tio method (EBC-Bo) and the buoyancy flux method (EBC-HB). e modelled data were
simulated with a footprint dependent tile approach (modified from Gatzsche, 2013).

e net ecosystem exchange (NEE), presented in Figure 3.16, is significantly higher in
the forest than at the clearing due to the high amount of deadwood and dead grass. ese
do not assimilate CO2, quite the reverse, they are a CO2 source (see Figure 3.14). Addi-
tionally, the leaf area index (LAI) of the forest is with 5m2 m−2 significantly higher than at
the clearing (3.4m2 m−2). In comparison, the measured and simulated NEE show a beer
accordance at the clearing than in the forest and the Bowen ratio corrected (NEEEBC−Bo)
show smaller relative deviations than the buoyancy flux corrected results (NEEEBC−HB).
is is explainable, since the NEE was corrected by a ratio of corrected and uncorrected
QE , and there, the Bowen ratio method has also smaller deviations.

e third-order closure of the ACASAmodel show a good performance regarding differ-
ent coupling regimes and the representativeness of fluxes caused by coherent structures.
Deviations found between measured and simulated fluxes above the forest, during night
and during decoupled sub-canopy situations, as well as deviations at the clearing during
day and coupled situations are also an indication for secondary circulations. Secondary
circulations can not be captured adequately by the eddy-covariance method, and therefore,
are not considered in the ACASA model.
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Figure 3.16. Comparison of modelled and measured NEE for the first ‘Golden day’ period
(GDP1; 26 to 29 June 2011). Comparison was performed above the spruce forest (a; M2
36m) and at the clearing (b; M4 2.25m). e measured NEE was energy balance closure
corrected according to the Bowen ratio method (EBC-Bo) and the buoyancy flux method
(EBC-HB). e modelled data were simulated with a footprint dependent tile approach
(modified from Gatzsche, 2013).

3.3. Characterisation of vertical structures at the forest edge

Additional to the investigation of the horizontal structures (Section 3.2), a brief character-
isation of the vertical structures at the forest edge is given with the aid of the CO2 profile
measurements (Section 3.3.1) and the temperature and wind profile (Section 3.3.2) at the
tower M3. e measurement heights and devices are presented in Section 2.2.3.

3.3.1. Vertical CO2 profile

e CO2 profile system was installed at the tower M3 at 8 different heights (Section 2.2.3)
and measurements were started at 01 July 2011 up to the end of the EGER IOP3 project,
with dropouts of several hours to a maximum of one day during the period. us, the
profile is available for ‘Golden day’ period GDP2 (not for 08 July 2011) and the full GDP3,
but not for GDP1 (Table 2.2). Trace gas fluxes, as well as concentrations from CO2 but also
ozone (O3) are good ‘tracers’ for coupling regimes and larger structures.
Figure 3.17 shows the averaged vertical CO2 profiles of GDP2 and GDP3, with a half-hour

averaged contour plot in Figure 3.17a, and three hour averaged profiles in Figures 3.17b to
3.17e. e symbols in Figures 3.17b to 3.17e mark sample medians and error bars represent
interquartile ranges. In Figure 3.17a a clear daily cycle is obvious, with high values during
night, and low values during day. During night the highest values occur in the levels up
to 5m, with the maximum at 2.25m. In the upper trunk-space, canopy height and above
canopy height, the profile is relatively well mixed, but the line for the average interval from
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Figure 3.17. Averaged vertical CO2 profile, installed at M3 at the stated heights (only the
designation at 1m is missed). Half-hour averaged data are presented as a contour plot (a)
and three hour averaged data are presented as vertical profiles (b – e). e symbols in
(b – e) mark sample medians and error bars represent interquartile ranges. Average period
are the ‘Golden Day’ periods GDP2 (without 08 July 2011) and GDP3 (Table 2.2).
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00:00 – 03:00 CET in Figure 3.17b shows at all heights a really high variation, with two
maximum peaks. e mentioned maximum at 2.25m and another one at canopy height
(26m). is can be explained by the highest respiration rate at canopy height and the
lower maximum is caused by (i) highest biomass in the trunk-space and at the clearing
with young spruces, (ii) nighime cold-air drainage with CO2 enriched air (in Section 3.4.3
discussed in detail) and/or (iii) a stable stratification during nighime, which leads to an
enrichment of CO2 near the ground. e sweep dominated coherent flux found by Eder
et al. (2013) (Section 3.2.3) may be the reason for a good mixing in the upper heights,
but due to the stable stratification it does not reach the ground (no complete coupling
situation). Later in the morning (03:00 – 06:00 CET and especially 06:00 – 09:00 CET)
there is an abrupt and fast decrease of the CO2 concentration (storage depletion), caused
by the onset of radiation, turbulence and of course the onset of assimilation. is is very
clear in Figure 3.17b for 03:00 – 06:00 CET, where both maximums turned into minimums.
During daytime, the minimum at 2.25m still exists, while the concentration above 8m
is perfectly mixed, since also the error bars in Figure 3.17c (09:00 – 12:00 CET) and both
profiles in Figure 3.17d show a very similar range at these four heights. Looking at the time
12:00 – 15:00 CET in Figure 3.17a, a homogeneous concentration along the total profile
is discernible. e very small maximum during this time lies at 5m, the area with the
lowest biomass. e well mixed profile during this time is a confirmation of the ejection
dominated fluxes at the forest edge, presented in Eder et al. (2013) (Section 3.2.3), where
the fluxes are dominated by high thermal updra (good vertical coupling). Aer sunset
and the onset of respiration, the described nighime profile is formed again, with large
gradients due to decoupled atmospheric conditions (stable stratification).

3.3.2. Vertical temperature and wind profile

Besides the CO2 profile (Section 3.3.1), a vertical temperature andwind profilewas installed
at the forest edge tower M3. e dry and wet bulb temperatures were measured at five dif-
ferent heights and the wind at six different heights (Section 2.2.3). e systems ran from
the start of the EGER IOP3 project, up to the 19 June 2011 with a lot of dropouts with dur-
ations ranging from hours up to several days, due to logger problems caused by lightning
strikes and aerwards insufficiently configured replacement devices (similar loggers with
old soware). Because of these problems, there is no possibility to show mean temperat-
ure profiles over all or single ‘Golden day’ periods, and only one single day is presented
here. Additionally, the wet bulb temperature at 36m had unrealistic data and therefore,
the HMP45 data at 41m was taken. e data availability for the vertical wind profile is
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Figure 3.18. Measured vertical profiles for the 29 June 2011 for dry bulb temperature (a)
and water vapour pressure e (b) measured at tower M3. Remarks: (i) e colour scaling
and (ii) also the stated heights are different in the graphs.

good for GDP2 and GDP3. But the lowest heights (5m and 13m) show unrealistic values
and have been neglected, instead, the wind velocity measured with the sonic anemometer
at 2.25m has been taken.
In Figure 3.18 the vertical temperature profile for the 29 June 2011 is shown. Figure 3.18a

shows the dry bulb temperature T and Figure 3.18b shows the water vapour pressure e .
Both show a typical daily variation with lowest values during night and highest during
day. An obvious minimum and maximum occur for the dry bulb temperature near ground
at the lowest height (1m), and the maximum of the water vapour pressure is also located
there. e minimum during night is not very pronounced. Looking into the vertical pro-
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file aer sundown, no expected profile developed, like in the night before sunrise. e
reason for this behaviour is the passage of a cold front over Germany. e convergence
line crossed the site around 09:00 CET and the cold front with rain reached the site in the
evening (started around 21:00 CET), which can be seen in both profiles, by a homogeneous
profile over the total height. First indication for the cold front is the wind change from
south-east to west at 09:00 CET and the cloud band which crossed the experimental site
around 16:00 CET to 17:00 CET leading to a decrease in downwelling short-wave radiation,
and therefore to a decrease of the dry bulb temperature and an increase of the water va-
pour pressure. Both profiles show a more or less homogeneous profile during this cloud
band. Before the increasing cloudiness, there is for the most part of day a good coupled
vertical profile (between 1m and 39m, respectively 41m) at the tower M3. e night is
dominated by a coherent structure flux with a higher fraction of sweeps, while the day is
dominated by ejections. is corresponds with the findings of Eder et al. (2013) for M3
for the total EGER IOP3 project (Section 3.2.3). In the night from 28 to 29 June high wind
velocities (up to 5m s−1) were measured, coming along with south-easterly winds and a
low-level jet (LLJ) above the site (discussed in detail in Section 3.4.2). LLJs from this dir-
ection were already found by Foken et al. (2012b) for the site, which corresponds to the
anabatic wind from the ‘Lehstenbach’ valley mentioned in Section 2.1. is LLJ stands
in contrast to the discussed findings in Section 3.4.3, where a strong wind situation with
westerly winds (alternating to south-west, but also to north-west) cause a long time de-
coupled situation with wave motions above the forest and a nocturnal drainage of cold air,
enriched with CO2 and depleted with O3. Here, only short periods (30-min average) show
fully decoupled situations, coming along with weakened wind velocities and resulting in
an increase of temperature and decrease of humidity around 03:00 CET and also around
06:00 CET. At the same time, the CO2 concentration increases (Section 3.4.2) like it was
found for the long time decoupled situation in Section 3.4.3. e temperature decrease
is also weakly observable in the vertical profile at M1 (also not presented). During day
the forest edge is well coupled, associated by an ejection dominated coherent flux, due to
convective conditions at the forest edge. is leads to a beer mixed vertical profile, but
highest temperatures still occur near ground, and above the forest canopy, a poor mixing
is observable, due to higher wind velocities.

