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Abstract

It has long-since been recognized by the community of boundary layer meteorolopat the
common eddy-covariance (EC) technique employed to establish a mass balance for the ne
ecosystem exchange (NEE) in forests experiences shortcomings of its meduingss in the
sub-canopy. Pressure-induced gas uxes between the soil and the atmosphererretl to as
the pressure pumping phenomenohave recently shifted into focus as they are thought to
be responsible for enhancing the di usion of soil-COfrom autotrophic and heterotrophic
respiration. The resulting CG e ux is typically not adequately accounted for by the 3-D
and 1-D mass balance approach and leads to an overestimation of NEE. The presdrthe-

sis aims at identifying ow modes capable of generating this pressure-induced exchange of
CO, between the soil and atmosphere in a moderatley dense spruce forest. To that end,
two temporally separated eld studies, namely the INTRAMIX 2016 and the LOeWE 202
campaign, were conducted within a mountainous central European spruce foreshelexper-
imental setup consisted of pressure transducers, gas analyzers and ultras@memometers

at an installation height of 0.1 m (soil station) and 4 m (4 m station) above the m@und.
Four research questions and corresponding hypotheses are proposed comze rstly the
time scales and time scale-related ow modes su cient to resolve the phenomenon of gre
sure pumping, secondly the type of pressure (static or dynamic) dominating the system at
the soil station measurement site, thirdly the prevalent source of air (soil omub-canopy)
detected by the soil station and lastly the dependency of pressure pumping on wind regime
and times of day. The presented thesis assumes that the vertical transport aif, from the
soil to the 0.1 m station (CG, enriched) or from the sub-canopy above to the 0.1 m station
(CO, depleted), is initiated either by static pressure or advective/turbulent transpar. It
was found, that pressure minima on a synoptic time scale over a 30 min averaging period
(Synmean) are closely correlated (INTRAMIX R? = 0:40, LOeWE R? = 0:55) with a high
standard deviation of pressure uctuations on a 30 s coherent structure (CS) qerbation
time scale. Coherent structures are considered responsible for the coupling oflstween
the vertical layers of the forest system in connection with pressure uctuains at the forest
surface during the passage of fronts. A quadrant analysis onpay,® - CO, s;° correlation
plot determined an equal distribution of the static pressure (INTRAMIX: 43 %, LOeWE:
42 % events focused in quadrant Q2 and Q4) and the dynamic pressure (INTRAMIX: 43,
LOeWE: 41 % events focused in quadrant Q1 and Q3) signal detected by thel spation.
The same quadrant analysis could allocate over 62 % of the INTRAMIX and more than
48 % of the LOeWE CS results towards air stemming from the sub-canopy region abo
the soil station by identifying the initiator of motion with its directional tendencies in each
guadrant. This nding gains importance when considering that 15 % of the INTRAMIX
analysis plots as well as 13 % of the LOeWE events could not be attributed towds a speci c
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ABSTRACT

source area. A further analysis of the data revealed a conjunction of downwatirected CO,
uxes with strong-wind occurrences during daytime and transition time. Those eventsere
additionally accompanied by warm air recorded at 0.1 m above ground. The underlying
process of these observations were strong pressure gradients as well asirstabilities at
the top of the canopy in consequence of high wind velocities. The resulting coherenteep
motions led to a displacement of warm, moist air from the canopy into the sub-canopyna
the ground layer. Both eld studies showed similar tendencies in the presented resulhile
this thesis has demonstrated a high degree of reproducibility during matching environmen-
tal conditions, it is advisable to conduct additional experiments on sites with varyingas
properties and forest architecture. The objective of developing a uniform mettidor the
estimation of a meaningful NEE does not need to be restricted to the research pressure
pumping in forest systems but should span over multiple urban and natural sites, taking
respective wind regimes, ow modes and topography as well as parameters wha@spheric
stability and radiation into account.



Zusammenfassung

Die Limitation der gangigen Eddy-Kovarianz (EC) Technik zur Bestimmung der Massenbi-
lanz des Netto Okosystem Austausches (NEE) im Unterbestand von Waldern istdter Gren-
zschichtmeteorologie allgemein bekannt. Die Gefahr einer Uberschatzung des relgphen
NEE erhoht sich zusatzlich durch einen gesteigerten druckinduzierten Gasausteluszwis-
chen dem Boden und der Atmosphére. Dieses so genanRtessure-Pumping-Phamomeinst

in der Lage die Di usion von CO, im Boden aus autotropher und heterotropher Atmung zu
erhéhen, was eine Unterschatzung der Bodenrespiration in der NEE Massenbilanz zur €olg
hat. Im Rahmen einer Diskussion um aussagekraftige NEE Werte wurde deshalb in jltegs
Zeit der Forschungsschwerpunkt auf daBressure-Pumping-Phanomerverlagert. Ziel der
vorliegenden Arbeit ist es, Stromungsmodi und Umweltbedingungen zu identi zieren, die
den druckinduzierten Austausch von C@ zwischen Boden und Atmosphéare in einem mayig
dichten Fichtenwald verursachen. Zu diesem Zweck wurden zwei zeitlich geinée Feldstu-
dien, die INTRAMIX 2016 und die LOeWE 2020 Kampagne, in einem gebirgigen mitteleu-
ropéaischen Fichtenwald durchgefihrt. Der Versuchsaufbau bestand aus Druckarsatoren,
Gasanalysatoren und Ultraschallanemometern in einer Installationshéhe von 0,1 m (Bm-
station) und 4 m (4 m Station) Uber dem Boden. Es wurden vier Forschungsfragen mit
entsprechenden Hypothesen aufgestellt. Diese betre en zum einen die Frageche zeit-
skalenbezogenen Stromungsmodi fur d&essure-Pumping-Phanomerverantwortlich sind.
Des Weiteren wurde Uber die Art des Drucks spekuliert, wecher das System am Btes der
Bodenstation dominiert (statischer oder dynamischer Druck). In diesem Zusammenhang
wurde auyerdem nach der vorherrschende Quelle der von der Bodenstation erfasdteft
gefragt (Boden oder Unterbestand) und schlieylich eine Abhangigkeit dBsessure-Pumpings
von Windregimen und Tageszeiten vorhergesagt. In der vorliegenden Arbeit wirdvien aus-
gegangen, dass der vertikale Lufttransport vom Boden zur 0,1 m Station (Queitat CO, an-
gereicherter Luft) bzw. vom dariiber liegenden Unterdach zur 0,1 m Station (Queltait CO,
abgereicherter Luft) entweder durch statischen Druck oder durch advektiveturbulenten
Transport ausgeldst wird. Im Rahmen der Datenanalyse wurde festgestellt, daBruck-
minima auf der synoptischen Zeitskala Syna, (30 min Mittelungsintervall) eng mit einer
hohen Standardabweichung der Druckschwankungen auf einer 30 s Perturbationszeilgk
koharenter Strukturen (CS) korrelieren (INTRAMIX R? = 0:40, LOeWE R? = 0:55). Diese
koharente Strukturen wurden als ursachlich fur die Kopplung der Waldluft bestimmt und
mit den Druckschwankungen im Unterbestand nach Frontendurchziigen in Zusammenhang
gebracht. Mittels einer Quadrantenanalyse in einempsy® - CO; <0i° Koordinatensystem kon-
nte eine gleichmayige Verteilung zwischen den von der Bodenstation erfassteatisthen
(INTRAMIX: 43 %, LOeWE: 42 % der Ereignisse mit einer Fokussierung im Quadranten
Q2 und Q4) und dynamischen (INTRAMIX: 43 %, LOeWE: 41 % der Ereignisse mit einer



ZUSAMMENFASSUNG

Fokussierung im Quadranten Q1 und Q3) Drucksignalen ermittelt werden. Mit selbiger
Quadrantenanalyse wurde die Richtung des CCFlusses ausgemacht und der Unterbestand
bzw. Kronendachbereich oberhalb der Bodenstation als Quelle der detektierteuft fir 62 %

der INTRAMIX- und mehr als 48 % der LOeWE CS Ergebnisse bestimmt. Diese Gewich-
tung wird vor dem Hintergrund verstarkt, dass 15 % der INTRAMIX sowie 13% der OeWE
Analyseplots keiner spezi schen Luftregion zugewiesen werden konnten. Eine wmst Zer-
legung der Daten ergab eine Verbindung zwischen den abwarts gerichteten ;CRNissen
und den Starkwindereignissen wahrend der Morgens-, Mittags- und Abendstunden. Ein
Zusammenhang mit Warmluftmessungen an der Bodenstation konnte ebenfalls festg#ist
werden. Der den Beobachtungen zugrundeliegende Prozess wurde auf die Entstehuogeg
Druckgradienten sowie auf Stromungsinstabilitdten an der Oberkannte des Kram#achs in
Folge hoher Windgeschwindigkeiten zurtickgefuihrt. Die daraus resultierenden kohéammt
Absinkbewegungen fuhren zu einer Verdrangung von warmer, feuchter Luft aus demoKr
nendach hinein in den Unterbestand und zur Bodenschicht der 0,1 m Messstation. Beide
Kampagnen zeigten &hnliche Ergebnisse in ihrer Datenanalyse. Somit weiyt die vorliegende
Arbeit bei Ubereinstimmenden Umweltbedingungen ein hohes May an Reproduzierbarkeit
auf. Im Sinne einer einheitlichen und aussagekraftigen Methode zur Messung von NEE,
ist es allerdings ratsam &hnliche Versuche an Standorten mit unterschiedlichen Bodeneigen-
schaften und Waldarchitekturen durchzufihren. Die Einbeziehung von weiteren urbanen
und natirlichen Landschaften in das Forschungsvorhaben kdnnte den Ein uss von Vaslan
wie standorttypischen Windregimen, Stromungsmodi, Topogra e, Stabilitatsparameter und
Strahlungsparameter auf dafressure-Pumping-Phanomerverdeutlichen oder revidieren.
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1. Introduction

In the critical zone the transfer and mixing of e.g. heat, water vapor, carlmodioxide and
nutrients near the surface control the biophysical resources which a eché abundance and
quality of life (Thomas, 2016). The importance of these mixing processes becomgsecially
apparent when CQ-budgets from leaf to continental scales are observed and the relevance of
forests for the global carbon cycle are evaluated. A widely applied technique &stablishing

a carbon-budget within a forest system is the determination of the net ecosysteexchange
(NEE) of CO, with the eddy-covariance (EC) method in a mass balance approach (Aubinet
et al., 2000; Ruppert et al., 2006). However, several studies (Aubinet et alQ@; Gu et al.,
2005; Ruppert et al., 2006; Flechard et al., 2007) found a high dependency of fantvelocity
(u,) and air pressure uctuations on NEE variability not accounted for by this approach.
Pressure-induced gas uxes between the soil and the atmosphere, commonly knowrthas
pressure pumping phenomenghave recently become of great interest for the community of
boundary layer meteorology. They are thought to be responsible for enhancing the dsion

of soil-CO, from autotrophic and heterotrophic respiration (Flechard et al., 2007; Thomas
et al., 2013). The resulting CQ e ux is typically not adequately captured by the 3-D and
1-D mass balance approach and leads to an overestimation of NEE (Thomas et al.120
Schematically, pressure pumping can be presumed as pressure perturbations which press
CO,-depleted air into the soil at one location and time and force CQenriched air out of
the soil at an other location and time (see Fig.1.2). The origin of this phenomenon is still
subject to ongoing reseach. The forest structure and related ow modes aneggested to
play a critical role for the development of pressure uctuations su cient to impact the ®il-

air gas exchange (Ruppert et al., 2006; Thomas et al., 2013). Apart from tha&Bubke et al.
(2004) emphasize the importance of soil temperature and soil moisture on the €@, e ux.
Similarly, Flechard et al. (2007) nd that the pressure pumping e ect is highly dependent
on temperature and soil water content (SWC). Moreover, Maier et al.2010) believe well
and deeply aerated soils to be most a ected by the pressure pumping phenomenon. This
thesis aims to identify ow modes capable of generating pressure pumping in a moderatley
dense spruce forest. The focus lies on an extensive analysis obC&hd pressure dynamics
at the forest surface. Properties of soil and air presumed to a ect the pgsure pumping
phenomenon are outlined and evaluated on their impact on the pressure induced exchange
of CO, between the soil and atmosphere.

Forests are commonly known to act as a net sink of GOduring the day but as a net
source during the night (Misson et al., 2007; Freundorfer et al., 2019). In ord&r correctly
describe a forest system and the exchange of mass and energy within, one may twudescard
classic theories of transport and mixing (e.g. Monin and Obukhov (1954)) more suila for
su ciently strong winds and signi cant solar heating or radiative cooling (Thomas, 201%



CHAPTER 1. INTRODUCTION

Weak-wind regimes and limited mixing are frequently encountered at forest siteghis is due
to their high ow resistance. Particularly the clear bole space in the understoreyetmed the
sub-canopy layer, experiences wind velocities usually1.5 m s! and downward momentum
transport from the stronger above-canopy ow enhances mixing (Thomas, 202016). What
is more, the transport of mass and energy between the sub-canopy and abosrepy layer
Is signi cantly reduced during the weak-wind regime, especially at night (Freundorfet al.,

2019). This in turn often leads to a decoupling between the EC measurement systand the
sub-canopy layer, resulting in an underestimation of the true biological GOux (Freundorfer

et al.,, 2019). Shaw et al. (1990) found that features of the sub-canopy air mavent and
surface pressure signal result directly from the velocity eld near the top of thirest. This
suggests an early indication for the importance of coupling regimes in the coursetlo#
pressure pumping discussion. The developed classi cation scheme for the identi cation of
exchange regimes proposed by Thomas and Foken (2007) allows one to estirttegeregion
of the canopy patrticipating in the exchange of energy and matter with the abovexcopy air
under varying environmental conditions.

