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Zusammenfassung

Die vorliegende kumulative Dissertation widmet sich der physikalischen Beschreibung der
Wasser- und Energiebilanz marktiiblicher extensiver Griindachsysteme und schlief3t damit
zentrale Forschungsliicken in der urbanen Klimaanpassung. Auf Basis einer zweijdhrigen
Lysimeter-Messkampagne wurden vier unterschiedliche Dachaufbauten (Economy-, Nature-,
Garden- und Retention Roof) unter realen Witterungsbedingungen kontinuierlich untersucht.
Dabei konnten signifikante Unterschiede in der Evapotranspiration (ET) sowie der Substrat-
und Lufttemperaturen nachgewiesen werden, die direkt auf technische Systemparameter wie
Speichervolumen, Substratdicke und Vegetationszusammensetzung zuriickzufiihren sind.

Ein Schwerpunkt der Arbeit lag auf der erstmaligen systematischen Erhebung
vegetationsphysiologischer Steuergréfen auf Griinddchern. Stomatére Leitfahigkeit,
Interzeptionskapazitéit sowie dynamische Parameter wie Plant Area Index (PAI) und Soil
Cover Fraction (SCF) wurden Arten- bzw. Griindachspezifisch quantifiziert. Die Ergebnisse
belegen, dass diese Groflen entscheidend zur Steuerung von Transpirationsleistung,
Interzeption und Temperaturregimen beitragen und die funktionale Differenzierung
technischer Dachsysteme mafB3geblich erklaren.

Die gewonnenen Daten bildeten die Grundlage fiir die Entwicklung und Validierung eines
praxistauglichen Simulationsmodells, das ET und Substrattemperatur mit hoher zeitlicher
Auflésung prognostiziert. Das Modell integriert dynamische Stomatire Widerstédnde, PAI-
abhéngige Interzeptionsspeicher und die hydraulische Kopplung zwischen Substrat- und
Retentionsebene. Mit einem prozentualen Bias (PBIAS) von -1% fiir die
Evapotranspirationsmodellierung erreicht es eine im Vergleich zu etablierten Ansétzen
deutlich hohere Prognosegiite.

Die Dissertation zeigt, dass sich marktiibliche Griindachsysteme nicht nur bautechnisch,
sondern auch funktional stark unterscheiden und dass diese Unterschiede durch eine
Kombination aus hochauflésenden Messungen und prozessintegrierter Modellierung prizise
erfassbar sind. Damit wird sowohl ein methodischer Beitrag zur Weiterentwicklung der
Griindachforschung als auch ein praktisches Instrument fiir Planung, Simulation und
Bewertung griiner Infrastrukturen geleistet. Perspektivisch eréffnet die Arbeit
Ankniipfungspunkte fiir die Ubertragung auf andere Klimazonen, Vegetationstypen und
Gebiudekontexte sowie fiir die Kopplung mit energetischen und stddtebaulichen Modellen.



Abstract

The present cumulative dissertation focuses on the physical characterization of the water and
energy balance of commercially available extensive green roof systems, thereby addressing
key research gaps in urban climate adaptation. Based on a two-year lysimeter measurement
campaign, four different roof configurations (Economy Roof, Nature Roof, Garden Roof, and
Retention Roof) were continuously investigated under real meteorological conditions.
Significant differences in evapotranspiration (ET) as well as in substrate and air temperatures
were identified, which can be directly attributed to technical system parameters such as water
storage capacity, substrate thickness, and vegetation composition.

A central focus of the dissertation was the first systematic assessment of vegetation-
physiological control variables on green roofs. Stomatal conductance, interception capacity,
and dynamic parameters such as Plant Area Index (PAI) and Soil Cover Fraction (SCF) were
quantified in a species- and system-specific manner. The results demonstrate that these
variables play a decisive role in controlling transpiration performance, interception processes,
and temperature regimes, and substantially explain the functional differentiation of technical
green roof systems.

The collected data formed the basis for the development and validation of a practice-oriented
simulation model capable of predicting evapotranspiration and substrate temperature at high
temporal resolution. The model integrates dynamic stomatal resistances, PAI-dependent
interception storage, and the hydraulic coupling between the substrate and retention layers.
With a percentage bias (PBIAS) of —1% for evapotranspiration modeling, it achieves a
markedly higher predictive accuracy compared to established approaches.

The dissertation demonstrates that commercially available green roof systems differ not only
in their structural design but also substantially in their functional performance, and that these
differences can be precisely captured through a combination of high-resolution measurements
and process-integrated modeling. The work thus provides both a methodological contribution
to the advancement of green roof research and a practical tool for the planning, simulation,
and assessment of green infrastructure. From a forward-looking perspective, the findings open
pathways for transfer to other climate zones, vegetation types, and building contexts, as well
as for integration with energetic and urban-scale model.
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TEIL 1
MANTELTEXT



1. Einleitung: Wissenschaftliche Erkenntnisziele und Neuartigkeit
der Fragestellung

Die zunehmende Versiegelung urbaner Rdume und die spiirbaren Folgen des Klimawandels —
insbesondere in Form héufigerer Starkregenereignisse und sommerlicher Hitzeextreme —
stellen Stadte weltweit vor erhebliche Herausforderungen. Griinddcher gelten in diesem
Zusammenhang als wichtige Bausteine der stddtischen Klimaanpassung. Sie tragen zur
Reduktion des urbanen Warmeinseleffekts bei, verbessern das Mikroklima, bieten
Lebensraum fiir Flora und Fauna und konnen als dezentrale Retentionsraume zur Entlastung
kommunaler Entwésserungssysteme beitragen [1-4]. Entsprechend erfahren sie eine
wachsende Verbreitung, gefordert durch kommunale Férderprogramme, planerische
Zielvorgaben und baurechtliche Vorgaben [5,6].

Trotz dieser Entwicklung bestehen erhebliche Wissensliicken im Hinblick auf eine
umfassende physikalische Beschreibung ihrer Wirkmechanismen. Die meisten vorliegende
Studien beleuchten oft nur einzelne Wirkdimensionen — wie den thermischen oder
hydrologischen Nutzen bestimmter Aufbauten — und beschrinken sich meist auf kurze
Messzeitrdume. Eine integrative, ganzjdhrige und auf marktiibliche Systeme iibertragbare
Beschreibung der Wasser- und Energiebilanz von Griindéchern unter realen
Witterungsbedingungen fehlt bislang weitgehend [7].

1.1 Zielsetzung der Arbeit

Vor diesem Hintergrund verfolgt die vorliegende kumulative Dissertation das Ziel,
marktiibliche extensive Griindachsysteme physikalisch fundiert zu charakterisieren und zu
modellieren. Die Untersuchung basiert auf empirischen Langzeitmessungen,
pflanzenphysiologischen Analysen und modellgestiitzten Prognosen. Unter ,,marktiiblich*
werden Griindachaufbauten mit géngigen Drédn- oder Retentionselementen und typischen
Vegetationsformen (Sedum, Gréser, Krauter) verstanden [5].

Im Zentrum stehen folgende wissenschaftliche Erkenntnisziele:

1. Ganzjihrige, schichtiibergreifende Analyse der physikalischen Eigenschaften und
klimatologischen Effekte von vier marktgéingigen extensiven Griindachsystemen unter
natiirlichen Witterungsbedingungen.

2. Systematische Erfassung vegetationsphysiologischer Parameter wie Plant Area
Index (PAI), Soil Cover Fraction (SCF), Interzeptionskapazitéit und stomatérer
Widerstand, einschlieBlich ihrer saisonalen Dynamik und systemabhéngigen
Unterschiede.

3. Entwicklung und Validierung eines praxistauglichen Prognosemodells, das
Evapotranspiration (ET) und Substrattemperatur als die wesentlichen Variablen fiir die
Ermittlung sowohl der hydrologischen Leistung als auch der stadtischen Kiihlkapazitt
von Griinddchern mit hoher zeitlicher Auflosung und unter Nutzung frei verfiigbarer
meteorologischer Eingangsdaten realistisch abbildet.

1.2 Neuartigkeit der Fragestellung

Die Neuartigkeit dieser Arbeit ergibt sich aus den umfassenden Messungen der untersuchten
Griindachaufbauten in Kombination mit der darauf basierenden Erstellung und Validierung



eines Vorhersagemodells. Bestandteil der Messungen ist die langfristige, kontinuierliche
Lysimeter-basierte Messung klimarelevanter Wasser- und Energiefliisse iiber mindestens zwei
Vegetationsjahre, sowie die Erhebung bislang vernachlissigter pflanzenphysiologischer
Steuergréfen (stomatdrer Widerstand, Interzeption, PAI/SCF) unter praxisrelevanten
Bedingungen. Die empirischen Befunde wurden dann in ein schlankes, validiertes Modell, das
die unterschiedlichen technischen Aufbauten gingiger Griindachtypen beriicksichtigt
iiberfiihrt, ohne hohe Rechenressourcen oder Spezialsoftware zu erfordern.

Das Modell simuliert sowohl hydrologische als auch thermische Prozesse liber den Zeitraum
von einem Jahr. Besondere Merkmale sind die explizite Beriicksichtigung der Interzeption,
die Integration saisonaler Vegetationsdynamiken, die Simulation der hydraulischen Kopplung
zwischen Substrat- und Retentionsebene sowie die Validierung durch erhobene ET- und
Temperaturdaten.

1.3 Wissenschaftlicher Mehrwert

Diese Herangehensweise erlaubt eine differenzierte Betrachtung extensiver Griindachsysteme.
Durch die Quantifizierung technischer Unterschiede und deren Auswirkung auf Wasser- und
Energiebilanzen werden prézisere Prognosen und Planungsgrundlagen méglich. Die
Ergebnisse umfassen:

e Nachweis niedrigerer Lufttemperaturen auf Vegetationsebene, geringerer
Substrattemperaturen und héherer ET-Raten in Systemen mit groferer
Wasserspeicherfahigkeit.

e Artenspezifische (Sedum, Griser, Krauter) Erhebung der stomatédren Leitwerte unter
Realbedingungen zum Vergleich der Transpirationsleistungen

o Experimentelle Bestimmung der Interzeptionskapazitdten verschiedener Arten

o Ganzjdhrige Erhebung des Plant Area Index (PAI) und der Soil Cover Fraction (SCF)
zur korrekten Modellierung der Pflanzentwicklung und damit der Verdunstungs- und
Interzeptionsleistung iiber den Jahresverlauf

e Ableitung von Regressionsmodellen, die den Einfluss einzelner Umweltfaktoren (z. B.
Lufttemperatur, Einstrahlung, Windgeschwindigkeit) auf die Griindachparameter
quantifizieren.

o Darstellung das konstruktive Unterschiede von Griindachaufbauten auch zu deutlich
unterschiedlichen klimatischen Effekten fithren

1.4 Ubergeordnete Zielperspektive

Langfristig zielt die Arbeit darauf, die Erkenntnisse in die Entwicklung

von Gestaltungsstrategien fiir optimierte Griinddcher einflieen zu lassen. Die Ergebnisse
sollen helfen, Dachsysteme so auszulegen, dass sie ihre mikroklimatische Kiihlwirkung und
ihr Retentionspotenzial maximieren — insbesondere in dicht bebauten, klimaexponierten
Stadtbereichen. Die gewonnenen Modelle und Daten dienen als Grundlage fiir Planung,
Simulation und Bewertung griiner InfrastrukturmaBBnahmen im Kontext des Klimawandels.



2. Stand der Forschung

Griindédcher sind in den letzten beiden Jahrzehnten zunehmend Gegenstand wissenschaftlicher
Untersuchungen geworden — sowohl im Hinblick auf ihr Potenzial zur Riickhaltung von
Regenwasser als auch auf ihre Fahigkeit zur mikroklimatischen Verbesserung durch
Verdunstungskiihlung [8—10]. Die positiven Effekte gelten in der Fachwelt als weitgehend
anerkannt. Dennoch bleibt die Forschung in weiten Teilen fragmentiert. Einzelaspekte wie
Wasserriickhalt, Warmeddmmung, Pflanzenentwicklung oder Energiefliisse wurden zwar
vielfach untersucht, jedoch fehlt bislang eine integrative, ganzheitliche Betrachtung
marktiiblicher Griindachaufbauten unter realen, praxisrelevanten Bedingungen [7].

2.1 Technische Heterogenitit und fehlende Systemdifferenzierung

Ein zentrales Defizit besteht in der unzureichenden Beriicksichtigung der technischen
Heterogenitit. In vielen Studien erfolgt lediglich eine grobe Unterteilung in ,,extensive* und
»intensive* Systeme, ohne die erheblichen Unterschiede in Substrataufbau, Schichtdicke,
Speicherschichten, Drainage- und Retentionselementen oder Vegetationszusammensetzung zu
berticksichtigen. Diese Parameter beeinflussen maf3geblich den Wasser- und Energiehaushalt
eines Griindaches [9,11]. Vergleichende Studien, die gezielt unterschiedliche marktiibliche
Systeme gegeniiberstellen, sind selten und fokussieren meist auf einzelne Wirkdimensionen
wie die Abflussverzogerung oder die Warmeddmmung. Eine systematische Verkniipfung
mikroklimatischer Effekte mit spezifischen Systemparametern auf Basis umfassender Wasser-
und Energiebilanzmessungen iiber ldngere Zeitrdume ist bislang nicht vorhanden [7].

2.2 Pflanzliche Steuergrofien und Vegetationsdynamik

Besonders unterreprésentiert ist die empirische Erhebung pflanzenphysiologischer
Steuergréfen unter Freilandbedingungen. Der stomatire Widerstand — eine Schliisselgrofie
der Transpiration — wird hdufig modellhaft angesetzt, jedoch selten unter realen
Klimabedingungen gemessen. Gleiches gilt fiir die Interzeptionsleistung der Vegetation sowie
die dynamische Entwicklung des Plant Area Index (PAI) und des Soil Cover Fraction (SCF).
Nur wenige Modelle (z. B. Tabares-Velasco et al. 2012; de Munck et al. 2013) integrieren
validierte, saisonale Schwankungen dieser Parameter, obwohl diese fiir eine realistische
Evapotranspirationsmodellierung entscheidend sind [7,12,13].

Erste Studien zur Interzeption urbaner Vegetation [14—16] zeigen deren potenziell hohen
Beitrag zum Wasserhaushalt, insbesondere bei hdufigen, kleineren Regenereignissen. Eine
systematische Quantifizierung bei niedrigwiichsigen, fiir extensive Griindédcher typischen
Pflanzengesellschaften steht jedoch weitgehend aus.

2.3 Datengrundlagen und Messzeitriume

Viele Untersuchungen beschrinken sich auf Sommermonate oder kurze Messperioden.
Dadurch bleibt das saisonale Verhalten von Griindéichern, insbesondere in Ubergangszeiten
oder bei Frost, unzureichend beschrieben. Vollstéindige Jahresdatensétze mit hoher zeitlicher
Auflosung und parallel erfassten hydrologischen, thermischen und
vegetationsphysiologischen Parametern sind rar. Nur vereinzelt existieren Studien, die
Evapotranspiration, Interzeption, Substratfeuchte und -temperatur ganzjihrig und
systemiibergreifend erfassen [7].



2.4 Modellierungsansitze: Zwischen Vereinfachung und Komplexitat
Der Stand der Modellierung ist gepriagt von zwei Extremen:

1. Stark vereinfachte Modelle, oft auf Basis des Penman—Monteith-Ansatzes mit
konstanten Widerstdnden oder von Bucket-Modellen, die wichtige SteuergroBBen wie
Interzeption, Vegetationsdynamik oder hydraulische Kopplung zwischen Substrat und
Retentionsschicht vernachléssigen.