e vertical wind profile is averaged for the GDP2 and GDP3 and is presented in Fig-
ure 3.19, with a 10-min averaged contour plot in Figure 3.19a and three hour averaged
profiles in Figure 3.19b to 3.19e. e symbols in Figure 3.19b to 3.19e mark sample me-
dians and error bars represent interquartile ranges. In the contour plot (Figure 3.19a) a
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Figure 3.19. Averaged vertical wind profile installed at M3 at the stated heights. 10-min
averaged data are presented as a contour plot (a) and three hour averaged data are presen-
ted as vertical profiles (b – e). e symbols in (b – e) mark sample medians and error
bars represent interquartile ranges. Average period are the ‘Golden Day’ periods GDP2
(without 04 & 08 July 2011) and GDP3 (Table 2.2).
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Figure 3.20. Averaged vertical wind profile measured at M1 at the stated heights. Average
period are the ‘GoldenDay’ periods GDP2 (without 04& 08 July 2011) andGDP3 (Table 2.2).

continuous increase of the wind velocity with height is observable, with a clear jump from
18m (within forest canopy) to 21m and 25m (top and above forest canopy). is jump
was already been shown by Foken et al. (2012b) for the homogeneous part of the forest,
but more pronounced at the canopy top. is can be confirmed by the measurements at
M1 in Figure 3.20, which shows the same average period and a more precise distinction
between canopy and above canopy. e wind velocity at M1 at the top height is signi-
ficantly higher than at M3 even though the measurements are 8m lower. is is mainly
caused by different anemometer types and differences in bearing. e differences in Fig-
ure 3.19a between 18m and 25m is on average 1.5m s−1 during day and 2m s−1 during
night. A daily variation of the wind velocity is evident with differences of approximately
1m s−1 between night and daytime. Additionally, there are three observable aspects in the
contour plot: a decrease in wind velocity over the total profile around 04:00 – 06:00 CET,
10:00 – 12:00 CET and 19:00 – 21:00 CET, where the wind velocity is before and aerwards
higher than during these periods. e first situation is caused by the stable stratification
and calm wind situation, normal for nighime and early morning. With sunrise and the
increase of the turbulence, the wind velocity increases, too. e last situation is caused
by the sunset and the decrease of turbulence and the resulting changes in the boundary
layer. e second situation before noon is caused by the full development of the mixing
layer. All three situations, mainly the low velocities at 19:00 – 21:00 CET can also be seen
in the vertical wind profile within and above the forest at M1 (Figure 3.20). e three hour
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averaged vertical profiles in Figures 3.19b to 3.19e show the highest variations near the
roughness change from the forest canopy to atmosphere above the canopy and the upper
height. e lowest velocities along with the smallest variations are measured the whole
day at 2.25m. In Figure 3.19b, 3.19c, 3.19e the three situations with lower wind velocities
can also be clearly seen. As the three situations were measured at the forest edge (M3) as
well as within the forest (M1), it can be concluded that the situations are caused by changes
in stratification and turbulent mixing and they can not be described by the influences of
the forest edge.

3.4. Linkage of vertical structures and horizontal fields

Aer a general discussion of horizontal structures around the forest edge in Section 3.2
and the vertical structures at the forest edge in Section 3.3, the found results there are now
combined in the following sections to obtain a detailed overview of exchange processes
near the forest edge. For this purpose, the results found by Foken et al. (2012b) for EGER
IOP1 and IOP2 (Section 2.1.2) are summarised and connected to the results of EGER IOP3
found in the work of Eder et al. (2013) and in the framework of this thesis.

3.4.1. Energy balance closure and secondary circulations

To sum up the results found for energy balance closure and the indication for secondary
circulations near the forest edge the following statements can be drawn:

i. Section 3.2.1 demonstrates that the highest variations in temperature, humidity, as
well as trace gases occur near the forest edge and additionally, the highest available
energy is located at the clearing, but close to the forest edge.

ii. Section 3.2.2 has shown an approximately 10 % beer closed energy balance at the
forest edge (Residual Res = 17%), than above the forest and the clearing (Residual
Res = 25 – 30%).

iii. e highest fluctuation in CO2 fluxes can be found at the forest edge (M3), especially
at 41m (Section 3.2.2).

iv. Section 3.2.3 shows daily variations in the ejection contribution to coherent transport
Fej/FCS solely at the forest edge. e structures there are different from those above
the forest.



80 3. Results and discussion

v. e ACASA model shows a beer agreement with the buoyancy flux corrected tur-
bulent fluxes than with the Bowen ratio method.

vi. Vertical CO2 and temperature profiles show a good mixing during the day (Sec-
tion 3.3).

ese findings suggest a higher rate of advective and convective conditions near the
forest edge and the presence of secondary circulations above the site, like it was presumed
by Foken (2008b) for investigation sites with a roughness change. To connect all the found
characteristics, a detailed consideration follows on the basis of an individual event. Con-
sidered here was the 28 June 2011. is was the day with the best weather conditions,
with an almost cloudless sky and, due to preceding dry weather conditions high air tem-
peratures and low humidities also prevailed. ere was no early morning fog and dew.
Additionally south-easterly wind was prevailing till 10:00 CET, than it changed to north
and aer sundown (21:00 CET) again to south-east. is is typical for such high pres-
sure weather conditions at this site, with calm wind velocities during day. More detailed
information about the weather conditions can be found in Serafimovich et al. (2011a).
In Figure 3.21, the horizontal meteorological fields along the complete HMMS measur-

ing track (distance of 150m, starting in the forest and ending at the clearing, with the
forest edge in the middle indicated by a green doed line) are presented. White areas in
the profiles (on the time axis) are stops of the HMMS and thus, gaps in the measurement
of all quantities. Bigger gaps in the concentration measurements of CO2 and O3 are dis-
cussed below. Here, the profiles show the data as measured, without the application of
the correction algorithm named in Section 2.4.1. All four radiation measurements (short-
wave down- and upwelling in Figure 3.21a/3.21b and long-wave down- and upwelling in
Figures 3.21c/3.21d) have a clear gradient at or close to the forest edge, like it was shown
already in Figure 3.4. In the forest, the short-wave components are low (except at some
sunny spots) and at the clearing a nearly undisturbed diurnal variation can be observed,
with highest values around noon. Only in themorning (5:30 to 9:00 CET) shadowing effects
are observed, caused by the forest edge and theHMMS itself. Due to the low short-wave ra-
diation within the forest during daytime, the long-wave upwelling radiation is lower than
it is at the clearing. But the downwelling radiation is, as a consequence of a warm forest
canopy, higher in the forest than at the clearing. During night both values are higher in
the forest. At the clearing, especially near the forest edge is the highest available energy,
because both long-wave radiation components are high and the short-wave radiation com-
ponents are undisturbed (aer 09:00 CET). e temperature profile (Figure 3.21e) shows
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Figure 3.21.Measured horizontal profiles for the 28 June 2011 for all HMMSmeasurements.
Short-wave down/upwelling radiation K↓, K↑ (a, b), Long-wave down/upwelling radiation
L↓, L↑ (c, d), temperature T (e), relative humidity RH (), CO2 concentration (g) and O3
concentration (h). Position shows distance from starting point in metres, with starting
point in the forest (0m), forest edge (75m, horizontal green doed line) and endpoint at
the clearing (150m). Remark: e colour scaling is different in all graphs.
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Figure 3.22.Horizontal profile for the 28 June 2011 from 15:00 CET to 18:00 CET for the O3
concentration , measurwed with the HMMS. Position shows distance from starting point
in metres, with starting point in the forest (0m), forest edge (75m, horizontal green doed
line) and endpoint at the clearing (150m). Black rectangles within the profile show periods
with a horizontal coupled regime.

a greater variation at the clearing, with values of about 10℃ during nighime and about
30℃ during daytime, with an earlier increase in the morning as well as a decrease in the
evening. Here, the shadowing effect of the forest edge can also be observed, but not for as
long as with the short-wave radiation measurements, suggesting the onset of turbulence
causing a beer mixing. e temperature rise and fall starts later in the forest compared
to the clearing and the daily variation is also lower. A similar observation can be made for
the relative humidity (Figure 3.21f), with highest and lowest values, as well as the earlier
decrease and increase, occurring at the clearing. Figure 3.21g shows the CO2 concentra-
tion, where a concentration maximum can be observed in the early morning and early
evening under stable situations, with higher values at the clearing. is is in accordance
with the findings of Foken et al. (2012b) and Serafimovich et al. (2011b). ey found a con-
centration accumulation during uncoupled situations. Because of radiation-induced errors
in the CO2 sensor (Section 2.3.6), the daytime measurements have to be discarded. e O3
concentration (Figure 3.21h; bigger gaps are caused by connection problems of the sensor)
has highest values in the aernoon and lowest values during night-time at the clearing.
ere is an obvious gradient during daytime near the forest edge, suggesting a sun-induced
production at the clearing, with low transport into the forest, like it was discussed in Sec-
tion 3.2.1. But as Foken et al. (2012b) noted, trace gases are good indicators for coupling
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regimes and if now looking in the O3 concentrations (Figure 3.21h) there is a variation
along the total transect during the aernoon discernible, with a sudden decrease of the
concentration, and aerwards an increase again. To make this clear, Figure 3.22 shows
the variation of O3 along the horizontal profile for the period from 15:00 to 18:00 CET. e
black rectangles illustrate the points in time where, over the entire profile, a decrease in O3
concentration of approximately 20 ppb was measured. is decrease persists each time for
around 10min (1 to 2 runs of the HMMS) and subsequently the O3 concentration increases
back to the concentration before. Since the concentration decreases along the total profile,
and increases shortly thereaer, the following conclusions can be drawn: (i) the profile is
fully horizontally coupled, which is shown and discussed in the following text, with the aid
of the variations in the energy fluxes and coherent transport, as well as in the horizontal
coupling regimes and (ii) this strongly suggests a (secondary) circulation system above the
investigation site.

