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Summary 

Turbulence is the principal mechanism governing the exchange and mixing of energy and 

matter in the atmospheric boundary layer (ABL), with implications ranging from leaf-scale 

processes to continental-scale interactions. While turbulence under strong winds and 

significant radiative forcing is well characterized, conditions under weak winds and stable 

stratification remain poorly understood, as they deviate from established theories such as 

Monin–Obukhov similarity, the Kolmogorov energy cascade, and Taylor’s frozen turbulence 

hypothesis. Weak-wind regimes, which are particularly prevalent in forested environments, 

require high-resolution spatial data to resolve the underlying physical processes. This PhD 

research addresses these gaps by advancing fiber-optic distributed sensing (FODS) techniques 

through a combination of experimental, numerical, and machine learning approaches. The 

work contributes to the conceptual and methodological advancement of boundary-layer 

meteorology by investigating the weak and intermittent turbulence, ultimately improving our 

understanding of energy and matter exchange under weak-wind and stable conditions. 

 

In the first part of this study, a novel FODS measurement technique (microstructure approach) 

was extended to enable the quantification of vertical turbulent wind and sensible heat flux. 

This approach uses directional temperature differences in a pair of fiber-optic (FO) cables with 

printed cone-shaped microstructures on them to determine wind direction and speed along the 

fiber. A key experimental innovation involved the use of cylindrical shrouds surrounding 

heated fiber-optic cables to suppress dominant horizontal wind speed fluctuations while 

preserving vertical turbulent signals. Among the tested configurations, a white cylindrical 

shroud with a 0.6 m diameter and rigid support structure exhibited optimal performance, 

reducing horizontal wind speed standard deviation by 35% without substantially attenuating 

vertical turbulence. Following optimization at ecological botanical garden (EBG) of the 

Bayreuth University, the method was deployed in the sub-canopy of a temperate forest to 

evaluate its effectiveness under natural weak-wind conditions. These measurements revealed 

coherent structures with clearly defined sweep and ejection phases, allowing for the detection 

of vertical turbulent airflow in over 60% of the data, increasing to 71% with conditional 

sampling. Importantly, this setup enabled the first direct estimation of sensible heat fluxes 

using FODS measurements, a methodological and computational advancement.  

 

The results of the first part of the thesis showed potential for improving and optimizing the 

microstructure approach. The second part of the thesis focuses on optimizing the 

microstructure geometry of FO cables to improve directional sensitivity and thermal response 

in turbulent flow measurements. Through extensive numerical simulations using COMSOL 

Multiphysics 6.0, a wider range of filled and hollow coned microstructures were evaluated for 

their impact on temperature differences (∆T) generated by electrically heated FO cables 

exposed to turbulent airflows. The hollow-cone design with a radius and height of 24 mm and 

15 mm spacing was identified as the optimal configuration, outperforming filled cones by 

sustaining larger ∆T values (>2 K) across varying wind speeds and turbulence intensities. 

Notably, this design maintained ∆T of approximately 0.8 K even at 60° wind attack angles, 

underscoring its robustness for directional sensing. The findings highlight significant potential 

for improving FO cable design in atmospheric boundary layer research, enabling more accurate 

measurements of wind direction, vertical wind speed perturbations, and spatially distributed 
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turbulent heat fluxes using FODS. Future work shall validate the findings under field 

conditions to assess the robustness and real-world applicability of the optimized design. 

 

The third part of the research integrates FODS measurement technology into 

micrometeorological and biogeochemical studies of forests, focusing on the spatial and 

temporal variability of greenhouse gas mixing ratios (CO₂, CH₄, and H₂O) in the sub-canopy. 

This is achieved by combining dense, high-resolution FODS arrays with complementary gas 

sampling network. To this end, we characterized wind regimes by sub- and above-canopy 

turbulence metrics. These metrics were used to differentiate between weak- and strong-wind 

conditions, which distinctly affect scalar gas variability. Using Random Forest modeling, 

turbulence-related variables including turbulent kinetic energy, vertical wind fluctuations, and 

dynamic stability were identified as primary drivers of scalar variability during strong-wind 

regimes, while temperature dominated the spatial variabilities under weak-wind conditions. 

CO2 variability under strong-wind conditions correlated strongly with vertical wind and 

dynamic stability, whereas CH4 was influenced by temperature consistently. H2O spatial 

variability was tightly coupled to temperature across regimes, reflecting effect of 

evapotranspiration dynamics in forest. Clustering of vertical potential temperature profiles 

from FODS using k-means algorithms classified thermal stratification regimes, showing 

unstable profiles enhance mixing and reduce scalar gradients, while stable stratification 

suppresses mixing and intensifies gradients. The potential temperature profile thus effectively 

integrated the influence of both turbulence and radiative processes on scalar mixing.  

 

Overall, this PhD research delivers a comprehensive advancement in fiber-optic distributed 

sensing technology and its application to forest sub-canopy micrometeorology. By combining 

experimental innovations, rigorous numerical modeling, and machine learning analyses, it 

enhances the capability to observe fine-scale turbulence, heat fluxes, and scalar gas dynamics 

with unprecedented spatial and temporal resolution. These contributions provide new tools and 

insights for atmospheric science, ecosystem monitoring, and climate research. 
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Zusammenfassung 

 
Turbulenz ist der zentrale Mechanismus für den Austausch und die Durchmischung von Energie 

und Materie in der atmosphärischen Grenzschicht (Atmospheric Boundary Layer, ABL) und 

beeinflusst Prozesse von der Blatt- bis zur Kontinentalebene. Während Turbulenz unter starkem 

Wind und ausgeprägtem Strahlungsantrieb gut beschrieben ist, bleiben Situationen mit schwachem 

Wind und stabiler Schichtung weitgehend unzureichend verstanden, da sie von etablierten 

Theorien wie der Monin–Obukhov-Ähnlichkeitstheorie, der Kolmogorow-Energiekaskade und 

Taylors Hypothese gefrorener Turbulenz abweichen. Schwachwindregime, die insbesondere in 

Waldökosystemen häufig auftreten, erfordern hochaufgelöste räumliche Messdaten, um die 

zugrunde liegenden physikalischen Prozesse zu erfassen. Diese Dissertation adressiert diese 

Forschungslücken durch die Weiterentwicklung faseroptischer, verteilter Messtechniken (Fiber-

Optic Distributed Sensing, FODS) mittels experimenteller, numerischer und datengetriebener 

Ansätze einschließlich maschinellen Lernens. Die Arbeit leistet einen konzeptionellen und 

methodischen Beitrag zur Meteorologie der Grenzschicht, indem sie schwache und 

intermittierende Turbulenz charakterisiert und so das Verständnis von Energie- und Stoffaustausch 

unter stabilen Schwachwindbedingungen verbessert. 