2. Komplexe, gekoppelte Wirme- und Feuchtetransportmodelle (z. B.
hygrothermische Simulationen mit HYDRUS-1D), die detaillierte Eingangsparameter,
numerische Solver und hohe Rechenressourcen erfordern [17]. Diese liefern zwar
hochaufgeldste Ergebnisse, sind jedoch fiir Planungs- und Praxisanwendungen oft
ungeeignet.

Eine besondere Liicke besteht bei der Abbildung der hydraulischen Kopplung zwischen
Substrat und Drainage- bzw. Retentionsebenen. In modernen, mehrschichtigen Systemen
beeinflussen laterale Fliisse, kapillare Aufwértsstromungen und Wasserspeicherung in
Unterlagen die Verdunstungs- und Temperaturdynamik erheblich. Keines der in der Literatur
identifizierten, praxistauglichen Modelle bildet diese Prozesse explizit ab [7].

Dariiber hinaus fehlt es an Modellen, die alle wesentlichen Parameter — Interzeption,
stomatédrer Widerstand, PAI/SCF, Substrat-Retentionskopplung — integrieren und fiir eine
ganzjdhrige Simulation empirisch validiert sind. Die wenigen vorhandenen Validierungen von
Evapotranspiration (z. B. Takebayashi & Moriyama 2007; Tabares-Velasco et al. 2012)
beschrinken sich meist auf einzelne Jahreszeiten oder Wetterlagen.

2.5 Zusammenfassung der Forschungsliicken

Zusammenfassend lassen sich folgende wesentliche Liicken im Stand der Forschung
festhalten:

o Fehlende integrative Studien, die hydrologische, thermische und
vegetationsphysiologische Prozesse marktiiblicher Systeme unter realen Bedingungen
ganzjéhrig erfassen.

o Unterreprisentation empirisch validierter Steuergroflen wie Interzeption, stomatérer
Widerstand und saisonale Vegetationsparameter in Modellen.

e Unzureichende Beriicksichtigung der hydraulischen Kopplung zwischen Substrat- und
Retentionsebenen.

e Mangel an praxistauglichen Modellen, die geringe Rechenressourcen bendtigen,
ganzjéhrig einsetzbar und fiir Planungsprozesse geeignet sind.

Die vorliegende Dissertation setzt an dieser Schnittstelle an. Ziel ist es, durch die
Kombination langfristiger, systemiibergreifender Messungen mit der Erfassung bislang
vernachléssigter pflanzenphysiologischer Parameter und deren Integration in ein validiertes,
rechendkonomisches Prognosemodell eine wissenschaftlich fundierte und praxisrelevante
Beschreibung der Wasser- und Energiebilanz extensiver Griindachsysteme zu entwickeln.



3. Fachlicher Zusammenhang der einzelnen Veroffentlichungen

Die kumulative Dissertation basiert auf drei eigenstandigen, peer-reviewten Fachartikeln, die
jeweils unterschiedliche Aspekte der physikalischen Wasser- und Energiebilanz
marktiiblicher Griindachsysteme adressieren. Inhaltlich, methodisch und konzeptionell bauen
die Arbeiten aufeinander auf und sind als integrierte Forschungssequenz zu verstehen. In ihrer
Gesamtheit verfolgen sie das Ziel, die klimarelevanten Wirkungen extensiver Griinddcher
nicht nur zu messen und zu bewerten, sondern auch in ein valides, praxistaugliches
Prognosemodell zu iiberfiihren.

3.1 Fachartikel 1 (Land, 2021): Evapotranspiration und klimatische
Wirksamkeit verschiedener Griindicher

Die erste Publikation (sieche S. 21-42) bildet den empirischen Ausgangspunkt der
Dissertation. Untersucht wurden vier marktiibliche extensive Griindachsysteme — sog. Garden
Roof, Economy Roof, Nature Roof und Retention Roof (s. Abbildung 1) - mit
unterschiedlichen Substratdicken und Wasserspeicherkapazitéten tliber eine
Vegetationsperiode unter realen Witterungsbedingungen. Ziel war es, die Evapotranspiration
(ET), Substrattemperaturen und WasserhaushaltsgroB3en vergleichend zu quantifizieren und
zentrale Steuergroflen zu identifizieren. Grundlage bildet eine Lysimeter-Versuchsplattform
in Goggingen-Krauchenwies, die kontinuierliche Substratfeuchte, Substrat- und
Lufttemperaturen, Warmefliisse sowie Abflussvolumina erfasste.

Garden Roof Nature Roof Economy Roof Retention Roof
Ny X \Y i
N Y

ke 1 Rasenvegetation Sedum/Graser/Krauter Vegetation Sedum-Vegetation Sedum/Griser/Krduter Vegetation
= 2 15 cm Substrat 10 cm Substrat 6 cm Substrat 10 cm Substrat
Filtervlies Filterviies Filtervlies Kapillarvlies
3
Dranageschicht Dranageschicht Dranageschicht Dranageschicht
= a (23 1/m?) (8,7 L/m?) (s L/m?) (28,5 L/m?)

— 5 Schutzvlies Schutzvlies Schutzvlies Schutzvlies

Abbildung 1: Beschreibung der vier untersuchten Systemaufbauten.

Zentrale Beitrdge dieser Arbeit waren:

o Eine deutlich erhohte Evapotranspiration im Retention- und Garden Roof (bis zu
etwa 5 mm d ') gegeniiber den anderen Systemen (haufig unter 3 mm d™).

e Signifikante Unterschiede in Substrat- und Lufttemperaturen, mit dem Economy Roof
als wirmstem (Temperaturspitzen von iiber 35 °C) und dem Retention Roof als
kiihlstem Aufbau (um 5-8 K darunter). Nachts kehrte sich dieser Effekt teilweise um,
wobei speicherstarke Systeme aufgrund der hoheren Warmespeicherkapazitit
langsamer abkdihlten.



e Erhebung des Plant Area Index (PAI) und der Soil Cover Fraction (SCF) im Verlauf
der Vegetationsperiode

o Erste Hinweise auf den Einfluss von Wasserverfiligbarkeit, Vegetationstyp und
Substratschicht auf das Verdunstungsverhalten

Diese Erkenntnisse lieferten die Grundlage fiir die Hypothese, dass sich Griindachsysteme
nicht nur durch ihren bautechnischen Aufbau, sondern auch durch ihre
pflanzenphysiologische Riickkopplung funktional stark unterscheiden — eine Annahme, die in
den Folgearbeiten systematisch untersucht wurde.

3.2 Fachartikel 2 (Building and Environment, 2025):
Vegetationsphysiologie, Stomata und Interzeption

Die zweite Veroffentlichung (siehe S. 43—-58) baut auf den in Fachartikel 1 gewonnenen
Erkenntnissen auf und erweitert die Untersuchung um eine zweijdhrige Messkampagne mit
ganzjéhriger Datenerfassung. Neben den hydrologischen und thermischen Parametern lag ein
besonderer Fokus auf der detaillierten Erfassung pflanzenphysiologischer Steuergrof3en
(stomatére Leitwerte und Interzeptionskapazitit in Abhéngigkeit des Plant Area Index (PAI))
und deren Wechselwirkungen mit den physikalischen Eigenschaften der Dachsysteme.

Wesentliche Beitrdge dieser Arbeit waren:

e Quantifizierung des Stomatawiderstands verschiedener Dachpflanzen
(Teppichsedum/Sedum spurium, Echter Schaf-Schwingel/Festuca ovina,
Oregano/Origanum vulgare) unter realen Bedingungen:

Artenreiche, kraut- und grasdominierte Vegetationsbestinde wiesen im Mittel hohere
stomatdre Leitfdhigkeiten auf als Sedum-dominierten Bestéinde. Diese Unterschiede
wirkten sich unmittelbar auf die Transpirationsleistung aus, besonders in gut mit
Wasser versorgten Phasen.

o Empirische Korrelation zwischen Wasserverfiigbarkeit, solarer Einstrahlung und
stomatdrer Aktivitét:

Die Analysen zeigten, dass stomatdre Leitwerte in gut wasserversorgten Phasen
signifikant mit zunehmender Strahlungsintensitit anstiegen, wihrend unter
Trockenstress eine deutliche Limitierung eintrat. Damit wurde bestétigt, dass die
kombinierte Wirkung von Substratfeuchte und Einstrahlung eine zentrale Steuergrofie
fiir die Transpirationsleistung und die mikroklimatische Kiihlwirkung darstellt.

o Nachweis signifikanter Unterschiede in der Interzeptionskapazitét pflanzlicher
Biomasse in Abhédngigkeit vom PAI:

Die Interzeptionsspeichergrofle korrelierte signifikant mit dem PAI und variierte
saisonal. Hohe PAI-Werte in den Sommermonaten fiihrten zu einem erhéhten Anteil
direkt verdunstenden Wassers ohne Durchgang ins Substrat, was besonders bei
héufigen Kleinniederschldgen relevant sein kann.

Die statistische Auswertung unterstrich den Einfluss meteorologischer Faktoren —
insbesondere globaler Strahlung, Dampfdruckdefizit und Lufttemperatur — auf die ET.



Gleichzeitig wurde deutlich, dass vegetationsphysiologische Parameter eine vergleichbare
Bedeutung besitzen, um die Differenzen zwischen den Systemen zu erkléren.

Die in Fachartikel 2 gewonnenen Erkenntnisse erweitern somit nicht nur das Verstindnis der
Interaktion physikalischer und biologischer Prozesse auf Griinddchern, sondern liefern auch
die fiir die Modellentwicklung in Fachartikel 3 notwendigen Eingangsdaten und
Validierungsparameter.

3.3 Fachartikel 3 (Urban Science, 2025): Modellierung der Wasser- und
Energiebilanz

Die dritte Arbeit (siche S. 59—82) schlieft den empirischen Teil der Dissertation ab und
iiberfiihrt die in den vorangegangenen Studien gewonnenen Erkenntnisse in ein
praxisorientiertes Excel-basiertes Simulationsmodell, dass mit 6ffentlich zugénglichen
Wetterdaten anwendbar ist. Das Ziel war, Evapotranspiration (ET) und Substrattemperatur
iiber einen vollstindigen Jahreszyklus fiir zwei reprasentative Systemtypen — ein frei
drainiertes ,,Economy Roof* und ein kapillar riickbefeuchtetes ,,Retention Roof** — mit hoher
zeitlicher Auflésung vorherzusagen.

Hauptmerkmale des Modells:

e Transpirationsberechnung durch Verkniipfung eines modifizierten Penman-Monteith-
Ansatzes mit einem Dynamischer stomatdrer Widerstand, kalibriert aus den in
Fachartikel 2 ermittelten Leitwerten verschiedener Pflanzenarten.

o Differenzierte Simulation der Interzeption welche die PAI-abhingige Speichergrof3e
sowie die Verdunstungsrate aus der Vegetationsoberfldche explizit beriicksichtigt.

e Hydraulische Kopplung zwischen Substrat und Retentionsschicht, abgebildet durch
einen empirisch kalibrierten Resittigungsfluss.

o Substratverdunstungskomponente, deren Oberflichenwiderstand feuchteabhingig
skaliert wird.

o Substrattemperaturmodell auf Basis einer vereinfachten Energiebilanz mit
feuchteabhingiger effektiver Wéarmekapazitit.

Validierungsergebnisse:

o Evapotranspiration: Fiir das Retention Roof erreichte das Modell eine sehr hohe
Ubereinstimmung mit den Messdaten (BestimmtheitsmaB R2= 0,87, PBIAS =—1 %).
Im Economy-System lag die Modellgiite etwas niedriger, was insbesondere auf
stairkere Abweichungen in den wasserlimitierten Sommerphasen zuriickzufiihren ist.

e Substrattemperatur: Die Vorhersagegiite war im frei drainierten Dach hoch (R* >
0,8), zeigte im Retentionssystem jedoch in Frost- und Hochfeuchtephasen
systematische Abweichungen. Ursache hierfiir ist die noch fehlende explizite
Modellierung von Phasenwechselprozessen und deren Einfluss auf die Wéarmebilanz.

o Saisonale Dynamik: Das Modell konnte die saisonalen Unterschiede in ET und
Temperaturverhalten reproduzieren, einschlieBlich der hoheren winterlichen
Substrattemperaturen in speicherstarken Systemen und der gesteigerten sommerlichen
ET-Leistung bei hoherem PAI.

Fachartikel 3 zeigt, dass ein vergleichsweise einfaches, in Tabellenkalkulation umsetzbares
Modell die wesentlichen hydrologischen und thermischen Prozesse auf extensiven
Griindichern realistisch abbilden kann, sofern zentrale pflanzenphysiologische und



systemtechnische Parameter beriicksichtigt werden. Damit wird eine wichtige
Forschungsliicke geschlossen, da bisherige Modelle entweder stark vereinfacht und/oder
unvollstindig oder zu komplex und ressourcenintensiv waren.

Die Studie identifiziert zugleich Entwicklungsfelder — insbesondere die Integration
feuchteabhingiger Warmeleitfahigkeiten und latenter Warmefliisse bei Gefrier-/Tauprozessen
—um die Prognosegiite unter winterlichen Bedingungen zu verbessern.

Durch die Integration der in Fachartikel 1 und 2 gewonnenen Erkenntnisse in ein
Rechenmodell wird das zentrale Ziel der Dissertation eingelost: die nutzbare,
modelltheoretisch unterfiitterte Beschreibung der Griindachwirkung als
Klimaanpassungsmafinahme.

4. Ergebnisse

4.1 Empirische Differenzierung technischer Griindachsysteme

Die zweijdhrige Erfassung relevanter physikalischer GroBen (Evapotranspiration,
Substratfeuchte, Substrat- und Lufttemperaturen) belegt erstmals empirisch, dass sich
marktiibliche extensive Griindachsysteme — trotz gleicher Klassifizierung — deutlich in ihrem
mikroklimatischen Verhalten unterscheiden.

Substratfeuchte: Die Wasserspeicherfahigkeit erwies sich als entscheidender Faktor. Das
Retention Roof wies mit Spitzenwerten iiber 35 % volumetrischer Wassergehalt ganzjéhrig
die hochsten Feuchten auf, selbst in Trockenperioden selten unter 10 %. Dies ist auf die
kapillare Riickbefeuchtung aus der Retentionsebene zuriickzufiihren. Vergleichbare Systeme
ohne Retentionsschicht (z. B. Nature Roof) erreichten deutlich niedrigere Werte.

Evapotranspiration: Die Unterschiede in der Wasserverfiigbarkeit der Systeme spiegelten
sich klar in den téglichen Evapotranspirationsraten wider. Systeme mit gro3er Substrat- und
Speicherméchtigkeit erreichten wahrend der Sommermonate Spitzenwerte von {iber 5 mm d™!
(Retention Roof und Garden Roof, Juni 2021) im Monatsmittel und lagen damit deutlich tiber
den Werten der speicherarmen Aufbauten ( Nature Roof: 3,87 mm d™!, Economy Roof: 3,78
mm d ). Im Jahresmittel zeigte das Garden Roof mit rund 2,12 mm d™' die hochste ET-
Leistung, gefolgt vom Retention Roof (1,72 mm d™'), dem Nature Roof (1,31 mm d™') und
dem Economy Roof (1,27 mm d ). Die Ergebnisse belegen, dass zusétzliche
Wasserspeicherung und kapillare Riickbefeuchtung in Retentionssystemen eine stabilere
Verdunstungsleistung auch in Trockenperioden ermdglicht, wihrend Systeme mit geringer
Speicherfdhigkeit eine deutlich hohere Anfélligkeit gegeniiber Wasserstress aufweist.

Substrattemperatur: Die mittiglichen Maximaltemperaturen unterschieden sich je nach
System um bis zu 8 K. Im Juni lag die Substrattemperatur des Retention Roofs Nachmittags
bei nur 22 °C, wihrend das Economy Roof 30 °C erreichte. Die tagliche
Temperaturamplitude war beim Retention Roof am geringsten.