Looking now at the diurnal cycles of the energy fluxes in Figure 3.23 there are obvious
differences in the turbulent fluxes. Despite of the highest available energy Q∗S above the
forest (available energy at forest edge is almost similar), the energy fluxes, especially the
latent heat flux QE are much smaller than at the forest edge. e available energy and
thus also the energy fluxes are, at the clearing, about 200Wm−2, and 100Wm−2 smaller,
respectively. Resulting in a high residual Res above the forest, which is in the range of
40 % (Figure 3.23a), compared to the Res of the clearing (Figure 3.23c) and the forest edge
(Figure 3.23b), which are both in the range of 25 %. is stands in contrast to the overall
results found for the residuals in Section 3.2.2, where the Res for the forest edge is 17 %.
But a conspicuousness can be observed, mainly between the forest edge and the clearing,
but also between the forest and the forest edge. ere are discernibly high fluctuations in
the residuals of the forest edge and the clearing and each time, the residual at the forest
edge decreases, the residual at the clearing increases, and vice versa. In other words, there
is a significant exchange of available energy discernible, which is transported towards, or
away from the forest edge. is is very clear at 11:00 CET (simultaneous with the wind
direction change to north), but also between 14:00 and 18:00 CET (stable wind direction).
e change in the available energy of the forest and the forest edge reacts consistently,
with significantly lower changes above the forest. When taking into account the different
coupling regimes presented in Figure 3.24, it is clear that the different sites are occasionally

coupled, corresponding to times, where the exchange of available energy is measurable.
is is indicated byCh for a full coupling situation along the total transect M8 – M3 – M4,
and Dch/Ch for coupling along M3 – M4 in Figure 3.24b. As said above, it was also pos-
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Figure 3.23. Diurnal cycles of the observed energy fluxes for the 28 June 2011 along the
transect perpendicular to the forest edge. Measurements were performed above the forest
at M1 (a), at the forest edge (M3 - South) at 41m (b) and at the clearing (M4) at 5.5m (c).

sible to establish a connection between horizontal coupling and the horizontal O3 profile
measured with the HMMS (Figure 3.22). Indeed, the coupling regimes are presented in
30-min conditional sampled and averaged data (Collineau and Brunet, 1993b; omas and
Foken, 2007b), and also the energy fluxes show 30-min averaged data, while the HMMS
measurements show continuous time series with a temporal resolution of 1 s. is means
that half an hour marked as fully horizontal coupled must not necessarily mean that the
horizontal O3 profile is coupled for the total half hour. Nevertheless, during the coupled
periods 15:00 to 15:30, 15:30 to 16:00 and 17:00 to 17:30 CET, variations with enrichment
and temporarily depletion of O3 could be measured (black rectangles in Figure 3.22 show
depletion). However, not every variation in the O3 concentration was captured adequately
by the horizontal coupling regimes, but yet O3 is a good tracer for coupling regimes as
already mentioned in Foken et al. (2012b). In the moments of good horizontal coupling,
the vertical coupling at the forest edge tower M3 (Figure 3.24a) shows no well coupled
regime. is is due to the big differences in the turbulent fluxes, especially for sensible
heat QH , between the top level (41m) and lowest level (2.25m) with differences in QH

of 200Wm−2, which indicates a different circulation system in the higher levels, with a
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Figure 3.24. Diurnal variation in vertical coupling regimes at M3 (a) and horizontal coup-
ling regimes (b) along the transect perpendicular to the forest edge (M8 – M3 – M4) on 28
June 2011. e different coupling regimes are described in Section 2.4.3.

heightened amount of advectively transported energy towards the forest edge and a con-
vective updra there. is is also illustrated by the consideration of coherent transport
(Figure 3.25). While the contribution of coherent transport FCS to total fluxes Ftot is very
stable over the day (Figure 3.25a), there is a daily variation in the relative contribution of
ejections to the total coherent transport Fej/FCS (Figure 3.25b). Like it was found for the
total days of the EGER IOP3 project (Figure 3.13) the ejections dominate during day and
the sweeps during the night. When the contribution of ejections is extremely high, the re-
sidual at the forest edge decreases and when the contribution is less the residual increases.
Eder et al. (2013) had investigated the dependency of different wind directions and flow
distortions at the project site and found an extremely high contribution of ejections with
northerly winds, but nevertheless, there was a daily cycle of the contribution of ejections
and sweeps measurable, independent of the wind direction. ey assumed that the found
behaviour is caused by secondary circulations above the clearing. Furthermore, they poin-
ted out that the circulations reach the ground but only in the vicinity of the forest edge.
e investigations made here confirm the assumption of Eder et al. (2013) that secondary
circulations could be found above the clearing, since (i) there is an (advective) transport
between the forest edge and the clearing and weakened to the forest, which could be meas-
ured in the horizontal profiles of the HMMS (especially in O3 concentration) and confirmed
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Figure 3.25. e relative flux contribution of coherent structures FCS to total fluxes Ftot
(a) and of the ejection contribution to coherent transport Fej/FCS (b) of momentum u′w′,
buoyancy w′T ′s , carbon dioxide w′c′, and latent heat w′q′ at the forest edge tower M3 at
41m on 28 June 2011.

by the horizontal coupling regimes, (ii) a heightened amount of ejections and convective
updra leads to the decrease of the residual at the forest edge, while (iii) the clearing has at
the same time less energy available, resulting in a decrease of the turbulent fluxes and an
increase of the residual. However, (iv) there also exists the reversed case that the clearing
has a sudden increase in the energy fluxes, linked with a decrease at the forest edge.

3.4.2. Influence on horizontal profiles by low-level jet

Foken et al. (2012b) have already investigated the influence of coupling regimes on trace
gases at the EGER site. ey found a strong increase of CO2 fluxes and low nighime CO2
accumulation during low-level jet events, which corresponds with the findings of Karipot
et al. (2006, 2008). e LLJ at the site originates usually from south/south-east, coming
along with negative vertical winds (downward), a well coupled system and good mixing.
Only during weakened LLJ events and/or the formation of gravity waves above the forest
canopy there is an accumulation of CO2 within the trunk space observable. In Section 3.4.3
a nocturnal drainage with enriched CO2 air is presented, caused by gravity waves above
the site and the resulting long time decoupling.
As mentioned in Section 3.3.2 there was a LLJ event in the night from 28 to 29 June 2011
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aer midnight, but an even more pronounced LLJ event was the night before, from
27 June 22:00 CET to 28 June 08:00 CET. In Section 3.4.1 the energy balance for the 28 June
was examined, since this day was the day with the best and most stable weather condi-
tions. is favours the formation of LLJ events in the night. Looking at the vertical profiles
in Figure 3.26 of wind direction (above), wind velocity (middle) and vertical wind velocity
(below), which are shown for the windprofiler, the SODAR/RASS, and the miniSODAR,
it can be noted that the maximum wind velocities up to 12 – 15m s−1 occur between the
heights of 200 – 250m from 00:00 to 03:00 CET. A second maximum is around 06:00 CET.
e vertical winds are over the total time of LLJ negative (downward) with a maximum of
−1m s−1 and the typical south to south-easterly winds are prevailing. Above the LLJ the
wind direction is north with significantly lower wind velocities.

Regarding the enhanced CO2 fluxes during LLJ events found by Karipot et al. (2006,
2008) up to 9 – 15 μmolm−2 s−1 and the increase of 100 % found by Foken et al. (2012b)
from 4 to 8 μmolm−2 s−1, there are also comparable increases measurable during this LLJ
event. Here, the maximum CO2 flux at M3 at 2.25m was measured during this night as
7 – 12 μmolm−2 s−1, while the mean flux (of all ‘Golden Day’ periods) for the same night
time period is 6 μmolm−2 s−1. At the clearing (M4) the fluxes remain almost unchanged.
e high fluxes during this night come along with a good mixing, indicated by the almost
always vertically coupled system (Figure 3.27a). e horizontal coupling along the transect
parallel to the forest edge (Figure 3.27b) is well coupled. Only in the periods before and aer
the LLJ, as well as during the weakened LLJ situation between 03:00 to 04:30 CET, there is
an uncoupled or partially coupled system. In all three cases northerly winds are prevailing
(wind from the forest), and supposedly structures which are formed at the forest edge
change the transport locally in such a way so that there is no coupling between the masts.
e transect perpendicular to the forest edge (Figure 3.27c) shows the reversed behaviour.
During the LLJ, the system is uncoupled. Before, aer, and during the weakened LLJ event
with northerly winds the system is partially or fully coupled.

As said above, there is no CO2 concentration accumulation during LLJ events recog-
nised by Foken et al. (2012b), and this could be confirmed by the horizontal profile of CO2,
measured with the HMMS during this night (Figure 3.28c). Besides the CO2 concentration,
there are profiles of temperature (Figure 3.28a), relative humidity (Figure 3.28b) and O3
concentration (Figure 3.28d). In all profiles there is a change visible with the formation
of the LLJ, but most evident in the CO2 concentration. During the northerly winds from
20:00 to 22:00 CET, there is a concentration maximum near the forest edge, which confirms
the assumption of changed turbulent structures caused by the forest edge. Also temperat-
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Figure 3.26. Vertical profiles from windprofiler (WPR), SODAR/RASS, and miniSODAR of
the wind direction (above), wind velocity (middle), and vertical wind velocity (below) in
the night from 27 June 20:00 CET to 28 June 2011 10:00 CET.
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Figure 3.27. Vertical coupling regimes at tower M2 (a) at three different measuring heights
(2m, 26m, 36m), horizontal regimes parallel to the forest edge (M6 – M3 – M7; b) and
perpendicular to the forest edge (M8 – M3 – M4; c) from 27 June 2011 20:00 CET to
28 June 2011 10:00 CET. e different coupling regimes are named in Section 2.4.3.