Thomas and Foken (2007) distinguish between ve main exchange regimes, ofteticiving
a distinct diurnal cycle:

" Wave motion (Wa): The ow above the canopy is dominated by linear gravity waves
rather than by turbulence. The above-canopy, canopy and sub-canopy levels a®

sumed to be decoupled and the exchange between those levels is negligible. These
linear wave motions can be commonly observed during the night, when strong radia-
tive cooling results in a fairly stable strati cation.

Decoupled canopy (Dc):The air above the canopy is decoupled from the canopy and
sub-canopy. There is no transfer of energy and matter into or out of the canopVhis
extensive decoupling was shown to take place during the night and the rst half of the
day.

Decoupled sub-canopy (Ds)The atmosphere is coupled with the canopy, but decoupled
from the subcanopy. The exchange of energy and matter is limited to the abovaropy
and canopy layers. In the morning hours, the buoyancy ux at higher levels of the
canopy is stronger than the one at lower levels. As well as the decoupled canopg)\D
the decoupled sub-canopy (Ds) can therefore be observed mainly during the rst half
of the day.

Coupled sub-canopy by sweeps (Cdjhe exchange between the above-canopy air and
the sub-canopy is forced by a strong downward sweep motion. This exchangeimey
Is a typical transition regime between Ds and C and mostly takes place during the
second half of the day.

Fully coupled canopy (C):The atmosphere, the canopy and the sub-canopy are in a
fully coupled state. The intense solar radiation during the afternoon together witfow
longitudinal wind speeds has the potential to result in unstable strati cation during
the second half of the day.
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Based on the previous study by Thomas and Foken (2007), Thomas et al. (20880 assume
that the scalar exchange between vertical layers can be categorizetbimliscrete canopy
coupling regimes. They aim to identify a meaningful estimator for canopy mixing, coupling,
and decoupling, in order to improve NEE estimates for a fairly dense mature Douglas- re
stand (see Fig.1.1). The set up was composed of concurrent eddy covariance bse&rvations
above the main canopy crown and in the clear bole space below the sub-canopyworo
(Thomas et al., 2013). In contrast to the study of Thomas and Foken (200Avhich mainly
focuses on the exchange of energy and matter between the above-canapsirad the canopy
through upward motions (ejections) and downward motions (sweeps), Thomas dt €2013)
seek to diagnose the communication of air across the canopy pro le by relating theatar-
scalar ngerprint to the turbulent mixing strength. Building on the research of Thomas eal.
(2013),Freundorfer et al. (2019) additionally found a distinction between weakind regimes
and strong wind-regimes to be important for the di erentiation of coupling regimes.For
strong-wind regimes e.g., turbulence in the sub-canopy tends to remain strong regassi®f
reduced above-canopy turbulence (Freundorfer et al., 2019). In conjunction Wwithe diurnal
dependency of coupling regimes on the NEE shown by Thomas and Foken (2007), Flechard
et al. (2007) hypothesize that soil CQ@ storage changes and pressure pumping may explain
enhanced CQ uxes during the day and a decrease in C@at night within the sub-canopy
layer. They found that CO, accumulates in the soil during night when limited mixing takes
place and transport is restricted to molecular di usion as well as advective uxesDuring
daytime however, wind-induced pressure pumping results in a gradual daytime ushing out
of CO, from the soil. According to Flechard et al. (2007), soil C® storage and friction
velocity (u,) are negatively correlated on a diurnal time scale.

Ramp-shaped ow patterns observed in time series in and above forest canopiestted
coherent structures are an important transport mechanism for COmass transfer in a forest
system (Raupach et al., 1996). Not only do they play a major role for the di ererdtion of
exchange regimes in Thomas and Foken (2007), but Thomas et al. (2008) also fotimat
these structures are likely to be the underlying transport mechanism for the respiian events
occuring during daytime. They de ne coherent structures as an aperiodic, but organized
pattern in the turbulent ow on time scales of several 10 s consisting of a modeeatipward
motion (ejection, burst) ejecting air out of the canopy followed by a rapid downard motion
(sweep, gust) injecting air into the canopy. According to Thomas et al. (2008he vertical
lifting of air in the ejection phase of one coherent structure observed at the E©wer is
caused by an injection of air into the canopy (sweep phase) of a di erent caket structure
away from the tower. This process occurs as a dynamic change between the piases
(ejection and sweep) of a coherent structure satisfying the continuity eqtian. The injection
displaces the air in the sub-canopy that had a su ciently large residence time to accumukat
the respiration signal of the sub-canopy. A eld experiment conducted by Shaw et §1990)
revealed a period of overpressure roughly centered around the time of pagsaf coherent
structures related to scalar microfronts at the top of the canopy. Typiddy, these microfronts
separate the ejection of warm, humid air from the forest and the sweep of dgool air from
above during daytime conditions (Shaw et al., 1990). Other studies, like Ruppert et al.q@6)
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Fully Coupled Canopy (C) Decoupled Sub-Canopy (Ds) Decoupled Ground Layer (Dg)
NEE = FCO; ,,+AS NEE = FCO, ,,,*R, ;,,+AS NEE = not measurable

Jakeq Adoue)

0491 Adoue)-gns

Figure 1.1.: lllustration by Thomas et al. (2013) of the conceptual framework ugdeo improve
estimates of net ecosystem exchange (NEE) in tall, dense canopies. The verti-
cal canopy coupling decreases from left to right from the fully coupled canopy
(C), over the decoupled sub-canopy (Ds), to the decoupled ground layer (Dg)
regimes. For the fully coupled canopy, it is assumed that the above-canopy
EC ux (F co, wp) integrates the turbulent exchange of all carbon sinks and
sources. For the decoupled sub-canopy regime, the above-canopy EC ux only
integrates over sinks and sources located in the overstory, while the subopy
EC observations can be used to indirectly determine the advective loss through
accounting for the sub-canopy respiration (Rqu). For the decoupled ground
layer regime, turbulent mixing is very weak and advection is assumed to be the
dominant term in the carbon balance, which is not captured by any of the EC
systems. S is the temporal change of the storage term. Horizontal red dastie
lines indicate decoupling between layers, dark blue arrows symbolize advection,
and yellow vertical arrows show turbulent exchange. The light-blue circles sym-
bolize turbulent structures in general. They are neither ow mode speci ¢ nor
do they represent exact length scales.
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and Takle et al. (2003) concordantly name coherent structures as a primary nh@nism to
enforce the phenomenon of pressure pumping.

Takle et al. (2003) distinguish between two main e ects responsible for prese pumping
(see Fig.1.2):

Pressure uctuations in turbulent ow (e.g. Coherent Structures): These scale with
the square of wind speed uctuations.

Pressure uctuations attributable to variations of the mean wind interacting with ob-
stacles (e.g. Von-Karman-Vortices): These are based on the square of the mean wind
speed.

The ndings of Shaw et al. (1990), Takle et al. (2003) and Flechard et al. (2007)geee
with the conclusion of Thomas et al. (2008), who con rmed an increase in the magnitude
of CO, re xation and a larger uncertainty for meaningful daytime estimates of sub-canopy
respiration for very dense, multi-layered canopies with a reduced depth of peragion of
coherent structures into the canopy.

One way to identify ow modes responsible for the pressure pumping phenomenon is to
look into the time scales on which the respective ow modes exist. Figure 1.3 assighs
ow modes introduced in Figure 1.2 to three main categories of 5/3 small scale turbulenc
(or background turbulence), organized turbulence, and mean ow. However Kolmogets
similarity theory requires these categories not to be self-contained and indegent of each
other, but puts them on a spectrum of turbulence where large anisotropic eddies with a
high averaging time , determine small scale eddies and turbulence (Wang et al., 1996).
The interdependencies and soft edges between the ow modes diplayed in Figure 1.2 bexo
especially apparent when trying to assign the so called submeso-scale motionsne of the
categories mentioned above. Even though they are not normally considered pafthe mean
ow, submeso-scale motions can be found on time scales of minutes to up to one hour and
span between the largest turbulence scales and mesoscales (Mahrt, 2010igket al., 2015).

Furthermore, it is important to understand that pressure can not simply be viewed athe
result of motion as Figure 1.2 and Figure 1.3 might suggest. According to the Bernoulli
equation for uid dynamics, pressure can be both, a result of motion (dynamic pressjire
and the initiator of motion (static pressure) (Atkinson, 2009). The sum of the tw makes
out the total pressure (Lindner, 1991). More speci cally, Shaw et al. (1990)gint out that
pressure uctuations emanate from elds of convergence and divergence of uid motion,
whereas turbulent pressure gradients enforce velocity uctuations. This can berded from
the necessity to satisfy the momentum equation and the Poisson equation.
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Figure 1.2.: lllustration of conceptual ow modes and pressure pumping in a dense spruce
forest. The wind pro le (left) shows the in ection point. This marks the point
of greatest shear at the top of the canopy. Here, according to the mixing-
layer hypothesis (Raupach et al., 1996), the strong wind directional and speed
shear give rise to ow instabilities, which result in coherent structures (blue
arrows) (Bohm et al., 2013). These coherent structures are hypothesikz to
be a major mechanism responsible for the phenomenon of pressure pumping
(yellow arrows) (Shaw et al., 1990; Takle et al., 2003; Ruppert et al., 2006;
Flechard et al., 2007). Boundary-Layer eddies (green arrows) can be found in
the production range of the turbulent spectrum and are an anisotropic form
of turbulence originating directly from the extraction of the turbulence kinetic
energy (TKE) from the mean ow (Salesky et al., 2013; Wang et al., 1996). Vio
Karman vortices (purple) build up behind obstacles due to ow separation and
scale up with the size of the obstacle itself (Stoesser et al., 2009). According
to Kolmogorov's similarity theory, bigger eddies (like boundary-layer eddies,
coherent structures and Von-Karman vortices) break down into smaller eddies,
which are so far removed from the production range of the TKE, that they
become isotropic and homogeneous in character (Wang et al., 1996). They are
here termed as stochastic turbulence (orange circles). The turquoise arrows
indicate an advective ow in the sub-canopy.
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Figure 1.3.: Placing the ow modes typical for a weak-wind regime on a time scale of atmo

spheric uxes. The letter marks the turbulent time scale or perturbation time
scale reaching from a few seconds to up to ten minutes (Orlanski, 1975; Mahrt
and Thomas, 2016). . marks the turbulent adjustment time scale required
by the turbulence to adjust to new conditions (Mahrt and Thomas, 2016). In a
weak-wind regime, the averaging time, is usually larger than the largest turbu-
lent scale (Mahrt and Thomas, 2016). According to Mahrt and Thomas (2016)
this choice of o > leads to perturbation quantities that include non-turbulent
motions on time scales between and ,. The non-stationary submeso-scale
motions within the .4 range extent from several minutes to up to one hour
(Mahrt, 2010). They are t to generate turbulence and may prevent turbulence
equilibrium (Mahrt and Thomas, 2016).

In order to guarantee reproducibility for the outcomes of this thesis, two corsponding but
temporally separated experiments were conducted. Both were incorpordtm a larger eld
study of the Micrometeorology Dark-Mix Group namely the INTRAMIX 2016 (N vestigation
of TRA nsport and MIX ing within a forest) and LOeWE 2020 [Large eddyObservatory
W aldstein Experiment) campaign (see BayCEER (a), accessed 26.05.2021). Thpexkmen-
tal setup respectively consisted of sonic anemometers, gas analyzers amdguire transducers
at two levels in the sub-canopy of a spruce forest at the BayCEER researsite and Fluxnet
location in Waldstein / Weidenbrunnen. In connection to the overall objective ofhis thesis,
four research questions (RQ) and respective hypotheses (H) are postethas follows:

RQ]_:

Hl:

RQ:y:
H2:

Which time scales and time scale-related ow modes are associated with the phe-
nomenon of pressure pumping?

Coherent structures covering time scales of 30 seconds will be dominating the pugs
pumping phenomenon in terms of resolution and forcing (Shaw et al., 1990; Ruppert
et al., 2006). A high dependency of coherent structures on synoptic phenomenons e.g.
large-scale weather pattern can be expected (Shaw et al., 1990; Bohnakt 2013).

Which type of pressure dominates the system at the soil station measurement site?
Based on the experimental setup with a built-in Quad-Disc probe for the detdon
of pressure uctuations, it can be hypothesized that static pressure will mainly be
detected by the system (Nishiyama and Bedard Jr, 1991; Liberzon and Shemerl1@p
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RQs

H3:

RQ;:

Ha:

. Under the assumption that a vertical transport of air is initiated by either static pres-
sure or advective/turbulent transport, what is the dominating source area (air stemming
from the sub-canopy or soil) detected at the soil station measurement site?

There will be no source of air (sub-canopy or soil) dominating over the other one during
the entire experimental period. However, a dominating source area will be founar f
smaller time periods. This will be dependent on wind regimes, diurnal courses, soil
properties and the behavior of sweeps and ejections of coherent structui@saw et al.,
1990; Thomas and Foken, 2007; Flechard et al., 2007).

What is the dependency of pressure pumping on wind regimes and times of day?
The exchange regimes Cs and C as classi ed in Thomas and Foken (2007) mainly form
during the afternoon and will be a driving force for the pressure pumping phenomenon
especially during times of prevailing strong-wind regimes. In general, the pressure
pumping phenomenon can be hypothesized to be more pronounced during the day
(Thomas and Foken, 2007; Flechard et al., 2007).