Lufttemperatur (Vegetationsniveau): Auch auf Vegetationsebene traten deutliche
Unterschiede auf. Im Juni betrug die Mittagstemperatur tiber dem Retention Roof 26 °C und
war damit bis zu 4 K niedriger als beim Economy Roof. Das Garden Roof zeigte in den
Nachmittagsstunden die stérkste Kiithlwirkung gegeniiber den anderen Dachtypen.



Hinsichtlich des Abflussverhaltens zeigte sich, dass Systeme mit groBerem Wasserspeicher
signifikant geringere Abflussvolumina und verzogerte Abflussspitzen aufwiesen. Dies
unterstreicht den Beitrag solcher Systeme zur Regenwasserbewirtschaftung und
Uberflutungsvorsorge.

Die multivariate Regressionsanalyse identifizierte die globale Strahlung, das
Dampfdruckdefizit (VPD) und die Substratfeuchte als dominierende EinflussgroBen auf die
ET. In wasserlimitierten Phasen war die ET in den Systemen mit geringer Speicherkapazitat
starker durch sinkende Substratfeuchten begrenzt. Dies deutet auf eine hohere Anfilligkeit
dieser Systeme gegeniiber lingeren Trockenperioden hin.

Insgesamt belegt dieser Datensatz, dass selbst innerhalb der Kategorie ,,extensiv* bau- und
vegetationsbedingte Unterschiede von Substratdicke, Speichervolumen und
Pflanzenzusammensetzung erhebliche Effekte auf Wasserhaushalt, Temperaturregime und
mikroklimatische Leistungsfahigkeit haben. Diese quantitativen Unterschiede sind zentral fiir
die Bewertung und Optimierung von Griindachsystemen als KlimaanpassungsmafB3nahme.

4.2 Integration vegetationsphysiologischer Steuergrof3en

Die erste und zweite Studie lieferte erstmals fiir extensive Griinddcher in diesem Umfang
erhobene und ganzjdhrig validierte Daten zu stomatérer

Leitfdhigkeit, Interzeptionskapazitit, PAI und SCF. Damit wurde eine wesentliche Liicke
zwischen vegetationsokologischer Grundlagenforschung und bautechnischer Anwendung
geschlossen.

Stomatire Leitfdhigkeit: Die gemessenen Werte variierten stark zwischen den untersuchten
Arten:

e Echter Schaf-Schwingel (Festuca ovina): @ 344,5 mmol m2 s™!

e Oregano (Origanum vulgare): @ 491,3 mmol m2 s™!

o Kamtschatkafetthenne (Sedum kamtschaticum): @ 143,0 mmol m2 s™!
e Teppichsedum (Sedum spurium): @ 141,5 mmol m2 s™!

Diese Unterschiede beeinflussten die Transpirationsleistung signifikant. Die Leitfdhigkeit
korrelierte positiv mit Substratfeuchte und Dampfdruckdefizit (VPD), wobei das Ausmal3
system- und artabhingig war.

Interzeption: Die Interzeptionskapazitit reichte von ca. 0,3 | m™ (Origanum vulgare) bis
iiber 1,5 1 m (Graues Heiligenkraut/S. chamaecyparissus). Zwischen PAI und
Interzeptionskapazitét bestand eine enge lineare Beziehung (R* = 0,91). Das abgeleitete
empirische Modell ermdglicht eine Abschétzung der Interzeptionsleistung fiir Sedum-
dominierte Bestdnde und kleine Straucher.

Vegetationsentwicklung: Der SCF erreichte in allen Systemen im Mittel Werte um und iiber
90 %. Der PAI variierte zwischen den Systemen stark (max. ca. 8 beim Nature Roof, 4 beim
Garden Roof) und spiegelte Unterschiede in Artenzusammensetzung und Wuchsform wider.

Substrattemperatur: Eine negative Korrelation zwischen Substratfeuchte und -temperatur
wurde in allen Systemen festgestellt, besonders ausgeprigt bei trockenen Bedingungen (< 10
% Feuchte). Im Retention Roof fiihrte eine Feuchte > 25 % zu einer mittéglichen Abkiihlung
von etwa 0,15 °C pro zusétzlichem Prozent Wassergehalt.



Insgesamt zeigt die Studie, dass vegetationsphysiologische Steuergroen entscheidend fiir die
mikroklimatische Leistungsfahigkeit von Griinddchern sind und in praxistaugliche
Prognosemodelle integriert werden sollten, um ET und Temperaturdynamik realistisch
abzubilden.

4.3 Entwicklung eines validierten Simulationsmodells

Mit dem in Fachartikel 3 entwickelten Modell steht erstmals ein praxisorientiertes Werkzeug
zur Verfligung, das Evapotranspiration (ET) und Substrattemperatur ganzjahrig vorhersagen
kann und zentrale Steuergréflen wie Interzeption, dynamischen stomatéren Widerstand,
saisonale Vegetationsdynamik und hydraulische Kopplung zwischen Substrat- und
Retentionsebene integriert. Das Modell verwendet leicht zugidngliche meteorologische
Eingangsdaten und ist in Microsoft Excel implementiert, was zeigt das eine Anwendung in
Planung und Forschung ohne hohe Rechenressourcen moglich ist.

Entsprechend dem Titel der Arbeit wurde im Modell die vollstandige Energie- und
Wasserbilanz abgebildet. Allerdings konnte diese nicht explizit validiert werden. Hintergrund
ist, dass die fiir die Validierung der Energiebilanz benodtigten Messwerte der
Bodenwirmestromsensoren in den kleinen metallenen Messkammern (Lysimetern) keine
durchgehend plausiblen Werte aufzeichneten und die Qualitéit der Abflussmessungen tliber
Kippwagen zwar fiir die Verdunstungsquantifizierung ausreichend sind, aber nicht fiir die
Ausweisung einer durchgehende Wasserbilanz. Insbesondere bei Starkregen kam es
regelméBig zu Verstopfungen der Kippwagen. Reprisentativ fiir die Energie- und
Wasserbilanz wurden stattdessen die direkt praxisrelevanten Gréfen der Evapotranspiration
und der Substrattemperatur zur Modellvalidierung verwendet.

Evapotranspiration:

Fiir das Retention Roof erreichte das Modell eine sehr hohe Giite (Jahres-R? = 0,87, PBIAS =
—1 %) und saisonal R?-Werte von 0,80 bis 0,96. Die mittlere tigliche ET wurde in allen
Jahreszeiten gut erfasst, mit geringen Unterschédtzungen im Friihjahr und leichten
Uberschiitzungen im Herbst. Fiir das Economy Roof war die Modellgiite in Friihling und
Sommer hoch (R2 > 0,80), zeigte jedoch Uberbewertungen im Herbst (PBIAS +78 %) und
Schwiéchen im Winter (R? = 0,58), vermutlich bedingt durch eine unzureichende Abbildung
reduzierter stomatdrer Leitfahigkeit in der Vegetationsruhe. Im Mittel lag die modellierte ET
des Retention Roofs 0,45 mm d! liber der des Economy Roofs, was den Einfluss von
Speicherhohe und kapillarer Wasserbereitstellung bestétigt.

Substrattemperatur:

Die Vorhersagegiite variierte zwischen Systemen und Jahreszeiten. Fiir das Economy Roof
lag R? von Friihling bis Herbst bei 0,88-0,92 (PBIAS = -5 bis —1 %), wéhrend die
Wintervorhersagen ohne Frost-Tau-Prozesse unzureichend waren (PBIAS =—41 %). Fiir das
Retention Roof zeigte sich in feuchten und winterlichen Perioden ein deutlicher
Leistungsabfall (PBIAS = -90%), bedingt durch fehlende Phasenwechsel- und Feuchteeffekte
in der Berechnung der Warmekapazitéit. Dennoch lieferte das Modell in den warmen
Jahreszeiten eine robuste Abbildung der Temperaturverldufe (PBIAS = -12 % bis -7 %).

Das Modell schliet die Liicke zwischen stark vereinfachten und hochkomplexen
Simulationsansétzen, indem es wesentliche Prozesse integriert, empirisch validiert und in
einer leicht anwendbaren Form bereitstellt. Damit bietet es Planern und Forschern ein
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leistungsfahiges Werkzeug zur quantitativen Bewertung der mikroklimatischen
Leistungsfahigkeit verschiedener Griindachsysteme.

5 Diskussion und offene Forschungsfragen

5.1 Beurteilung der Ergebnisse

Die im Rahmen dieser kumulativen Dissertation erzielten Ergebnisse leisten in mehrfacher
Hinsicht einen substanziellen Beitrag zur Weiterentwicklung der Forschung im Bereich
urbaner Begriinungssysteme. Im Zentrum steht dabei die quantitative, systemiibergreifende
Beschreibung der Wasser- und Energiebilanz extensiver Griinddcher auf Basis technisch
unterschiedlicher Aufbauten. Die Kombination aus Langzeitmessung,
vegetationsphysiologischer Analyse und praxisnaher Modellbildung stellt eine methodische
wie inhaltliche Erweiterung des bestehenden Kenntnisstandes dar.

5.1.1 Datenerhebung

Die vorliegende Studie stiitzt sich auf eine zweijdhrige, kontinuierliche Messkampagne, in der
physikalische und vegetationsphysiologische Parameter marktiiblicher extensiver
Griindachsysteme erfasst wurden. Trotz der vergleichsweise kleinen Messflachen konnten
potenzielle Randeffekte durch eine umlaufende Begriinung weitgehend minimiert werden.
Abweichungen traten lediglich bei Warmestrommessungen auf, vermutlich bedingt durch die
metallische Unterkonstruktion. Fiir alle anderen MessgroBen ergaben sich keine Hinweise auf
systematische Beeintrdchtigungen der Ergebnisse.

Lufttemperatur auf Vegetationsebene: Kurzwellige Strahlung und Substrattemperatur
erwiesen sich als die maB3igeblichen Einflussgrof3en. Im Juli lag die mittagliche
Durchschnittstemperatur tiber dem Economy Roof bei 32,12 + 7,52 °C, wihrend das
Retention Roof lediglich 27,35 + 5,09 °C erreichte — ein Unterschied von mehr als 4,5 K.
Uber die gesamte Sommerperiode um 14:00 Uhr betrachtet, blieb das Retention Roof

mit 26,36 + 5,75 °C am kiihlsten. Der Einfluss der kurzwelligen Strahlung variierte zwischen
den Dachtypen (z. B. Garden Roof § = 19,05; Retention Roof B = 10,35; jeweils p < 0,001)
[18]. Diese Ergebnisse stehen im Einklang mit fritheren Arbeiten, die die Rolle der
Wasserverfiigbarkeit fiir die evaporative Kiihlung betonen [19-22].

Stomatire Leitfidhigkeit: Die Messwerte liegen im Bereich oder oberhalb der in der Literatur
berichteten Werte: O. vulgare zeigte die hochste Leitfahigkeit (@ 491,3 mmol m2 s7'), gefolgt
von F. ovina (@ 344,5 mmol m s'). Beide Sedum-Arten lagen bei ca. 140 mmol m2s™".
Vergleichswerte aus der Literatur umfassen 190 mmol m™2 s™* fiir die Priachtige
Fetthenne/Sedum spectabile [23], 50700 mmol m™2 s™! fiir das

Fuchsschwanzgewéchs Cyathula prostrata [24] sowie 266-973 s m™! stomatéren Widerstand
fiir S. spurium [25]. Demgegeniiber berechnete Sailor [26] fiir Griindacher typische
Widerstdande von 50-300 s m™!, wiahrend Tabares-Velasco und Srebric [27] 500700 s m™! fiir
sukkulente Arten wie die Lesotho Mittagsblume/Delosperma nubigenum und S.

spurium angaben. Diese Abweichungen verdeutlichen die Diskrepanz zwischen
modellbasierten Annahmen und feldbasierten Messungen. Positiv bestitigte sich die in der
Literatur mehrfach belegte Korrelation zwischen Leitfdhigkeit, Substratfeuchte und
Dampfdruckdefizit [12,28-31].
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Evapotranspiration (ET): Die maximalen ET-Werte betrugen 6,79 mm d™' (Retention Roof)
und 6,75 mm d! (Garden Roof) und entsprechen damit den von Takebayashi und Moriyama
[32] fiir ein 21 cm dickes, begriintes System gemessenen 6,9 mm d! sowie den von Kaiser et
al. [22] berichteten 5 mm d' bei bewésserten extensiven Déchern mit 9-21 cm Substrat. Der
Zusammenhang zwischen hoher Wasserspeicherfiahigkeit und stabiler ET-Leistung auch in
Trockenperioden deckt sich mit Beobachtungen von Djedjig et al. [33] und Voyde et al. [34],
die die Rolle ausreichender Substratfeuchte fiir eine kontinuierliche Verdunstungsleistung
hervorheben. Als wesentliche SteuergroBen wurden Substratfeuchte, VPD und kurzwellige
Strahlung identifiziert, was auch in anderen Studien bestitigt wird [12,29,35-37].

Interzeption: Die Interzeptionskapazitit variierte stark (0,3 —>1,5 | m™) und korrelierte eng
mit dem PAI (R?=0,91). Diese Werte liegen im Rahmen bisheriger Studien: Kemp et al. [14]
maBen fiir S. spurium 0,3-0,6 1 m™2, Smets et al. [38] fiir den echten Lavendel/Lavandula
angustifolia 4,22 + 1,83  m™. Letztere Abweichung ldsst sich durch unterschiedliche
Berechnungsmethoden (Annahme 100 % Pflanzendeckung vs. tatsdchlicher Deckungsgrad)
erkldren.

Substrattemperatur: Die Daten bestdtigen friihere Ergebnisse, wonach diinnschichtige
Systeme grofere Temperaturamplituden aufweisen [39—41] und feuchtere Substrate zu
niedrigeren Temperaturen fiihren [42].

Substratfeuchte: Die Werte lagen im Bereich anderer Studien: Tan et al. [24] berichteten 35
% Feuchte fiir ein 35 cm dickes Dach mit Retentionsschicht, gegentiber 22 % ohne. Heusinger
und Weber [19] ermittelten fiir ein 8.600 m? groBes, 9 cm dickes Dach ohne Drainschicht
mittlere Trockenperioden-Feuchten um 10 % und Maximalwerte bis 42,3 %. Das Retention
Roof dieser Studie wies mit bis zu 35 % Feuchte ganzjihrig die hochsten und stabilsten Werte
auf, selbst in langeren Trockenphasen selten unter 10 %.

Zusammenfassend zeigt die Datenerhebung, dass durch die Kombination hochaufldsender,
ganzjdhriger Messungen mit detaillierter vegetationsphysiologischer Erfassung ein
einzigartiger Datensatz entstanden ist, der nicht nur bestehende Literaturwerte bestétigt,
sondern diese um praxisrelevante Kenngrof3en erweitert und so eine belastbare Grundlage fiir
die Modellierung der Wasser- und Energiebilanz extensiver Griindidcher bietet.

5.1.2 Modellgiite

Im Vergleich zu bestehenden Modellierungsansétzen zeigt das entwickelte Modell punktuelle
Leistungssteigerungen, insbesondere bei der Vorhersage der Evapotranspiration (ET) fiir das
Retention Roof, wihrend in anderen Bereichen — vor allem bei der Substrattemperatur und der
ET des Economy-Dachs — die Modellgiite auf einem Niveau mit bisherigen Arbeiten liegt.