ure is lower near the edge, and humidity higher. At the clearing the concentration is equal
to the atmospheric concentration of around 380 ppm. Between 22:00 and 00:00 CET, the
conditions at the site changes, and the LLJ with southerly winds and higher wind velocities
prevails (Figure 3.26). First the lower CO2 concentrations are blown into the forest and the
horizontal profile is nearly mixed, and aer 00:00 CET with the high wind velocities, and
the resulting bigger footprint, there is an inflow of CO2 from the southern located forest.
Highest concentrations can be observed at the clearing, and lowest in the forest. Around
01:30 CET there is an inflow of colder, CO2-depleted air measurable, which can not be seen
in the SODAR measurements, but there is a short increase in the wind velocity at 2.25m at
M3. During the weakened LLJ, from 03:00 to 04:30 CET, the wind direction changes in the
height of 200 – 250m of the SODAR/RASS to north, while above and below the wind dir-
ection is still south. e wind velocity is very low (smaller than 2m s−1). e temperature



90 3. Results and discussion

Figure 3.28.Measured horizontal profiles from 27 June 20:00 CET to 28 June 2011 10:00 CET
for temperature T (a), relative humidity RH (b), CO2 concentration (c) and O3 concentra-
tion (d), measured with the HMMS. Position shows distance from starting point in metres,
with starting point in the forest (0m), forest edge (75m, horizontal green doed line) and
endpoint at the clearing (150m). Remark: e colour scaling is different in all graphs.

decreases and the humidity increases during this situation. e CO2 concentration meas-
urements are at this time not available, because of a connection failure. But at 03:30 CET
there is another observed concentration minimum near the forest edge. Aer 04:00 CET
the wind velocity increases to 4 – 6m s−1 and the wind direction is again southerly along
the total vertical profile. But because of the still weakened LLJ at this time, an accumu-
lation of CO2 and a depletion of O3 can be observed. Aer 05:00 CET, the wind velocity
is again higher than 10m s−1 and the system is well mixed. Aer the end of the LLJ the
typical high pressure weather situation with calm northerly winds is prevalent at the site.

3.4.3. Nocturnal drainage caused by a long decoupling situation
In Sections 3.2 and 3.3 high variations during nighime were recognised. Especially in
the CO2 and O3 concentration, which are an indication for an enrichment, or respectively
depletion caused by different coupling regimes. In detail it was observed:

i. High variations in the CO2 and O3 nighime concentrations of the HMMS measure-
ments (Section 3.2.1).
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Figure 3.29. Sodargram of theMiniSODAR (location at clearing ‘Köhlerloh’; see Figure 2.2)
from 15 July 2011 12:00 CET to 16 July 2011 12:00 CET. Direction of the arrows show the
two-dimensional direction of the wind and the colour scale indicates the wind velocity.
Red rectangle marks the strong wind situation with westerly winds in the night of 16 July
with wind velocities up to 7.5m s−1 at a height of 100 – 200m.

ii. Nighime horizontal decoupling situations in the transect parallel to the forest edge,
which are an indication of drainage events (Section 3.2.3).

iii. Nighime maximum in the vertical CO2 profile at 2.25m with variations of about
100 ppm (Section 3.3.1)

All these findings have been observed, for example, during the night from 15 to 16 July
2011, but mainly in the second half of the night. Compared to described findings in Sec-
tion 3.4.2 and Foken et al. (2012b), in this night no LLJ was prevailing. ere was a situation
with strong nighime winds from the west (alternating to south-west, but also to north-
west) at a height of 100 – 200m above ground with wind velocities from 3.0m s−1 up to
7.5m s−1 (Figure 3.29, red rectangle marks event). is situation was caused by a temper-
ature inversion, where strong wind shears oen occur above the inversion layer.
As a result, wave motions (Wa) exist above the forest canopy (see Section 2.4.3 for de-
tailed description of the different coupling regimes). e sub-canopy and canopy layer of
the forest are mostly decoupled from the layer above the canopy during this event. e
coupling regimes are shown in Figure 3.30 for the period of the 15 June 2011, 12:00 CET to
16 June 2011, 12:00 CET, where a red rectangle marks the event. ose are presented in the
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Figure 3.30. Vertical coupling regimes at tower M2 (a) in three different measuring heights
(2m, 26m, 36m), horizontal regimes parallel to the forest edge (M6 – M3 – M7; b) and
perpendicular to the forest edge (M8 – M3 – M4; c) from 15 July 2011 12:00 CET to
16 July 2011 12:00 CET. e different coupling regimes are named in Section 2.4.3. Red
rectangle marks the strong wind situation with westerly winds in the night of 16 July.

vertical regimes for the tower M2 (Figure 3.30a) at all three measuring heights (2m, 26m
and 32m). Additionally, the horizontal regimes parallel to the forest edge at 2.25m (M6 –
M3 – M7) are presented in Figure 3.30b and the horizontal profile perpendicular to the
forest edge at 2.25m (M8 – M3 – M4) in Figure 3.30c. While the obviously decoupled situ-
ation in the vertical profile is between 15 July 2011, 22:30 CET till 16 July 2011, 04:30 CET,
with short discontinuities, or other coupling regimes, there are no or only a few changes in
the horizontal coupling regimes. is is an indication of near-ground advective transport,
or katabatic drainage following the terrain slope from north-east to south-west (perpen-
dicular to forest edge), which can not be adequately captured by the routines for coupling
regimes as there is no turbulent transport prevalent.
e strong wind situation with the wave motions above the forest has also an effect

on fluxes of coherent structures. Figure 3.31 shows fluxes of momentum u′w′, buoyancy
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Figure 3.31. e relative flux contribution of coherent structures FCS to total fluxes Ftot
(a) and of the ejection contribution to coherent transport Fej/FCS (b) of momentum u′w′,
buoyancy w′T ′s , carbon dioxide w′c′, and latent heat w′q′ at the main tower M1 at 32m
from 14 July to 18 July 2011. Red rectangle marks the strong wind situation with westerly
winds in the night of 16 July.

w′T ′s , carbon dioxide w′c′, and latent heat w′q′ exemplary for the tower M1 at 32m. e
presented period from 14 July 00:00 CET to 18 July 2011 00:00 CET was chosen to have
a comparison to nights before and aer the event. e event itself is marked by a red
rectangle, where the relative flux contribution of coherent structures FCS to total flux Ftot

(Figure 3.31a) decreases significantly from approximately 25 % to approximately 15 % with
high fluctuations. is indicates less vertical transport, which is largely dominated by
sweeps. is is presented as the ejection contribution to coherent transport Fej/FCS in
Figure 3.31b, which drops almost to zero. is stands in contrast to nights before and aer
the event. So in other words, the sweeps are predominant during the event above the
canopy and the turbulent transport out of the forest caused by ejections is very low.
is small vertical transport affiliated to the long decoupling situation leads to an enrich-

ment of CO2 and a depletion of O3 in the trunk space of the forest, but also at the clearing
there are changes due to this event. ese are (i) a lower exchange with the atmosphere
above and (ii) cold air drainage (shown below). is is presented by the horizontal profiles
measured with the HMMS in Figure 3.32. Because of the non continuous measurements
and the radiation-induced problems in the CO2 measurements with the Gascard® NG (Sec-
tion 2.3.6) there are big gaps in the CO2 time series (Figure 3.32a), but also in O3 (Fig-
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Figure 3.32. Horizontal profiles of CO2 (a) and O3 (b) concentration measured with the
HMMS from 14 July to 18 July 2011. Position shows distance from the starting point in
metres, with starting point in the forest (0m), forest edge (75m, horizontal green doed
line) and endpoint at the clearing (150m). Black rectangles mark in both figures the strong
wind situation with westerly winds in the night of 16 July. Remark: e colour scaling is
different in all graphs.

ure 3.32b). However, the nighime values of 15/16 July (night with strong wind situation)
and 16/17 July can be presented. e CO2 concentration is in the forest approximately
40 – 60 ppm higher than in the subsequent night, whereas the CO2 concentration has not
changed significantly at the clearing. e O3 concentration is approximately 10 – 20 ppb
lower within the forest, compared to nights before and aer the strong wind situation. e
strong wind event is less remarkable at the clearing (decrease of approximately 5 – 10 ppb).
Additionally, there is a katabatic (cold air) drainage observable, which is caused by the
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Figure 3.33. Wind direction and velocity (a) measured with the 3D sonic anemometer at
2.5m at the forest edge tower M3. Vertical CO2 profile (b) at 8 heights (0.5, 1, 2.25, 5, 8,
13, 26 and 36m; see Table 2.4) also at M3. Both measurements are presented from 14 July
to 18 July 2011. Red rectangle marks the strong wind situation with westerly winds in the
night of 16 July.

slope of the investigation area, sloping from north-east to south-west and consequently,
the CO2-enriched and O3-depleted air drains over the course of the night out of the forest
and onto the clearing. In both profiles the highest (in case of CO2) or lowest (in case of O3)
values occur in the forest and the drainage is discernible over the complete horizontal pro-
file (0 – 150m). In nights before and aer the strong wind situation there is no comparable
drainage.

e drainage was also measured in the lower metres of the forest edge tower M3. Here,
at the moment the drainage starts, the wind direction (measured in 2.5mwith the sonic an-
emometer) changes from westerly to northerly, with a very low wind velocity (< 0.5m s−1).
Bothmeasured quantities are shown in Figure 3.33a. e vertical CO2 profile (Figure 3.33b),
also installed at M3 at eight different levels (0.5, 1, 2.25, 5, 8, 13, 26 and 36m; see Sec-
tion 2.2.3 for a more detailed description), shows the drainage at the lower four heights
(up to 5m), with concentration maximums up to 460 ppm. Compared to nights before
and aer the drainage, the concentration is 40 up to 60 ppm higher. e height up to 5m
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at M3 is explainable by a small embankment (near the last line of trees), which acts like
a ‘jumping platform’ for the drained cold air. ere is also an effect of the strong wind
situation measurable in the heights above (8 – 36m). Here, the CO2 concentration is ap-
proximately 20 ppm higher than in the nights before and aer.
In Section 3.4.2 the increased CO2 fluxes are described during LLJ events, but in the

case of the strong wind situation, coming along with gravity waves and long decoupled
situations, the CO2 accumulates within the trunk space of the forest, and regarding the
CO2 fluxes, they are only 2 to 4 μmolm−2 s−1 during this situation and therefore signific-
antly smaller than during the other nights, or particularly during LLJ events. Towards the
forest edge, the fluxes are less affected (30 – 50% less) and the reduction at the clearing is
marginal (10 – 20% less).