 

Im ersten Teil dieser Arbeit wurde ein neuartiger FODS-Ansatz (Microstructure Approach) 

erweitert, um die Quantifizierung vertikaler turbulenter Wind- und fühlbarer Wärmeflüsse zu 

ermöglichen. Dabei werden gerichtete Temperaturdifferenzen zwischen einem Paar faseroptischer 

(FO) Kabel mit aufgedruckten, kegelförmigen Mikrostrukturen genutzt, um Windrichtung und -

geschwindigkeit entlang der Faser zu bestimmen. Eine zentrale experimentelle Innovation war der 

Einsatz zylindrischer Ummantelungen um beheizte FO-Kabel, um dominante horizontale 

Windgeschwindigkeitsschwankungen zu dämpfen und gleichzeitig vertikale Turbulenzsignale zu 

erhalten. Unter den getesteten Konfigurationen zeigte sich eine weiße zylindrische Ummantelung 

mit 0,6 m Durchmesser und starrer Halterung als optimal: Sie reduzierte die Standardabweichung 

der horizontalen Windgeschwindigkeit um 35 %, ohne die vertikale Turbulenzsignatur wesentlich 

zu beeinflussen. Nach erfolgreicher Optimierung im Ökologisch-Botanischen Garten (EBG) der 

Universität Bayreuth wurde die Methode im Unterwuchs eines Nadelwaldes getestet, um ihre 

Eignung unter natürlichen Schwachwindbedingungen zu evaluieren. Die Messungen zeigten 

kohärente Strukturen mit klar ausgeprägten Sweep- und Ejektionsphasen. Vertikale turbulente 

Luftbewegungen konnten in über 60 % der Daten detektiert werden – mit bedingtem Sampling 

sogar in 71 %. Besonders hervorzuheben ist, dass mit diesem Aufbau erstmals eine direkte 

Bestimmung fühlbarer Wärmeflüsse aus FODS-Messungen möglich war, was einen methodischen 

und rechnerischen Fortschritt darstellt. 

 

Die Ergebnisse des ersten Teils verdeutlichen das Potenzial zur weiteren Verbesserung des 

Microstructure Approach. Der zweite Teil der Arbeit konzentriert sich auf die Optimierung der 

Mikrostrukturgeometrie von FO-Kabeln, um deren Richtungsempfindlichkeit und thermisches 

Ansprechverhalten in turbulenten Strömungen zu verbessern. Umfangreiche numerische 

Simulationen mit COMSOL Multiphysics 6.0 wurden durchgeführt, um verschiedene gefüllte und 

hohle Kegeldesigns hinsichtlich der erzeugten Temperaturdifferenzen (ΔT) zu analysieren, die 

durch elektrisch beheizte Kabel im turbulenten Luftstrom entstehen. Die hohle Kegelkonstruktion 

mit einem Radius und Höhe von 24 mm und einem Abstand von 15 mm erwies sich als optimal, 

da sie über ein breites Spektrum an Windgeschwindigkeiten und Turbulenzintensitäten hinweg ΔT-

Werte von über 2 K aufrechterhielt. Auch bei Anströmwinkeln bis zu 60° zeigte diese 

Konfiguration stabile Temperaturdifferenzen von etwa 0,8 K und damit eine hohe Robustheit für 
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Richtungsmessungen. Diese Ergebnisse verdeutlichen das große Potenzial zur Verbesserung 

faseroptischer Messsysteme in der Grenzschichtmeteorologie, insbesondere für präzisere 

Erfassungen von Windrichtung, vertikalen Windfluktuationen und turbulenten Wärmeflüssen mit 

FODS. Zukünftige Arbeiten sollten diese optimierte Geometrie unter Feldbedingungen validieren, 

um ihre Anwendbarkeit und Robustheit zu überprüfen. 

 

Der dritte Teil der Dissertation integriert die FODS-Messtechnik in mikrometeorologische und 

biogeochemische Untersuchungen von Wäldern und konzentriert sich auf die räumliche und 

zeitliche Variabilität der Mischungsverhältnisse von Treibhausgasen (CO₂, CH₄ und H₂O) im 

Unterwuchs. Hierzu wurden dichte, hochaufgelöste FODS-Arrays mit einem ergänzenden 

Gasprobennetzwerk kombiniert. Zur Charakterisierung der atmosphärischen Bedingungen wurden 

Windregime anhand turbulenter Kennwerte ober- und unterhalb des Kronendachs definiert. Diese 

Metriken dienten zur Unterscheidung zwischen Schwach- und Starkwindbedingungen, die sich 

deutlich auf die Variabilität der Skalarkonzentrationen auswirken. Mithilfe von Random-Forest-

Modellen wurden turbulenzbezogene Variablen wie turbulente kinetische Energie, vertikale 

Windfluktuationen und dynamische Stabilität als Haupttreiber der Skalarvariabilität unter 

Starkwindbedingungen identifiziert, während bei Schwachwindbedingungen die Temperatur 

dominierte. Die CO₂-Variabilität korrelierte unter stark turbulenten Bedingungen stark mit der 

vertikalen Windgeschwindigkeit und dynamische Stabilität, während CH₄ überwiegend durch die 

Temperatur beeinflusst wurde. Die H₂O-Variabilität war in allen Regimen eng mit der Temperatur 

gekoppelt, was den Einfluss der Evapotranspiration widerspiegelt. Durch Clustering vertikaler 

Temperaturprofile aus den FODS-Daten mittels k-means-Algorithmus konnten atmosphärische 

Stratifizierungsregime identifiziert werden: Instabile Profile förderten die Durchmischung und 

reduzierten Skalargradienten, während stabile Schichtung die Durchmischung hemmte und 

Gradienten verstärkte. Das vertikale Temperaturprofil erwies sich somit als integraler Indikator für 

das Zusammenspiel von Turbulenz und Strahlungsprozessen bei der Skalarmischung. 

 

Insgesamt liefert diese Dissertation einen umfassenden Beitrag zur Weiterentwicklung der FODS-

Technologie und ihrer Anwendung in der Mikrometeorologie bewaldeter Grenzschichten. Durch 

die Kombination experimenteller Innovationen, numerischer Modellierung und datengetriebener 

Analysen mittels maschinellen Lernens werden neue Möglichkeiten geschaffen, Turbulenz, 

Wärmeflüsse und Skalarkonzentrationen mit bisher unerreichter räumlicher und zeitlicher 

Auflösung zu erfassen. Diese Erkenntnisse liefern wertvolle Grundlagen für die 

Atmosphärenwissenschaft, das Ökosystemmonitoring und die Klimaforschung. 
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1.1 General Introduction 

From a micrometeorological perspective, turbulence refers to the irregular, fluctuating component 

of air motion, superimposed on the mean flow, that serves as the dominant mechanism for mixing 

energy and matter in the atmosphere and plays a central role in regulating vertical exchange 

processes of momentum, heat, moisture, and trace gases between the Earth's surface and the 

atmosphere (Burgers, 1948; Stull, 1988; Tennekes and Lumley, 1972). Representation of the 

atmospheric boundary layer (ABL) is crucial for the reliability of weather and climate models, as 

it encompasses key processes such as the transport and mixing of radiation, sensible and latent 

heat, water vapor, carbon dioxide, and nutrients that directly influence ecosystem functioning and 

the well-being of plants, animals, and humans (Holtslag et al., 2013; Ren et al., 2025). While the 

dynamics of turbulent transport near the surface under sufficiently strong wind conditions and 

significant solar heating or radiative cooling are relatively well captured by existing theoretical 

frameworks (Mahrt, 2014; Van de Wiel et al., 2012), including Monin-Obukhov Similarity Theory 

(Monin and Obukhov, 1954), the Kolmogorov energy spectrum (Frisch and Kolmogorov, 1995), 

and Taylor’s hypothesis of frozen turbulence (Taylor, 1938), these assumptions often break down 

under stably stratified and weak-wind conditions, posing substantial challenges for both theoretical 

understanding and numerical modeling (Chowdhuri et al., 2025; Grachev et al., 2013; LeMone et 

al., 2019; Mahrt et al., 2013; Sun et al., 2012; Van de Wiel et al., 2012).  