Fiir die Evapotranspiration des Retention Roofs erreicht das Modell eine hohe
Ubereinstimmung mit den Messdaten (R = 0,87) bei gleichzeitig minimalem systematischen
Fehler (PBIAS = -1 %). Diese Genauigkeit iiber den gesamten Jahresverlauf stellt einen
klaren Fortschritt gegeniiber etablierten Modellen dar, etwa denen von Feng (PBIAS 5-11 %,
R?=0,28-0,67) oder Tabares (PBIAS —24 % bis +4 %). Demgegeniiber erzielt das Modell fiir
das Economy Roof einen R? von 0,77 und einen PBIAS von +22 %, was auf eine moderate
Uberschiitzung hinweist und im Bereich der vorgenannten Referenzmodelle liegt. Die
Integration von Interzeptionsprozessen und einer expliziten Kopplung zwischen Substrat- und
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Retentionsebene ist als methodische Verbesserung zu werten und zentraler Grund fiir die hohe
hydrologische Prognosegiite des Retention Roofs.

Bei der Modellierung der Substrattemperatur liefert das Modell robuste, aber nicht
aullergewohnliche Ergebnisse. Die Genauigkeit liegt insbesondere unter warmen und
trockenen Bedingungen im Bereich der besten bisher publizierten Werte. Vergleichbare
Leistungen werden beispielsweise von de Munck (R? = 0,91; RMSE = 4,32) oder Tabares
(RMSE = 2,0; PBIAS —4 % bis —6 %) [12,13] berichtet, womit das hier vorgestellte Modell
fiir das Economy Roof im oberen Leistungsbereich liegt, diesen jedoch nicht signifikant
uibertrifft.

Zusammenfassend zeichnet sich das Modell weniger durch eine durchgehend iiberlegene
quantitative Prognosegiite als vielmehr durch seine Prozessvollstindigkeit und

Transparenz aus. Einzigartige Merkmale wie die integrierte Interzeptionsmodellierung,
dynamische Vegetationsparameter und die explizite hydraulische Kopplung der
Retentionsebene erhohen den Realismus und die Reproduzierbarkeit. Die deutlichsten
Leistungsgewinne werden im Bereich der hydrologischen Modellgiite fiir retentionstechnisch
optimierte Systeme erzielt, wihrend bei vereinfachten Dachtypen die Vorhersagequalitét auf
dem Niveau bestehender Ansitze verbleibt.

5.2 Weiterer Forschungsbedarf
5.2.1 Einschrinkungen in der Temperaturmodellierung

Die Modellierung der Substrattemperatur zeigte iiber weite Teile des Jahres — insbesondere
wihrend der Sommer- und Ubergangszeiten — eine hohe Ubereinstimmung mit den
Messwerten. Unter extremen Bedingungen, wie gefrorenem Substrat oder vollstindig
wassergesdttigten Substratprofilen, traten jedoch systematische Abweichungen auf. Besonders
ausgeprigt war diese Diskrepanz beim Retention Roof wihrend der Wintermonate, wo die
simulierten Temperaturen deutlich von den gemessenen Werten abwichen.

Ursédchlich hierfiir sind Limitierungen in den thermischen Annahmen des Modells.
Insbesondere fehlen bislang eine feuchteabhéngige Wérmeleitfahigkeit, eine realitdtsnahe
Abbildung der spezifischen Wiarmekapazitit bei hohen Wassergehalten sowie die explizite
Beriicksichtigung von Gefrier-Tau-Prozessen und latenter Warmefreisetzung. Diese Prozesse
sind entscheidend, um die thermische Pufferwirkung und Phasenwechsel-bedingte
Energiefliisse realititsnah zu simulieren. In der aktuellen Modellformulierung werden sie
jedoch stark vereinfacht.

Fiir eine kiinftige Weiterentwicklung des Modells ist daher eine Erweiterung des thermischen
Moduls erforderlich. Die Integration von gefrier- und feuchteabhéngigen
Materialeigenschaften wiirde nicht nur die Prognosegiite in winterlichen und hochfeuchten
Phasen verbessern, sondern auch eine realistischere Abbildung von Extremereignissen
ermédglichen. Dies ist insbesondere fiir die Ubertragbarkeit der Modellergebnisse auf kalte
Klimazonen sowie fiir die Bewertung der ganzjidhrigen mikroklimatischen Leistungsfahigkeit
von Griinddchern von zentraler Bedeutung.

5.2.2 Generalisierbarkeit auf andere Klimazonen und Vegetationstypen

Die vorliegende Untersuchung wurde unter humiden mitteleuropdischen Klimabedingungen
durchgefiihrt, die sich durch geméBigte Temperaturen, eine ausgeglichene
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Niederschlagsverteilung und vergleichsweise hohe Luftfeuchtigkeit auszeichnen. Unter
ariden, semiariden oder submediterranen Klimaverhaltnissen ist anzunehmen, dass sich
sowohl das Verdunstungsverhalten als auch die physiologischen Reaktionen der Vegetation
signifikant unterscheiden. Dies betrifft insbesondere den Einfluss von Wasserverfiigbarkeit,
Strahlungsintensitit und Extremtemperaturen auf Evapotranspiration, stomatére Leitfahigkeit
und Interzeptionsleistung.

Ein weiterer Aspekt der Ubertragbarkeit betrifft die Vegetationsstruktur. In dieser Studie
wurden ausschlieBlich niedrigwiichsige Pflanzenarten untersucht, wie sie fiir extensive
Griindicher typisch sind. Eine Ubertragung der Modellergebnisse auf intensivere
Dachbegriinungssysteme mit hoherwiichsiger, artenreicher Vegetation oder auf andere
Pflanzengattungen ist methodisch prinzipiell moglich, erfordert jedoch zusitzliche empirische
Datenerhebungen sowie eine gezielte Anpassung und Kalibrierung der Modellparameter.
Unterschiede in Wurzelarchitektur, Blattflachenindex, Jahresganganpassung und
Wasserverbrauchsstrategien konnten die Modellgiite in solchen Szenarien erheblich
beeinflussen.

Zudem basiert die Parametrisierung auf Messdaten zweier spezifischer Standorte und
Systemaufbauten, wenngleich marktiibliche Konfigurationen gewéhlt wurden. Fiir eine
robuste Generalisierung auf andere Klimazonen oder stark abweichende
Vegetationszusammensetzungen sind daher ergdnzende Langzeitmessungen und
Validierungen erforderlich. Dies gilt insbesondere fiir Regionen mit grundlegend
unterschiedlichen klimatischen Bedingungen, wie Trockengebieten mit ausgeprigten Diirren,
subtropischen Klimazonen mit stark saisonalen Niederschldgen oder Gebieten mit anhaltender
Schneebedeckung im Winter, dort konnen sich Prozesse unterschiedlich verhalten und eine
Neukalibrierung oder Anpassung erfordern.

Durch eine gezielte Erweiterung der Datengrundlage und standortspezifische Kalibrierung
lieBe sich die Anwendbarkeit des Modells deutlich erhohen und seine Aussagekraft fiir ein
breiteres Spektrum an Klimardumen und Vegetationstypen sichern.

5.2.3 Noch nicht vollstindig abgebildete stomatire Dynamik

Trotz der Integration empirisch erhobener, artspezifischer Werte zur stomatiren Leitfdhigkeit
verbleiben relevante Unsicherheiten in der Modellierung der Transpirationsdynamik.

Besonders deutlich werden diese Limitierungen bei vereinfachten Dachautbauten wie dem
Economy Roof, wo in den Herbstmonaten eine systematische Uberschitzung der
Evapotranspiration auftritt. Hier zeigt sich, dass die gegenwértige Parametrisierung die
Uberginge zwischen aktiver Vegetationsphase und beginnender Ruheperiode (Dormanz) —
insbesondere im Spétherbst — noch nicht realitétsnah abbildet.

Fiir eine kiinftige Verbesserung der Modellgiite ist daher die Weiterentwicklung der
stomatdren Widerstandsmodelle erforderlich. Diese sollten neben artspezifischen Basiswerten
auch saisonale Alterungsprozesse beriicksichtigen. Ergéinzende experimentelle
Untersuchungen konnten hierbei eine belastbare Datenbasis liefern, um die Parametrisierung
zu verfeinern und die Ubertragbarkeit des Modells auf unterschiedliche Vegetationstypen und
Klimaszenarien zu erhdhen.
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6. Stellung im Rahmen von Koautorenschaften

Die kumulative Dissertation basiert auf drei wissenschaftlichen Artikeln, deren
Autorenschaften und individuelle Beitrage klar und vollstidndig in den jeweiligen
Veroftentlichungen dokumentiert sind. Die Zuordnung der Autorenrollen erfolgte offiziell im
Rahmen des Reviewverfahrens der jeweiligen Artikel und wurde von allen Beteiligten
bestatigt.

6.1 Fachartikel 1 (Land, 2021): Evapotranspiration Measurements and
Assessment of Driving Factors

Die Arbeit entstand in Zusammenarbeit von Dominik G6B8ner (D.G.), Milena Mohri (M.M.)
und Justine Krespach (J.K.) wie folgt:

e D.G.: Konzeption, Entwicklung der Methodik (Messkonzept, Auswahl/Identifikation
und Art der Analyse), Supervision, Projektleitung und Finanzierungsakquise.
Validierung der Untersuchung und Ressourcenmanagement gemeinsam mit M.M.
Durchfiihrung der Untersuchung gemeinsam mit J.K. Review und fachliche
Uberarbeitung im Team.

e  M.M.: Erstellen des Originalentwurfs und Teile der Methodik, Visualisierung sowie
formale Analyse zusammen mit J.K. Beteiligung an Datenvalidierung und
Ressourcenmanagement.

e J.K.: Verantwortlich fiir Software und Datenkuratierung, Mitwirkung an der
Untersuchung sowie Visualisierung und Analyse. Uberarbeitung und Review im
Team.

Die detaillierte Aufgabenteilung wurde im Rahmen des Review-Prozesses transparent
dokumentiert und durch alle Autoren bestitigt.

6.2 Fachartikel 2 (Building and Environment, 2025): Green Roof
Performance Monitoring

Die Arbeit entstand in Zusammenarbeit von Dominik G6Bner (D.G.), Maria Kunle (M.K.)
und Milena Mohri (M.M.) wie folgt:

e D.G.: Schreiben — Korrektur & Uberarbeitung, Projektadministration, Einwerbung
von Drittmitteln, Konzeption, Durchfithrung der Untersuchungen, Methodik,
Validierung, Betreuung, Ressourcenmanagement, Schreiben des Originalentwurfs.

e M.K.: Schreiben — Korrektur & Uberarbeitung, Projektadministration,
Datenverwaltung, formale Analyse, Durchfiihrung der Untersuchungen, Methodik,
Visualisierung, Software.

e M.M.: Schreiben — Korrektur & Uberarbeitung, Projektadministration, formale
Analyse, Durchfithrung der Untersuchungen, Methodik, Visualisierung, Software,
Schreiben des Originalentwurfs.

Auch hier ist die Aufgabenverteilung und der individuelle Beitrag jedes Autors offiziell
Bestandteil des verdffentlichten Artikels und wurde im Begutachtungsprozess bestétigt.

6.3 Fachartikel 3 (Urban Science, 2025): Evaporation and Substrate
Temperature Modelling
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Den dritten Beitrag hat Dominik G68ner als Alleinautor vollstédndig konzipiert, bearbeitet und
verfasst.

7. Synthese und Ausblick

Die vorliegende kumulative Dissertation liefert eine umfassende, datenbasierte und
praxisrelevante Analyse der physikalischen Wasser- und Energiebilanzen extensiver
Griindédcher. In der Verkniipfung empirischer Feldmessungen, vegetationsphysiologischer
Detailuntersuchungen und anwendungsorientierter Modellierung liegt ihr zentrales
Innovationspotenzial. Die Ergebnisse belegen eindrucksvoll, dass sich marktiibliche
Griindachsysteme nicht nur in ihren baulichen Eigenschaften, sondern auch in ihren
funktionalen Umweltwirkungen signifikant unterscheiden — und dass diese Unterschiede
prézise mess- und berechenbar sind.

7.1 Zusammenfiihrung der Kernergebnisse

Die drei Arbeiten der Dissertation entfalten ihre Wirkung in einem engen fachlichen
Zusammenspiel:

o Fachartikel 1 quantifiziert erstmals die Unterschiede der mikroklimatischen und
hydrologischen Leistungsfahigkeit géngiger Griindachsysteme im direkten Vergleich
unter realen Witterungsbedingungen.

o Fachartikel 2 analysiert die zugrunde liegenden pflanzenphysiologischen
Steuergréflen — insbesondere die Rolle von Stomata, Interzeption und PAI — und
liefert damit eine Erkldrungsbasis fiir die beobachteten Unterschiede.

o Fachartikel 3 operationalisiert diese Erkenntnisse in einem Modell, das
praxistaugliche, transparente und valide Prognosen fiir Evapotranspiration und
Substrattemperatur auf Systemebene ermoglicht.

Es konnte gezeigt werden, dass vegetationsphysiologische Parameter wie stomatére
Leitfdhigkeit, Interzeptionskapazitit, PAI und SCF entscheidende Steuergréfien darstellen.
Diese wurden erstmals systematisch auf Griinddchern unter Realbedingungen erhoben und
erlauben eine verbesserte Parametrisierung von Prognosemodellen.

Durch die Kombination dieser drei Forschungsperspektiven wird ein Erkenntnisraum
aufgespannt, der sowohl grundlagenwissenschaftlich als auch anwendungsnah hohe Relevanz
besitzt. Die Arbeit tragt damit zur methodischen Weiterentwicklung der Griindachforschung
ebenso bei wie zur strategischen Fundierung stadtischer KlimaanpassungsmafBnahmen.

7.2 Praxisrelevanz und Anwendungsfelder

Das entwickelte Prognosemodell erlaubt eine differenzierte Bewertung von
Griindachsystemen im Hinblick auf:

o Evapotranspirative Kiihlleistung, etwa zur Abschiatzung lokaler thermischer
Entlastung,

e Verdunstungsbasierte Riickhaltung, z. B. zur Dimensionierung von Retentionsdidchern
im Kontext der Starkregenvorsorge,
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e Planungs- und Genehmigungsverfahren, bei denen wasserwirtschaftliche oder
energetische Kriterien zu beriicksichtigen sind (z. B. nach DWA-A 102-1),

o sowie die Integration in stidtische Simulationswerkzeuge wie ENVI-met oder urbane
Wassermodellierungen.

Die einfache Implementierbarkeit in eine Software erhoht die Zugénglichkeit fiir Planende,
Kommunen und Forschungseinrichtungen, ohne auf wissenschaftliche Tiefe zu verzichten.
Besonders flir Kommunen und Planungsbiiros erdffnet sich die Moglichkeit, unterschiedliche
Dachaufbauten hinsichtlich ihrer Kiihlleistung und Retentionswirkung vergleichend zu
bewerten. Durch die Systemdifferenzierung konnen Planungsentscheidungen fundierter
getroffen werden. Die erhobenen Interzeptions- und Stomatadaten sind zudem fiir die
Weiterentwicklung von Klima- und Wasserhaushaltsmodelle relevant.

7.3 Perspektiven fiir zukiinftige Forschung
Auf Basis der Dissertation ergeben sich mehrere anschlussfahige Forschungslinien:

e Modellerweiterung auf andere Vegetationstypen und Klimazonen: Eine
Uberpriifung und Kalibrierung des Modells fiir aride, subtropische oder kontinentalere
Klimate sowie intensivere Dachbegriinungen ist ebenso naheliegend wie die
Ausweitung auf hohere Wuchsformen (z. B. Straucher, Stauden).

o Kopplung mit Energie- und Gebidudemodellen: Die Integration des
Griindachmodells in Gebdudesimulationsprogramme wie EnergyPlus oder TRNSYS
wiirde eine Bewertung der Gesamtenergieeffizienz von Gebauden mit Griindach
ermoglichen.

o Beriicksichtigung weiterer physikalischer Prozesse: Die Modellierung von
Eisbildung, Sublimation und Schneeschmelze in Substraten sowie die Betrachtung von
Zeitverzdgerungen konnten die Prognosegiite in Ubergangszeiten weiter erhohen.

o Langfriststudien zur Vegetationsentwicklung: Da viele Dachpflanzen eine
interannuelle Dynamik aufweisen, sind Studien iiber mehrere Jahre notwendig, um
den Einfluss von Pflege, Alterung und Biodiversitét auf die Dachleistung
abzuschitzen.