3.4.4. Inflow of fresh air caused by convergence line

Besides low-level jets (LLJ; Section 3.4.2) and the strong wind situation (Section 3.4.3),
which both occur mainly in the second half of the night, there are further influences of
the atmospheric boundary layer. As Foken et al. (2012b) observed on the night with a
LLJ (aer midnight), a prior inflow of fresh air with low NO2 and high O3 concentrations
between 22:00 to 24:00 CET, with the occurrence of gravity waves above the forest. An
inflow of fresh air was also observed during EGER IOP3, late on 7 July 2011 between 21:00
and 22:00 CET caused by the transition of a convergence line across the investigation area.
e vertical wind profiles in Figure 3.34 show corresponding to the crossing (first red rect-
angle), a wind direction change from south to west and a wind velocity increase from
smaller than 3m s−1 to 8 – 15m s−1. e vertical wind velocity changes from weakly neg-
ative (downward) to positive (upward). Aer 23:00 CET there is at heights below 250m
a wind change to north, while in heights above 500m the west wind remains unchanged
aer 21:00 CET. Around 01:00 CET on the 8 July there are again southerly winds with low
wind velocities and aer 02:30 CET there is a westerly flow again (second red rectangle).
Of interest here is how the fresh air distributes in the investigation site, and if there are

differences between the dense forest and the open clearing. Figure 3.35 shows the vertical
profiles of wind velocity, temperature, water vapour pressure, and CO2 concentration from
07 July 2011 18:00 CET to 08 July 2011 06:00 CET.ewind velocity (Figure 3.35a) increases
during the crossing of the convergence line (first red rectangle) above the forest canopy at
39m to 8m s−1, and decreases towards the ground. Near the ground there are measured
velocities of 2m s−1, while before and aer the inflow the velocities are < 1m s−1. With the
wind direction change to west again aer 02:30 CET, the wind velocity is again higher. e
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Figure 3.34. Vertical profiles from windprofiler (WPR), SODAR/RASS, and miniSODAR of
the wind direction (above), wind velocity (middle), and vertical wind velocity (below) from
07 July 18:00 to 08 July 2011 06:00 CET. First red rectangle marks the inflow of fresh air
between 21:00 to 22:00 CET and the second the west wind situation aer 02:30 CET.
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Figure 3.36. O3 concentration within the forest measured with the monitor ‘49i’ and
at the clearing measured with the monitor at the tower M4 from 07 July 18:00 to
08 July 2011 06:00 CET. First red rectangle marks the inflow of fresh air between
21:00 to 22:00 CET and the second the west wind situation aer 02:30 CET. Figure 2.2
shows the location of the measurements.

inflow causes also significant changes in the temperature (Figure 3.35b) and water vapour
profile (Figure 3.35c). ere is a temperature gradient before the inflow, with maximum
near the canopy and the strongest cooling near the ground. During the inflow there is
a decrease of more than 4K observable, with a well mixed profile. Aer the inflow, the
temperature increases slightly. e water vapour pressure in Figure 3.35c has before the
inflow its maximum also near ground. With the inflow there is also a well mixed profile,
with an obvious increase. Aer midnight there are no data available. e effect of the
inflow on temperature, as well as on water vapour pressure is slightly delayed, compared
to the increase of wind velocity, but with the maximum of the wind velocity, the influence
of the inflow starts as well. is behaviour was also measured in the CO2 concentration
(Figure 3.35d), which has before the inflow a profile, as described in Section 3.4.3, with
maximumnear ground at 2.25m. In this night there is also a nocturnal drainage observable,
which is almost interrupted by the inflow of the fresh, CO2-depleted air. But there is still a
concentrationmaximum at 2.25m visible and it looks like there is still a discernible outflow
of CO2, even though the wind direction at 2.25m at M3 turns from north to west (not
presented). e CO2 fluxes increases at all locations during this event. Aer the inflow,
the concentration increases along the total profile again, but not to an equal level like
before the inflow. So it can be presumed from the CO2 measurements at M3, that the fresh
air also distributes into the forest. But there were no HMMS measurements during this
event conducted and also the coherent structures and coupling regimes are not available
in order to verify this assumption.
e O3 concentration presented in Figure 3.36, is the only indication for a horizontal dis-

tribution of the inflow, since the measurements were conducted within the forest (monitor
‘49i’), and at the clearing (monitor at M4). e deviations between both locations are obvi-
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ous and the monitor at the clearing always shows 5 – 15 ppb higher concentrations before
the inflow. But during the inflow, marked by the first red rectangle, the concentrations are
almost identical (< 2 ppb) and aerwards, the concentrations differ again. e second red
rectangle shows the west wind situation aer 02:30 CET and here, the horizontal profile is
also well mixed.
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4. Conclusions

e comprehensive goal of this study was to obtain beer knowledge about exchange pro-
cesses, in a heterogeneous forest ecosystems in the temperate climate of Central Europe
with a focus on horizontal structures. erefore, measurements were conducted in the
vicinity of a forest edge (transect from a dense spruce forest to an open clearing) during
the third intensive observation period of the EGER project (EGER IOP3, Section 2.1) in
the ‘Fichtelgebirge Mountains’ (northeastern Bavaria, Germany). Beside common static
tower measurements (Section 2.2), a novel Horizontal Mobile Measuring System (HMMS;
Section 2.3; Hübner et al., 2011, 2014) was developed and for the first time, measurements
with a mobile system were conducted at an obvious forest edge, with a focus on horizontal
structures influenced by the forest edge. Despite the limited payload and dimension re-
strictions, eight quantities could be measured with the HMMS, and for the first time the
ozone concentration on such a small system. Foken et al. (2012b) designated trace gases
as ‘passive tracers’ for different coupling regimes, and therefore, the carriage of such an
analyser on amobile system is an innovation in near ground atmospheric observation. Dy-
namical errors caused by the individual response times of the sensors have been considered
to obtain the exact location of the HMMS’ measurements. erefore, a linear correction
algorithm was applied for the first time in near-ground horizontal mobile measuring sys-
tems. e following conclusions for the HMMS can be drawn:

• To assess the technical side of the HMMS, it should be pointed out that the system
development and the desired measuring procedure worked like anticipated, with
some limitations. ese include: (i) the wearing process of the engines was high,
due to the total weight of the HMMS (17 kg), and therefore, a change of the engines
aer the EGER IOP3 project was necessary. (ii) Additionally, the HMMS stopped
or faltered because of the high coefficient of thermal expansion of the rails’ mater-
ial (brass). Both problems and their consequences are discussed in more detail in
Section 2.3.5. During a subsequent project (EVENT II; Jentsch and Beierkuhnlein,
2010; Babel et al., 2013) with the HMMS, which was conducted in summer 2012,
modified rail connectors were used between the 2m long rail segments, which res-
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ulted in a significant improvement in the rail system. us, problem (ii) could be
completely eliminated. A more robust drive system, like for example Örlander and
Langvall (1993) and Oncley et al. (2009) used with cables and steel wheels is cer-
tainly more uncomplicated in terms of consistency, durability, and has in addition
a broader range of usability (variation in height, or respectively measurements in
heights above few metres are possible), but on the other side the development effort
and financial input is substantially larger.

• e set of devices, used for the control of the HMMS, as well as the data acquisition
were nearly unproblematic. eHMMS sowarewas, together with the DAQ device,
a perfect interface between the sensors and the data acquisition and also between
the determination of position (bar codes) and the HMMS speed and driving direction
system. e flexibility and usability could not be achieved by common used data log-
gers, and size and weight of for example a CR3000 (Campbell Scientific Inc., Logan,
Utah, USA) and our set of devices is not much different. Only the bar code scanner
had during humid conditions (morning fog) intermediately some failed readings, be-
cause of dew on the codes and the sensor’s glass. During sunny days the scanner
had to be shaded to avoid fail readings.

• In case of the sensor system on the HMMS, most sensors (CMP3/CGR3, HMP155,
O3 analyser) are frequently used in (micro-)meteorological measurements and con-
sequently, application was quite simple and the results were adequate (Section 3.1).
e HMMS design and the realised modifications to some sensors (named in Sec-
tion 2.3.3) do not have an influence overall. Only because of the low accuracy
(± 40 ppm) and the radiation induced errors in the CO2 concentrationmeasurements,
a change to a more accurate sensor should be considered. Since larger spatial differ-
ences in CO2 measurements occur mainly during nighime, this is not a significant
limitation in the applicability of the HMMS. Another possibility could be the pro-
tection of the sensor with a housing and cooling system. is could in turn lead
to high demands being placed on the power supply of the HMMS. Here, maybe the
change from a transparent to a non-transparent Makrolon® cover could already be
the remedy. We chose the transparent cover only for an easy view into the HMMS.