1.1.1 Challenges in Weak-Wind and Stably Stratified Boundary Layers (SBL) 

Stably stratified boundary layers play a crucial role in both atmospheric research and practical 

applications. They frequently coincide with long-lasting air pollution events and remain a persistent 

source of error in numerical weather prediction (NWP) systems, especially when forecasting fog, 

icing, or similar boundary-layer phenomena. Yet, despite their importance, SBLs continue to 

challenge theoretical understanding, observational methods, and numerical modelling (Sandu et 

al., 2013). Such strongly stable regimes give rise to a wide variety of realizations that defy simple 

classification (Stiperski et al., 2025). Under stably stratified weak-wind conditions, turbulence is 

not solely governed by dynamic stability or buoyancy forcing but is also influenced by a complex 

interplay of non-stationary processes, sub-mesoscale motions, local shear, and flow instabilities 
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(Liang et al., 2014; Mahrt et al., 2013). These conditions often give rise to intermittent turbulence, 

which challenges the validity of fundamental assumptions underlying micrometeorological 

theories and statistical approaches. For instance, the translation of temporal into spatial scales 

through Taylor’s hypothesis of frozen turbulence becomes questionable, as does the assumption of 

ergodicity i.e., the convergence of time and spatial averages under stationary and horizontally 

homogeneous conditions (Engelmann and Bernhofer, 2016; Sun et al., 2012; Thomas, 2011). The 

complex non-linear interactions between the mean flow, sub-mesoscale motions, and turbulence in 

the SBL make it necessary to consider not only turbulence itself but also other small-scale 

processes, including radiation, advection, surface heterogeneity and associated transport, fog 

formation, and gravity waves. A deeper understanding and improved modeling of these processes, 

along with their non-linear interactions, are essential for capturing the full dynamics of the SBL. 

In such regimes, single-point measurements fail to capture the spatial heterogeneity and transient 

structures inherent to intermittent flows (Mahrt and Vickers, 2003; Poulos and Burns, 2003). 

Several studies have attempted to address these challenges by employing sensor networks to 

investigate phenomena such as meandering flows and within-canopy transport of momentum and 

heat (Anfossi et al., 2005; Thomas, 2011). Nonetheless, despite notable progress, a lack of 

sufficiently dense spatial observations continues to limit our ability to resolve the relevant process 

scales and develop a comprehensive physical understanding of the stable boundary layer (Mahrt, 

2010). Spatio-temporally continuous observational techniques, such as Distributed Temperature 

Sensing (DTS), provide a powerful tool to resolve these processes across scales and offer new 

opportunities to advance both theory and parameterization in numerical models (Thomas et al., 

2012). 

1.1.2 Transformative Potential of Fiber-Optic Distributed Sensing (FODS) 

Fiber-Optic Distributed Sensing (FODS), particularly in the form of DTS has emerged in recent 

years as a transformative geophysical technique for overcoming the limitation of single point 

measurements by capturing the spatiotemporal dynamics of atmospheric and surface temperatures. 

DTS is a type of fiber-optic (FO) sensor that measures temperature continuously along defined 

sections of FO cables. It works by sending a laser pulse through the fiber, where most of the light 

is elastically scattered, while a small fraction undergoes inelastic Raman scattering. The resulting 
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backscatter consists of two components: Stokes, which is nearly temperature-independent, and 

Anti-Stokes, whose amplitude varies with temperature. By measuring the logarithmic ratio of 

Stokes to Anti-Stokes signals over defined cable sections using range-gating, DTS can spatially 

resolve temperature along the fiber (Thomas and Selker, 2021; Ukil et al., 2012).  Since its 

development in the 1980s, DTS technology has advanced considerably, enabling continuous 

temperature measurements with resolutions as fine as 0.01°C and spatial resolutions down to a few 

meters or even decimeters. DTS has been applied across a wide range of fields, including structural 

health monitoring of dams (Bado, 2021), pipelines and tunnels (Ishii et al., 1997), offshore oil and 

gas installations, and mining (Silva et al., 2022).  

In research contexts, DTS has been used for hydrological studies (Bense et al., 2016; Selker et al., 

2006; Tyler et al., 2009), soil moisture measurements (Steele-Dunne et al., 2010), and atmospheric 

observations (de Jong et al., 2015; des Tombe et al., 2020; Fritz et al., 2021; Higgins et al., 2018; 

Kalantari et al., 2021; Keller et al., 2011; Thomas et al., 2012), typically for resolving temperature 

variations with height or along specific spatial dimensions in the atmospheric boundary layer. By 

converting standard telecommunication-grade FO cables into dense arrays of temperature sensors, 

DTS enables measurements with temporal resolutions of a few seconds and spatial resolutions on 

the order of tens of centimeters, along cable lengths extending up to 20 kilometers (Pfister et al., 

2021a; Thomas et al., 2012).  

Recent studies have highlighted the central role of FODS in advancing boundary-layer research. 

For example, Zeeman et al. (2015) used FODS to detect sharp temperature gradients and 

intermittent layering in the nocturnal boundary layer, while Pfister et al. (2021a, 2021b) identified 

semi-stationary thermal submesofronts using horizontal FODS configurations, and Mack et al. 

(2025) demonstrated the technique's robustness during airborne deployments under extreme Arctic 

conditions. FODS has proven to be a valuable tool during the morning transition period, as it is 

capable of capturing complex thermal and turbulent structures during the breakdown of nocturnal 

inversions (Fritz et al., 2021; Higgins et al., 2018). FODS has also been applied to quantify near-

surface stratification and mixing in urban environments, including coastal cities (Karttunen et al., 

2022). Recent work has also extended FODS-based observations to test and refine theoretical 

frameworks, such as the Monin–Obukhov Similarity Theory (MOST), particularly in the roughness 

sublayer where traditional formulations often break down (Boekee et al., 2024). Innovations in 



Synopsis  
 

6 

high-resolution DTS instrumentation have made it possible to probe near-surface temperature 

profiles with millimeter-scale vertical resolution, offering new tools for evaluating surface flux 

gradients and turbulence closure schemes (ter Horst et al., 2025). In polar boundary-layer research, 

FODS has provided unprecedented detail on thermal stratification and turbulence regimes (Zeller 

et al., 2021), while Huss and Thomas, (2024) combined FODS with sonic anemometry to quantify 

vertical heat transport and surface–atmosphere coupling under strong stable stratification. FODS 

has also enabled new insights into weak-wind stable boundary-layer processes (Lapo et al., 2022) 

and the vertical structure of the stable boundary layer within forested canopies as a prone 

environment to weak-wind regimes (Peltola et al., 2022).  

The development of wind speed measurement methods using FODS has significantly expanded the 

range of applications for this technology beyond temperature sensing. Notably, studies by Sayde 

et al. (2015) and van Ramshorst et al. (2020) demonstrated the feasibility of using FODS to 

continuously measure wind speed based on convective heat loss from actively heated FO cables. 

These advancements suggest that FODS can be used not only for scalar measurements but also to 

spatially resolve turbulent wind structures. Building on this foundation, the Darkmix project, 

initiated in 2019, aimed to develop a three-dimensional Large Eddy Observation (LEO) technique 

using DTS to investigate weak-wind and stable boundary-layer dynamics across diverse land uses, 

including grassland, forest, and urban areas (Lapo et al., 2022). Within the project, Lapo et al. 