By answering these research questions, this thesis aims at coupling physical phenomena
including turbulence and mixing of air with biophysical and biochemical processes of plant
physiology and soil physics. Soils and forests are known to be the largest globarbon

sink

(Nabuurs et al., 2007). To that end a key role for the mitigation of climate change

Is to understand the state of the art methods of quantifying the physical and chemical
interconnections between the environmental compartments, as well as closithg gaps within
the ongoing research. Through the simple and cost-e ective setup presented hist thesis,
valuable data can be collected. The resulting pressure pumping analysis has the potential t
substantially contribute to the eld of theoretical surface meteorology by clsing the research
gaps on the acquisition of a meaningful NEE.



2. Data Acquisition

The data retrieval for the pressure pumping objective requires a comprehensive undsnsl-

ing of the experimental siteand experimental setup The general location of the measurement
stations as well as the environmental conditions under which the data was obtained aret-
lined in this chapter. Hereby, the focus was speci cally set on parameters that heshown

to impact the pressure pumping phenomenon in the past (Subke et al., 2004; Flechard et al.,
2007; Ruppert et al., 2006; Thomas et al., 2013), namely soil properties,dst structure and
climatic circumstances. As the thesis is based on two temporally separated eld stusli¢his
chapter additionally addresses similarities and di erences in the experimental setup twdth.

2.1. Experimental Site

The INTRAMIX campaign and the LOeWE campaign were each carried out in the north-
ern Fichtelgebirge on the BayCEER research site (see BayCEER (b), assed 26.04.2021)
and Fluxnet location in Waldstein / Weidenbrunnen, between Weiyenstadt, Sparneck and
Zell (see Fig.2.1). The experimental periods spanned from 26.05.2016 to 1206 (IN-
TRAMIX) and 25.08.2020 to 01.11.2020 (LOeWE).

The research site lies within a moderately dense spruce forest (Picea abies)hwan av-
erage tree height of p=25 m (measured: 2008) (see BayCEER (c), accessed 27.05.2021).
At the Waldstein site the canopy extends from approximately 10 m to 25 m with the ma
jority of the plant tissue concentrated in this area and a mean plant area index AP) of
5.6 n? m2 for the crown space and 3.5 fim for the understorey (Ehrnsperger, 2017; Wun-
der, 2017). The main leaf mass is expected to be at 0.5 to 0.9(kee Fig. 2.1.2 in Wunder
(2017)). The tree density is around 1000 ha In the understorey the vegetation is covering
60 to 80 % of the ground (Wunder, 2017). The sub-canopy consists of an underdgiowf
herbaceous plants (Calamagrostis villosa, Deschampsia exuosa, Dryopteris dil@aOxalis
acetosella), dwarf shrubs (Vaccinium myrtillus) and mosses (Dicranum scoparium) (N-
der, 2017). Babel et al. (2017) found an increasing trend of annual NEE uptakath values
around 40 g C m? a! for 1997 to 1999 and up to 615 79 g C m? a' for 2011 to
2014. The experimental site is characterized by a moist-temperate com@ntal climate (Dc
according to Képpen-Trewatha) with a mean annual temperature of 5.3 °C (197%o0 2000)
and a mean annual precipitation of 1162.5 mm (1971 to 2000) (Ehrnsperger12i
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Figure 2.1.: Map of the Fichtelgebirge region in northern Bavaria, Germany (s&ayernAtlas
accessed 18.03.2021). The location of the Waldstein experimental sit@°(®8'
31" N, 11° 52° 01" E) of the University of Bayreuth is indicated by a red pin.

During both experiments, data of air temperature and precipitation were colléed (see
Fig. 2.2). With a mean of 15.7 °C averaged over the measurement period of M2y16 to
July 2016, the INTRAMIX campaign shows slightly warmer temperatures compared tihe
LOeWE campaign (10.7 °C). In turn, the LOeWE campaign collected data during the colde
summer to fall transition months (August 2020 to November 2020) and yields a highsgum
of total precipitation (INTRAMIX: 55 mm; LOeWE: 66 mm).

Subke et al. (2004) conducted extensive soil research in close proximity to theaMétein
experimental site. They identi ed the soil type as a cambic podzol over gramitbedrock,
characterized by low pH values of around 3.5 to 4.2. The organic soil horizons arl strat-

i ed and of the moder type (Subke et al., 2004). The mean soil GCe ux was calculated
as 560 43 g C m? a' (1997 to 2000) (Subke et al., 2004). Analogously to the climate
data, a detection of the parameters soil temperature and soil moisture wasrfoemed over
the course of the two experiments (see Fig. 2.3). In conjunction with the air tgperature
analysis, the INTRAMIX campaign shows a slightly higher value for the mean soil temper
ature (INTRAMIX: 11.9 °C) than the LOeWE campaign (LOeWE: 10.7 °C). Despite les
precipitation, the mean volumetric soil moisture content (VSMC) is noticeably higher for
the INTRAMIX campaign (INTRAMIX: 31 %; LOeWE: 20 %).

10
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Figure 2.2.: Climate data for the respective time periods of the INTRAMIX and LOeWE
campaign. For each month of the two campaigns, the temperature distribu-
tion with a 50th percentile median, the 2.5 percentile, 97.5 percentile as well
as the total precipitation are given. The right side of the diagram addition-
ally shows the mean temperature (INTRAMIX: 15.7 °C; LOeWE: 10.7 °C) and
total precipitation (INTRAMIX: 55 mm; LOeWE: 66 mm) over the entire ex-
perimental periodes, respectively. The employed data is resolved in 30 min
intervals. The sonic temperature was measured at the soil site pressure pump-
ing station, whereas the precipitation data was recorded at the P anzgarten air
guality center (see Chapter 2.2).

11



CHAPTER 2. DATA ACQUISITION

Figure 2.3.: Soil property values for the respective time periods of the INTRAMIX rad
LOeWE campaign. For each month of the two campaigns, the distribution
of soil temperature (left) and volumetric soil moisture content (right) with a
50th percentile median, the 2.5 percentile and 97.5 percentile are given. At
the very right side of the two diagrams the means of both soil properties are
shown for the entirety of the respective campaigns (INTRAMIX: 11.9 °C, 31 %
VSMC; LOeWE: 10.7 °C, 20 % VSMC). The employed data is resolved in 30 min
intervals and was recorded at the Weidenbrunnen main ux tower (see Chapter

2.2).

12
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An analysis of wind data collected prior to the LOeWE experiment was important fothe
correct setup of the soil station measurement site (see Chapter 2.2) andeosure the repre-
sentation of the main wind sectors in the data collection of the LOeWE experimerFigure
2.4 displays the azimuth-corrected wind direction and wind velocity from 10 min avages of
20 Hz wind data collected at the Waldstein site from 2017 to 2019. The abowanopy ow

Is separated into the three main wind sectors north, south-east and west withnaean wind
speed of 3.6 m'$. In the sub-canopy, the wind velocities are reduced to a mean wind speed
of 0.8 m s! mainly coming from a northern direction.

Figure 2.4.: Windrose plots for the experimental site Waldstein (2017 to 2019)q508' 31"
N, 11° 52' 01", 775 m). The plots consist of 10 min averages of 20 Hz wind data.
The frequency of counts by wind direction is given in [%] and the wind velocities
are shown by the color scheme light turquoise to dark turquoise with increasing
magnitude for the sub-canopy at 4 m height (left) and the top-canopy at 36 m
height (right).

2.2. Experimental Setup

The experimental setup for the pressure pumping analysis during the LOeWE campaign was
designed following the pilot eld studies of the INTRAMIX campaign. Since the master's
thesis by Laura Ehrnsperger (2017) was part of the INTRAMIX campaign, a detaitede-
scription of an experimental setup well suited for pressure pumping analysis at thealstein
site can also be found in her work. An infra-red gas analyzer (INTRAMIX: LI-780, LOeWE:
LI-7500) for CO, and H,O ux measurements was installed approximately 0.1 m above the
ground (soil station) for both campaigns (see Fig. 2.5). In order to capture theertical
wind perturbations in the vicinity of the gas analyzer, an upside down sonic anemometer

13
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(INTRAMIX: Metek USAL, LOeWE: Campbell Scienti c CSAT3) was positioned right next
to it. All changes in pressure on the ground were registered by a fast-resge pressure
transducer (INTRAMIX: Paroscienti c 216b, LOeWE: Paroscienti ¢ 6000-16B1S) for high
resolution measurements of static atmospheric pressure with a built-in Quad-Disc pm A
similar setup of a non-rotated sonic anemometer (Campbell Scienti c CSAT3) and press
transducer (Paroscienti ¢ 216b) was built for the INTRAMIX campaign at a distance 66 m
from the soil station measurement site at a height of 4 m (4 m station). Duringie LOeWE
experiment, additional measurements were conducted with a non-rotated sonic ex@neter
(Campbell Scienti c CSAT3), a pressure transducer (Paroscienti c 6000-16E5) and a gas
analyzer (LI-7500) in 4 m height (4 m station), 68 m away from the soil measment site.
Over the course of the INTRAMIX campaign, data was collected with CR3000 dataggers
at a resolution of 20 Hz. For the LOeWE campaign, the soil station measurements aell as
the 4 m station data were recorded by a CR6 data logger with a 20 Hz resolutioA power
outage between the 22nd to 28th of September (soil station) and the 8th fth of October
(4 m station) led to gaps in data recording during the LOeWE experiment. Over theotirse
of both campaigns precipitation data and soil property measurements were condedtat the
P anzgarten air quality container (325 m distance from soil station) and Weiddorunnen
main ux tower (68 m distance from soil station), respectively.

Figure 2.5.: Experimental setup for the pressure pumping analysis during the INTRAMIX

campaign on the left side and the LOeWE campaign on the right side. IN-
TRAMIX: with pressure transducer (Paroscienti ¢ 216b in -0.05 m height within
the soil), sonic anemometer (Metek USA1 in 0.16 m height) and infra-red gas
analyzer (LI-7500 in 0.07 m height); LOeWE: with pressure transducer (Pasoi-
enti c 6000-16B-IS in -0.05 m height within the soil), sonic anemometer (Camp-
bell Scientic CSAT3 in 0.16 m) and infra-red gas analyzer (LI-7500 in 0.08 m
height) (photo: Laura Ehrnsperger, Elena Nitzler).

14



3. Processing and Analysis

The division of the data processing and analysishapter was based on the choice of prior-
ization for the pressure pumping. Whilst the ux analysis is su cient to present general
tendencies of uxes and environmental conditions on an averaging period of 30 min, thres-
sure pumping analysisnspects the phenomenon of pressure induced gas exchange between
the soil and atmosphere in more detail and on several time scales. The latter imsequently
more elaborate in its methodological description.

3.1. Flux Analysis

In order to receive 30 min averaged data of meaningful latent heat ux{ ), sensible heat
ux ( Qu), CO, ux ( WA 0,9 and pressure varianceg®?), respective raw data had to be pro-
cessed using a Matlab analysis tool for ux datalfmm ux) written by Christoph Thomas
(see Appendix in Thomas et al. (2009)). Théomm ux software requires a con guration
le to adjust for sensor, process and site speci ¢ characteristics. Among oth#rings, this
includes information concerning the position of the measurement instruments, their separ
tion length as well as site speci c parameters like the roughness length and candmight
of the measurement site. Additionally, common post- eld data quality control comctions,
namely a coordinate 3-D-rotation (Wilczak et al., 2001), a despiking of the time ses data
(Foken et al., 2004), a frequency response correction (Moore, 1p&6density correction for
open-path instruments (Webb et al., 1980) and the Schotanus correction for tle®nversion
of buoyancy ux into sensible heat ux (Liu et al., 2001) were applied. Precipitation data
for the INTRAMIX and LOeWE campaign was downloaded from the BayEOS-Server (se
BayEOS accessed 22.03.2021). Both, the results of the bmm ux processing and fine-
cipitation data were further Itered and analyzed with the open source statistal software
R (version 4.0.3). Here, the pressure variance was calculated as the squarthefstandard
deviation of pressure for each 30 min interval. The 30 min averages of precipiba, pressure
variance and ux data in the forest sub-canopy were then merged according to thespective
dates, times and heights. Unphysical data were Itered out by applying the 95th peeatile
of the data and current literature (Launiainen et al., 2005) (see Table 3.1).
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Table 3.1.: Plausibility limits for forest sub-canopy statistics

Variables Limits
Qe [Wm™?] [-60; 60]
Qu [Wm?] [-50; 50]

wO,° [ mols *m?] [-5; -5]
%P [hP &2] [0; 0.1]

3.2. Pressure Pumping Analysis

During the pressure pumping analysis, the same processing procedure was applied to both,
the INTRAMIX and LOeWE data. A basic ow chart for a more profound understanding
is given in the appendices (see A.l).