• e horizontal profiles measured with the HMMS show a gradient near the forest
edge, with a spatial relocation caused by the individual sensor response times τ . e
application of the correction algorithm shows a more significant gradient within a
shorter distance (see Section 2.4.1). So the before-and-aer comparisons illustrate



103

the need of a correction, especially for slow responding sensors. e results of the
correction algorithm (first-order) are, for most cases, absolutely sufficient. An im-
provement could be a second-order system (Brock and Richardson, 2001), which re-
quires the function of the non-steady-state conditions, but this is unknown. ere-
fore, an approximation would be necessary with the derivation of a parabola-like
transfer functionwith the consideration of local heterogeneities (combination of first
and second-order systems). Another possible way can be an approximation with
many overlaid linear functions. However, both algorithms are very work-intensive
for an insignificant advantage. Regardless of which kind of algorithm, an approx-
imation is only possible for every single run (one direction) and not for the entire
time series, or parts thereof. e reason is that the transition from the forest to the
clearing is (except for radiation) greatly influenced by turbulent/coherent structures,
rapidly changing the conditions there. Due to the high effort necessary for the ap-
plication of the correction algorithm, it can only be applied for short events (few runs
of HMMS), where a detailed investigation of gradients near the edge is required.

• e limited application of the correction algorithm over the entire time series or even
parts (e.g. daily time series), resulted in the use of uncorrected profiles, which are
absolutely sufficient for the interpretation of daily variations (e.g. Figure 3.21 in Sec-
tion 3.4.1). Another approach for the detailed investigation of horizontal gradients
was performed by averaging over a well-defined preceding time (Section 3.2.1) and
was also adopted in the supervised bachelor thesis of Schaller (2012). is approach
minimises the influence of small-scale fluctuations and the dynamical errors in an
acceptable manner and can be easily applied for the entire time series.

Combined with tower measurements (especially eddy-covariance measurements), the
HMMS is a good tool for a beer understanding of the exchange processes near the forest
edge and the investigations went during this study into three directions: (i) the investig-
ation of the heterogeneity of scalars in combination with the results found in Foken et al.
(2012b) for EGER IOP1/IOP2, (ii) the influence of coherent structures and coupling regimes
on horizontal structures according to the findings by Eder et al. (2013) for EGER IOP3 and
(iii) the influences of atmospheric boundary layer phenomena (occurring mainly during
nighime). Additionally, the results of Gatzsche (2013) were considered. e main results
and findings can be concluded as follows:

• Significant differences inmeteorological quantities could be observed along the tran-
sect perpendicular to the forest edge, with highest changes/gradients occurring near
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the forest edge within short distance (Section 3.2.1). Additionally, the investigations
of single runs of the HMMS showed that especially in the turbulence influenced
quantities (temperature, humidity and trace gas concentrations), significant changes
in the gradients could be found at the forest edge within a short period of time, while
the influence decreased both into the forest and onto the clearing. It could, for in-
stance, be shown that during night (Figure 3.13; 20:00 – 22:00 CET, before the LLJ
event) an inflow of colder, more humid and CO2 enriched air could be seen only
at the forest edge. e inflow propagated into the forest approximately 25m and
onto the clearing 50m. Further away, the concentrations were significantly lower
and the temperatures higher. is is a phenomenon caused by the forest edge and
the prevailing structures there and could be visualised by the HMMSmeasurements.
is observation could be confirmed by the coherent transport, where only at the
forest edge a daily cycle in the contribution of ejections/sweeps was observable (Fig-
ure 3.13; Eder et al., 2013).

• Highest temperatures (and lowest humidities) occurred in the vicinity of the forest
edge during daytime and these conditions facilitate a thermal updra. is is caused
by (i) highest radiation forcing (long-wave upwelling radiation from the clearing
and down-welling from the forest), (ii) highest amount of deadwood (low albedo),
(iii) low wind velocities and (iv) the advective transport of energy towards the forest
edge. Eder et al. (2013) found an ejection dominated coherent transport during day-
time only at the forest edge. e vertical CO2 profile (Section 3.3.1) showed a well
mixed profile during daytime, as well as the highest variation in the CO2 fluxes oc-
curred at 41m at the forest edge. A similar behaviour can be expected for O3 fluxes
and for certain also for other trace gases. But variations in CO2 fluxes were also
found during nighime. erefore, the impact on the net ecosystem exchange by
the forest edge should be investigated by long-term flux measurements, considering
the footprint and advection terms (e.g. Baldocchi et al., 2000; Sogachev et al., 2005;
Klaassen and Sogachev, 2006; Yi et al., 2008; Leclerc and Foken, 2014).

• Besides the ‘typical’ small-scale turbulent and coherent transport, there are large-
scale quasi-stationary secondary circulations above the clearing, which could be
visualised by the HMMS measurements and horizontal coupling regimes. e circu-
lations showed horizontal advective transport and up-/downdras at different loca-
tions at different times (but mainly at the forest edge). is is due to: (i) the mean
energy fluxes (mainly the latent heat) are increased at the forest edge, despite of the
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higher available energy above the forest, which verifies the findings of enhanced heat
fluxes and advective transport towards the forest edge by Klaassen et al. (2002) and
Leclerc et al. (2003). And, (ii) the ejection dominated coherent transport during day-
time (updras) and sweep dominated during nighime (inflow of fresh air), which
was found by Eder et al. (2013) only at the forest edge and independent from the pre-
vailing wind direction. is leads (iii) on average to a beer energy balance closure
at the forest edge (17 %), compared to the clearing and the forest (25 – 30%), with
highest variation in energy fluxes observed in the diurnal cycle at the forest edge,
and therefore also in the energy balance closure. e variations in the fluxes and
hence the available energy are in particular affected by the contribution of ejections.
Consequently, (iv) if there is a change in the energy fluxes at the forest edge, there
is also a weakened change in the fluxes above the forest and at the clearing (Sec-
tion 3.4.1). is implies a transport towards the forest edge and weakened transport
to the forest, but also off the forest edge towards the clearing, where one location is
fed with energy, while from the other location energy is extracted. is transport
can not be only described by horizontal advection, but rather by a circulation above
the clearing. (v) is circulations could be confirmed by changes in the horizontal
coupling regimes along the transect perpendicular to the forest edge, as well as in
the horizontal profile of the O3 concentration, measured with the HMMS. At times
of energy exchange between the locations, there is a horizontal coupling along the
transect (or at least between forest edge and clearing), and it has to be considered that
this secondary circulation influences the coherent transport along the total transect,
and also within the forest. is could be confirmed by an inflow of O3-depleted air,
with slightly lower temperatures. is air originates from above the clearing and is
distributed over the total 150m long HMMS profile and it should be assumed that
the spatial distribution of secondary circulations is larger.

• e ACASAmodel (Gatzsche, 2013) has in general a beer agreement with the buoy-
ancy corrected measured data (Charuchiipan et al., 2014), which implies also the
formation of quasi-stationary secondary circulations, since those are mainly driven
by differences in thermal heating (buoyancy-driven). Additionally, the third-order
closure of the ACASA model showed, in general, good agreement regarding coher-
ent structures and changing coupling regimes. However, significant deviations in
the model results were found during nighime with a decoupled sub-canopy (Ds),
indicating horizontal advective transport (nocturnal drainage), but also secondary
circulations, which can not be captured adequately by the ACASA model.
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• Boundary layer dynamics play an important role in the exchange processes of (het-
erogeneous) forest ecosystems, and therefore vertical profile measurements of the
boundary layer (SODAR), as well as the investigation of coherent transport and
coupling regimes should be investigated, if exchange processes want to be described
correctly. It could be shown that (i) during low-level jets (LLJ) increased CO2 fluxes
can be observed (like in e.g. Karipot et al., 2006, 2008; Foken et al., 2012b), due to
high friction velocity u∗ and good mixing with coupled situations (C/Cs). While the
CO2 fluxes increase significantly above the forest and at the forest edge, the fluxes at
the clearing increase only marginally. is could be visualised by different concen-
trations, where lowest concentrations occurred in the forest and slightly higher at
the forest edge, and even higher at the clearing. During weak-LLJ events, a decrease
of the fluxes could be observed, coming along with an accumulation of CO2 and a
depletion of O3, but during extremely weak-LLJ events, there are possible inflows by
sweeps at the forest edge. (ii) If atmospheric inversion layers occur below the alti-
tude of the site (and thus: only relevant for forest ecosystems in higher altitudes),
strong wind shears oen exist across the inversion layer, causing a long decoupled
situation (Wa), and an enormous reduction of CO2 fluxes. Here, the strongest reduc-
tion was found above the forest and the least at the clearing, which coincide with the
observations of found flux increases during LLJ events. e different fluxes led to a
different accumulation of CO2, but because of the sloping area, the high CO2 con-
centrations drained out of the forest onto the clearing. (iii) Passing of convergence
lines or widened strong wind situations during coupled regimes lead to an inflow of
fresh, CO2-depleted air, which is distributed over the total transect.

• Due to found differences in the fluxes along the transect perpendicular to the forest
edge, during various boundary layer dynamics, it can be assumed that the contribu-
tion and the scale of coherent structures plays an important role for the exchange
processes. And both are largest above the forest and decreasing towards the clear-
ing (Eder et al., 2013). is makes it necessary to investigate and interpret the dif-
ferent locations separately, regardless of which kind of heterogeneous ecosystem.
In so doing, horizontal as well as vertical gradient measurements of CO2, O3, but
also temperature measurements are, beside of flux measurements important tools
to realise different coupling regimes, as well as inflows and outflows. To which ex-
tent the small size of the clearing plays a role, and if and how the other forest edges
(mainly south due to the prevailing wind direction during LLJ events) may effect
the measurements at the clearing, could be investigated at a forest edge not within
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a clearing, or within a larger clearing. Alternatively, large eddy simulations should
be considered. is could provide ultimate certainty.