Ein besonderer Forschungsbedarf ergibt sich aus der bislang nur unzureichend erfassten
stomatiren Dynamik wihrend Ubergangszeiten (Herbst, Friihjahr). Hier kénnten kombinierte
Langzeitmessungen von Gaswechsel, Biomasseentwicklung und Substratfeuchte neue
Modellansitze ermdglichen. Dariiber hinaus wire die Ubertragung der Methodik auf
groBmaBstidbliche Dacher in realen Stadtquartieren sinnvoll, um Skaleneffekte und
Interaktionen mit der umgebenden Bebauung zu untersuchen.

7.4 Schlussbemerkung

Die Dissertation zeigt, dass technische Griindachsysteme in ihrer Umweltwirkung
differenziert zu bewerten sind — und dass diese Differenzierung durch geeignete Mess- und
Modellierungsansdtze moglich und praktikabel ist. Die Arbeit verdeutlicht, dass eine
integrative Betrachtung — von den Pflanzenprozessen tiber die Schichtaufbauten bis hin zum
Modell — notwendig ist, um die multifunktionalen Leistungen von Griindidchern verlésslich zu
bewerten. Sie bietet damit eine Grundlage, Griindacher als planbare
Infrastrukturkomponenten in klimaresiliente Stadte systematisch einzubinden und leistet einen
Beitrag zur Versachlichung der Debatte um urbane Begriinungsmafinahmen.
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Abstract: Green roofs have proven to be a space-saving solution to mitigate peak temperatures and
control floods in urban areas through evaporative cooling and storm water retention. To encourage
a sustainable city design with large-scale green infrastructure networks, a better differentiation
between the diverse existing green roof systems is needed. The aim of this study is to demonstrate
differences among green roof systems based on comprehensive microclimatic measurements on
four small experimental roofs and to assess differences in evapotranspiration with a partial least
square regression. The results show that short-wave solar radiation, relative humidity and water
availability are the most important drivers of evapotranspiration. The roof system with permanent
water storage maintained significantly higher substrate moisture compared to the other roofs and
produced peak evapotranspiration rates of 4.88 mm d~!. The highest total evapo-transpiration of
526 mm from April to September was recorded for the roof system with the thickest substrate layer
and grass vegetation. In summer, the shallowest roof showed the highest substrate temperature
and air temperature at vegetation level. These findings highlight the importance of specifying the
characteristics of the various green roofs in order to turn them into useful planning tools for the
design of climate-change-resilient cities.

Keywords: blue-green roof; evapotranspiration; blue-green infrastructure; urban heat island; green
roof; green infrastructure; retention roof

1. Introduction

Hot weather extremes such as heatwaves or droughts as well as the intensity and
frequency of heavy rain events have increased during in recent decades and, due to climate
change, they are expected to intensify [1]. Urban areas are especially sensitive to these
weather extremes because they already exhibit higher temperatures [2,3] and increased
precipitation compared to the rural surroundings [4]. The high percentage of sealed surfaces
and lack of green space both contribute to the urban heat island effect, resulting, on average,
in a 1-3 °C difference between the city center and countryside with peak differences of up
to 10 °C [5-8]. At the same time, urbanization also increases the precipitation over the city
by more than 15% [4]. The consequences are floods from overloaded sewage systems and
health implications due to heat stress [9,10]. Studies have shown that people living in cities
are more likely to be affected by floods [11] and to die a premature death due to heat [12]
than the rural population. As the majority of the world population at present lives in
urban areas [13], measures for heat mitigation and flood prevention must be implemented
in cities.

The expansion of vegetated areas as part of a green infrastructure network is highly
effective in lowering temperatures through evaporative cooling as well as controlling
floods through storm water retention [5]. Green roofs are a particularly suitable green
infrastructure type for dense cities, because they do not take up precious ground space.
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Their cooling effect arises from the evaporation of water from the soil and the transpiration
of water by vegetation, and the measured reduction in the ambient air temperature through
green roofs was found to be, on average, 1.34 °C [14]. Models conducted on a meso-scale
achieve similar results, with a vegetation cooling efficiency between 1 and 3 °C, while
micro-scale results only detect a 0.5 °C cooling [15]. Moreover, green roofs are effectively
controlling floods [16]: storm water slowly infiltrates into the substrate layer where it
partly remains until it evaporates, while excess water can be temporarily stored in the
drainage layer before it flows off with a delay. This lowers the burden on the sewer system,
especially during the peaks of heavy rain events. Extensive green roofs can reduce the
storm water runoff by about 60% and intensive green roofs by 80%, while the outflow
is, on average, 70% delayed compared to non-vegetated roofs [14]. Apart from cooling
the ambient air temperature and substantially reducing the storm water runoff, green
roofs provide further environmental benefits such as increased biodiversity [17], noise
protection [14], building insulation [18] and various social and economic benefits including
improved aesthetics of the townscape, resulting in better mental recovery [19,20] and
increased property value [14].

Municipalities increasingly acknowledge these benefits and the green roof coverage
expands yearly by over 1.5 million m? in central Europe [21]. Still, many cities lack a holistic
and integrated spatial planning approach, which is needed to face today’s environmental
challenges [22]. An important basis for solutions implemented at the city scale is detailed
knowledge about green roof services, which can partly be obtained from urban climate
simulations [23]. However, most scientific studies with models only differentiate between
extensive and intensive green roofs [24-27], which does not adequately reflect the variety of
existing green roofs: the growing demand for green infrastructure solutions has led to the
development of a broad range of green roof systems. Thus, the simple differentiation be-
tween extensive and intensive green roofs, based only on the thickness of the substrate layer,
can be considered outdated. Today’s green roofs differ not only in substrate height, but also
in substrate type, vegetation, drainage/water retention layer and roof outlet characteristics.
Further, some green roof systems even include water storage elements such as retention
storages or cisterns, which can be used for passive or active irrigation. These different
designs strongly affect the green roofs” water household and their potential evaporative
cooling and storm water retention capacity [28]. Even though scientific studies increasingly
differentiate between green roof designs to measure evapotranspiration [29,30], present
data do not adequately reflect the existing diversity of systems with their different effects.

Mitigating extreme summer temperatures and floods in urban areas has become one
of the central goals of sustainable city planning [31]. With evapotranspiration as a key to
the urban heat island mitigation [28], precise numbers are needed regarding the quantity
of water returned to the atmosphere via green roofs. The best possible strategies to counter
climate change in cities can only be developed when specific information about the services
provided by different green roof systems is available. The obtained data can subsequently
be used to validate urban climate simulations, which facilitate the implementation of
research findings about green infrastructure.

The present study includes comprehensive microclimatic measurements on four small
experimental roofs situated in Germany. The focus of the study lies on the evapotranspi-
ration, which is measured using the gravimetric method. The presented results include
the data of one summer season, and both single measured parameters and their relation
and contribution to the evapotranspiration process will be evaluated. The aim of this study
is (I) to encourage better differentiation between various green roof types by providing
detailed data on microclimatic characteristics of four different green roof systems; (II) to
quantify the evapotranspiration rate among the green roofs as a central tool for cooling
the ambient air temperature and mitigating the urban heat island effect and (IlI) to bet-
ter understand which environmental and climatic factors have the greatest influence on
evapotranspiration.
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2. Materials and Methods
2.1. Site Description

The study site is located in Goggingen-Krauchenwies, Germany (48°0'20.27916" N,
9°12/5.33952" E) at 623 m altitude and belongs to the warm summer, humid continental
climate zone according to the Koppen-Geiger classification [32]. The lowest mean, min-
imum and maximum temperatures occur in January and are —0.7 °C (—4.2 °C; 2.7 °C)
respectively. The highest mean, minimum and maximum temperatures are 17.9 °C (10.7 °C;
24.5 °C) in July, and the precipitation is evenly distributed throughout the year, reaching an
average total of 699 mm (reference period: 2016-2021, station Sigmaringen-Laiz at 581 m
altitude, 8.5 km distance from the study site [33]).

2.2. Experimental Setup

The experimental site is located at ground-level at the side of a parking lot at the
aforementioned coordinates, with a few trees throwing shade evenly across the area in late
afternoon. Lysimeters with four different green roofs, each with an area of 0.5 m2, were set
up together with a local climate station in spring 2021. To minimize the edge effects from
the pavement, a green roof of about 16 m? was constructed around the experimental roofs
(Figure 1). The measurement period and data used in this study range from the 1 April
2021 until the 5 October 2021. Details about the measured parameters and installed devices
are given in Table 1. Measurements were taken at 5 min intervals.

Microclimatic Measurements
-_ =

!

.Surrounchngﬂre;n Roof
R ‘«:\«N & ’/

Figure 1. Experimental setup in Goéggingen-Krauchenwies, Germany (48°0'20.27916"” N, 9°12/5.33952" E).
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Table 1. List of parameters measured, the installed measurement devices and approximate position of the sensors.

Layer Parameter Measurement Device Manufacturer
. . LAMBRECHT meteo GmbH,
Precipitation rain[e] rns
Gottingen, Germany

5215 Temperature and Campbell Scientific Inc., Logan, UT, USA

Alr Temperature Relative Humidity Probe

Relative Humidity CSZl.S Temp eFa.ture and Campbell Scientific Inc., Logan, UT, USA
Atmospheric Layer Relative Humidity Probe
. Kipp & Zonen B.V., Delft,
Short-Wave Solar Radiation CMP10 Pyranometer The Netherlands
Long-Wave Radiation CCR3 Pyl;%eeosril;’)cer (facing Kipp & Zonen B.V,, The Netherlands
Wind Speed W1ndSon%c4 Two-Dimensional Campbell Scientific Inc., USA
Sonic Anemometer
. Leaf Temperature + Leaf-&-Air-Temperature Type
Vegetation Layer Air Temperature LAT-B2, Broadleaf ECOMATIK GmbH, Dachau, Germany
Volumetric Water Content (©5655 soil water content Campbell Scientific Inc., Logan, UT, USA
reflectometer
Substrate Layer Substrate Temperature 105E Temperature Probe Campbell Scientific Inc., Logan, UT, USA
Hukseflux Thermal Sensors B.V., Delft,
Heat Flux HFPO01 Heat Flux Plate The Netherlands
Weight Scale 9392.15.140 (1x) and Soehnle Industrial Solutions GmbH,
Total Setup & Scale 9392.16.140 (3x) Backnang, Germany
Outflow Small Rain Gauge 100.054 Pronamic ApS, Ringkoebing, Denmark
2.3. Green Roof Systems Description
The four green roof systems included in this study are the Garden Roof, Economy
Roof, Nature Roof and Retention Roof, which are commercially available from Optigriin
international AG, Germany. They can be distinguished based on vegetation, substrate type
and depth, filter fleece, and the water retention and drainage layer (Figure 2).
Garden Roof Nature Roof Economy Roof Retention Roof
Al 1 Lawn Vegetation Mixed Vegetation Sedum Vegetation Mixed Vegetation
15 cm Substrate 10 cm Substrate 6 cm Substrate 10 cm Substrate
] 2 L Sub (Extensive Multi Layer (Extensive Multi Layer (Extensive Multi Layer
(Lawn Substrate) Substrate) Substrate) Substrate)
3 Filter Fleece Filter Fleece Filter Fleece Capillary Fleece
RemaE 4 Water Drainage Layer Water Drainage Layer Water Drainage Layer Water Retention Layer
(FKD 60BO, Storage: 231m2)  (FKD 40, Storage: 8.71m?)  (FKD 25, Storage: 51m?2)  (WRB 85i, Storage: 28.51m?)
—_— 5 Protection and Storage Fleece Protection and Storage Protection and Storage Protection and Storage Fleece
(RMS 300) Fleece (RMS 300) Fleece (RMS 300) (RMS 300)

Figure 2. Description of the four different green roof systems used in this study.

The vegetation is comprised of typical lawn species (Garden Roof), Sedum species
(Economy Roof ), and mixed vegetation with succulents and herbs (Nature and Retention Roof).
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The lawn vegetation was transferred from a pre-grown Garden Roof onto the lysimeter, the
Economy Roof received sprouts of different Sedum species and other low-growing perennials.
Both the Nature and Retention Roof were planted with Sedum sprouts and seeds of various
herbs in 2019.

The Optigriin Lawn Substrate of the Garden Roof consists of expanded shale, expanded
clay, lava, pumice, crushed brick and green waste compost, while the Optigriin Extensive
Multi-Layer Substrate used in the other systems also includes Porlith.

The fleece layer of the Garden, Nature and Economy Roof is a filter fleece with a thickness
of 1.1 mm, while the Retention Roof contains a capillary fleece of 3.6 mm, which is able to
quickly distribute water.

The drainage layers differ among all green roof systems: the Garden Roof is equipped
with the Optigriin Drainage and Storage Board FKD 60BO from recycled high-density
polyethylene, consisting of a 6 cm high chamber network filled with a drainage material.
About 23 L m~?2 of water can be stored in this system. The Nature Roof has the Optigriin
Drainage and Storage Board FKD 40, which is about 4 cm high, with a water storage of
8.7 L m~2. The Economy Roof contains the shallow Optigriin Drainage and Storage board
FKD 25 similar to the Nature Roof, but is only 2.5 cm high, and thus has a water reservoir
function of only 5 L m~2. The Retention Roof contains the Optigriin Water Retention Box
WRB 85i from recycled polypropylene, which can temporarily contain a water volume of up
to 80 L m~2. In this study, a permanent water accumulation is reached in the Retention Roof
by positioning the outflow at 3 cm height instead of at the bottom of the system, leading
to a water storage capacity of 28.5 L m 2. Further, it contains capillary bridges, which
allow for the vertical transportation of water between the drainage level and substrate
layer through capillary forces.

The Optigriin Protection and Storage Fleece RMS 300, with a thickness of approxi-
mately 3.6 mm, protects the roof’s waterproofing.

2.4. Roof Maintenance

The green roofs were maintained according to the green roof guidelines [34]. In
mid-April 2021, fertilizer (Slow Release Fertiliser Opticote, Optigriin AG, Krauchenwies,
Germany) was added with 50 g m~2 to the Garden Roof and 35 g m~2 to the other three
roofs. The Garden Roof was watered twice until field capacity (once in April, once in May).
Weeding was carried out whenever needed and, due to the removal of plant biomass, the
weight of each weeded roof was set to “not-a-number” (NaN) on the respective day. The
grass of the Garden Roof was cut four times (in May, twice in July and once in September).
The Nature Roof was weeded five times (in May, July, and three times in September), the
Economy Roof had to be weeded only three times (in May, and twice in September) and the
Retention Roof was weeded twice (once in May and once in September).

2.5. Data Processing

The hours at which maintenance work such as weeding, broken sensor replacements
or cleaning of outflow sensors was carried out at the lysimeter station were excluded from
the dataset. Additionally, the weight, outflow and soil moisture were set to NaN on the
days where the Garden Roof was irrigated.

After inspecting the raw data (i.e., measurements in the interval of 5 min), reasonable
minimum and maximum values were defined in order to exclude outliers: precipita-
tion 0-2.5 mm, air temperature —10-40 °C, relative humidity 0-100%, short-wave solar
radiation 0-1250 W m~2, long-wave radiation 250-450 W m~2, wind speed 0-3 m s 1
leaf temperature —20-55 °C, substrate temperature —10-45 °C, volumetric water content
>0-1 m>® m 2 and heat flux —16-40 W m 2.