(2020) introduced an innovative "microstructure approach" which combines Computational Fluid 

Dynamics (CFD) simulations with wind tunnel experiments to retrieve wind direction and speed 

from actively heated fibers equipped with imprinted filled-cone microstructures. The technique 

relies on convective heat loss: wind flowing along the orientation of the cones induces a different 

heat dissipation pattern than wind flowing against it, allowing the determination of flow direction. 

This method was successfully validated in a field experiment by Freundorfer et al. (2021), 

demonstrating wind direction measurements with an accuracy of ≤ 15.  

Despite recent progress toward the development of fully three-dimensional, spatially resolving 

atmospheric flow sensors using FODS, significant limitations persist particularly in the 

measurement of vertical wind components. While horizontal wind direction and speed have been 

successfully retrieved, capturing the vertical wind component using heated coned FO cables 

remains challenging. Vertical wind fluctuations are generally of lower magnitude than the 
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horizontal mean flow, and in the current coned FO configuration, lateral wind effects dominate the 

heat loss signal. This results in a diminished temperature difference of the coned FO pairs, 

rendering the detection of vertical wind speed and direction ineffective. To address this limitation, 

we conducted a two-part study comprising both experimental and numerical approaches. In the 

first part (Abdoli et al., 2023), a series of field experiments were carried out to evaluate cylindrical 

shrouds with varying geometrical and physical properties such as aspect ratio, porosity, and rigidity 

in order to identify configurations capable of attenuating horizontal wind disturbances while 

preserving vertical flow structures. The optimal shroud design was subsequently applied in a forest 

sub-canopy environment, where coherent structures and mixing-layer dynamics are associated with 

relatively strong vertical motions. This setup was used to evaluate whether shrouded, heated coned 

FO cables could resolve vertical wind speed and direction and enable estimation of sensible heat 

fluxes based solely on FODS measurements. In the second part (Abdoli et al., 2025b), we 

complemented the fieldwork with a numerical investigation to optimize the microstructure 

geometry of the FO cable assembly. Using conjugate heat transfer simulations, we examined a 

range of filled- and hollow-coned configurations varying in radius, height, and spacing. The 

objective was to increase sensitivity to vertical airflow by enhancing the differential heat loss 

between upstream and downstream fiber orientations. These simulations aimed to improve the 

reliability and robustness of vertical wind measurements with FODS, particularly under weak-wind 

conditions typical of forest sub-canopy environments.  

1.1.3 Forest Micrometeorology and FODS 

Forest micrometeorology is the study of the physical processes governing the exchange of energy, 

mass, and momentum between forest ecosystems and the atmosphere (Baldocchi, 2020). Unlike 

open terrain, forested landscapes form a highly structured and vertically complex environment 

composed of the canopy crown, trunk space, and sub-canopy layers (Kaimal and Finnigan, 1994). 

These layers shape microclimatic conditions by altering radiative transfer, aerodynamic roughness, 

and turbulent mixing. Understanding these processes is essential for quantifying ecosystem 

functions such as evapotranspiration, heat flux partitioning, and ecosystem respiration, and for 

accurately representing the role of forests in the global carbon balance (Bonan, 2008; Luyssaert et 

al., 2007). Forests store nearly half of terrestrial carbon and regulate boundary-layer development, 
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making forest micrometeorology a key component of climate–ecosystem interactions and 

predictive Earth-system modeling (Pan et al., 2011).  

The forest sub-canopy is of particular importance because it represents the interface where soil, 

vegetation, and atmospheric processes converge. Here, scalar exchange becomes highly sensitive 

to flow regime, thermal stratification, and canopy structure (Finnigan, 2000; Thomas, 2011). Flow 

within the sub-canopy diverges strongly from classical atmospheric boundary-layer behavior 

where the turbulence is suppressed by dense vegetation, local shear production is weak, and 

radiative cooling at night often produces strong static stability (Mahrt et al., 2015; Sun et al., 2012). 

Under these weak-wind, SBL conditions, many foundational assumptions such as Monin–Obukhov 

similarity theory, the Kolmogorov cascade, and Taylor’s frozen-turbulence hypothesis frequently 

fail (Belcher et al., 2008; Mahrt et al., 2015). As a result, subcanopies experience intermittent 

turbulence, CO₂ accumulation, decoupled flow layers, and strong horizontal and vertical 

heterogeneity in scalar distributions (Feigenwinter et al., 2010). This complexity contributes to 

persistent uncertainties in energy-balance closure, nighttime carbon-dioxide fluxes, and the 

interpretation of eddy-covariance measurements in forest environments (Aubinet et al., 2010; 

Wilson and Meyers, 2001).  

Recent advances in observational methods particularly FODS have provided a transformative 

approach to resolving these processes. FODS offers spatially continuous temperature 

measurements at centimeter-scale resolution, enabling the detection of fine thermal gradients, 

intermittent mixing events, canopy waves, and stability transitions that remain undetected by 

traditional point sensors (Selker et al., 2006; Tyler et al., 2009). Several studies have demonstrated 

the value of FODS for characterizing canopy–atmosphere interactions. Abdoli et al. (2023) showed 

how FODS resolves coherent structures in forest sub-canopy. Peltola et al. (2021) demonstrated 

the effectiveness of the FODS in monitoring atmospheric mixing profiles, highlighting its ability 

to capture continuous profiles of both turbulent fluctuations and mean air temperature values along 

the mast, thus offering valuable insights into mixing processes. Schilperoort et al. (2020) focused 

on capturing small-scale mixing variability and emphasized the potential of FODS to investigate 

dynamic thermal regimes within forest sub-canopies. Despite these advances, a significant 

knowledge gap persists. While FODS has enhanced our understanding of temperature structure and 

mixing dynamics, the relationship between observed spatial temperature gradients and the transport 
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and spatiotemporal variability of key scalar gases such as CO₂, CH₄, and H₂O within forest sub-

canopies remains unclear. Since temperature influences density, buoyancy, and turbulence, there 

is a strong coupling with scalar fields  (Thomas, 2011). However, this relationship has seldom been 

investigated through integrated canopy-scale observations.  

The third paper in this dissertation addresses this gap by combining FODS-based temperature 

measurements with a distributed scalar-gas sampling network and machine-learning approaches. 

This integrated methodology enables a detailed assessment of how thermal stratification, mixing 

processes, and local flow regimes jointly influence the variability and transport of greenhouse gases 

in the forest sub-canopy. By linking high-resolution thermal structure with multi-scalar dynamics, 

this work advances forest micrometeorology and provides critical insights for improving 

ecosystem-flux interpretation and carbon-cycle modeling. 

1.2 Materials and methods  

This section provides a brief overview of the experimental setup, instrumentation, data acquisition 

techniques and analytical methods used in the three main phases of the study: the Shroud 

Optimization Experiment, the LOEWE20 Field Campaign, and numerical modeling. 

1.2.1 Study Sites and Experimental Setup 

The research was conducted at two distinct field sites: the Ecological Botanical Garden (EBG) for 

preliminary testing and the Waldstein forest for the main LOEWE20 campaign. The first phase of 

the study, conducted at EBG from April to June 2020, focused on optimizing the design of a 

cylindrical shroud aimed at isolating vertical wind component. The EBG, located at the University 

of Bayreuth, is characterized by short grass (5–15 cm) surrounded by mixed trees approximately 

15 meters in height. For this phase, two sensor sets were deployed at a height of 1.5 meters one 

inside the shroud and one outside. Different cylindrical shrouds with variable diameters, lengths, 

colors, mesh sizes and levels of rigidity were tested to determine which would be the most 

promising to implement in the second part of the study. The second phase of the study, conducted 

at the Waldstein-Weidenbrunnen long-term ecosystem flux site (DE-Bay) as part of the LOEWE20 

campaign, focused on assessing the effectiveness of the optimized shroud in preserving the vertical 
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wind speed and thus the temperature difference of coned FO cables within a forest environment. 