The bmm ux software was used to average the 4 m height station 20 Hz raw data for gsare
analyzer settings into 4 min block averaged periods. To this end, the con guration lésee
chapter 3.1) was changed accordingly and the density correction for open-pathtmsnents
(Webb et al., 1980) was switched o . The results of this routine were then rdanto the open
source statistical softwareR (version 4.0.3), along with the 20 Hz raw data of the soil station
measurement site and the 4 m height station. This is, where the main processing tookgaa
The pressure variance @9 was calculated for each of the averaged 4 min intervals. The
pP%P data was then pre ltered according to its 95th percentile, such that only the highs

5 % of the data remained. Since the pressure pumping phenomenon is expected to yield
high pressure uctuations in the collected data, this criterion aims at a more speci edata
analysis for the objective of the presented thesis. In a next step, the rawtdaat both
stations was Itered so that every 30 min period of 20 Hz data which contained &east one
of the remaining 4 min pre Itered data points was chosen for the pressure pumping analysis
Table 3.2 shows the variables selected for the further processing.
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Table 3.2.: Variables selected for the further pressure pumping analysis processing

Variables Limits (IN- Limits Criteria for Criteria for
TRAMIX) (LOeWE) forced limits forced limits
(INTRAMIX) (LOeWE)
Time [27.05.2016 [25.08.2020 - -
02:30:00; 11:30:00;
12.07.2016 27.10.2020
01:30:00] 08:30:00]
Wsoi [Ms™?] [-1.62; 1.16] [-3.15; 2.81] - -
Psoil [NP a] [912.40; 936.21] [903.44; 938.26] - -
COy il [0; 30] [0; 30] 98th percentile  98th percentile
[mmolm3]
Tssoil [ Cl [9.29; 37.89]; [0.05; 22.33] - -
Wam [Ms™] [-2; 2] [-1; 1] 99th percentile  98th percentile
psm [hPa] [911.98; 935.77] [902.96; 937.81] - -
COs am - [0; 30] - 98th percentile
[mmolm-3]
Tsam [ C] [6.63; 35.00]; [1.00; 27.00] 99.999 per- Percentiles: [0.1;
centile 99.999]
Usm [mMs?] [-10.00; 10.00] [-3.04; 5.76] Percentiles: -
[0.03; 99.99]
Vam [Ms?] [-10.00; 10.00] [-7.32; 6.79] Percentiles: -
[0.03; 99.95]

As a consequence of pre ltering for the highest 5 % of pressure variances, the timgese
were no longer continuous. In fact the focus was shifted towards the daytimetddsee Fig.
3.1). This was to be expected as it coincides with times of intense solar radiatjavhich give
rise to enhanced buoyancy forces, strong pressure gradients and thereforéndrigporessure
variances (Thomas and Foken, 2007; Flechard et al., 2007). A pronounced repreation
of the daytime data becomes especially apparent for the INTRAMIX campaign. For the
LOeWE campaign, the remaining data was generally more uniformly distributed throughout
the diurnal course and shows only a slight tendency towards midday.
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Figure 3.1.: Diurnal distribution of the remaining data after Itering. The histogram shows
the distribution of each Itered 30 min averaged period of raw data (INTRAMIX:
total of 445 periods, LOeWE: total of 388 periods) over a diurnal courserfthe
INTRAMIX campaign (yellow) and LOeWE campaign (red).

In order to di erentiate between the ow modes and time scales introduced in Chapt 1
(see Fig. 1.3), a triple decomposition was performed following Hussain and Reynol@i870).
The presented thesis distinguishes between a synoptic mean ow (Syg) and a synoptic
perturbation (Synyime) With an averaging period of 30 min (see Equ. 3.1 and 3.2). Whilst
Synmean €quals the 30 min averaging periodX(zomin) (INTRAMIX: total count of 445 data
points, LOeWE: total count of 388 data points), the synoptic perturbationsubstracts the
mean of the whole of the raw dataX 4 raw) from X somin. The thesis moreover mathemati-
cally de nes coherent structures (CS) as the di erence between every 30 seaaging period
(X 30) and the 30 min mean data X somin) (S€€e Equ. 3.3), yielding a perturbation time scale
for CS of 30 s (also see Thomas and Foken (2007)). The background turbule(8€) has a
perturbation time scale equal to the raw data (20 Hz), as every raw data pdigX ,) gets
substracted by the 30 s averaging periodX(sgs) it falls into (see Equ. 3.4).

YSyn = X 30min (3.1)

X %yn = Xaomin X all raw (3.2)
X%s = X305 X 30min (3.3)
X% = Xraw X0 (3.4)

Equation 3.1 to 3.4 were respectively applied to the variablessgii, Wim, CO> soii, CO2 4m,
Psoil @nd psm (See Table 3.2). Additionally, the sonic temperaturesT(s soi and T 4m) for each
time scale (Symean, Synyime, CS and BT), as well as a vertical- W), along- (Usm) and
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cross-wind ¢4m) component were calculated from the means of the raw data according to the
time scale's averaging and perturbation time. Subsequently, the e ective wind speéU4,)
for the synoptic time scales and the coherent structures was calculated aftequation 3.5.

q
Usm = Usm? + Vam? + Wyp? (3.5)

A categorization into weak-wind and strong-wind regimes was performed tmoth campaigns.
To this end, a weak-wind threshold of 0.6 msdetermined in Wunder (2017) and Ehrnsperger
(2017) was adopted for the INTRAMIX data. The same threshold of 0.6 m'scould be found
for the LOeWE campaign 4 m station by plotting the 4 min averaged friction velocit (U;)
over the 4 min averaged e ective wind speedJ) (see Fig. 3.2). Here, a quality control of
the data was performed prior to the weak wind-analysis by excluding data of precipiiah
events and quality ags >=2. The post eld-data quality control was carried out after Foken
et al. (2004), who assign high quality data including good integral turbulence charactstics
for fundamental research to the classes 1 and 2 out of nine. The stronger inseafu, with
U at approximately 0.6 m st marks the weak-wind threshold for the LOeWE campaign.

Figure 3.2.: Weak-wind threshold for the LOeWE campaign. Data of precipitation evén
and quality ags >= 2 (lower quality (Foken et al., 2004)) were excluded. Black
points represent the 4 min averaged measurement values of the 4 m stationalat
The density of the data points increases with the color scale from light purple
to deep green. The orange points are bin averages with a constant bin-width of

U = 0:01m s?. The mean t was created by cubic spline regression.

The weak-wind threshold categorization was applied to the CS data set. This wd®d in
64 % of the INTRAMIX CS data and 70 % of the LOeWE CS data being attributed to
strong-wind (INTRAMIX CS weak-wind: 36 %; LOeWE CS weak-wind: 30 %). For the
SyNnean and the Synyime data, a 30 min interval was marked as weak-wind, whenever more
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weak-wind occurrences than strong-wind occurrences of CS wind regimes werted within
one Syn 30 min interval. The labeling for Syn strong-wind events was carried owtcrdingly.
Furthermore, a time of day index was created for all four data sets of Sy&n, Synyime, CS
and BT. The index di erentiates between transition time, daytime and nighttime as shan
in Table 3.3.

Table 3.3.: Time of day index for the data sets Syn, CS and BT

Time of day  Limits

Transition time [6:00:00; 10:00:00] and [18:00:00; 22:00:00]
Daytime 110:00:00; 18:00:00[
Nighttime ]22:00:00; 06:00:00[

The main analysis for the pressure pumping phenomenon was realized employing the quad-
rant analysis technique (Wallace et al., 1972; Lu and Willmarth, 1973; Shaw et al., 198
This technique is considered as the method of choice in the search for an empiricaltiefa
ship between the critical parametersw, p and CO,. The quadrant analysis method uses

a scatter plot of two ow variables x and y in a two-dimensional plane and was deployed
before by Thomas and Foken (2007) in order to estimate coherent excharagethe Wald-
stein site. The Cartesian axes of the scatter plot de ne four quadrants Q1 (x 0, y > 0),
Q2(x<0,y>0),Q3(x<0,y<0),Q4 (x>0,y<0) (see Fig. 3.3).

Figure 3.3.: Schematic sketch for the quadrant analysis technique. The relevant ovan-
ables are shown in black, the four quadrants are written in green and the math-

ematical meaning of the variables in each of the four quadrants is de ned in
blue.

In preparation for the quadrant analysiswsii®, Wam°% CO» 0i% CO2 am® Psoit® and pam° of the
Synyime , CS and BT data sets were each normalized by the 30 min period standard deviatio
of the raw data they fall in to. The quadrant analysis was then applied to the respsve
normalized variables for Sypime , CS and BT, categorized into daytime, nighttime, transition
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time, weak-wind and strong-wind and color-coded by temperature and an additionkérnel
density distribution. However, these overview plots were deemed inappropriate to shawy
clear correlations or physical interdependencies between the parametensd avill therefore
not be further analyzed or discussed in Chapter 4.3. Subsequently, the quadrant arsady
method was performed on the CS data set for every available 30 min time periodsulting in
a total of 445 CS quadrant plots for the INTRAMIX campaign and 388 plots for th&. OeWE
campaign. The focus was hereby shifted towards the correlation af;° and CO, ;% such
that a categorization by quadrants was performed for every CS 30 minm@d psqi®- CO5 soil°
plot. Speci cally, this was based on a kernel density observation and by a visualreening
regarding the position of the density center (Q1, Q2, Q3 and Q4) for each thfe resulting
plots. The quadrant analysis was then applied to the C8s.;°- CO, ¢»i° data and the wey;° -
Psoil’ in accordance with this categorization. Additionally a test for dominant wind-regimes
and times of day within these categories was realized in form of a histogram.
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4. Results and Discussion

In order to address the four research questions proposed in Chapter 1ua analysis, time
series analysisand quadrant analysiswas performed. Respective bulk studies and case
studies for the INTRAMIX and LOeWE campaign will be given in conjunction with each
section. For the sake of comparability, the case studies are respectively &at three days
each (INTRAMIX: 09.07.2016 00:00:00 to 12.07.2016 00:00:00; LOeWE: 22030 00:00:00
to 29.08.2020 00:00:00), whereas the bulk studies will span the entire experina¢pieriod.

4.1. Flux Analysis

The analysis of the physical environment including transfer of heat, water vapond CO,

at the soil station measurement site is crucial for the pressure pumping discussion. Kinaogv
that sensible heat is a driver for buoyancy and thereby turbulence in the atmosphere (Monin
and Obukhov, 1954) it was hypothesized, that varying buoyancy forces during a diurnal
course will impact the strength of the pressure pumping phenomenon signi cantly (seg H
Chapter 1). Figures 4.1 and 4.2 show the dependency between the £LOx ( wiC 0,9 and
the pressure variance @9 as well as the time series of the CO ux, sensible heat ux
(Qun) and latent heat ux ( Q.g) over the entire period of the LOeWE experiment for the
4 m station (Fig. 4.1) and the soil station measurement site (Fig. 4.2). Note, thdhe data
has not yet been lItered for the highest 5 % of pressure variance at this point tife analysis.

Despite the fact that only times of highp%° will be of interest for the pressure pumping
analysis, it can be shown that most of the data points originally experience low msure
variances at both stations. The distribution of high to lowjw%C 0,4 occurs equally at both
ends of thep?spectrum. Generally thgwC 0,9 at the soil station appears to be higher than
the one for the 4 m station. This becomes apparent for both thgp®and time dependent CQ

ux plots. It can be presumed that soil respiration directly at the ground level plays major

role for this observation, leading to an enhanced COux at the soil station. The 4 m station
however is further removed from the source of GO Even though multiple studies (Subke
and Tenhunen, 2004; Humphreys et al., 2003; Launiainen et al., 2005) found a seasonal
dependency of the highest CQ Qun and Qe uxes occuring during the warmer summer
months, no such correlation could be seen in Figur 4.1 and 4.2. Since the measurement
period only spanned three months, annual patterns could not be captured. Additionally

it was found that precipitation seems to reduce the quality of the data owing to sensor
sensibility. During the 30th of August, 25th of September as well as the 6th to 7t 14th

to 16th and 28th to 31st of October for instance, precipitation eventsafl together with
high uctuations of CO,, sensible heat and latent heat ux. Moreover, the increased water
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availability shortly after and during precipitation periods can be presumed to o er idela
conditions for microorganisms as well as plant roots, acting to enhance soil respoa (see
Matteucci et al. (2000)). A high water availability coupled with warm temperaures, would
additionally result in an increase ofQ. g through enhanced evapotranspiration.

A similar gure to Figs. 4.1 and 4.2 (LOeWE campaign) was generated for the INTRAMIX
campaign (see Fig. B.1). As stated in Chapter 2.2 there was no gas analyzer itlsthat 4 m

height during the INTRAMIX experiment. Consequently, a calculation ofQ e and waC O,°

could not be performed and no ux analysis is shown in the presented thesis at 4 m the

INTRAMIX campaign.

Due to the low resolution of data on a time span of almost ten weeks, it is di cult to idenfy
any diurnal dependencies in Figs. 4.1 and 4.2. This is why a statistical analysis for theise
time period of both experiments was performed showing the hourly behaviour @fCO,°,
Qun and Qe over a diurnal course (see Fig. 4.3). Note, that positive values represent uxes
directed away from the surface whilst negative values indicate uxes towards thergace.

When analyzing Fig. 4.3, it can be seen that the INTRAMIX data (soil station: yellow)
shows a more pronounced variability in all three uxes compared to the data of the LOeWE
campaign (soil station: brow; 4 m station: blue). This might be due to higher soil and
air temperatures together with an increase of VSMC during the INTRAMIX campaign (e
Fig. 2.2 and 2.3 in Chapter 2.1) driving solil respiration and enhancing the GOuxes in the
sub-canopy. Most of the data from the LOeWE campaign is concentrated arourzero for
the sensible and latent heat ux and slightly above zero for the COQ ux. The soil respiration
which is directed away from the surface and into the atmosphere becomes the maiiveir
for CO, uxes in the sub-canopy where vegetation is sparse and the photosynthesis rates
low. Interestingly, the boxes of the soil station and the 4 m station C® ux data shown

in Fig. 4.3 for the LOeWE campaign shift against each other in a daily course. During
nighttime, the CO, ux at the soil station is higher than the CO, ux at the 4 m station,

but becomes lower and for some parts even negative during the mixing period at around
midday, indicating an uptake of CQ directly at the ground. This was not anticipated, and
was not discernible from Figs. 4.1 and 4.2. However, it can be explained by the uptake
of CO, due to photosynthesis of grasses and moses in direct vicinity to the soil station
measurement instruments. It is likely, that this understorey vegetation dominateshe ux
signal during the day at the soil station site to some extent. Conversely, them station site
picks up a more mixed signal of soil respiration and sparse vegetation signals wattarger
footprint in general, resulting in a more positive net ux at midday.