The weights of all fields were smoothened to hourly values due to strong variations,
especially at the scale of the Garden Roof. Continuous increases and decreases in the weight
would have led to an overestimation of weight loss, and thus in evapotranspiration.
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2.6. Calculation of Vegetation Cover and Plant Area Index

For the estimation of the vegetation cover and the plant area index (PAI), triplicate
photos were taken of each roof approximately once per week with a digital camera (D3200,
Nikon, Diisseldorf, Germany and 8 mm /3.5 Fish-Eye II Lens Walimex pro, Studioexpress
Vertriebs GmbH, Wiernsheim, Germany). The calculation of the vegetation cover and PAI
was performed with the freeware CAN-EYE (INRAE, Paris, France). The PAI was calculated
as the ratio of the plant area over the ground area, above which plants were growing.

2.7. Determination of Evapotranspiration

The daily evapotranspiration was calculated based on precipitation, outflow and
smoothened weight of the roofs. Each of the smoothened weight values consisted of the
mean of one hour calculated from 12 single-weight datapoints (the first ranging from 00:00
to 00:55 o’clock, the second from 01:00 to 01:55, etc.). Thus, each day contained a total of
24-hourly values and only complete days with 24 weight values were considered for the
calculation. Equation (1) gives the calculation of the evapotranspiration for one specific
day and one specific field

Evapotranspiration = Weight,, — Weight,, — Outflow + Precipitation x 0.5 (1)

where Weighty and Weight,3 are the weights at the beginning and at the end of the day,
respectively, and the outflow and the precipitation are the sum over the entire day. Both
weight and outflow are based on the area of a single roof (=0.5 m?) and are, therefore,
expressed as kg per 0.5 m? and 1 per 0.5 m?, while the precipitation is measured per m?,
and thus needs to be divided by half. The calculated evapotranspiration has the unit 1 per
0.5 m2; however, all results presented in this study are scaled up to 1 mZ2.

Due to clogging and malfunctioning of the rain sensor, no precipitation data are
available from the 7 June until the 16 August, and this gap could not be filled with data from
any nearby weather station. Therefore, the evapotranspiration was calculated differently

for the period without the rain sensor (Equation (2)); the units are as described above:
Evapotranspiration = Weight,, — Weight,; — Outflow )

Days with negative evapotranspiration values are excluded, as this means that more
rain has fallen than was evapotranspirated or lost as outflow. On days where only little
rain fell, the evapotranspiration is slightly underestimated by the amount of the rain that
was not incorporated into the calculation.

For the calculation of monthly and yearly sums of evapotranspiration, data for differ-
ent roof systems must remain comparable, despite short-term sensor failures. Therefore,
data were extrapolated onto the same number of days when needed, i.e., when only 28 days
in one month were recorded for the Garden Roof, the monthly sum was extrapolated to 30
or 31 days depending on the month to allow for comparison to the other roofs containing
data for the full month. Any extrapolation in the results is highlighted.

2.8. Statistical Analysis

All statistical analysis was done in RStudio Desktop Version 1.3.1093 [35] and R Version
4.0.3 [36]. To find out which factors play an important part in the evapotranspiration, a
partial least square (PLS) regression was performed using the R-package “pls” and the
function “plsr”. The regression was performed separately for each roof. Cross-validation
was used to validate the model, as suggested in [37]. The PLS summary was used to choose
the number of components based on the explained variance in the evapotranspiration,
as well as the root mean squared error of prediction, with the aim of maximizing the
explained variance and minimizing the error to neither underfit nor overfit the model [37].
The following variables, most of which are also used by [30], were considered in the
PLS regression: soil moisture, soil heat flux, soil temperature, leaf temperature, relative
humidity, wind speed, short-wave solar radiation, long-wave radiation, precipitation.
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Short-wave and long-wave radiation as well as precipitation were included as daily sums,
and all other variables as daily means. As changes in the vegetation cover and PAI are
generally very slow, these two variables were recorded only once per week. Consequently,
the difference in measurement interval makes it impossible for the regression to relate the
day-to-day variation in the evapotranspiration rate to the vegetation cover or PAI, which is
why these two variables were excluded from the PLS regression. Further, the regression
was only performed for the period in which the rain sensor was functioning. Based on
the regression, the Variable Importance in Projection (VIP) was determined using the R
function “VIP” of the package “plsVarSel”. For the determination of differences in means, a
repeated measures analysis of variance (ANOVA) was chosen, and in case the assumptions
were not met, the Friedman Test was used. The level of significance was set to 0.05.

3. Results
3.1. Weather Conditions

Overall, the summer months in Géggingen were slightly colder and much wetter
(Appendix A, Figure A1) compared to the reference period data of 20162021 [33]. More
precisely, April, May, July and August were colder and only June and September were a
little warmer than usual. The precipitation of the summer months of May, June and July
was a lot higher, as it rained, in total, over 400 mm instead of 275 mm [33], while April,
August and September were drier compared to the reference climate.

3.2. Vegetation Development

The survey of the vegetation development showed clear differences among the green
roof systems (Figure 3). The Garden Roof was the first to reach 90% cover in the beginning
of June, while the Nature Roof grew steadily and came to 90% shortly afterwards. Even
though the Retention Roof started at 50% vegetation cover, together with the Economy Roof,
it rapidly increased its cover and reached the 90% mark in the same week as the Nature Roof.
The slowest development was registered for the Economy Roof, which showed little growth
in the first 2 months, but quickly gained cover from the end of May onwards. However,
it stagnated in July and only reached 90% cover by the end of July. The slight decreases
in the cover of the Garden Roof in June, as well as of the Retention Roof, the Economy Roof
and the Nature Roof in September, can be attributed to roof maintenance and weeding of
unwanted species.

Development of the Vegetation Cover in 2021

\/\_

100

70 4

Vegetation Cover[%]

:—{) T T T T T T
April May June July August September October

Garden Roof Nature Roof ~ =====Economy Roof  =====Retention Roof

Figure 3. Development of the vegetation cover of the four different green roofs from April to October
2021. Exemplary photos can be found in Appendix A (Figure A2).
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The plant area index (PAI) mostly increased slowly during the first months and more
rapidly from June onwards (Figure 4). The Nature Roof reached the highest PAI of about §;
the Retention Roof was just below, with 7. The Economy Roof came up to 5 and the Garden
Roof remained at around 4. Similar to the plant cover, the weeding of the Garden Roof also
led to a decrease in the PAIL

Development of the Plant Area Index in 2021

8
7 4 —
6 4
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Garden Roof Nature ROOf =~ ewmm=Economy RoOf === Retention Roof

Figure 4. Development of the plant area index of the four different green roofs from April to
October 2021.

Regarding the plant species, the Garden Roof was dominated by various grass species.
The Economy Roof was covered by a mixture of succulent species such as Sedum album and
Sedum reflexum. Even though the Nature and Retention Roof had the same vegetation mixture
when set up, different species dominated at the peak stage of plant development. The
Nature Roof exhibited a broad range of species with Origanum vulgare, Sedum kamtschaticum
und Sedum telephium, while the Retention Roof was mostly covered by Sedum kamtschaticum.

3.3. Substrate Moisture

The substrate moisture showed great variations over time due to the influence of
precipitation and evapotranspiration; however, it can be noted that all roofs mostly re-
mained above 10% (Figure 5). The Retention Roof had the highest substrate moisture with
peaks of over 35%. Except for a few hot and dry summer days, during which the moisture
content dropped below 10%, it generally maintained a considerably higher soil moisture
compared to the other roofs. The moisture values of the Garden and Economy Roof differed
only slightly, and the Nature Roof was mostly between the Retention and Economy Roof.
Regarding the moisture ranges, the Garden Roof and the Economy Roof were the systems
with the most stable moisture conditions, with only around 12% difference between their
minimum and maximum value, while the Nature Roof and the Retention Roof had much
larger differences of around 15% and 30%, respectively.

When the values are averaged over the entire growth period to a daily mean, the
differences between the roofs become even more evident. The soil moisture of the Retention
Roof, with 26.5%, is significantly higher than all other roofs. The Nature Roof, with an average
of 16.5%, also has a significantly higher moisture level than the Garden and Economy Roof,
which do not differ significantly, with 13.9% and 13.6%, respectively (Figure 6).
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Substrate Moisture of Different Green Roof Systems in 2021

25 I %
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Figure 5. Daily averages + standard deviation (SD) of the soil moisture of the four different green roofs from April to
October 2021.

Substrate Moisture of Different Green Roof Systems
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Figure 6. Average substrate moisture of the four different green roofs with means + SD (n = 204 for Garden Roof; n = 205 for
other roofs). Different letters above the whiskers indicate significant differences between means (Friedman Test p < 0.01).

Differences in the cover were largest until July; however, due to the frequent rain
events and only moderately warm summer temperatures in 2021, the soil moisture of
all roofs remained relatively stable throughout the entire measurement period. Despite
the initially low cover of both Retention Roof and Economy Roof, the substrate moisture
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did not strongly differ between the first and second half of the year. The Retention Roof
had continuously high soil moisture, which shows that the water stored in the retention
layer can effectively be returned to the substrate layer through the capillary fleece and the
capillary bridges. This can be verified through comparison with the Nature Roof, which
has the same system structure, except for the drainage layer, but lower soil moisture. Only
when the water storage of the Retention Roof is completely empty, as in June, does the soil
moisture drop. In April and May, the moisture values of the Garden Roof could be slightly
overestimated, as it was watered twice in spring. Still, the soil moisture is generally low,
which may be explained by the thicker substrate layer, in which the water is distributed
more broadly. In the case of the Economy Roof, the substrate moisture is low because little
water can be stored in the shallow substrate and drainage layer.

3.4. Evapotranspiration

Looking at the data for the whole measurement period, the highest evapotranspiration
was measured in the summer months of June and July, while the spring and fall months
had lower values (Figure 7). In the warmer period, differences between the roof systems
can be observed. The Refention and Garden Roof showed the highest evapotranspiration
rates of 4.88 mm d ! and 4.77 mm d !, respectively; the Nature Roof had slightly lower
values, with a peak of 3.3¢ mm d~!, and the Economy Roof tended to have the lowest
evapotranspiration, with only 2.67 mm d ! in June.

Average Daily Evapotranspiration of Different Green Roofs
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Figure 7. Average daily evapotranspiration of the four different green roofs with means & SD from April to September 2021.
October is not included here as data were only available for four days in that month.

The daily mean evapotranspiration over the entire measurement period was high-
est for the Garden Roof, with 2.62 + 1.36 mm d~! (Figure 8). The Retention Roof had
an eva-potranspiration rate of 2.49 & 1.19 mm d~!. The Nature Roof came third, with
2.19 4+ 0.90 mm d~!, and the lowest evapotranspiration was measured for the Economy
Roof, with 1.83 = 0.82 mm d~!. However, no significant differences were found between the
first three roofs; only the Economy Roof had a significantly lower evapotranspiration rate.
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Daily Mean Evapotranspiration
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Figure 8. Average daily evapotranspiration of the four different green roofs with means & SD (n = 121
for Garden Roof; n = 88 for Nature Roof, n = 134 for Economy Roof and n = 141 for Retention Roof).
Different letters above the whiskers indicate significant differences between means (Friedman Test
p <0.01).

The total monthly evapotranspiration ranged from 33.7 mm for the Economy Roof in
April to 146.4 mm for the Retention Roof in June (Table 2). During the entire measurement
period, the Garden Roof achieved the highest total evapotranspiration of over 526 mm, the
Retention Roof was close behind, with 488 mm, and the Economy Roof only reached 370 mm.
Looking at the period from June to September to include the Nature Roof in the comparison,
it can be noted that its evapotranspiration was higher than the Economy Roof, but lower
than the Retention Roof.

Table 2. Total monthly evapotranspiration [mm] L

Month Garden Roof  Nature Roof Economy Roof Retention Roof
April 47.7 n.d. 33.7 58.8
May 85.4 n.d. 102.8 78.8
June 143.2 100.3 80.0 146.4
July 123.8 91.0 89.4 91.8
August 80.8 58.2 53.2 68.0
September 45.1 41.7 42.6 48.5
Total (April-September) 526 n.d. 370 488
Total (June-September) 393 291 265 355

! All values are extrapolated to the full month to allow for comparison among the roof systems. October is not
included here as data were only available for four days in that month.

The variation in the evapotranspiration rates between the different months likely
arose from the fluctuations in air temperature and solar radiation: all green roof systems
had their peak evapotranspiration rates in June and July, the months with the highest
air temperatures and longest hours of sunshine (Appendix A, Figure Al), and thus with
the highest available energy for potential evapotranspiration. However, the differences
in evapotranspiration among the four roofs are most probably the result of the system
components including the vegetation and their influence on the water availability. The
Retention and the Garden Roof showed the highest evapotranspiration rates of all green
roof systems, and these were the two setups with the greatest possible water storage: the
Retention Roof has the largest storage volume, with a permanent water retention layer, from
which water was able to migrate back into the substrate layer and produced a very high
soil moisture content. The Garden Roof with 15 cm substrate and a drainage layer of 6 cm
had the highest total setup, allowing a lot of water to remain in the system. Furthermore,
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it was watered twice to keep the lawn vegetation alive. The evapotranspiration rates
of the Nature Roof were much lower compared to Retention and Garden Roof. As the
vegetation and substrate thickness of the Nature Roof are the same as in the Retention Roof,
the thinner type of drainage layer appears to be responsible for the recorded difference in
evapotranspiration. In the case of the Economy Roof, the low evapotranspiration rates can
also be attributed to the shallow substrate and thin water-retention layer.

The observed trends in differences between the roofs for the single months are also
reflected in the daily mean evapotranspiration over the entire measurement period. Here,
it is important to note that the daily mean value of the Nature Roof may be slightly overesti-
mated, as the evapotranspiration could not be calculated for April and May due to failure
of the outflow sensor. Furthermore, to keep the grass vegetation alive, the Garden Roof was
watered twice in spring, which also contributed to the high evapotranspiration rates.

When interpreting the data, it should be noted that the rain sensor failure in summer
impairs the data quality. The rain that could not be recorded from mid-June to mid-August
increased the weight of the roofs, so the calculated evapotranspiration resulted in negative
values for rainy days. Therefore, 15 days in both June and July were excluded from the
analysis. However, the slight rain events that occurred in the summer months led to
an underestimation of the evapotranspiration, as the weight gain due to rain was not
subtracted in that period.

Furthermore, it must be noted that the evapotranspiration is always composed of the
water loss attributed to the transpiration of the plants, but also of the evaporation from the
substrate. When considering that many Sedum species are facultative CAM-plants, which
are able to close their stomata under water stress during hot and dry summer days [38,39],
the evapotranspiration measured on the Refention and Economy Roof with a high share of
succulent plants may also result from the evaporation of the substrate.

3.5. Variable Importance in Projection (VIP) Scores

The VIP-scores of the partial least square (PLS) regression provide insight into which
factors are the key variables in determining the dependent variable, i.e., the evapotranspi-
ration rate. In this context, variables with VIP-values above 0.8 are generally considered
important [40]. The short-wave solar radiation, relative humidity and precipitation play
a major role in consistently determining the evapotranspiration across all roof systems
(Figure 9a—d). Additionalyl, the wind speed and the long-wave radiation are relevant in
three out of four roof systems. However, some values also vary among the roofs or take a
different order, which shows that the systems behave slightly differently: the evapotran-
spiration on the Garden Roof is mainly determined by the incoming solar radiation, the
relative humidity and the leaf temperature (Figure 9a). On the Nature Roof, the precipitation
reaches the highest score, followed by the short-wave radiation and the relative humid-
ity (Figure 9b). The Economy Roof has short-wave radiation, relative humidity and soil
moisture as the most important variables (Figure 9c), while the three highest scores of the
Retention Roof are the relative humidity, short-wave radiation and soil heat flux (Figure 9d).