The shroud was installed at the main tower at the height of 3-6 m, encompassing a quartet FO array 

composed of two pairs of parallel coned and unconed FO cables extending from the ground to the 

canopy top at a height of 34 meters. Additionally, a sensor package was positioned outside the 

shroud, near the center of the cylinder as a reference. The LOEWE20 campaign took place from 

10 September to 5 October 2020 in a Norway spruce forest with a canopy height of approximately 

27 meters, an environment characterized by highly variable flow regimes. Figure 1 provides a 

graphical overview of the instrumentation and research site of LOEWE20 campaign.  

 

Figure 1. (a) Location of the LOEWE20 experiment marked with a red dot on the map of Germany. (b) Layout 

of the measurement network showing the FODS arrays as dashed red lines, the horizontal inlets of the Gas 

Mixing ratio Sampling Network (GCSN) as red triangles labelled S1–S8 and S12, and four vertical measurement 

towers with sensor packages indicated by blue solid points. (c) Detailed schematic of the experimental setup 

illustrating the vertical and horizontal FODS arrays, including two unconed fibers (one of which is heated) and 

two heated coned fibers, and the GCSN inlets in both vertical and horizontal configurations, along with the 

sensor packages placed at three positions at 4 m and one at 36 m height. UGGA refers to ultra-portable close-

path greenhouse gas analyser. This figure is adopted from Abdoli et al. (2025a) .  

Other than the shroud experiment, the experiment employed a comprehensive sensor network 

covering a 200 m × 200 m plot. Four sensor packages were deployed at different heights: one at 

the canopy top (36 meters) and three at sub-canopy levels (4 meters). Each package was equipped 

with a sonic anemometer (CSAT3, Campbell Scientific Inc.), a quad disk static pressure transducer 
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(Model 745-16B, Paroscientific, Inc.), and an open-path infrared CO₂/H₂O gas analyzer (Licor 

7500). Data were sampled at 10 Hz (at 36 meters) and 20 Hz (at 4 meters), with turbulent fluxes 

computed using a standardized Eddy Covariance (EC) routine (Thomas et al., 2009) and a 10-

minute perturbation and averaging timescale.  

The FODS technique played a pivotal role in the LOEWE20 campaign, providing high-resolution, 

distributed measurements of temperature, wind speed, and wind direction. The FODS setup 

involved deploying a quartet FO array, consisting of two pairs of parallel coned and unconed FO 

cables that extended from the ground to the canopy top (34 m). One unconed and both coned fibers 

were actively heated at a power of 4 Wm-1. A high-resolution DTS instrument (Model 5 km 

Ultima, Silixa) was used, providing spatial resolution of 0.127 m and temporal resolution of 6 s. 

Calibration of the FODS system was carried out using a double-ended configuration via the pyfocs 

code (Lapo et al., 2020).  In addition, the LOEWE20 campaign incorporated a Gas Concentration 

Sampling Network (GCSN) designed to measure scalar gas mixing ratios (CH₄, CO₂, H₂O) across 

the canopy. An ultra-portable close-path greenhouse gas analyzer (UGGA, Los Gatos Research 

Inc.) sampled air from 13 vertical and horizontal ambient air inlets via a multiplexer, with a 2.5-

liter buffer volume. Each sampling sequence for the 13 inlets lasted 7 minutes, and the data were 

averaged over 10-minute intervals after discarding the first 15 seconds of each sequence to prevent 

cross-contamination. More detailed information about the instrumental setup can be found in the 

'Materials and Methods' sections of Papers I and III, which are attached to this dissertation (chapter 

two). 

1.2.2 Methods 

This study employed several advanced methods to investigate canopy flow dynamics and scalar 

gas variability, as detailed in Papers I to III (chapter two). The microstructure approach used cone-

shaped microstructures printed on FO cables to exploit directional differences in convective heat 

loss. Additionally, Quadrant Analysis with a hyperbolic threshold was applied to 20 Hz sonic 

anemometer data to compare FODS vertical wind signals with observational data. To analyze the 

spatial variability of scalar gases and their most important driving variables, the study also applied 

Random Forest (RF) modeling. This algorithm determined the importance of micrometeorological 

predictors (CO₂, CH₄, and H₂O variability) from the GCSN data. Separate models were trained for 
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different wind regimes and tower locations, with feature importance assessed using permutation 

methods. Furthermore, the k-means clustering algorithm was used to classify thermal stratification 

regimes based on FODS temperature profiles, helping to examine the influence of thermal 

stratification on scalar gas variability. Temperature data were adjusted to potential temperature to 

account for pressure effects, ensuring a more accurate representation of temperature gradients and 

their impact on gas mixing. Detailed explanations of these methods can be found in the 'Materials 

and Methods' sections of Papers I and III in chapter two.  

1.2.3 Numerical Modeling 

This study has also used COMSOL Multiphysics 6.0 to simulate and optimize the design of 

microstructures for FODS. The stationary simulation focused on Fluid Flow and Heat Transfer in 

Solids and Fluids, with the K-ε Turbulence Model selected for its computational efficiency in 

simulating turbulence. The computational domain was defined to house six microstructures, and 

initial test runs optimized their dimensions. Solid copper represented the FO cable core, while 

polyvinyl chloride (PVC) simulated the microstructures material. Ambient air and FO cable 

temperatures were set to 20 °C and 45 °C, respectively, creating a 25 K difference. Wind speed 

varied from 0 to 4.0 ms-1, with a turbulence intensity of 0.05. 

The simulation proceeded in two stages: first, a 2D modeling phase tested 64 geometric 

combinations for both filled-coned and hollow-coned microstructures. This stage analyzed the 

temperature difference (ΔT) between forward- and backward-coned fibers, helping identify the best 

configurations based on maximum ΔT. In the second stage, the best performing configurations of 

both filled-coned and hollow-coned were tested for different turbulent intensities. Finally, 3D 

modeling of the optimized designs was performed, introducing an attacking angle to evaluate 

sensor performance in different wind attacking angles. Figure 2 shows the schematic of modeled 

FO cable. The simulation was validated with a mesh independence study, confirming minimal 

standard deviation in FO cable temperatures, ensuring the solution's reliability and accuracy for the 

extensive parametric sweep required to optimize the microstructure geometry. Paper II provides 

more details on the model configuration.  
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Figure 2. Schematic representing the modeled fiber optic cables featuring filled-coned microstructures. Panel 

(a) illustrates the surface temperature, ambient air temperature, and geometric parameters, while panel (b) 

depicts the conceptual temperature difference between the forward and backward fibers. Here, T0 represents 

the temperature at the interface between the microstructure and the fiber optic cable. This schematic is adopted 

from Abdoli et al. (2025b) .  