Finally, it should be said, that the continuous horizontal gradient measurements of the
HMMS provide an enhanced overview of the horizontal structures in the transition from
the dense spruce forest to the open clearing, which is in this range absolutely new for the
community. Additionally, the measurements and presentation of temporal dynamics of
prevailing structures relating to inflows, outflows, but also accumulations, and depletions
is also new along such a transect. is gained knowledge provides together with the used
standard tower/profile measurements (in horizontal and vertical transects) a beer under-
standing of exchange processes of heterogeneous forest ecosystems. e results found by
Eder et al. (2013) could be confirmed and the appearance of coherent/turbulent transport
and coupling regimes could be visualised in spatial and temporal terms without exception.
e knowledge about coupling regimes, coherent and turbulent transport of trace gases,
gained by Foken et al. (2012b) for the homogenous part of the heterogeneous forest ecosys-
tem could be confirmed, but also extended to the heterogeneity. Additionally, secondary
circulations could be confirmed to some extent by the visualisation of an O3-depleted in-
flow of fresh air over the total profile, and the horizontal transport of energy (indicated by
horizontal coupling). Such an overview of prevailing gradients, inflows, outflows, accumu-
lations, depletions, as well as insights on coherent/turbulent transport, coupling regimes
and secondary circulations over spatial and temporal terms would have not been possible
if only static tower measurements were used instead in combination with the HMMS. It
must be emphasised that, as with every mobile measuring system, the HMMS has the lim-
itation that it can not measure at every location simultaneously. So the HMMS or another
mobile measuring system can never replace tower measurements, otherwise small-scale
and short-time events could not be captured adequately.
e focus of further investigations should now be the time scales of the found second-

ary circulations and their spatial extension, as well as the contribution of coherent struc-
tures and their influence on long-term fluxes in such a heterogeneous forest ecosystem.
Here, large eddy simulations of this heterogeneous site are now of great interest, in order
to verify the measured observations (Kanani et al., 2014). A further approach of experi-
mental measurements can be described as follows: (i) High frequency horizontal and ver-
tical O3/CO2 profile in 2D/3D arrangement, and/or (ii) high frequency fibre-optic temper-
ature measurements (omas et al., 2012), in combination with the HMMS measurements.
In all aspects, the role of clearing sizes, as well as the bias of forest edges with regard to
the main wind flow should be considered.
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A. Analysis of vertical wind velocity

According to Siebicke et al. (2012), sector-wise planar fit is recommended for the complex
terrain of the EGER IOP3 site. It was therefore conducted for most mast/tower meas-
urements where the eddy-covariance technique was used. e sector-wise planar fit
rotation was performed due to the proposal by Foken et al. (2004). Section 2.4.2 contains
all information about the used method and the chosen sectors (in case of sector-wise) are
summarised in Table 2.10. e figures (A.1 till A.7) presented here show the vertical wind
velocityw versus wind direction for all towers named in Table 2.10. In each case, (a) shows
the data before coordinate rotation, (b) aer standard planar fit rotation and (c) aer
sector-wise planar fit rotation. (c) is only shown, when sector-wise planar fit rotation is
conducted and only then, the sector limits are indicated by dashed-vertical lines in all plots.
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Figure A.1. Vertical wind velocity w versus wind direction for tower M1 (z = 32m): (a)
before coordinate rotation, (b) aer standard planar-fit rotation and (c) aer sector-wise
planar fit rotation. Sector limits are indicated by dashed vertical lines in all plots. Data is
averaged in 10° wind direction bins. Gray arrows indicatesw ± standard deviation.
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M2 (z = 2.25m):
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M2 (z = 26m):
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M2 (z = 36m):
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Figure A.2. Vertical wind velocity w versus wind direction for tower M2 (z = 2.25m,
z = 26m, z = 36m): (a) before coordinate rotation, (b) aer standard planar-fit rotation
and (c) sector-wise planar fit rotation. For z = 2.25m no sector-wise planar-fit was per-
formed. For z = 26m, z = 36m sector limits are indicated by dashed vertical lines in all
plots. Data is averaged in 10° wind direction bins. Gray arrows indicates w ± standard
deviation.
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M3 (z = 2.25m):
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M3 (z = 41m):
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(c)

Figure A.3. Vertical wind velocity w versus wind direction for tower M3 (z = 2.25m,
z = 26m, z = 41m): (a) before coordinate rotation, (b) aer standard planar-fit rotation
and (c) sector-wise planar fit rotation. Sector limits are indicated by dashed vertical lines
in all plots. Data is averaged in 10° wind direction bins. Gray arrows indicatesw ± standard
deviation. Note different y-scales in z = 41m between (a) and (b,c).
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M4 (z = 2.25m):
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M4 (z = 5.5m):
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(b)

Figure A.4. Vertical wind velocity w versus wind direction for mast M4 (z = 2.25m,
z = 5.5m): (a) before coordinate rotation, (b) aer standard planar-fit rotation and (c)
sector-wise planar fit rotation. Sector limits are indicated by dashed vertical lines in all
plots. Data is averaged in 10° wind direction bins. Gray arrows indicates w ± standard
deviation.
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M6 (z = 2.25m):
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(c)

M6 (z = 5.5m):
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(c)

Figure A.5. Vertical wind velocity w versus wind direction for mast M6 (z = 2.25m,
z = 5.5m): (a) before coordinate rotation, (b) aer standard planar-fit rotation and (c)
sector-wise planar fit rotation. Sector limits are indicated by dashed vertical lines in all
plots. Data is averaged in 10° wind direction bins. Gray arrows indicates w ± standard
deviation.
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M7 (z = 2.25m):
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(c)

M7 (z = 5.5m):
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(c)

Figure A.6. Vertical wind velocity w versus wind direction for mast M7 (z = 2.25m,
z = 5.5m): (a) before coordinate rotation, (b) aer standard planar-fit rotation and (c)
sector-wise planar fit rotation. Sector limits are indicated by dashed vertical lines in all
plots. Data is averaged in 10° wind direction bins. Gray arrows indicates w ± standard
deviation.
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(b)

Figure A.7. Vertical wind velocity w versus wind direction for mast M8 (z = 2.25m): (a)
before coordinate rotation and (b) aer standard planar-fit rotation. A sector-wise planar
fit rotation was not performed. Data is averaged in 10° wind direction bins. Gray arrows
indicatesw ± standard deviation.
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B. Parameter for ACASA Tile Approach

e ACASA model (Pyles, 2000; Pyles et al., 2000) was performed to model the energy and
maer exchange (Section 2.4.5 Gatzsche, 2013). erefore plant physiological parameters
are necessary, which are given in Table B.1. And as mentioned in Section 3.2.4, six
different model runs were conducted at the clearing for the six dominating species. e
used parameters for each species is given in Table B.2.

Table B.1. List of plant physiological input parameters for the ACASA model (Gatzsche,
2013).

Parameter Definition Dimension

Vcmax25 Maximum rate of carboxylation at 25℃* μmolm−2 s−1

eavc Activation energy ∆Ha
* Jmol−1

hdvc Deactivation energy ∆Hd
* Jmol−1

dsvc Entropy Jmol−1 K−1

ejmax Activation energy for RuBP regeneration† Jmol−1

smax Term entropy for RuBP regeneration† Jmol−1

hjmax Deactivation energy for RuBP regeneration† Jmol−1

Jmax25 Potential rate of electron transport at 25℃ μmolm−2 s−1

cm Slope of Ball-Berry formula –
cb Intercept of Ball-Berry formula molm−2 s−1

oi Percentage of O2 within cells (Michaelis–Menten kinetic) mmolmol−1

iqe antum efficiency –
r0 Leaf basal respiration rate at 0℃ μmolm−2 s−1

q10 Q10 temperature coefficient for leaves –
xldiam Mean leaf diameter m
* Used for the calculation of Vcmax
† Ribulose-1,5-bisphosphate
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Table B.2. Plant physiological parameters for the ACASA model for the representative
vegetation species at the clearing ‘Köhlerloh’ during EGER IOP3 (Gatzsche, 2013). For
dimensions of the individual parameters cf. Table B.1.

Parameter Vaccinium Deschampsia Calamagrostis Juncus Picea abies

vcmax25 26.61 29.53 45.57 30.39 31.78
eavc 46 986 34 030 37 211 41 226 29 487
hdvc 200 000 200 000 200 000 200 000 200 000
dsvc 238.8 254.4 243.2 240.1 245.0
ejmax 52 642 48 000 137 205 16 745 36 185
smax 488.2 511.4 468.7 492.4 486.2
hjmax 200 000 200 000 200 000 200 000 200 000
jmax25 86.12 157.46 198.32 128.92 123.98
cm 10.09 10.58 10.68 8.17 9.40
cb 0.050 0.127 0.049 0.002 0.054
oi 0.21 0.21 0.21 0.21 0.21
iqe 0.0626 0.1223 0.0809 0.1215 0.0851
r0 0.1154 0.9174 0.0817 0.6815 0.5413
q10 2.7316 1.4226 2.7167 1.4632 1.8653
xldiam 0.130 0.004 0.050 0.050 0.010
Percentage [%] 17.5 21.7 9.0 3.1 21.4
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C. Detailed overview of horizontal structures

C.1. Meteorological gradients measured with the HMMS

e following sections are an extension of Section 3.2.1 and include the investigation of the
turbulence influenced quantities (temperature, humidity and trace gases), regarding four
different wind directions (Appendix C.1.1). Additionally considering different stability
parameters (Appendix C.1.2). Table C.1 contains the three different stability classes. Ap-
pendix C.1.3 investigates, in addition to the different wind directions, regarding different
friction velocities (thresholdu∗ = 0.4m s−1). e four chosen wind sectors are equivalent to
the four used sector-wise planar fit sectors at the forest edge (Figure 2.9). e designations
indicated in Figure 2.9 have not been adopted here. Instead, the following designations
have been used:

North: 330 – 90° (supersedes designation ‘Forest’)

East: 90 – 150° (supersedes designation ‘Forest Edge Sector East’)

South: 150 – 270° (supersedes designation ‘Clearing’)

West: 270 – 330° (supersedes designation ‘Forest Edge Sector West’)

Table C.1. Stability classes used for the investigation of the five locations named in
Table 3.1.