When the evapotranspiration is not measured directly via scales, an approximation is
often obtained using the Penman-Monteith equation [41]. The main input parameters for
the equation are the solar radiation, air temperature, relative humidity and the wind speed,
which points out their relevance for the evapotranspiration process: the higher the solar
radiation, air temperature and wind speed, and the lower the relative humidity, the higher
the evapotranspiration rate [42].
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Garden Roof: VIP-Scores
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Figure 9. VIP-Scores resulting from the PLS-regression of the different green roof systems. (a) 7 components, evapotran-

spiration explained: 85.38%, CVadjusted: 0.2538; (b) 4 components, evapotranspiration explained: 62.40%, CVadjusted:

0.2992; (c) 5 components, evapotranspiration explained: 75.42%, CVadjusted: 0.1807 (d) 5 components, evapotranspiration

explained: 74.50%, CVadjusted: 0.2128. * Due to sensor failure, the soil heat flux variable did not produce enough values to

be included in the regression for the Economy Roof.

The three parameters of solar radiation, relative humidity and wind speed were also
highly relevant for determination of the green roof evapotranspiration. The air temperature
received relatively low VIP scores, possibly because the VIP scores were calculated based
on the time in which all sensors were functioning, excluding the warm weather period from
mid-June to mid-August. Besides, air temperature, short-wave and long-wave radiation
are subject to collinearity. The high scores for both short-wave and long-wave radiation
in the case of the Nature, Economy and Retention Roof may, therefore, have affected the
distribution among the three variables, causing lower scores for air temperature. As the
substrate moisture is mainly affected by rain events, these two variables may also have
been affected by collinearity. None of the variables were excluded from the regression
by choice, as is sometimes done to revise a model [43]. All variables were considered
relevant and the exclusion of single variables resulted in a lower percentage of explained
evapotranspiration.

A possible explanation for the difference in substrate moisture scores between the
Economy and Retention Roof may be the water availability in these systems. The Retention



Land 2021, 10, 1334

14 of 22

Roof had a continuously high substrate moisture. and thus plays no important role in
determining the evapotranspiration. In the case of the Economy Roof, where the substrate
moisture is rather low, a change in moisture can strongly affect the evapotranspiration,
resulting in a higher score.

Leaf temperature received high scores for the Garden and Retention Roof; however, it is
important to note that the temperature sensor was regularly repositioned among different
species, which may have affected the relationship with the evapotranspiration rate.

Overall, it is important to consider that a few factors that influence the evapotran-
spiration rate could not be incorporated into the regression due to differences in the
measurement intervals. These include the vegetation cover, the PAI, the season and the
two irrigation events for the Garden Roof.

3.6. Substrate Temperature and Air Temperature at Vegetation Level

The substrate temperature and air temperature at the vegetation level were compared
between an average day of the spring month, April, and a typical day in the warm summer
month, June. In both months, the greatest substrate temperature differences were observed
in the afternoon at around 3 p.m., when the green roofs reached their peak substrate
temperatures. The Economy Roof was the warmest, at around 18 °C in spring and 30 °C in
summer, and the Nature Roof was the second warmest in both months (Figure 10a,b). In
April, the Garden and Retention Roof had a very similar temperature profile and reached
around 13 °C, in June; however, the Retention Roof had the coldest substrate temperature at
noon, with only 22 °C, while both the Garden and Nature Roof reached 26 °C. At night, the
Garden, Nature and Retention Roof showed very similar temperatures and were about 3 °C
warmer compared to the Economy Roof. Overall, the temperature amplitude was smallest
for the Retention Roof.

Substrate Temperature on a Typical Day in April Substrate Temperature on a Typical Day in June
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Figure 10. Substrate temperatures on an average day of the four different green roofs in: (a) April; (b) June. For each single
day in April and June, the raw data were aggregated to 24-hourly means. Shown are means + SD for each hour of 30 days
in April and June, respectively (n = 30).

When looking at the air temperatures at the vegetation level, the largest differences
were measured at daytime: in April, the Economy Roof had the lowest air temperature at
noon, while the Retention, Garden and Nature Roof were 2-3 °C warmer (Figure 11a). In
June, the Economy Roof turned out to be the warmest, at nearly 30 °C at midday, while
the Garden and Nature Roof both reached around 28 °C (Figure 11b). The air temperature
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above the Retention Roof was the coolest, with only 26 °C at noon; however it reached its
maximum of 27 °C two hours later. In the afternoon, the Garden Roof was up to 2.5 °C
cooler than Nature and Retention Roof, and up to 4.5 °C lower than the Economy Roof.

Air Temperature at Vegetation Level on a Typical Day in April Air Temperature at Vegetation Level on a Typical Day in June

erature [°C]
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Figure 11. Air temperatures at vegetation level on an average day for the four different green roofs in: (a) April; (b) June.
For each single day in April and June, the raw data were aggregated to 24-hourly means. Shown are means + SD for each
hour of 30 days in April and June, respectively (n = 30).

The small substrate temperature amplitude of the Retention Roof may be related to the
higher soil moisture and the high specific heat capacity of water: a water-saturated substrate
requires more energy to warm up and takes longer to cool down than a dry substrate.
Conversely, the Economy Roof, with the thinner and drier substrate layer, has a lower specific
heat capacity and, therefore, a larger temperature amplitude. This phenomenon can also
explain the difference in peaks between the air temperature and substrate temperature: the
higher the specific heat capacity, the longer the substrate needs to heat up and adapt to the
ambient temperature. Among all roofs, the Retention Roof, with the highest soil moisture,
reached its peak substrate temperature last.

In April, the air temperatures must be interpreted with the vegetation cover in mind:
Both the Economy Roof and the Retention Roof had a much lower cover than the Garden
and Nature Roof. As substrate can heat up quickly in the sun, the differences at around
midday may have primarily been caused by the variation in cover. In June, however, the
lowest air temperatures mainly occur above the roofs with highest evapotranspiration
rate, namely, the Garden and Retention Roof. This indicates that the evaporative cooling
effect may contribute to the differences in air temperature between the roofs. Nonetheless,
the Economy Roof still had a lower vegetation cover, and the exposed substrate may have
also led to increased air temperatures. It should also be considered that the sensors were
attached to leaves of different plant species, and some might have been exposed to the sun
while others were shaded. In June, the position of the sensors was changed once within
each roof; thus, the data include two different leaf positions and may still be considered
representative.

4. Discussion
4.1. Soil Moisture

The results did not show major differences in soil moisture between the period with
a low and high plant area index (PAI). This is in line with the study by [44], in which no
significant correlation was found between PAI and soil moisture for substrates with a low
clay content.
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When compared to roofs that receive additional irrigation, neither the Garden Roof, nor
the Economy Roof reached comparable values: a study conducted in Utah, USA, assessed
two irrigated miniature green roofs in terms of soil moisture and evapotranspiration [30].
Each roof had a soil thickness of 25 cm and one was covered with Sedum species, while
the other was covered with grass. The soil moisture was reported to be 25-35% for the
grass roof, and 20-40% for the Sedum roof for an entire year. Even though the sensors in
the present study are placed several centimeters deeper in the substrate, where it would
potentially be wetter, the Garden and Economy Roof only reached values of around 20%.
However, the winter months with slightly higher precipitation are also not included in
this study. On the other hand, the moisture values of the Retention Roof during summer
are comparable with the irrigated Sedum roof from [30] and only drop during the driest
and hottest days of June and September, while the overall summer average remains high.
This is likely due to the additional water storage, from which water can migrate back into
the substrate layer through capillary bridges, acting as a passive irrigation system. The
high moisture values of the Nature Roof can be attributed to the thicker substrate and larger
drainage and water storage layer compared to the Economy Roof.

4.2. Evapotranspiration

The relevance of sufficient plant-available water becomes particularly evident when
comparing the results to studies assessing irrigated green roofs. For the summer average
daily evapotranspiration, the previously mentioned study in Utah, USA, reports around
5 mm d ! for the grass roof and approximately 3.5 mm d ! for the Sedum roof [30]. Both
the grass roof and the Sedum roof were irrigated, but neither contained a water storage
layer. In the present study, the Garden Roof with lawn vegetation reached around 4.7 mm
d~!in June, a similar value to the irrigated grass roof in [30]. Although the Garden Roof
has a thinner substrate layer than the grass roof and did not receive any irrigation in
June, it contains a temporal water storage, which may have enabled the comparably high
evapotranspiration rates. The Economy Roof, which can be considered equivalent to the
Sedum roof by [30], reached only 2.67 mm d~!. Here, the omission of irrigation that results
in a lower substrate moisture, as well as the thinner substrate and drainage layer, are most
likely responsible for the differences in evapotranspiration.

A study set in Toronto, Canada, measured an evapotranspiration rate of over 7 mm day !
in July with a lysimeter containing an extensive green roof with a 20 cm substrate layer [45].
The high evapotranspiration rate is likely due to the regular irrigation and the situation in
a slightly warmer climate compared to this study’s site.

However, in the climate zone of the present study, high evapotranspiration rates have
been recorded: a study conducted in northern Germany with a very similar experimental
setup found that irrigation in summer can enhance the evapotranspiration rate to around
5 mm d ! for extensive green roofs with 9-21 cm substrate [29]. Both the Retention Roof
and the Garden Roof (with 10 and 15 cm substrate) reached evapotranspiration values
closeto5mmd—1in June, and can be thus considered comparable to an irrigated green
roof system.

4.3. Variable Importance in Projection (VIP) Scores

Due to the similar vegetation type, the Garden and Economy Roof are best suited to
a comparison of the VIP-scores with the study conducted in Utah, USA, in which air
temperature, soil moisture, solar radiation and relative humidity are named as the most
influential variables [30]. In the present study, short-wave radiation and relative humidity
were also among the most important variables, even though soil moisture had generally
lower scores. Due to the close relationship between precipitation and soil moisture, it
can be presumed that the results agree on the importance of plant-available water for the
evapotranspiration process, which is manifested in the high scores for precipitation in this
study and high soil moisture scores found by the authors of [30].
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When looking at the different roof types, the authors of [30] found the solar radiation
to be more relevant for the grass roof, while soil moisture was more important for the
Sedum roof. These results correspond with the findings of this study, as soil moisture
reached a much higher score for the Economy Roof, although the solar radiation is equally
important for the Economy and Garden Roof. While the air temperature received high scores
for both the grass and the Sedum roof in [30], this was only slightly important for the Garden
Roof. This divergence may be due to the addition of long-wave radiation in the present
study, which reached a high score in the case of the Economy Roof and may have led to a
different distribution among the three variables of solar-radiation, long-wave radiation
and air temperature.

Divergence from the VIP-scores reported by [30] may arise from the different study
periods, as [30] used the data of a full year for the regression, while, in the present study,
only the periods from April to the beginning of June and from mid-August to the beginning
of October are included. Furthermore, the studies were conducted in different climate
zones, namely a hot summer, sub-humid, continental climate in the case of [30], and a
warm summer, humid continental climate in this study. The variables included in the
regression also differed slightly between the studies, as soil heat flux, leaf temperature,
soil temperature and long-wave radiation were included in this study, whereas the au-
thors of [30] additionally included the air pressure and the surface soil moisture. These
differences may be responsible for the varying distribution among the importance scores.

4.4. Substrate Temperature and Air Temperature at Vegetation Level

The results are in line with other studies observing that green roofs with shallower
substrate layers exhibit greater temperature amplitudes during the day [46—48]. In [49],
it was found that green roofs with higher substrate moisture also have lower substrate
temperatures. Further, the evaporative cooling effect of green roofs was previously investi-
gated, and model results have shown that irrigation can enhance the cooling effect [50].
However, the magnitude of the evapotranspiration and the resulting cooling effect gener-
ally varies due to the different green roof setups and study locations in different climate
zones [29,30,45].

4.5. Limitations and Outlook

There are a few limitations to this study, mainly driven by the data quality. The period
included in the analysis is rather short and does not represent an entire year. A number of
sensors failed, and the lack of precipitation data limits the validity of the evapotranspiration
rates during the summer months. Additionally, one of the scales showed strong variations,
which may have been due to an insufficiently leveled setup. The smoothened hourly
values, however, provided a good basis for the calculation of the evapotranspiration. The
lysimeters used for measurements were relatively small; therefore, edge effects cannot
be completely ruled out. Lastly, the experimental site was located at ground level, and
the conditions are certainly different from an exposed roof top. However, the greening of
underground structures such as car parks is also very common, and these roofs are often
implemented as Garden Roofs at ground level.

At the experimental site, the data collection continues and, within a planned follow-up
study, we aim to further investigate the underlying mechanisms of the differences among
roofs, focusing on the contribution of the vegetation to the total evapotranspiration as well
as using the long-term data to define the detailed physical and hydrological connections.

5. Conclusions

This study shows that both the Garden and the Retention Roof achieve very high
evapotranspiration rates. The driving factors were identified as solar radiation and relative
humidity, which are environmental variables that cannot be influenced. Additionally, the
water availability in the form of rain and the resulting substrate moisture were shown to
be highly relevant for the evapotranspiration. Even though rain is another environmental
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factor that cannot be controlled, the results demonstrate that engineered solutions can
regulate the substrate moisture. The system design of the Retention Roof with permanent
water storage turned out to be highly effective at raising the moisture content through
passive irrigation and creating high evapotranspiration rates. The Garden Roof with lawn
vegetation and a thick substrate layer also stands out, with a high evapotranspiration and
a very stable moisture content throughout the course of the year. In summer, both roofs
exhibited lower substrate temperatures and had lower air temperatures at the vegetation
level. Therefore, these two roof systems are most suitable for cities that aim to mitigate the
urban heat island effect and restore the natural water cycle. Ultimately, the great differences
between green roof systems require the inclusion of explicit information into city-scale
models. Only when accurate results are available will urban planners be able to complete
the decision-making processes and implement a blue—green infrastructure network that is
optimized for heat mitigation and storm water management.

Author Contributions: Among the three authors, the work was divided according to the following
categories: D.G. carried out the conceptualization, the methodology that involved the measurement
concept, the identification of information to be analyzed and the selection of the manner of analysis,
supervision, project administration and funding acquisition. M.M. did the writing and preparation of
the original draft. ].].K. was responsible for software and data curation. Validation and management
of resources was carried out by D.G. and M.M. The investigation was performed by D.G. and J.J.K.
Parts of the methodology, including the search for appropriate analyses, as well as the visualization
and formal analysis, were realized by M.M. and ].].K. The review and editing were carried out by
D.G.,]J.J.K. and M.M. All authors have read and agreed to the published version of the manuscript.

Funding: The data were collected as part of the Project “Building physics design of urban surfaces for
a sustainable quality of life and environment in cities” which is 60% funded by the Federal Ministry
of Education and Research BMBF (Grant Number: 01LR1725Q). The remaining 40% was funded by
Optigriin international AG.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data used for the analysis in this study can be handed out on
request by contacting the corresponding author.

Acknowledgments: We kindly acknowledge the permission of Optigriin international AG to use the
space for the experimental setup in the parking lot.

Conflicts of Interest: The authors declare that no conflict of interest occurred. The roof systems
analyzed in this study are commercially available from Optigriin international AG; therefore, the
funders had influence on the choice of systems to be assessed. The data were evaluated according to
scientific standards, and the results are presented truthfully.