1.3 Synthesis of the Results 

1.3.1 Advancing FODS Measurements in Micrometeorology 

Turbulent exchange between the land surface and the atmosphere is a central process in 

micrometeorology, yet our understanding of these exchanges remains incomplete in weak-wind 

and stable conditions, where classical assumptions such as stationarity, homogeneity, and 

similarity theory often fail. New measurement approaches are therefore needed to resolve the 

intermittent, spatially variable motions that dominate these regimes. FODS offers the unique ability 

to capture temperature fields at high spatial resolution, and recent developments using heated and 
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microstructure-attached fibers have suggested that wind speed and direction can be inferred from 

the convective cooling of the cable. Extending this concept to detect vertical wind motions would 

represent a major step toward spatially distributed, three-dimensional turbulence measurements. 

With this motivation, we conducted a two-stage study: first, to identify whether a tubular shroud 

could adequately suppress horizontal wind while preserving vertical motions; and second, to test 

whether heated coned fibers could detect vertical wind signatures inside such a shroud within a 

forest subcanopy. 

Our grassland experiment provided encouraging first evidence that shroud geometry can 

selectively attenuate parts of the horizontal wind while maintaining the essential behavior of the 

vertical turbulent component. Several shroud designs of varying diameter and porosity were 

evaluated using pairs of sonic anemometers inside and outside the shroud. The temporal evolution 

of vertical wind standard deviation showed a strong correspondence across all setups, indicating 

that the natural diurnal courses of convective and stable periods was retained even inside the 

shrouds. Setup 3, a 60-cm-diameter, white shroud with rigid supporting mesh, yielded the strongest 

agreement, with linear relationships between inside and outside standard deviation of vertical wind 

speed (σw) approaching highest correlation and smallest RMSE values among different setups. 

This shroud reduced horizontal wind magnitude by 35% while having minimal effect on vertical 

wind speed. Spectral analyses deepened this understanding: while energy in the largest eddies was 

reduced inside the shroud and the smallest high-frequency motions were strongly dampened, the 

inertial subrange remained preserved, retaining the −5/3 slope expected of isotropic turbulence. 

Change-point detection revealed that eddies with a duration shorter than roughly two to six seconds 

experienced the strongest attenuation.  

Encouraged by these results, we transferred the optimized shroud concept to a structurally complex 

forest subcanopy during the LOEWE20 field campaign. Because the FODS sampling resolution 

imposes a minimum detectable temporal scale of approximately 30 seconds, we doubled the shroud 

length from 1.5 m to 3 m to ensure that sufficiently large and long-lived eddies could interact with 

the heated fiber. In the forest, we expected stronger, more coherent vertical motions due to 

persistent sweep-ejection cycles generated by canopy–mean flow interactions. However, once the 

experimental setup in forest was deployed, the shrouded heated coned fiber failed to reveal 

meaningful relationship between the temperature difference along the fiber and the sonic-measured 
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vertical wind speed. It became apparent that the flow inside the longer forest shroud behaved 

differently from that in the shorter grassland version. First, the increased length likely distorted or 

weakened vertical eddies before they reached the heated fiber. Second, even inside the shroud, 

horizontal wind speed did not consistently fall below the threshold required for vertical signatures 

to dominate the cooling pattern. Third, coherent structures weaken considerably below about 0.7 

times canopy height, and at shroud height (approximately 3–6 m) the vertical motions were likely 

too weak to imprint a clear cooling pattern on the fiber. Thus, although the shroud performed well 

in the simpler grassland environment, it proved incompatible with the more complex flow 

conditions of a forest subcanopy. 

Yet this setback unexpectedly led to the most important result of the study. In the unshrouded 

sections of the heated coned fibers where horizontal wind speeds naturally reached very low values 

(less than 0.2 ms-1), the temperature signals revealed remarkably clear signatures of coherent 

structures. Without any modification of the flow, the ΔT field showed alternating patterns 

corresponding to ejections and sweeps, aligning strongly with the vertical motions measured by 

the sonic anemometers. Correlations between ΔT and vertical wind reached moderate values across 

the entire deployment and rose significantly during periods of strong coupling, with rolling 

correlations exceeding 0.8. Under these favorable conditions, the coned fibers correctly identified 

the sign of vertical wind in over 60% of all samples.  

Building on this insight, we established empirical relationships between ΔT and vertical wind using 

both linear and quadratic models. The latter was particularly well grounded in the physics of 

convective heat loss from a heated cylinder object and provided the best performance. These 

relationships allowed us to reconstruct spatially distributed vertical wind fields entirely from the 

FODS data. From these reconstructed fields, we computed sensible heat fluxes solely based on 

FODS measurements. The resulting flux estimates captured both the magnitude and temporal 

evolution of the sonic-derived sensible heat fluxes. This constitutes the first demonstration that 

FODS, even without mechanical flow modification, can independently provide spatially distributed 

estimates of sensible heat flux in a forest canopy. 

Altogether, the study showed both the promise and limitations of using heated coned fibers to detect 

vertical wind motions. While shrouds helped simplifying the flow in open environments, they were 

not suitable for deployment in complex canopy flows. More importantly, the unexpected success 
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of the unshrouded fibers suggests a different path forward: instead of attempting to eliminate 

horizontal wind effects artificially, it may be more effective to optimize the microstructures. Earlier 

work introduced the microstructure approach (Lapo et al., 2020), where asymmetric conical 

structures printed onto paired heated fibers creating directional differences in cooling, enabling 

retrieval of wind direction and, under favorable weak-wind conditions, wind speed. In a follow-up 

study, we tested different geometrical configurations to optimize the microstructure approach. This 

study expanded on the original concept by systematically testing a much broader range of 

microstructure geometries, including cone radius, height and spacing, as well as whether the cones 

were hollow or filled, in order to improve directional heat loss, maximize the forward–backward 

temperature contrast and minimize undesirable sensitivity to cross-flow. To this end, we used 

COMSOL Multiphysics software to model the conjugate heat transfer in coned FO cables.    

Numerical modeling in COMSOL provided detailed insight into the thermal and turbulent flow 

fields around the fiber. The simulations confirmed the core physical principle of the method: 

forward-facing cones always cool faster due to enhanced turbulent mixing, while backward-facing 

cones remain systematically warmer. For both filled and hollow cones, the backward fiber 

consistently maintained higher temperatures, but the hollow designs introduced an important 

improvement. Because only part of each hollow cone is attached to the fiber, more of the glass core 

is directly exposed to airflow. This reduces internal heat storage in the PVC material, shortens the 

thermal response time, and allows the temperature signal to be governed primarily by the external 

convection process rather than by the microstructure’s own heat capacity.  

Across 64 geometric combinations, the temperature difference (ΔT) between forward and 

backward fibers decreased non-linearly with increasing wind speed, consistent with earlier wind 

tunnel experiments. Yet the magnitude of ΔT depended strongly on microstructure geometry. 

Hollow-cone configurations produced ΔT values exceeding 7 K at 0.5 m s⁻¹ substantially larger 

than any design previously tested while the best filled-cone geometries produced more moderate 

but still improved differences of 3–4 K. The optimal filled-cone combination (radius 18 mm, height 

24 mm, spacing 20 mm) achieved a temperature contrast of 2.61 K between 0.5 and 4 m s⁻¹ input 

wind speed and consistently outperformed the original designs of Lapo et al. (2020). For hollow 

cones, a geometry with radius and height both 24 mm and spacing of 15 mm showed the strongest 

performance, yielding ΔT values of 7.25 K at low wind speeds and 4.78 K across the 0.5–4 m s⁻¹ 
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range. These signals are far above the measurement uncertainty of standard FODS systems and 

therefore provide a robust foundation for directional wind sensing. 