During both, the LOeWE and INTRAMIX campaign, the sensible and latent heat ux in
Fig. 4.3 show a clear diurnal course of low ux variability around 0 W n# at night and
an increased ux variability during the day. The daytime heat uxes are mostly positive,
indicating the surface to be an energy source for the above air and demonstrating evap-
oration of water near the ground during times of higher solar irradiation. In contrst, the
nighttime Qy and Qg tend to be more negative. The upper soil layer cools down more
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Figure 4.1.: Flux analysis overview plot for the 4 m station measurement site of the IeE@/E
campaign with an averaging period of 30 min. Dependencies between the ,CO
ux (waC0O,°% 95th percentile within plausibility limits: 2.4 mol s m?) and
pressure variance @9 (rst plot) as well as the time series of the CQ ux
(second plot), sensible heat ux Qu) (third plot) and latent heat ux ( Q.g)
(fourth plot) are provided for the entire period of the LOeWE experiment. The
time series are color-coded by temperature and marked with blue vertical lines
during precipitation events.
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Figure 4.2.: Flux analysis overview plot for the soil station measurement site of th€JleWE
campaign with an averaging period of 30 min. Dependencies between the O
ux (wiaC0O,% 95th percentile within plausibility limits: 2.7 mol s m?) and
pressure variance g9 (rst plot) as well as the time series of the CQ ux
(second plot), sensible heat ux Qu) (third plot) and latent heat ux ( Q.g)
(fourth plot) are provided for the entire period of the LOeWE experiment. The
time series are color-coded by temperature and marked with blue vertical lines
during precipitation events.
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e ciently than the above air during times of low or no solar radiation leading to an energ
ux directed towards the surface. A negative latent heat ux results in condensatio often
present in the forms of fog or dew fall directly at the forest ground. Occasionaegative
heat uxes during the day are more likely related to mesoscale motions as well as sp&ee
and ejection phases, which can cause a directional change of uxes during periods ohhig
mixing. The heat uxes at the 4 m station mostly exceed the ones at the soil stationy
less than 10 W n?. These small errors might be the subjects of di erent separation dis-
tances in the application of the Moore correction (Moore, 1986). Howevahe median of
the spectral frequency correction factor applied to the LOeWE data during the bbre cor-
rection did not signi cantly di er in magnitude between the soil station and the 4 m stdion
(frccorr @, soil: 1.029, freor g, 4 M: 1.022, freor o, SOil: 1.056, freor o, 4 M: 1.043). It
could therefore be argued that site related di erences like the amount of vegéon and
shadowing between the soil station and the 68 m removed 4 m height main toweatsdn are
more likely to be responsible for the < 10 W n? discrepancies mentioned above.

Figure 4.3.: Diurnal course of the C@ ux (top), sensible heat ux (middle), and latent heat
ux (bottom) for the INTRAMIX (soil station: yellow) and the LOeWE (soll
station: brown; 4 m station: blue) experiment. The respective box-plots ared
with hourly data composed of 30 min averaging periods. The horizontal line
within each box shows the 50th percentile of the hourly data, the upper border
of the box presents the 75th percentile and the lower border gives the 25th
percentile. The ends of the whiskers, respectively display the largest and smadlles
value within 1.5 times interquartile range above and below these borders. Black
dots represent outside values >1.5 and <3 times the interquartile range beyond
either end of the box.
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Case studies for both campaigns were conducted. Their results generally agreehtite
ndings of the statistical analysis and discussion of the diurnal courses afC0O,% Qy and
Q.e displayed in Fig. 4.3 and can be found in the appendicies (see Fig. B.2, B.3 and B.4).
The LOeWE case study, among other things, con rms the observation, that the 4 m stain
experiences more pronounced uctuations of heat uxes over a 24 hour period comphte
the solil station site. An extensive ux variability coupled with temperatures around30 °C

at midday can also be ascertained for the INTRAMIX soil station case study (se~ig. B.4).
This is in agreement with the previously discussed ndings of generally more pronounced
uctuations within the INTRAMIX data compared to the LOeWE data.

The ux analysis is su cient to outline the basic environmental conditions for the pressure
pumping analysis. In this context, it was also important to show the relationship beteen the
CO, ux waCO,° and the pressure variancg¥® without the 95th percentile Iter criterion
for an unbiased overview of the pressure - GOux interconnection. Moreover, the ux
analysis presents rst insights regarding hypothesis H In a direct comparison between the
INTRAMIX and LOeWE campaign in Fig. 4.3, it was shown that an intense solar radiation
enhances uxes around midday and during the warmer months of the year (see INTRAMIX).
However, a further analysis is needed and provided in Chapter 4.3 in order to fully verif
this observation.

4.2. Time Series Analysis

After a general data assessment of the environmental conditions and uxes on averaging
period of 30 min in the previous chapters, théme series analysisaims to identify the time
scales and time scale related ow modes su cient to resolve the phenomenon of pressur
pumping. In this regard, it was hypothesized that coherent structures coveringnte scales

of 30 seconds will be dominating the pressure pumping phenomenon in terms of resolution
and forcing (see H in Chapter 1). Furthermore, Shaw et al. (1990) and Bohm et al. (2013)
found a high dependency of coherent structures on synoptic velocity and pressurélse

In an e ort to address this hypothesis, an analysis of the INTRAMIX and LOeWE dé&
(Wsoil, Wam, COs soil, CO2 4m, Psoil @and pam) was performed on three time scales, which give
rise to the ow modes of synoptic mean, coherent structures and background turbulence
(see Egs. 3.1 to 3.4). As the main focus of this thesis lies on pressure uctuations miwee
surface, the time series analysis of pressure during the INTRAMIX campaign (Fig. 4.40d
LOeWE campaign (Fig. 4.5) at the soil station (brown) and the 4 m station (blue) fothe
raw data, and ow modes of SyRean, CS and BT is shown in this chapter. A concurrent
analysis of the vertical wind and CQ concentrations can be found in the appendices (see
C.1, C.2, C.3 and C.4). The data used in this part of the analysis was Itered for the hingst

5 % of pressure variance according to the data processing explained in Chapter 3.2 Ritd
A.l. Resulting data gaps in the time series become apparent in Fig. 4.4, 4.5, C.1, C.2, C.3
and C.4.

The soil station data was overlaid with the 4 m station data in Fig. 4.4 and 4.5, shcahat
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most of the soil station data points lie directly underneath the data points of the # station.
This indicates similar pressure patterns for both. The INTRAMIX as well as the LOeWE
campaign show slightly higher pressure values (p = 0:4 hP a) for the soil station compared
to the 4 m station in the raw data and the 30 min averaged synoptic mean. This was to
be expected, since air is a compressible uid and atmospheric pressure typically decesas
with increasing height. The 30 min averaged pressure along with the raw data demaase
wave-like pressure uctuations extending over several days. These low frequeneaves in
pressure can be attributed to large-scale weather patterns and the passaféonts. During
large-scale weather situations the pressure is generally stable for severalsdand varies
more extensively between the troughs and ridges and during the passage of a fréxtrapid
decline in pressure directly at the ground level occurs when a warm front glides aptof a
cold front or a cold front thrusts underneath a warm front. Both casesesult in a fast air
rising and condensation as well as the formation of a distinct high pressure area thoid a
low pressure area near the surface. In Fig. 4.4 and 4.5 these events are te@@s pressure
minima during the 30 min averaged synoptic mean e.g. in the evening of the 29th of May,
16th of June and 25th of June during the INTRAMIX campaign and the 28th of August and
3rd of October during the LOeWE campaign. Moreover, the data yields drops in presguon

a synoptic scale accompanied by strong pressure uctuations on the time scale of cehe
structures. A correlation between the two time scales in relation to the pssure pumping
phenomenon would be in agreement with the ndings of Shaw et al. (1990) and Bohm et al.
(2013) and needs to be analysed in more detail. The behavior of the background turtmde
pressure on the other hand seems to be rather random with no clear dependenciesithrere
of the other time scales.

When analyzing the time series for a period of only three days (see Figs. 4.6 and 4.7),
the smooth low frequency wave-like motions of the synoptic time scale becomesnevere
apparent. In contrast to this, the coherent time scale shows very pronounceamp shaped
structures with maxima in its perturbation during the 11th of July at 18:00 (INTRAMIX:

Fig. 4.6) and the 28th of August at 08:00 and 20:00 (LOeWE: Fig. 4.7). This again
coincides with minima of the synoptic pressure. Compared to the background turbulence,
the uctuation patterns of the coherent structures are more consistent. The lekground
turbulence exhibits phases of small to large uctuations without any visible connection to
the other time scales in varying temporal intervals.

The graphical observation, that strong CS pressure uctuations are initiated by mssure

minima on the synoptic time scale is in agreement with the ndings of the existing literature
(see Thomas et al. (2008), Shaw et al. (1990), Ruppert et al. (2006), Taket al. (2003)

and Bohm et al. (2013)) and hypothesis IH Therefore, a more detailed investigation into
coherent structures as well as an analysis of the relationship between th@ 8 time scale
of coherent structures and the 30 min Syha, time scale appears to be most promising in
order to meet the objective of this thesis.

To this end, the absolute value of stationarity (change of pressure over time) of t18ynnean
was calculated for every three continuous data points. The standard deviatioof the CS
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Figure 4.4.: Time series analysis of pressure during the INTRAMIX campaign, showing the
raw data (20 Hz), synoptic mean (30 min), coherent structures (30 s) and back-
ground turbulence (20 Hz) for the soil station (brown) and 4 m station (blue).
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Figure 4.5.: Time series analysis of pressure during the LOeWE campaign, showing the raw
data (20 Hz), synoptic mean (30 min), coherent structures (30 s) and background
turbulence (20 Hz) for the soil station (brown) and 4 m station (blue).
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Figure 4.6.: Time series analysis case study of pressure during the INTRAMIX (top;
09.07.2016 00:00:00 to 12.07.2016 00:00:00) campaign, showing the raw data
(20 Hz), synoptic mean (30 min), coherent structures (30 s) and background
turbulence (20 Hz) for the soil station (brown) and 4 m station (blue).
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Figure 4.7.: Time series analysis case study of pressure during the LOeWE (bottom;
26.08.2020 00:00:00 to 29.08.2020 00:00:00) campaign, showing the raw data
(20 Hz), synoptic mean (30 min), coherent structures (30 s) and background
turbulence (20 Hz) for the soil station (brown) and 4 m station (blue).
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data points for each of the respective 30 min intervals were then plottedjainst the resulting
values of the SyR.ean Stationarity (see Fig. 4.8). This approach was applied to the soil station
and the 4 m station for both, the INTRAMIX and the LOeWE campaign. Additionally, a
linear regression with the functiony = 0:03 + 10:29 (INTRAMIX) and y = 0:06 + 6:75
(LOeWE) was tted to the data. Given the fact, that for each campaign the daa points of
the 4 m station and soil station are nearly congruent, no station speci ¢ di egnce in their
linear function can be determined within the chosen number of decimal digits.

Figure 4.8 shows a positive linear dependency of high Syr, stationarity values being
accompanied by an increased standard deviation of CS pressure. This validates dbhserva-
tions from Fig. 4.4 and 4.5, where a dependency between drops in pressure on the gynio
time scale and an enhanced turbulent energy of coherent structures was alreadgpsected.
The strength of the correlation is best described in numbers by the coe ci¢rof determi-
nation (R?), R? = 0:55 (INTRAMIX) and R? = 0:41 (LOeWE). This can be interpreted
as approximately half of the data points falling within the regression line and a likelihood
of around 50 % for a similar correlation during a concordant experiment in the futurelhe
results suggest, that the pressure pumping phenomenon can most likely be observed on a
CS time scale (30 s) during distinct drops in pressure on a synoptic time scale (30 min).
Specifying the cumulative occurrences of enhanced soil-air gas exchanges througissure
pumping for the time frame of large-scale weather patterns (e.g. the passage offcat) can

be an important step towards correcting the overestimation of NEE estimas.
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Figure 4.8.: Correlation between pressure on a synoptic and coherent struauime scale
for the INTRAMIX (soil station: beige; 4 m station: light blue) and LOeWE
(soil station: brown; 4 m station: dark blue) campaign. The x-axis shows
the absolute value of stationarity for every three continuous data points orhe
Syhhean time scale. The y-axis displays the standard deviation of the CS data
points for the respective 30 min intervals. A linear regression model and the
coe cient of determination are given for each station during the INTRAMIX
and the LOeWE campaign.

4.3. Quadrant Analysis

Building on the ndings of the time series analysisin the previous chapter, the pressure
pumping analysis will be continued with aquadrant analysison the time scale of coherent
structures. This speci cally relates to the research questions regarding thgpe of pressure
dominating the system (RQ) and the source area of air (stemming from the soil or sub-
canopy) detected at the soil station measurement site (R2 Research question four (RQ),
which was already addressed in Chapter 4.1 will also be discussed in more detail.

The hypotheses connected to RQand RQ; (H, and Hs) can be best explained schematically
with Fig. 4.9. It was stated, that based on the experimental setup with a built-ifQuad-Disc
probe, static pressure will be predominantly detected by the measurement systeMoreover,
it was speculated that while there will be no source of air (stemming from the soil sub-
canopy) dominating over the other one during the entire experimental period, smalléme
periods might show tendencies of upwards directed uxes from the soil or downwatittected
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uxes from the sub-canopy dependent on wind regimes and times of day. Figure 4.9 shows
an exemplary quadrant analysis opsg;° (y-axis) against CO; ¢,;° (x-axis) and the processes
presumably involved behind each quadrant (Q1, Q2, Q3 and Q4). The bold type wing
describes the initiator of the uxes in every quadrant, whereas the statementsderneath
characterize the resulting processes and their impact on the GQuxes. Furthermore, the
green writing states the type of pressure (static or dynamic) attributed to @ertain quadrant.
The |l color represents the source of air detected by the measurement instruntercoming
from the soil (brown) or the sub-canopy (blue). According to Fig. 4.9, high static pssure
directly at the ground leads to an upward directed vertical wind and a positive CO ux
from the soil into the atmosphere. These types of processes would be reexttby data
points located in Q1 CO,i° > 0; psoi® > 0). An accumulation of data points in Q2
(COz60i° < 0O; psoit® > 0) can be attributed to a downward directed vertical wind resulting

in an increase of dynamic pressure at the surface. Here, the air near the measurémen
instruments is depleted in CQ due to the low CG; signal from the sub-canopy. Conversely,
Q3 (CO, 50i° < 0; psoi® < 0) indicates low static pressure at the ground, which initiates a
vertical wind towards the surface in conjunction with a downward directed C® ux and CO ,
depleted air signals recorded by the measurement instruments. Lastly, an upwatolected
vertical wind generates a decrease of dynamic pressure at the ground and lead<,
getting sucked out of the soil and into the air above. This process becomes ewidas data
points fall into Q4 (CO, si° > 0; psoi® < 0) of the correlation plot.