Stability class ζ = z/L

unstable −0.033 > ζ

neutral −0.033 < ζ < 0.04
stable 0.04 < ζ
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C.1.1. Variation regarding different wind directions

forest forest (near FE) forest edge clearing (near FE) clearing
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Figure C.1. Variation of the temperature T (a) and humidity, shown as relative humidity
RH (b) and absolute humidity a (c), as well as CO2 (d) and O3 (e) concentration, regarding
different wind directions (see Section C.1) at five different locations: forest, forest (near
forest edge/FE), forest edge, clearing (near FE) and clearing. Table 3.1 contains the exact
bar code positions. e data were averaged at each location over 15s per each run. Data
based on all completed runs during the three ‘Golden Day’ periods (Figure 2.3)
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C.1.2. Variation regarding different wind directions and stability
parameters
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(a) T in °C (unstable)
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(b) T in °C (neutral)
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(c) T in °C (stable)

Figure C.2. Variation of the temperature T regarding different stabilities and wind direc-
tions (see Section C.1). Unstable stratification is shown in (a), neutral in (b) and stable in
(c). Data were measured with the HMMS at five different locations: forest, forest (near
forest edge/FE), forest edge, clearing (near FE) and clearing. Table 3.1 contains the exact
bar code positions. e data were averaged at each location over 15s per each run. Data
based on all completed runs during the three ‘Golden Day’ periods (Figure 2.3)
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(a) RH in % (unstable)
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Figure C.3. Variation of the relative humidity RH regarding different stabilities and wind
directions (see Section C.1). Unstable stratification is shown in (a), neutral in (b) and stable
in (c). Data were measured with the HMMS at five different locations: forest, forest (near
forest edge/FE), forest edge, clearing (near FE) and clearing. Table 3.1 contains the exact
bar code positions. e data were averaged at each location over 15s per each run. Data
based on all completed runs during the three ‘Golden Day’ periods (Figure 2.3)
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Figure C.4. Variation of the absolute humidity a regarding different stabilities and wind
directions (see Section C.1). Unstable stratification is shown in (a), neutral in (b) and stable
in (c). Data were measured with the HMMS at five different locations: forest, forest (near
forest edge/FE), forest edge, clearing (near FE) and clearing. Table 3.1 contains the exact
bar code positions. e data were averaged at each location over 15s per each run. Data
based on all completed runs during the three ‘Golden Day’ periods (Figure 2.3)
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Figure C.5. Variation of the CO2 concentration regarding different stabilities and wind
directions (see Section C.1). Unstable stratification is shown in (a), neutral in (b) and stable
in (c). Data were measured with the HMMS at five different locations: forest, forest (near
forest edge/FE), forest edge, clearing (near FE) and clearing. Table 3.1 contains the exact
bar code positions. e data were averaged at each location over 15s per each run. Data
based on all completed runs during the three ‘Golden Day’ periods (Figure 2.3)
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(b) O3 in ppb (stable)
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Figure C.6. Variation of the O3 concentration regarding different stabilities and wind dir-
ections (see Section C.1). Unstable stratification is shown in (a), neutral in (b) and stable
in (c). Data were measured with the HMMS at five different locations: forest, forest (near
forest edge/FE), forest edge, clearing (near FE) and clearing. Table 3.1 contains the exact
bar code positions. e data were averaged at each location over 15s per each run. Data
based on all completed runs during the three ‘Golden Day’ periods (Figure 2.3)
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C.1.3. Variation ragarding different wind directions and friction
velocities
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Figure C.7. Variation of the temperature T regarding different friction velocities u∗ and
wind directions (see Section C.1). u∗ < 0.4m s−1 is shown in (a) and u∗ > 0.4m s−1 in (b).
Data were measured with the HMMS at five different locations: forest, forest (near forest
edge/FE), forest edge, clearing (near FE) and clearing. Table 3.1 contains the exact bar code
positions. e data were averaged at each location over 15s per each run. Data based on
all completed runs during the three ‘Golden Day’ periods (Figure 2.3)
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Figure C.8. Variation of the relative humidity RH regarding different friction velocities u∗
and wind directions (see Section C.1). u∗ < 0.4m s−1 is shown in (a) and u∗ > 0.4m s−1 in
(b). Data were measured with the HMMS at five different locations: forest, forest (near
forest edge/FE), forest edge, clearing (near FE) and clearing. Table 3.1 contains the exact
bar code positions. e data were averaged at each location over 15s per each run. Data
based on all completed runs during the three ‘Golden Day’ periods (Figure 2.3)
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Figure C.9. Variation of the absolute humidity a regarding different friction velocities u∗
and wind directions (see Section C.1). u∗ < 0.4m s−1 is shown in (a) and u∗ > 0.4m s−1 in
(b). Data were measured with the HMMS at five different locations: forest, forest (near
forest edge/FE), forest edge, clearing (near FE) and clearing. Table 3.1 contains the exact
bar code positions. e data were averaged at each location over 15s per each run. Data
based on all completed runs during the three ‘Golden Day’ periods (Figure 2.3)
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Figure C.10. Variation of the CO2 concentration regarding different friction velocities u∗
and wind directions (see Section C.1). u∗ < 0.4m s−1 is shown in (a) and u∗ > 0.4m s−1 in
(b). Data were measured with the HMMS at five different locations: forest, forest (near
forest edge/FE), forest edge, clearing (near FE) and clearing. Table 3.1 contains the exact
bar code positions. e data were averaged at each location over 15s per each run. Data
based on all completed runs during the three ‘Golden Day’ periods (Figure 2.3)
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Figure C.11.Variation of the O3 concentration regarding different friction velocitiesu∗ and
wind directions (see Section C.1). u∗ < 0.4m s−1 is shown in (a) and u∗ > 0.4m s−1 in (b).
Data were measured with the HMMS at five different locations: forest, forest (near forest
edge/FE), forest edge, clearing (near FE) and clearing. Table 3.1 contains the exact bar code
positions. e data were averaged at each location over 15s per each run. Data based on
all completed runs during the three ‘Golden Day’ periods (Figure 2.3)

C.2. Energy and trace gas fluxes measured with the
eddy-covariance method

C.2.1. Percentage distribution of energy fluxes at the forest edge

As discussed in Section 3.2.2 the determination of the available energy at the forest edge
tower M3 is more problematic than above the clearing and the forest, because the footprint
at the forest edge consists of both landscape types, whereas the footprint above the clearing
and the forest are more or less homogeneous. Furthermore a higher amount of advection
should be considered. Since the distribution of the available energy at the forest edge tower
M3 at 41m can only be estimated, a percentage distribution of the available energy was
considered, depending on the wind sector, which are equivalent to the four used sector-
wise planar fit sectors at the forest edge (Figure 2.9). While both sectors parallel to the
forest edge were kept constant at an equal contribution of 50 % forest : 50 % clearing, the
percentage distribution from the forest sector and the clearing sector were varied in 10 %
steps. e aim is to minimise the residual for the forest edge tower M3 at 41m. e
results of this variation is presented in Figure C.12. e distribution is shown as a relative
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Figure C.12. Residual of the energy balance calculated for the forest edge towerM3 at 41m,
depending on a varying distribution of available energy. e available energy is divided in
a part resulting from the forest p f and a part resulting from the clearing pc . Additionally
the distribution considers two different wind sectors, one from the ‘forest’ (blue axis and
numbers) and one from the ‘clearing’ (red axis and numbers). Equations (C.1) and (C.2)
show the composition.

portion for the available energy for the forest p f and for the clearing pc , but the portion
has to be considered depending on the two wind sectors ‘forest’ and ‘clearing’. erefore
four different variables has been defined: p f orest

f
andpclearinд

f
for the portion of the available

energy above the forest for both sectors and respectivelyp f orest
c andpclearinдc for the portions

above the clearing. e sum of portions with the same wind sector is always:

p
f orest
f

+ p
f orest
c = 1 (C.1)

p
clearinд
f

+ p
clearinд
c = 1. (C.2)
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e result of Figure C.12 is that the smallest residual with 17 % can be found
for a portion 70 – 90 % forest : 30 – 10 % clearing for wind sector ‘forest’ and
10 – 30% forest : 90 – 70% clearing for wind sector ‘clearing’. e following portions are
defined for all calculations of the energy balance:

p
f orest
f

= 0.8

p
f orest
c = 0.2

p
clearinд
f

= 0.2

p
clearinд
c = 0.8.
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QH Sensible heat flux Wm−2

QEBC−Bo
H Sensible heat flux as corrected by the Bowen ratio approach Wm−2

QEBC−HB
H Sensible heat flux as corrected by the buoyancy flux ratio ap-

proach
Wm−2

QHB Buoyancy flux Wm−2

Q∗S Net radiation Wm−2

r0 Leaf basal respiration rate at 0℃ μmolm−2 s−1

Res Residual of the energy balance Wm−2

RH Relative humidity %
smax Term entropy for RuBP regeneration Jmol−1

t Time s
td Delay time (here caused by inlet tube length) s
T Air temperature K, ℃
T0 Surface temperature K, ℃
Ts Sonic temperature K, ℃
T ′s Fluctuation of the sonic temperature K, ℃
u Wind velocity m s−1
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u Longitudinal component of the wind velocity m s−1

u∗ Friction velocity m s−1

v Lateral component of the wind velocity m s−1

Vcmax25 Maximum rate of carboxylation at 25℃ μmolm−2 s−1

w Vertical component of the wind velocity m s−1

w′ Fluctuation of the vertical component of the wind velocity m s−1

X Measuring veriable (general) *
xldiam Mean leaf diameter m
z Measuring height m

Greek symbols

∆Ha Activation energy Jmol−1

∆Hd Deactivation energy Jmol−1

∆X Signal difference in measuring variable (general) *
ζ Dimensionless height z/L –
λ Heat of evaporation for water J kg−1

τ Time constant s

Remark:
* dimension according to the use of the parameter
– dimensionless quantity
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