The flow fields around the fibers revealed how the different geometries modify the turbulence 

itself. Filled-cone structures produced strong local reductions in turbulent kinetic energy and wind 

speed due to the thicker PVC material surrounding the fiber, whereas hollow structures allowed 

more direct interaction between the airflow and the heated core, resulting in smaller but more 

dynamically consistent perturbations in turbulent kinetic energy and wind speed. The highest 

temperature differences were not necessarily associated with the strongest turbulence distortions, 

particularly for filled cones, where heat conduction through the PVC still played a large role. These 

findings led to an important realization: cone aspect ratio alone is not a meaningful predictor of 

performance. Instead, total cone volume, coverage on the fiber, and the degree to which the 

microstructure regulates internal versus external heat transfer all strongly influence ΔT.  

The most promising configurations were then tested across a range of turbulence intensities (TI), 

reflecting the highly variable and intermittent conditions in the atmospheric boundary layer. The 

filled-cone design maintained ΔT > 1 K for TIs up to 0.2 and for wind speeds up to 2 m s⁻¹ already 

sufficient for FODS detection and relevant for stable boundary layer conditions. However, the 

hollow-cone design performed substantially better, maintaining ΔT > 2 K across all tested 

turbulence intensities and for wind speeds up to 4 m s⁻¹. Importantly, the sensitivity of ΔT to TI 

was much smaller for hollow cones, suggesting that this design offers more stable and reliable 

thermal signatures under realistic, fluctuating flow. The turbulence-induced variations in turbulent 

kinetic energy difference (ΔK) were also smaller for hollow cones, reinforcing the idea that hollow 

structures promote a more consistent convective heat-loss environment across a range of 

atmospheric conditions. 

A final test examined the effect of wind attack angle, acknowledging that real wind rarely aligns 

perfectly with the cable. In full 3D simulations, the selected hollow-cone configuration retained a 

measurable ΔT even when winds struck the fiber obliquely. At attack angles up to 60°, the ΔT still 

reached ~0.8 K small but non-negligible and following a predictable decay pattern. This is a major 

improvement compared with earlier filled-cone designs, which lost directional sensitivity almost 

entirely under lateral winds. The hollow microstructures therefore fulfill a key requirement for 
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practical turbulence sensing: they reduce cross-flow distortion without eliminating the directional 

signal. 

Together, these results show that microstructure geometry exerts far more influence over FODS 

directional sensing than previously recognized. By tuning cone volume, exposure length, spacing, 

and hollow versus filled design, it was possible to dramatically increase the magnitude, stability, 

and wind-speed range of the thermal signal used to infer airflow direction and speed. The best-

performing hollow cones not only generate high ΔT across a wide range of flow conditions but 

also remain functional under cross winds and variable turbulence intensities. These improvements 

substantially strengthen the prospect of using FODS-based microstructure sensing for distributed 

wind direction and speed retrieval and, ultimately, for estimating turbulent heat fluxes across 

extended fiber networks in the stable boundary layer. The method now appears considerably more 

robust than the initial proof-of-concept and is well positioned for real-world deployment in weak-

wind environments. The modeling presented here already indicates that appropriately optimized 

microstructure geometries can transform the capability of fiber-optic systems to map turbulent 

flows, offering a practical path toward distributed 3D turbulence sensing in atmospheric research. 

However, the outcomes and optimized designs for FODS-based wind direction and wind speed 

measurement developed in the first two papers (Paper I and Paper II in chapter two) could not be 

tested in real-world condition due to time limitations of the project. Nevertheless, the extensive 

spatiotemporal FODS dataset collected during the LOEWE20 campaign combined with the 

greenhouse gas measurement network and the eddy-covariance stations provided a unique 

opportunity to pursue both measurement-technology improvements and implications of FODS for 

open research questions within the forest micrometeorology research. Building on these 

complementary datasets, we used the distributed FODS temperature measurements together with 

the greenhouse gas monitoring network to investigate the variability of scalar gases and to explore 

the potential of FODS for resolving their controlling micrometeorological processes. 

1.3.2 FODS Implications in Forest Micrometeorology 

Forests play a central role in land–atmosphere exchange by absorbing carbon dioxide (CO₂) 

through photosynthesis. Although they cover only about 30% of the Earth’s surface, forests store 

nearly half of terrestrial carbon and contribute substantially to global net primary production 
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(Bonan, 2008). Their structural complexity including heterogeneous canopies, clearings, and 

variations in vegetation density creates a highly variable flow environment that strongly influences 

turbulence patterns, scalar transport, and the exchange of mass, momentum, and heat between the 

forest and the atmosphere. Understanding these processes within the sub-canopy is particularly 

challenging under weak-wind conditions, which are prevalent at night when stable stratification 

suppresses turbulence and classical turbulence theories often break down. Despite numerous 

studies on sub-canopy CO₂ transport, the combined spatiotemporal variability of CO₂, methane 

(CH₄), and water vapor (H₂O) under contrasting wind regimes remains poorly understood. To 

address this gap, part of this dissertation (Paper III in chapter two) integrated high-resolution fiber-

optic distributed sensing for temperature and wind speed, a dense gas concentration sampling 

network, and multiple eddy-covariance systems. This observational framework allowed for 

detailed analysis of vertical and horizontal scalar variability, the influence of thermal stratification, 

and the identification of key micrometeorological drivers across both strong- and weak-wind 

regimes in a temperate spruce forest sub-canopy. 

During the LOEWE20 experiment, the forest sub-canopy and above-canopy environment 

displayed complex microclimatic behavior that strongly influenced the distribution and dynamics 

of scalar gases. Air temperatures varied between 3.2 °C and 26.3 °C, with medians ranging from 

13.7 °C to 14.2 °C, showing similar variability above and below the canopy. Scalar wind speeds 

were significantly reduced within the sub-canopy (0.68–0.76 m s⁻¹) compared to above-canopy 

conditions (~3 m s⁻¹). The hill tower, located near the southwestern forest edge, experienced higher 

wind speeds and a different distribution due to its more open canopy, highlighting the spatial 

heterogeneity of wind dynamics within the forest. TKE was consistently lower in the sub-canopy 

(median 0.23–0.46 m² s⁻²) than above the canopy (0.96 m² s⁻²). Wind directions were 

predominantly south-easterly at both heights, with secondary contributions varying by level—north 

and north-east sub-canopy versus westerly above the canopy. The weak- and strong-wind regime 

analysis revealed that strong winds prevailed during the daytime, particularly between 09:00 and 

16:00, whereas nocturnal periods were dominated by weak winds, often leading to stable 

stratification near the forest floor and suppressed vertical mixing. The vertical structure of 

temperature measured by FODS revealed pronounced stratification effects. Under strong-wind 

conditions, the maximum potential temperature was observed at 22 m height, consistent with 
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previous studies, and the lower canopy remained stably stratified. Weak-wind regimes led to a 

stronger stable stratification with vertical temperature differences reaching 2.4 K. Wind speed 

profiles indicated a sharp decrease from above-canopy to sub-canopy levels due to momentum 

absorption by leaves and branches, with notable local maxima at ~3 m and minima at ~11 m, 

reflecting complex drag and turbulence interactions within the canopy.  