Since a relationship between the synoptic time scale and the coherent structure turbute
was already concluded from Chapter 4.2, the quadrant analysis method was penfied on
the CS data set for every available 30 min time period (see Chapter 3.2). The éisds hereby
placed on the correlation ofps,;° with CO, s.;° as displayed schematically in Fig. 4.9.

Tables 4.1 and 4.2 show in which quadrant the kernel density observations of the resfive
CS 30 min interval plots were centered for both the INTRAMIX and the LOeWE ampaign.
The location of this center was hereby assessed visually, such that the CSr3id interval

plots could each be sorted into one of twelve categories of Table 4.1 and 4Xultiple

numbers in a column of the "Quadrant(s)" row indicate that the center of the kerh&ensity

observation spans over more than one quadrant. A "NA" entry was attributed toable 4.1
with 4 counts. This is because of the Iter criteria from Table 3.2 in Chapter 3.2, tich

results in an insu cient amount of data points for four of the generated plots. A lkernel
density observation becomes meaningless for these cases and a "NA" was assigndtet
column.

A clear distinction between the quadrants with the center of the kernel densitprecisely
falling into one of the four quadrants makes out 83 % of the INTRAMIX campaign and
80 % of the LOeWE campaign. It can be ascertained, from the amount of countséied
in each of the four quadrants, that every scenario discussed in Fig. 4.9 comesiplay
in such a degree, that none of the quadrants can be discarded as underrepresenté
translation of the quadrant number back to the processes involved (see Fig..9% leads
to the compelling consequence, that static pressure is not the prevalent type ofepsure
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Figure 4.9.: Schematic gure of processes involved for each quadrant obg;° (y-axis) -
CO; i (x-axis) correlation plot. The bold type writing describes the initiator
of the uxes in every quadrant. The statements underneath characterize ther
sulting processes and their impact on the COuxes. Two |l colors characterize
the source of air detected by the measurement instruments coming from the soil
(brown) or the sub-canopy (blue). The type of pressure attributed to the respec
tive quadrants is given in green writing. The numbers in the schematic sketches
indicate the chronological order of the processes involved in each Quadrant.

detected by the measurement system and hypothesis, kherefore needs to be rejected.
With a total of 43 % (INTRAMIX) and 42 % (LOeWE) of the events focused on Q2and
Q4 as well as 43 % (INTRAMIX) and 41 % (LOeWE) of the cases centered in Qhd
Q3, the distribution between occurrences of dynamic or static pressure is equahig result
is somewhat surprising, since the inbuilt Quad-Disc probe of the pressure transducer has
been proven to successfully eliminate the e ects of dynamic pressure in the past (&ikbon
and Shemer, 2010). Since the system was not designed for the exceptional conditidres o
weak-wind boundary layer however, the di erentiation between dynamic pressusend static
pressure by the Quad-Disc probe might be limited in the sub-canopy. Additionally, the
reliability of the employed pressure probe has been proven to decrease with an éasing
angle (horizontal wind: =0 ; vertical wind: =90 ) (Wyngaard et al., 1994). The fact
that the experimental setup of this thesis studies vertical pressure gradientsight therefore
add to the static pressure error of the instrument.

With regards to research question R which asks about the source of air detected by the
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system, it becomes apparent from Table 4.1 and Table 4.2, that 62 % (INTRAMIX) andi8 %
(LOeWE) of all cases can be allocated to Q2 and Q3. Based on Fig. 4.9 this isagreement
with a predominant occurrence of a downward directed ux from the sub-canopy tawds
the surface. Whilst the dependence on wind regimes, diurnal courses, soil propertied the
behavior of sweeps and ejection of coherent structures remains to be furtiséudied, it is
true that the sub-canopy is the main source of air for most of the analyzed 30 min imals.
The rst part of hypothesis H; can therefore be con rmed.

Table 4.1.: Quadrant analysis kernel density observation qs,;° against CO, ¢,;° for the
INTRAMIX campaign

Quadrant(s) 1 2 3 4 1,2 13 14 23 24 34 234NA

Counts of 53 126 128 62 11 7 8 22 6 17 1 4
30 min periods

Percentage of 12% 28% 29% 14% 2% 2% 2% 5% 1% 4% 0% 1%
total

Table 4.2.: Quadrant analysis kernel density observation qs,;° against CO, ¢,;° for the
LOeWE campaign

Quadrant(s) 1 2 3 4 1,2 13 14 23 24 34 124 1,234

Counts of 70 90 80 70 19 9 8 15 4 17 1 5
30 min periods

Percentage of 18% 23% 21% 18% 5% 2% 2% 4% 1% 4% 0% 1%
total

In order to further analyze hypothesis H, dependencies of temperature and wind regimes
on the distribution of quadrants presented in Table 4.1 and 4.2 need to be identi ed. This
can be realized by studying the normalizegs.;° (y-axis) - CO; <,i° (x-axis) correlation plots
as presented in Fig. 4.10, 4.11, 4.12 and 4.13. They were categorizedrdfie rst four
columns of Table 4.1 and Table 4.2, in such ways that "Normalized CS primes (Quadrant
1)" represents all cases of column one, "Normalized CS primes (Quadrant 2)" shail
occurrences of column two, "Normalized CS primes (Quadrant 3)" displays the evewfs
column 3 and "Normalized CS primes (Quadrant 4)" demonstrates all cases of column 4.

Figure 4.10 and 4.11 are color-coded by 30 s period temperatures and give addélan-
formation about the distribution of strong-wind and weak-wind events within eaclof the
guadrants. The most apparent di erence between Fig. 4.10 and 4.11 are the aktemper-
atures of the two campaigns, spanning from 9.4 °C to 34.1 °C for the INTRAMIX expenent
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(Fig. 4.10), and from 0.2 °C to 21.4 °C for the LOeWE campaign (Fig. 4.11). This hewer
seems not to a ect the scattering of the data points and the shape of the keidngensity
distribution signi cantly since di erences relating thereto are small at the most. It ppears
that Q3 experiences more warm data points than the other quadrants for doexperiments.
This could be due to a higher heat transfer in humid air near the plant canopy with warm
air being pushed down by the CS sweep motions. The strong-wind events dominate over
the weak-wind events for all quadrants. This was to be expected, since onlyet highest

5 % of pressure data was used for the analysis and a strong correlation betwegressure
and velocity signals was determined before by Shaw et al. (1990). Even thoudte trela-
tion between strong-wind and weak-wind is similarly distributed over the quadrants Fig.
4.10 and 4.11, a small tendency towards stronger winds can be ascertained farapd Q3.
Together with the "warmer" data points in Q3, this indicates stronger forcesusient to
initiate and accelerate motion in Q3 compared to the others. Here, strong swemotions
presumably initiated by a low static pressure at the surface and a high static pressuat
the top of the canopy (also see Chapter 4.2) lead to a fully coupled canopy (seg &d

C in Chapter 1) and bring air from the canopy down into the ground layer. It should be
noted, that this thesis does not provide a renewed analysis of coupling regimes but refers
back to the regimes proposed by (Thomas and Foken, 2007) (also see Chapjen & general
manner for the sake of the pressure pumping discussion. The coupling of the forest air with
the sub-canopy and canopy as the primary source of air measured at the soil statgeems to
be dependent on strong-wind regimes and pronounced sweep motions. This is in agreeme
with the second part of hypothesis H. Note, that Fig. 4.10 and 4.11 give the percentage
of the relation between strong-wind and weak-wind occurrences within one quadt. A
more detailed analysis of the existing wind regimes for each quadrant related toetoverall
distribution of strong-wind and weak-wind events will be discussed at a later pdin

In Figure 4.12 and 4.13, the categories (Q1, Q2, Q3, Q4) have been additionallyeted for
wind regimes. The light green data points show the weak-wind percentage bt rst four
categories of Table 4.1 and Table 4.2, whilst the dark green color stands for theosg-wind
events. The kernel density distribution for each plot of Fig. 4.12 and 4.13 is locdtén the
exact quadrant of its respective category. This supports the categoaizon of Table 4.1 and
Table 4.2, which seems to work very well even when splitting up the data for a moretaliéed
analysis. Moreover, it becomes apparent that the strong-wind regimes arengeally better
correlated towards the categorization with a higher coe cient of determinaibn R?. This is
true for all but Q2 where a stronger correlation of the weak-wind regime during theOeWE
campaign (4.13) can be observed. As a result one could argue that more precise tioral
processes like sweep and ejection phases can be mainly attributed to strongelevents.
During weak-wind occurrences in contrary, the vertical uxes of pressure andO, are less
pronounced and might even be disturbed by molecular di usion and horizontal advection
as described in Fig. 1.1 (Thomas et al., 2013). It should be pointed out howevéhat
the di erences in the distribution of the data and R between strong-wind and weak-wind
occurrences are marginal at the most. An interpretation without a further invdagyation can
only be speculative at this point.
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Figure 4.10.: Temperature dependent quadrant analysis of the normalizeg,° (y-axis) -
CO; i (x-axis) correlation for the INTRAMIX campaign. The CS data was
normalized by 30 min period standard deviation of the raw data they fall into
and categorized according to the rst four columns of Table 4.1. A regression
line was drawn for each categorized quadrant and the information about its
linear function, the coe cient of determination and the relation of weak-wind
to strong-wind occurrences is given in the bottom left corner for the resgteve
category. The data points are color-coded by temperature and additional rkes|
density lines for each subplot are displayed with identical isolines.
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Figure 4.11.: Temperature dependent quadrant analysis of the normalizexg,° (y-axis) -
CO;, i (x-axis) correlation for the LOeWE campaign. The CS data was nor-
malized by 30 min period standard deviation of the raw data they fall into
and categorized according to the rst four columns of Table 4.2. A regression
line was drawn for each categorized quadrant and the information about its
linear function, the coe cient of determination and the relation of weak-wind
to strong-wind occurrences is given in the bottom left corner for the respe
tive category. The data points are color-coded by temperature and additioha
kernel density lines for each subplot are displayed with identical isolines.
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Figure 4.12.: Wind regime dependent quadrant analysis of the normalizgg,;° (y-axsis) -
CO; «i° (x-axis) correlation for the INTRAMIX campaign. The CS data was
normalized by the 30 min period standard deviation of the raw data they fall
into and categorized according to the rst four columns of Table 4.1. These
categories have been additionally Itered towards wind regimes (weak-wind:
light green; strong-wind: dark green). A regression line was drawn for each
categorized quadrant and the information about its linear function as well as the
coe cient of determination is given in the bottom left corner for the respedte
category. Kernel density lines for each subplot are displayed with identical
isolines.
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Figure 4.13.: Wind regime dependent quadrant analysis of the normalizew,° (y-axsis)
- COy 0i° (x-axis) correlation for the LOeWE campaign. The CS data was
normalized by the 30 min period standard deviation of the raw data they fall
into and categorized according to the rst four columns of Table 4.2. These
categories have been additionally Itered towards wind regimes (weak-wind:
light green; strong-wind: dark green). A regression line was drawn for each
categorized quadrant and the information about its linear function as well as the
coe cient of determination is given in the bottom left corner for the respeadte
category. Kernel density lines for each subplot are displayed with identical
isolines.

Similar to Figs. 4.10 and 4.11, Figs. 4.14 and 4.15 show the categorization after thst
four columns of Table 4.1 and Table 4.2 in &g;° (y-axis) - pseil® (X-axis) coordinate system.
This makes it possible to test for interdependencies between thg;°- CO, s.;° categorization
and the wg;° - psoil® correlation. An analysis on wind regimes within thewsq;® - psi® plot
corresponding to Figs. 4.12 and 4.13 can be found in the appendices (Fig. D.1 and D.2).

Figure 4.14 and 4.15 show patterns of quadrant category one and two (see Tablgé dnd
Table 4.2) having the kernel density center between Q1 and Q4 in the,;° - psoi® correlation
plot and quadrant category three and four showing the kernel density center lvegen Q2 and
Q3 of the wg;° - psoil® analysis. It can also be ascertained, that the variability inwg®is low
and close to zero, such that the kernel density lines are stretched out along the@xis (Psei?.
Figure 4.14 and 4.15 show hardly any dependencywf,° on the psi°- CO, .i° correlation
presented in Figs. 4.10 and 4.11. Therefore, it can be assumed, that at thetpdpation time
scale of CS 30 s, an averaging over the sweep and injection phases oceutiseovertical wind
Wsoi%. AN even narrowerws,;° over the course of the INTRAMIX campaign compared to the
LOeWE campaign additionally speaks for generally less strong-wind events (INTRAM
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strong-wind occurrences: 63 %; LOeWE strong-wind occurrences: 70 % (séapder 3.2))
during the former.