Measurements of sub-canopy scalar gas mixing ratios revealed clear vertical gradients and diurnal 

dynamics for CO₂, CH₄, and H₂O. CO₂ accumulated near the forest floor during night-time weak-

wind periods due to soil respiration under stable stratification, whereas vertical mixing during 

daytime convection reduced ground-level concentrations. Horizontal variability was minimal 

except in locations with more open canopy, where local differences in radiation and turbulence 

allowed stronger lateral heterogeneity. CH₄ exhibited an inverse vertical gradient, with lowest 

concentrations at the soil surface, consistent with forest soils acting as a methane sink. Vertical 

spatial variability of CH₄ was largely driven by mechanical shear and turbulence, whereas 

horizontal variability depended on advection and local wind dynamics. Water vapor mixing ratios 

mirrored ET dynamics, with vertical accumulation near the ground under stable stratification and 

daytime peaks driven by solar radiation and enhanced ET. Horizontal H₂O variability was most 

pronounced in regions with open canopy or structural heterogeneity, where localized ET rates 

amplified lateral differences in moisture content. 

The spatiotemporal variability of scalar gases was closely linked to wind regime and turbulence 

intensity. Weak-wind conditions suppressed vertical mixing and enhanced both CO₂ and CH₄ 

variability, while strong-wind daytime convection promoted more uniform vertical distributions. 

H₂O variability, however, was largely independent of wind strength and instead strongly tied to 

daytime radiation and ET, reflecting the direct influence of energy availability and plant 

physiological activity. Statistical analyses using random forest modeling highlighted that vertical 

turbulence metrics, including TKE, vertical velocity fluctuations, and stability parameters, were 

the primary drivers of CO₂ variability under strong-wind conditions, while temperature dominated 

during weak-wind periods. For CH₄, temperature consistently influenced vertical mixing, with 

horizontal variability additionally affected by wind shear and advection. H₂O variability was 

dominated by temperature and energy-driven ET dynamics across all regimes, underscoring its 

dependence on radiation and physiological processes rather than turbulence alone. 
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FODS-derived potential temperature profiles provided further insight into the mechanisms 

controlling scalar gas variability. Clustering analyses revealed distinct stratification regimes, 

including unstable daytime profiles that promote mixing, stable nocturnal profiles that suppress 

vertical exchange, and near-neutral conditions during transition periods. These profiles explained 

the vertical and horizontal variability of CO₂ and CH₄, with unstable or near-neutral conditions 

reducing spatial gradients and stable stratification enhancing scalar accumulation, particularly near 

the forest floor and canopy top. For H₂O, vertical and horizontal variability was influenced by both 

stratification and heterogeneous ET sources, including differences in ground versus canopy 

transpiration, soil moisture, and local canopy structure. Transition periods were particularly 

important, as residual ET persisted under weakly stratified conditions, creating localized 

enhancements in spatial heterogeneity. 

Overall, the results emphasize the critical role of forest microclimate in shaping scalar gas transport 

and distribution. Vertical variability was consistently higher than horizontal variability, reflecting 

the dominant influence of canopy-driven stratification and turbulence suppression. The interplay 

between thermal stratification, turbulence intensity, and canopy structural heterogeneity 

determines the accumulation, dispersion, and mixing of CO₂, CH₄, and H₂O within the forest sub-

canopy. High-resolution measurements from dense sensor networks like GCSN and FODS proved 

essential for capturing these fine-scale spatiotemporal patterns, providing valuable data for 

understanding forest-atmosphere interactions and improving ecosystem-scale gas flux modeling. 

These findings have important implications for forest management, carbon budgeting, and climate 

mitigation strategies, as they quantify the mechanisms controlling trace gas exchange under 

varying micrometeorological conditions, highlighting the need to incorporate detailed 

microclimatic processes into predictive models. By integrating observational data with statistical 

modeling, the study demonstrated a comprehensive framework for assessing scalar variability, 

revealing the sensitivity of forest sub-canopy processes to wind regime, temperature, and canopy 

structure, and providing a foundation for further research into the drivers of greenhouse gas 

dynamics in complex forest environments. 
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1.4 Recommendations and Future Perspectives 

Building on the combined findings of the three studies including: microstructure optimization, 

vertical-wind detection experiments, and sub-canopy scalar variability analysis a number of 

strategic research directions emerge to advance the use of FODS in micrometeorology, particularly 

under weak-wind conditions and within structurally complex environments such as forest canopies. 

I. Perform comprehensive experimental validation of the optimized hollow-coned fiber 

designs across multiple ecosystems and turbulence regimes. The numerical results 

demonstrated that hollow-coned microstructures dramatically enhance the thermal contrast 

(ΔT) between forward- and backward-facing fibers while maintaining performance under 

varying turbulence intensities and oblique wind angles. To transition from simulation to 

operational deployment, these designs should be tested in wind tunnels, open fields, forest 

canopies, and heterogeneous sub-canopy terrains. Validation should include steady and 

unsteady atmospheric conditions, diurnal transitions, and intermittent turbulence 

characteristic of stable boundary layers.  

II. Integrate next-generation fiber-optic cables, once commercially available, that offer higher 

thermal sensitivity and shorter thermal response times. The usefulness of FODS in 

turbulence studies is fundamentally limited by the thermal inertia of current fibers. Faster 

response times will allow detection of higher-frequency eddies and wind perturbations. 

When combined with optimized hollow-cone microstructures, these cables would enable 

true high-frequency, distributed wind sensing and could markedly improve the retrieval of 

vertical wind speed and direction and eventually the sensible heat flux from FODS alone. 

III. Combine FODS-based wind and temperature retrievals with data-driven models to 

characterize three-dimensional turbulence in canopy environments. Random forest models 

used in the scalar-variability study revealed strong nonlinear relationships between stability 

parameters, turbulence metrics, and spatial patterns of CO₂, CH₄, and H₂O. Integrating these 

machine-learning approaches with spatially continuous FODS temperature fields and future 

FODS-derived wind and flux estimates would allow reconstruction of 3D turbulence fields 

at unprecedented resolution. Hybrid physics–ML models could identify key drivers of 
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scalar transport, detect coherence events, and map regions of efficient or suppressed mixing 

within canopies. 

IV. Use FODS to study weak-wind regimes in forests as natural laboratories for testing new 

turbulence theories. Weak-wind conditions challenge nearly all classical turbulence 

frameworks, including Monin–Obukhov similarity theory, Reynolds averaging 

assumptions, and inertial-subrange scaling. Dense FODS arrays can serve as a spatial 

benchmark for testing alternative frameworks such as mixing-layer analogies, non-local 

turbulence production, or sub-mesoscale-driven variability. Targeting transition periods 

(evening/morning) and topographically influenced flows will be particularly valuable. 

V. Pursue multi-scale modeling that couples LES (Large Eddy Simulation) and RANS 

(Reynolds-Averaged Navier-Stokes), and FODS-derived observations. While LES 

provides detailed turbulence fields, it struggles with realistic canopies and weak-wind 

stability. FODS can fill this observational gap. Coupling LES with FODS-derived 

temperature and wind fields especially using optimized microstructures would help 

constrain canopy drag formulations, improve scalar mixing parameterizations, and reduce 

model biases under stable conditions.  

VI. Explore fully distributed flux estimation using only FODS-derived variables. The 

unshrouded fiber experiments demonstrated that ΔT signals can correlate strongly with 

vertical wind under favorable conditions, enabling the first spatially distributed sensible 

heat flux estimates derived solely from FODS. Extending this approach by (a) incorporating 

hollow-cone microstructures, (b) deploying multiple vertically stacked fibers, and (c) 

combining retrieved wind with scalar gradients (e.g., H₂O from Raman FODS) could make 

it possible to compute distributed fluxes of heat, moisture, and potentially CO₂ at the sub-

canopy scale. 
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