Figure 4.14.: Kernel density quadrant analysis of the normalizesls;® (y-axis) - psei® (X-axis)
correlation for the INTRAMIX campaign. The CS data was normalized by the
30 min period standard deviation of the raw data they fall into and categorizk
according to the rst four columns of Table 4.1. A regression line was drawn
for each categorized quadrant and the information about its linear function,
the coe cient of determination and the relation of weak-wind to strong-wind
occurrences is given in the bottom left corner for the respective categoKernel
density lines for each subplot are displayed with identical isolines.

43



CHAPTER 4. RESULTS AND DISCUSSION

Figure 4.15.: Kernel density quadrant analysis of the normalizemls.;° (y-axis) - psei® (x-axis)
correlation for the LOeWE campaign. The CS data was normalized by the
30 min period standard deviation of the raw data they fall into and categorize
according to the rst four columns of Table 4.2. A regression line was drawn
for each categorized quadrant and the information about its linear function,
the coe cient of determination and the relation of weak-wind to strong-wind
occurrences is given in the bottom left corner for the respective categoKernel
density lines for each subplot are displayed with identical isolines.

Two gures (Fig. 4.16: INTRAMIX and Fig. 4.17: LOeWE) with exemplary CS 30 min
period plots are given in the following not only for the soil station (brownwse° - psoil’
correlation and ps.;® - CO» 0i° correlation, but also for the dependency ofisy® on CO; ¢i°
as well as their respective equivalents at the 4 m station (blue). Owing to the nsisg
gas analyzer at the 4 m station during the INTRAMIX experiment, only thews;® - psil’
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correlation can be shown in Fig. 4.16 for this height. Figure 4.16 and 4.17 further érentiate
between strong-wind (soil: light brown, 4 m: light blue) and weak-wind (soil: dark bran,
4 m: dark blue) data and display the relation in percentage between these two paraters
in the bottom left corner of each plot. Here, the linear function of the regress line, the
coe cient of determination along with the date and time of the chosen 30 min period ar
presented as well. In order to provide a similar baseline situation for both campaigrise case
study plots are given for the same time of day (14:00 to 14:30) respectively. wiyver, since
the INTRAMIX and the LOeWE campaign do not span the same months of observation, the
date of the case study was set for the last day of the INTRAMIX (11.07.2016nd the rst
day of the LOeWE (26.08.2020) experiment, such that seasonal e ects ar® comparable as
possible for both. Similarly to the gures above (Fig. 4.10, 4.11, 4.12, 4.13, 4.14da4.15),
the kernel density distribution was chosen as a tool to display distributional patterns ifig.
4.16 and 4.17. In the quadrant categorization of Table 4.1 and 4.2 the INTRAMIXase
study (Fig. 4.16) was sorted into Q3, whilst the one of the LOeWE campaign (Fig. 4.17
was categorized into Q4.

For all ten plots in Fig. 4.16 and 4.17, the strong-wind data signi cantly outweighs the
weak-wind events. It can therefore be expected, that a fully coupled canomvith both
sweep phases into the ground layer and ejection phases out of the sub-canopy aitevor
this 30 min period. The case study for the soil station site generally represenite features
of the already discussed overview plots from Fig. 4.10, 4.11, 4.12, 4.13, 4.44 4.15 quite
well. Here again, the uctuation in ps;°is high compared to the one ofvs,;°. However,
the CO, 4, ° variability seems smaller than for the bulk analyses. Respiration (mainly from
the soil) and photosynthesis (mainly from mosses and grasses in direct vicinity to tkeil
station, as well as from the canopy) are both processes that need to laken into account
for this midday case. These mechanisms might cancel each other out over the course o
the 30 s perturbation period, especially during the signi cant mixing expected for ging-
wind data. The di erence between thewsq° - ps,i® and the wam° - pam © correlation plot is
quite moderate in Fig. 4.16 and 4.17. This becomes particularly apparent for the LOeWE
case study in Fig. 4.17. The INTRAMIX 30 min period plot (Fig. 4.16) ofws° against
Psoil® Shows a slightly narrowemw?® uctuation compared to its 4 m station. The soil station
presumably experiences a less thoroughly coupled ground layer, where horizontaleation
may dominate over vertical mixing. A strong turbulent mixing with sweep and ejection
phases in the LOeWE case study (Fig. 4.17) on the other hand, leads to a higher correlat
of positive CO, uxes from the soil towards the sub-canopy and negative CO uxes from
the sub-canopy towards the surface. The sub-canopy 4 m g@@xperiences su ciently strong
vertical wind uctuations coupled with a CO, signal which is very close to zero. Again, this
can be attributed to an averaging of the C@ ux by powerful sweep and ejection motions.

Flow instabilities as a consequence of high wind velocities at the top of the canopy have
been repeatedly shown to be the main initiator for the occurrence of coherestructures
(Thomas et al., 2008; Thomas and Foken, 2007). Moreover, this thesis coulchcm the
ndings of multiple other studies (Shaw et al., 1990; Ruppert et al., 2006; Takle et al., 28),
which determined a strong relationship between coherent structures and pressyoumping.
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Figure 4.16.: Quadrant analysis case study for the INTRAMIX campaign. 4 m station plet
(blue) are positioned over the respective soil station plots (brown) of the nor
malized Wsgi® - CO2 s01% Wsoil® - Psoil® and psoi® - CO- s0i° correlation from left
to right. Strong-wind data is displayed in the form of dark colored points,
whereas weak-wind occurrences are given as lighter colored data poinks-
formation about the date and time of day of the 30 min case study, as well
as the coe cient of determination, the linear function of the regression line
and the relationship between strong-wind and weak-wind data as percentage
is presented in the bottom left corner of each correlation plot. Kernel deitg
lines for each subplot are displayed with identical isolines.
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Figure 4.17.: Quadrant analysis case study for the LOeWE campaign. 4 m station plots
(blue) are positioned over the respective soil station plots (brown) of the nor
malized Wsgii® - CO2 s01% Wsoil® - Psoil® and psoil® - CO- s0i° correlation from left
to right. Strong-wind data is displayed in the form of dark colored points,
whereas weak-wind occurrences are given as lighter colored data poinks-
formation about the date and time of day of the 30 min case study, as well
as the coe cient of determination, the linear function of the regression line
and the relationship between strong-wind and weak-wind data as percentage
is presented in the bottom left corner of each correlation plot. Kernel deitg
lines for each subplot are displayed with identical isolines.

47



CHAPTER 4. RESULTS AND DISCUSSION

Speci cally, it was found in Chapter 4.2 (Fig. 4.8) that pressure perturbations of colent
structures increase in connection with drops in pressure on a synoptic time scale.orist
over, it was hypothesized in Chapter 1, that high wind velocities during strong-windvents

are a main factor for the reinforcement of coherent structures and the psse pumping
phenomenon (H). Thomas and Foken (2007) identify the C and Cs coupling regimes most
likely to develop around midday and the afternoon hours. The fourth hypothesis @of this
thesis relates to these ndings and speculates about a more pronounced pressure pumping
during the day in contrast to nighttime and transition periods.

In Fig. 4.18 (INTRAMIX) and 4.19 (LOeWE) the categories of the quadrant analysisre
given in accordance to Table 4.1 and 4.2 on the abscissa of four histograms. Histiots
on the left hand side distinguish between daytime (yellow), nighttime (blue) and transition
time (orange) data within the respective category (see Chapter 3.2), whildhé histograms on
the right di erentiate between strong-wind (dark green) and weak-wind (lighgreen) events.
Occurrences where the kernel density distribution for Table 4.1 and 4.2 were ceetd in
more than one quadrant are here summarized in one category named "Rest". The dewy
of the wind regime or time of day events are displayed with color-coded bars and egivin
absolute numbers by the counts of the y-axis. The percentage on top ofthaar sets these
absolute values of times of day or wind regime within a certain quadrant (1, 2, 3, Rest,
NA) into relation with the absolute values of times of day or wind regime of the whole CS
data. The importance of this relationship refers back to the note, that the CS data& not
equally distributed over all times of day and wind regimes after an extensive lIteringfdhe
raw data (see Chapter 3.2 and Fig. 3.1). The same histograms with information aboilie
percentages of time of day events or wind-regime occurrences within one quatieae shown
in the appendices (see Fig. D.3 and D.4)

It becomes obvious again from Fig. 4.18 and 4.19, that for both campaigns stgewind
events are more abundant. Moreover, the analyzed data of the INTRAMIX expenent is
heavily shifted towards the daytime events, whereas the times of day in the LOeWRmpaign
are more uniformly distributed. For both experiments however, most of the nighttimeata
has been ltered out after selecting the highest 5 % of pressure variances. Si@@2and Q3
have been ascertained to be the quadrants with the largest fraction in densiisee Table 4.1
and 4.2), they are of special interest in the wind-regime and time of day analysisarcularly
the INTRAMIX campaign showed a strong tendency towards Q2 (28% of all data) an@3
(29 % of all data) in the discussion around Table 4.1. For the INTRAMIX histograms in
Fig. 4.18, these quadrants are also the ones presenting a distinctive presence irtioheyand
strong-wind data. With 27 % and 28 % daytime data in Q2 and Q3 respectively, morbdn
half of the total midday data is located in these quadrants. The same holds true for the
strong-wind occurrences (Q2: 26 %; Q3: 30 %). This can be explained by the piexae of
higher wind velocities throughout the day, which results in ow instabilities at the top of the
canopy as well as extensive coupling of the forest system. Moreover, theses of coupling
seem to be dominated by strong sweep motions in conjunction with air being pushednfro
the canopy into the sub-canopy and the ground layer as argued in Fig. 4.9. This is in
agreement with hypothesis H. In the course of the discussion around Fig. 4.10 and 4.11 it

48



CHAPTER 4. RESULTS AND DISCUSSION

was found, that higher temperatures for both, the INTRAMIX and the LOeWE campaign
could be observed in Q3. This seems reasonable considering the large amount of daytime
data existing within this quadrant. However, it also raises the question whether buagcy
could be a strong factor towards the pressure pumping phenomenon analyzed in this thesis.
Despite of Shaw et al. (1990) claiming that buoyancy e ects have been proven neilg in
their study about pressure uctuation at the forest ground, it has been known for dmdes
that buoyancy along with shear are the driving forces behind the development of turbulence
(Monin and Obukhov, 1954). During the LOeWE campaign, the daytime events in Q2 and
Q3 are not as abundant as for the INTRAMIX campaign. However the transition time malee
out a large fraction of the LOeWE data and shifts into focus. In fact, for bin experiments,
the times of the morning and evening hours are strongly represented in Q2 (INTRAMIX:
28 % of total transition data; LOeWE: 39 % of total transition data) and Q3(INTRAMIX:

31 % of total transition data; LOeWE 32 % of total transition data). Buoyancy plays only a
minor role during the night, where moderate turbulent ow is mainly provoked by weak-wind
shear. During the morning hours however, the top of the canopy heats up more quickhan

the air below and the buoyancy ux at higher levels of the canopy is stronger than the one
in the sub-canopy. This might result in pressure di erences and ow instabilities initiating
mixing and driving the pressure pumping phenomenon. Both, the gradient of high static
pressure aloft and low static pressure near the ground (see Fig. 4.9 Q3), as wsllthe
buoyancy induced ow instabilities at the canopy crown with dynamic pressure pushing
into the canopy (see Fig. 4.9 Q2) would cause a downward directed €Q@ix towards the

soil station with air stemming from the canopy and sub-canopy. The prominence of air
stemming from this direction has already been con rmed with Table 4.1 and 4.2 as well as
Fig. 4.9. It can therefore be concluded that even though a more thoroughly analyswsuld
need to be done in the future, the given data indicates some impact of buoyancy e ects o
the pressure pumping phenomenon. Nevertheless, the overall tendency towards daytime and
strong-wind regime data located in Q2 and Q3 becomes apparent for the INTRAMID&s
well as the LOeWE campaign. Assuming kand H, are true and apply, one would expect a
pronounced relationship of daytime and transition time data as well as strong-wind evs
accumulated in Q2 and Q3 of a CPsi° - CO; si° quadrant analysis for future experiments.
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Figure 4.18.: Quadrant analysis after times of day (left) and wind regimes (right)of the
INTRAMIX campaign. The categories of the quadrant analysis are given in
accordance to Table 4.1 on the x-axis of the two histograms. The frequency
of the wind regime or time of day events are displayed by color-coded bars
(daytime: yellow, nighttime: blue, transition time: orange, strong-wind: dark
green, weak-wind: light green) and given in absolute numbers by the counts of
the y-axis. The percentage on top of each bar relates to the absolute veduwf
times of day (or wind regime) within a certain quadrant (1, 2, 3, 4, Rest, NA)
divided by the absolute values of times of day (or wind regime) of the whole
CS data. Bars of one color add up to 100 %. Occurrences where the kernel
density distribution for Table 4.1 were centered in more than one quadrant are
summarized in one category named "Rest".
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Figure 4.19.: Quadrant analysis after times of day (left) and wind regimes (right)of the
LOeWE campaign. The categories of the quadrant analysis are given in ac-
cordance to Table 4.2 on the x-axis of the two histograms. The frequency
of the wind regime or time of day events are displayed by color-coded bars
(daytime: yellow, nighttime: blue, transition time: orange, strong-wind: dark
green, weak-wind: light green) and given in absolute numbers by the counts of
the y-axis. The percentage on top of each bar relates to the absolute veduwf
times of day (or wind regime) within a certain quadrant (1, 2, 3, 4, Rest, NA)
divided by the absolute values of times of day (or wind regime) of the whole
CS data. Bars of one color add up to 100 %. Occurrences where the kernel
density distribution for Table 4.2 were centered in more than one quadrant are
summarized in one category named "Rest".
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During two separate eld experiments (INTRAMIX 2016 and LOeWE 2020) with almat
identical setups, data was collected at two heights (soil station: 0.1 m, 4 mason: 4 m) in

the sub-canopy of a mountainous central European spruce forest. The presehthesis used
this data to perform a ux analysis, time series analysis and quadrant analysis and ttedby
managed to successfully identify ow modes capable of generating the pressure pumping
phenomenon.

Four reserach questions with corresponding hypotheses were introduced himstwork. Hy-
pothesis H stated, that coherent structures covering time scales of 30 seconds arpexted
to dominate the pressure pumping phenomenon in terms of resolution and forcing. Further-
more, a high dependency of coherent structures on synoptic phenomenons was antieigat
The ndings of this thesis are in agreement with H. Wave-like pressure uctuations with
low amplitudes and wavelengths of several days were observed for the synoptic tiscale
(30 min averaging period). Minima of these synoptic motions associated with the gage
of fronts were found to be correlated with strong pressure uctuations orhe time scale of
coherent structures (30 s perturbation period). More precisely, a stespppe of the synoptic
mean was ascertained to be accompanied by a high standard deviation of CS pressvith
a coe cient of determination of R? = 0:40 for the INTRAMIX campaign and R? = 0:55
for the LOeWE experiment. The outcome of this analysis is in agreement with the wo
of Shaw et al. (1990) who showed that the surface pressure signal is mainly ceelaby the
velocity eld near the top of the forest and that overpressure at the surfaces strongly cor-
related with the passage of microfronts at the above-canopy linked to cabkat structures.
It was further hypothesized that the measurement instruments would only be able tietect
static pressure opposed to dynamic pressure {H This assumption was initially based on
the experimental setup of the pressure transducer with a built-in Quad-Disc probé. could
be determined however, that the collected data consists equally of signals attrilegt to dy-
namic pressure and static pressure. A possible explanation for the rejection gpbthesis H
Is 0 ered by the ndings of Wyngaard et al. (1994) towards the response of thQuad-Disc
probe. They found a strong angular dependency for the static pressure error,\asll as a
weak sensor sensibility during times of small wind velocities. Both limitations exist in the
presented setup of this thesis. Thirdly, based on the assumption that a verticalansport
of air is initiated by either static pressure or advective/turbulent transport,no source area
(air stemming from the soil or the sub-canopy) was expected to dominate the datatdeted
at the soil station measurement site during the entire experimental period. Hower, it was
hypothesized that a dominating source area will be found for smaller time periods. tiis
respect, a dependency on wind regimes, diurnal courses, soil properties and tbaavior
of sweeps and ejection connected to coherent structures was predicted.e82 % of the
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INTRAMIX and more than 48 % of the LOeWE CS quadrant analysis could be allocated
towards air stemming from the region above the 0.1 m height soil station. This amants for
over half of the discernible processes since 15 % of the INTRAMIX quadrant analysesults
as well as 13 % of the LOeWE events could not be clearly attributed towards ariginating
from the soil or the sub-canopy. The connection between the source of air deesl at the
soil station and the underlying wind regimes, diurnal courses as well as sweep aret&pn
phases, manifested particularly well in Q3 of th@si°- CO, o1 analysis. Here, strong sweep
motions initiated by a low static pressure at the surface and a high static pressua¢ the
top of the canopy lead to a coupled sub-canopy by sweeps (Cs) (Thomas and Fgka007)
and bring warm, moist air from the canopy down into the ground layer. From this it carbe
concluded that the coupling of the forest with the sub-canopy and the canopy as the prinyar
source of air seems to be dependent on strong-wind regimes and pronounced SWeg@NS.
Hypothesis H; is hereby con rmed. Whilst an e ect of soil moisture on the pressure pumping
phenomenon could not be veri ed from a quadrant analysis, it was taken into consig@gion
for the discussion on the ux analysis. Even though the two campaigns studied in this thesis
showed similar tendencies in the general behavior of their data, the INTRAMIX campaign
yielded more pronounced variabilities in the C@ ux on a 30 min averaging period. It was
speculated, that these uctuations can be attributed towards higher soil and air taperatures
(INTRAMIX mean air temperature: 16 °C, LOeWE mean air temperature: 11 °CHuring
the INTRAMIX experiment. Together with an increase of VSMC (INTRAMIX VSMC:
31 %, LOeWE VSMC: 20 %) they are capable of driving soil respiration and enhancing the
CO, uxes in the sub-canopy. Lastly it was predicted, that the full extent of the presswg
pumping could be observed mainly during midday and in times of strong wind velocites
(H4). For the INTRAMIX campaign, 27 % and 28 % of the daytime data were located in Q2
and Q3, respectively. This makes up more than half of the overall midday data of thetee
INTRAMIX experiment. A similar distribution of the strong-wind events could be fourd for
the same campaign (Q2: 26 %; Q3: 30 %). Although not as pronounced as for the 2016 ex
periment, the tendency for the LOeWE daytime data and strong-wind occurrenceswards
Q2 and Q3 was determined. The explanation for the acceptance of hypothesig Hatches
the one for H. High wind velocities, which prevail throughout the day are known to result
in ow instabilities at the top of the canopy (Thomas and Foken, 2007; Thomas et al.,(0®8;
Ruppert et al., 2006; Shaw et al., 1990). These ow instabilities initiate the developmeof
coherent structures dominated by strong sweep motions. Consequently, air isitg pushed
down from the canopy into the sub-canopy and the ground layer in accordance withhggh
data accumulation in Q2 and Q3. Apart from the daytime data, transition time data was
found to be strongly represented in Q2 and Q3. This was especially evident the LOeWE
campaign (Q2: 29 %, Q3: 22 % of the overall transition time data). In conjuctiowith this,

it was theorized that transition time data and buoyancy uxes might play an additional role
in the pressure pumping discussion. However, the e ect should be investigated in further
research.

The results of the presented thesis are limited towards the assumptions about uid meches
stated in Fig. 4.9, as well as site and season speci c properties. Whilst the ooige of
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two separate campaigns at the same location and during similar climatic circumstances has
proven itself to be replicable, results may di er across sites. Several authdrave highlighted
the importance of soil parameters such as soil pH, soil type, soil temperatusmil moisture
and soil aeration (Subke et al., 2004; Flechard et al., 2007; Maier et al., 203 well as
forest architecture (Thomas et al., 2008; Ehrnsperger, 2017) for the entsity of the pressure
pumping phenomenon. Mohr et al. (2021) very recently analyzed wind-induced pressure
uctuations investing data from several di erent urban and natural sites in regads to the
pressure pumping phenomenon. They found that wind direction in connection with the
surrounding topography of the measurement site in uences the strength of the wind-induced
air pressure uctuations. However, they did not examine their results on di erent time cales
and introduced a new parameter for the measurement of the pressure pumping intensithig

so called pressure pumping coe cient yielded a surprisingly low dependency on local surface
roughness and remains to be tested in further research. A more detailed study lthem
the presented thesis with a higher number of measurement stations vertically speng the
sub-canopy and canopy, as well as a larger range of experimental sites sintialMohr et al.
(2021) has the potential to broaden the understanding of the pressure pumping phenomenon.
This approach can ultimately be helpful in closing the research gaps on the acquisitioihao
meaningful NEE. Speci cally, a shared data base for pressure pumping related data might be
a valuable means to achieving this goal. Additionally, it would be bene cial for the pressure
pumping discussion to analyze the coupling regimes proposed by Thomas and Foken (2007)
for the pressure pumping data in order to nd more detailed connections between coupling
mechanisms, diurnal courses and the soil-air gas exchange.
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A. Data Processing

Figure A.1.: Flow chart of the pressure pumping data processing
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B. Flux Analysis

Figure B.1.: Flux analysis overview plot for the soil station measurement site of theN{
TRAMIX campaign with an averaging period of 30 min. Dependencies
between the CQ ux (w%0,% 95th percentile within plausibility limits:
3.9 mol st m?) and pressure variance g% (rst plot) as well as the time
series of the CQ ux (second plot), sensible heat ux (Qn) (third plot) and
latent heat ux ( Q.g) (fourth plot) are provided for the entire period of the
INTRAMIX experiment. The time series are color-coded by temperature and
marked with blue vertical lines during precipitation events.
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APPENDIX B. FLUX ANALYSIS

Figure B.2.: Flux analysis case study (26.08.2020 00:00:00 to 29.08.2020 00:06c0Ghe 4
m station measurement site of the LOeWE campaign with an averaging period
of 30 min. Dependencies between the GQux ( wICO,% and pressure variance
(pP9 ( rst plot) as well as the time series of the CQ ux (second plot), sensible
heat ux ( Qu) (third plot) and latent heat ux ( Q.g) (fourth plot) are provided
for the entire period of the INTRAMIX experiment. The time series are color-
coded by temperature and marked with blue vertical lines during precipitation
events.
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APPENDIX B. FLUX ANALYSIS

Figure B.3.: Flux analysis case study (26.08.2020 00:00:00 to 29.08.2020 00:060@e soill
station measurement site of the LOeWE campaign with an averaging period of
30 min. Dependencies between the GOux ( wiCO,% and pressure variance
(PP (rst plot) as well as the time series of the CQ ux (second plot), sensible
heat ux ( Qu) (third plot) and latent heat ux ( Q.g) (fourth plot) are provided
for the entire period of the INTRAMIX experiment. The time series are color-
coded by temperature and marked with blue vertical lines during precipitation
events.
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APPENDIX B. FLUX ANALYSIS

Figure B.4.: Flux analysis case study (09.07.2016 00:00:00 to 12.07.2016 00:00d0he
soil station measurement site of the INTRAMIX campaign with an averaging
period of 30 min. Dependencies between the GQux ( W 0,9 and pressure
variance (%9 (rst plot) as well as the time series of the CQ ux (second
plot), sensible heat ux (Qy) (third plot) and latent heat ux ( Q.g) (fourth
plot) are provided for the entire period of the INTRAMIX experiment. The
time series are color-coded by temperature and marked with blue vertical lines
during precipitation events.
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C. Time Series Analysis

Figure C.1.: Time series analysis of the vertical wind during the INTRAMIX campaign,
showing the raw data (20 Hz), synoptic mean (30 min), coherent structures
(30 s) and background turbulence (20 Hz) for the soil station (brown) and 4 m
station (blue).
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APPENDIX C. TIME SERIES ANALYSIS

Figure C.2.: Time series analysis of the vertical wind during the LOeWE campaign, showing
the raw data (20 Hz), synoptic mean (30 min), coherent structures (30 s) and
background turbulence (20 Hz) for the soil station (brown) and 4 m station
(blue).
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APPENDIX C. TIME SERIES ANALYSIS

Figure C.3.: Time series analysis of the C{roncentration during the INTRAMIX campaign,
showing the raw data (20 Hz), synoptic mean (30 min), coherent structures (30
s) and background turbulence (20 Hz) for the soil station (brown) and 4 m

station (blue).
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APPENDIX C. TIME SERIES ANALYSIS

Figure C.4.: Time series analysis of the CQOconcentration during the LOeWE campaign,
showing the raw data (20 Hz), synoptic mean (30 min), coherent structures
(30 s) and background turbulence (20 Hz) for the soil station (brown) and 4 m
station (blue).
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D. Quadrant Analysis

Figure D.1.: Wind regime dependent quadrant analysis of the normalized,;° (y-axis) - psei°
(x-axis) correlation for the INTRAMIX campaign. The CS data was normalized
by the 30 min period standard deviation of the raw data they fall into and
categorized according to the rst four columns of Table 4.1. These categories
have been additionally Itered towards wind regimes (weak-wind: light green;
strong-wind: dark green). A regression line was drawn for each categodze
guadrant and the information about its linear function as well as the coe cient
of determination is given in the bottom left corner for the respective categy.
Kernel density lines for each subplot are displayed with identical isolines.

70



APPENDIX D. QUADRANT ANALYSIS

Figure D.2.: Wind regime dependent quadrant analysis of the normalized,,;° (y-axis) - psei°
(x-axis) correlation for the LOeWE campaign. The CS data was normalized
by the 30 min period standard deviation of the raw data they fall into and
categorized according to the rst four columns of Table 4.2. These categories
have been additionally Itered towards wind regimes (weak-wind: light green;
strong-wind: dark green). A regression line was drawn for each categodze
guadrant and the information about its linear function as well as the coe cient
of determination is given in the bottom left corner for the respective categy.
Kernel density lines for each subplot are displayed with identical isolines.
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APPENDIX D. QUADRANT ANALYSIS

Figure D.3.: Quadrant analysis after times of day (left) and wind regimes (right) fothe
INTRAMIX campaign. The categories of the quadrant analysis are given in
accordance to Table 4.1 on the x-axis of the two histograms. The frequency
of the wind regime or time of day events are displayed by color-coded bars
(daytime: yellow, nighttime: blue, transition time: orange, strong-wind: dark
green, weak-wind: light green) and given in absolute numbers by the counts of
the y-axis. On top of every bar the percentage of each time of day (or wind
regime) in relation to the others within the respective quadrant is presented.
Occurrences where the kernel density distribution for Table 4.1 were centered
in more than one quadrant are summarized in one category named "Rest".
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APPENDIX D. QUADRANT ANALYSIS

Figure D.4.: Quadrant analysis after times of day (left) and wind regimes (right) fothe
LOeWE campaign. The categories of the quadrant analysis are given in ac-
cordance to Table 4.2 on the x-axis of the two histograms. The frequency of
the wind regime or time of day events are displayed by color-coded bars (day-
time: yellow, nighttime: blue, transition time: orange, strong-wind: dark green,
weak-wind: light green) and given in absolute numbers by the counts of the y-
axis. On top of every bar the percentage of each time of day (or wind regijre
relation to the others within the respective quadrant is presented. Occurrees
where the kernel density distribution for Table 4.2 were centered in more than
one quadrant are summarized in one category named "Rest".
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