Land 2021, 10, 1334

19 of 22
Appendix A
Air Temperature Wind Speed

20 1.6 -

25 14 demmmm T Mean = ------- Average Min/Max
o e s SR SR
Z 2 w 1.2
g E 104
£ )

o} o 08 4
210 &
g = 06 4
E 3 £ 04
0 02 4
5 T T T T 0.0 v - v
April May June July August September April May June July August  September
(a) (b)
Relative Humidity Precipitation
100 ———== 40
------- _ Total
—_ i - 35 4
g B =
= 20 -
z % g
b - & 25 4
g’ § 20 4
T 60 -]
2 S 15
= 1 B
= 01— T 10 4
T | @
& 40 4. ) ol n.d.
Mean =~ =------ Average Min/Max| 2 A
30 r r T r 0 4o ] . . An/t_JIAI aa
April May June July August September April May June July August  September  October
(c) (d)
o Long-Wave Radiation
Short-Wave Radiation
300
— 2 "
T 180 4 8 .
g £ 250 A
£ 160 4 S
Z =
= 140 A = 200
& 1<}
£ 120 4 2
;-g 100 ;rau 150 4
& %0 &
2 £ 100 4
& 60 é‘
T o] -
s 20 g
& nd. — n.d.
0 . . - . 0
April M ly August Septembe: ! ' " )
B i L July SEES RS April May June July August September

(e)

()

Figure Al. Weather during the study period from April to September 2021, shown as means, with average minimum and
average maximum for: (a) air temperature; (b) wind speed; (c) relative humidity; weather during this period shown as
average daily sums for: (d) precipitation; weather during this period shown as a monthly sum: (e) short-wave radiation;
(f) long-wave radiation. October is not included here as data were only available for four days in that month.
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Figure A2. Exemplary photos of the four experimental roofs in April and August 2021.
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Green infrastructure elements like green roofs provide a range of ecosystem services to urban areas. Although
shallow extensive green roofs contribute less to stormwater retention and microclimatic improvement than other
green roof types, they remain the most widely used system in European market. This study aims to establish a
basis for optimizing green roof designs by thoroughly examining the differences in the physical characteristics of
the roofs as well as their environmental impacts and performances in relation to their properties. Two years of
microclimatic monitoring on four green roofs revealed distinctly different behaviors regarding evapotranspira-
tion, substrate moisture, substrate temperature, ground-level air temperature, and heat flux. The performances in
evapotranspiration and cooling of ground-level air temperature in summer were clearly related to substrate
thickness and water storage capacity of the roofs. Furthermore, differences in rainwater interception and sto-
matal conductance were quantified among various plant species. The results highlight that green roofs with thick
substrates or large water storage capacities, combined with highly transpiring and densely growing plant species
are most likely to deliver the ecosystem services needed in cities. The collected data also proofs to be essential for

high-precision modeling of green roofs’ microclimatic effects in the context of urban planning.

1. Introduction

Taking into consideration the current development of climate
change, especially in densely populated urban areas, the use of green
infrastructure elements to mitigate negative impacts of the changing
environment is a promising approach. Green roofs, which are one of the
most common green infrastructure applications in cities and frequent
subjects of scientific studies, show high potential for microclimate
improvement and the restoration of the natural water cycle [5,33,34,39,
42,54].

Even though the positive effects of green roofs are widely acknowl-
edged [33], there is still a lack of understanding of green roofs as
complex systems whose properties are influenced by the physical char-
acteristics of their layers and their reactions to environmental in-
fluences. Especially when considering the variety of marketed green roof
systems, most studies are limited either to differentiations only between
extensive and intensive green roofs [44,53] or purely theoretical ap-
proaches using model simulations [30,35]. The few studies that compare
different green roof systems specifically focus on either stormwater
retention or on the building insulation potential [25,50,61]. There is no

study linking green roof microclimatic effects to the respective green
roof characteristics based on comprehensive energy and water house-
hold measurements taken over an extended period of time.

The aim of the present study is to gain an in-depth understanding of
the dynamics within green roof systems bringing together energetic,
water-related, and plant physiological aspects. and to provide a data
basis for green roof simulations. As many building modeling tools are
not able to accurately integrate green roofs (Jovanovié et al. 2019), a
better understanding of green roofs is essential for optimizing green
infrastructure solutions and for meeting the current challenges in urban
areas.

In order to capture the diverse physical properties and effects of
green roof systems as well as their interactions with the environment in a
holistic way, the study has the following objectives:

a) Compiling the physical properties of four different green roof systems

Considering the great diversity of existing green roof systems and
their distinct influences on the microclimate [16], the physical proper-
ties should be studied in greater detail, summarized, and compared.
From the data collected in this study, we expect to see relevant differ-
ences in the physical characteristics of the green roofs throughout all
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seasons.

More specifically, we predict lower air temperatures at vegetation
level, lower substrate temperature, and higher evapotranspiration rates
in roof systems with greater water storage capacity and higher soil
moisture. In addition, heat flux - the rate of heat transfer through a
surface such as a green roof - and substrate moisture are likely to be
more stable in green roof systems with thicker substrate layers.

b) Assessing the driving factors of the physical characteristics regarding
the interactions among the observed parameters as well as their interaction
with environmental factors

Green roofs as semi-natural systems are influenced by the charac-
teristics of the components they are built from and also react to and
interact with the surrounding environment. To gain a solid under-
standing of the green roof system as a complex system and draw accurate
conclusions, the assessment requires a large dataset of both green roof
systems and climatic factors.

As we predict differences among the green roofs regarding their
physical properties, we assume that the systems also react differently to
environmental influences. In particular, the roofs with the thickest
substrate layer and the largest water storage capacity are expected to be
more stable systems, less affected by variations in the surrounding air
temperature, incoming radiation, or wind speed. Consequently, the
regression coefficients should generally be smaller compared to the
green roof system with the shallowest substrate layer and lowest water
storage capacity.

¢) Developing green roof design strategies to optimize their performance in
microclimate regulation and stormwater retention

The findings on differences among green roof systems alongside the
assessment of influencing environmental factors offer insights for
refining green roof design, which can then be applied in urban planning.
The emphasis lies on flood mitigation through stormwater retention and
the reduction of the urban heat island effect during summer, which are
common challenges in densely populated urban areas.

Economy roof

Nature roof
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2. Materials and methods
2.1. Experimental design description

2.1.1. Microclimatic measurements

The research was conducted in the south of Germany, in Goggingen-
Krauchenwies (48°0'20.27916" N and 9°12'5.33952" E) at an elevation
of 623 meters above sea level. This location falls within the warm
temperature, fully humid warm summer climate classification [31]. The
setup encompassed four ground-level experimental green roofs, each
designed as a lysimeter with a surface area of 0.5 m? A surrounding
green roof was built to minimize potential edge effects in the experi-
mental setup (Figure S1, supplementary material). Each green roof was
equipped with sensors for leaf and air temperatures at the vegetation
level, substrate temperature, substrate moisture content, heat flux,
outflow and weight. Additionally, a weather station recorded precipi-
tation, air temperature and relative, wind speed, incoming shortwave
solar irradiance and incoming longwave radiation. Details on sensor
models and manufacturers can be found in the supplementary material
Table S1. The data was collected at an interval of 5 minutes, resulting in
a dataset comprising 2 full years (April 1st 2021 to March 31st 2023).
The roof systems are distributed by Optigriin international AG and
contain various roof layers (Fig. 1). All experimental green roofs were
fertilized with a slow-release fertilizer (Opticote, Optigriin international
AG) at the beginning of the study period and were weeded approxi-
mately once per month in summertime to preserve the intended vege-
tation. Furthermore, the Garden roof with lawn species was watered
occasionally, which is typical for maintaining this type of green roof. All
roofs drain freely except the Retention roof, where the drainage hole is
positioned at 3 cm height. Further information on the positioning of the
sensors can be found in the supplementary material (Figure $2).

2.1.2. Focus: Stomatal conductance measurements

Stomatal conductance, the inverse of stomatal resistance, measures
the rate of gas exchange between plant leaves and the surrounding air
and reflects the loss of water vapor through leaves (Monteith, Szeicz,
and Waggoner 1965). In the context of green roofs, it can be considered
an indicator of the plants’ water consumption and ability to cool the
environment. On the experimental roofs, the stomatal conductance was

Retention roof Gardenroof
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6 cm Extensive multi layer
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Fig. 1. Overview of the green roof types.
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measured occasionally in September 2021, June 2022 and October 2022
under warm and clear weather conditions. The Garden roof contained
Festuca ovina, the Economy roof was composed of Sedum species (Sedum
kamtschaticum and Sedum spurium) and the Nature and Retention roof
contained mainly Sedum species and herbs (Sedum kamtschaticum, Sedum
spurium, and Origanum vulgare). These plant species were part of the
original plant mix applied on the green roofs showed a high plant-cover.
For all days combined, there were 72 observations in total for the Gar-
den and Economy roof and 69 for the Nature and Retention roof.

Stomatal conductance measurements were performed on a single
mature leaf from each adult plant, with the location on the leaf selected
randomly, provided it was sufficiently large to accommodate proper
placement of the porometer sensor. A steady-state Leaf Porometer (SC-1
Leaf Porometer, METER Group Inc.) was employed for the measure-
ments, following calibration in accordance with the manufacturer’s
recommended technique. In total, 282 measurements of stomatal
conductance were recorded.

2.1.3. Focus: Interception measurements

The interception capacity quantifies the amount of rainfall retained
on the surface of a plant’s above-ground biomass. A vegetation cover
with high interception capacity can therefore improve a green roof
system’s water retention capability. The assessment of interception ca-
pacity was based on Dunkerley and Booth [9] with minor adjustments to
adapt to the smaller scale of our experiment. Ten low-growing peren-
nials including herbaceous species and subshrubs commonly utilized for
green roof installations were assessed. The initial preselection was based
on a list of low-growing perennials suitable for green roofs and devel-
oped through years of practical experience, the final selection was
determined by the availability at the nearest plant nursery. Of each
species, three replicates were selected. To determine the interception
capacity, a 10 x 10 cm frame was used to define the area of each plant’s
aboveground biomass and excess aboveground biomass was trimmed.
Then, the plant was cut just above the substrate, weighed and placed in
floral foam blocks to mimic the natural arrangement. Each plant was
irrigated with 500 ml water for 30 seconds using a rainfall-tip nozzle.
After two minutes, the plants were re-weighed to determine the inter-
ception capacity based on the weight difference that was then extrapo-
lated to 1 m? and averaged for each plant species. Additionally, the plant
area index (the ratio of plant aboveground biomass to the substrate
surface) was recorded using a digital camera (Nikon D3200) with a
fisheye lens (Walimex pro, Studioexpress Vertriebs GmbH) and calcu-
lated in the image analysis software CAN-EYE (INRAE).

2.2. Data processing

The data within the hours in which maintenance activities, such as
weeding, sensor replacements, or outflow sensor cleaning, were per-
formed at the experimental setup were excluded from the dataset.
Furthermore, on days when the Garden roof was irrigated, the weight
data was set to "Not Available’ (NA) for the entire days, as the weight is
used in the calculation of the evapotranspiration.

Upon careful scrutiny of the raw data, the following lower and upper
limits were established to exclude outliers: Substrate temperature at the
Garden, Nature, and Retention roof -10 to +45 °C, at the Economy roof
-10 to +55 °C; heat flux at the Garden, Nature, and Retention roof -16 to
+50 W m 2, at the Economy roof -30 to +60 W m~2% shortwave solar
irradiance 0 to 1250 W m™2; air temperature at vegetation level at the
Nature, and Retention roof -10 to +50 °C, at the Garden and Economy
roof -10 to +60 °C; leaf temperature at the Nature, Economy, and
Retention roof -20 to+ 55 °C, at the Garden roof -20 to +65 °C; air
temperature -10 to +40 °C; relative air humidity 0 to 100 %; substrate
moisture 0 to 100 %; rainfall 0 to 9 mm; wind speed 0 to 3 m s~ . Values
outside of these ranges may have caused distortions in the data.

During periods of malfunctioning of sensors as well as during times
of maintenance of the experimental fields, outlying data points that were
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substantially deviating from the overall trends at specific time points,
were considered as obvious outliers and assigned a value of NA.
Furthermore, due to malfunctioning of the rain sensor during snowfall,
rainfall values were recovered from the German Meteorological Service
open-source data (DWD Climate Data Center [10], n.d.]. Those
smoothed hourly precipitation values were used, when at least one of
the outflow sensors indicated water discharge within an hour following
the rainfall observation.

On days with a net outflow of water that resulted in negative
calculated evapotranspiration values, the evapotranspiration was set to
0 mm. To prepare and handle the data obtained from the lysimeter at
both hourly and daily intervals, we applied a smoothing technique by
computing the hourly and daily averages or sums for all measurements.

2.3. Calculations and statistical analyses

2.3.1. Calculation of vapor pressure deficit

The vapor pressure deficit (VPD) is the difference between the actual
moisture in the air and the maximum amount of water the air can hold.
As VPD increases, plant leaves lose more water vapor, leading to higher
transpiration but also to potential water stress. In the context of green
roofs, VPD therefore impacts the vegetative cooling effect. From a plant
physiological perspective, Gates et al. [13] defines the VPD as the dif-
ference between the vapor pressure inside the plant’s leaves (VPpant)
and the actual vapor pressure of the air (VP,;) and refers to Gates,
Zolnier, and Buxton [13] for the calculation of VPpjane and VP, as:

<7,5 x TL>
op 6107 x10x exp\T W
plant = 1000
and
(7.5 X TA>
VP — 610.7 x 10 x exp 733 " RH )
ar = 1000 100

where, Ty, is the leaf temperature in degrees Celsius, Ty represents air
temperature in degrees Celsius, and RH corresponds to relative air hu-
midity as a percentage. Eq. 1 calculates the maximum water vapor
pressure in the plant’s leaf at the given leaf temperature, while Eq. 2
reflects the actual air vapor pressure based on the air temperature and
the relative humidity.

2.3.2. Determination of evapotranspiration

The evapotranspiration of the experimental roofs was calculated
using the smoothed hourly weight and outflow of each of the setups, and
precipitation. Eq. (3) represents the formula for daily
evapotranspiration:

Evapotranspiration = Weight,,,, — Weight,,.., — Outflow + Precipitation
3

Due to possible malfunctioning of outflow sensors during intense
rain events, evapotranspiration was not calculated for days with rainfall
above 2 mm.

2.3.3. Stomatal activity

We applied a logarithmic transformation to stomatal conductance
measurements by taking the logarithm of each individual measurement,
logl0(x), where x represents the stomatal conductance value. This
transformation was chosen to normalize the data and reduce skewness,
as the original data exhibited a right-skewed distribution. To validate
our measurements, the stomatal resistance was calculated based on the
environmental conditions using the formula of Tabares-Velasco and
Srebric [59]:
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Where:
Sootar = 1 4 exp( 0034 x(Ra=35) ©
1 VWC > 0.7 x VWCy,
0.70 x VWCg — VWC,,
fowe = TWE — VWe, VWC,, < VWC < 0.7 x VWCj,
1000 VWC,, > VWC
(6)
1
B 7
furo 1—0.41 x In(e; plans — €a) 7)
1
ftempemture = (8)

1-0.0016 x (35 — (Tpans — 273.15))?

In these equations, r; represents stomatal resistance to mass transfer,
Tstomatalmin corresponds to the minimum stomatal resistance to mass
transfer, Ry, stands for incoming shortwave solar irradiance, VWCrp, is
the substrate volumetric water content under field conditions, VWGC,,
represents the substrate volumetric water content at the wilting point,
e, plants corresponds to the vapor pressure of the air in contact with
plants in kPa, e, represents the vapor pressure of the air in kPa, and
Tplants stands for the average temperature of the plants in K. The values of
VWC,, were determined based on Aslam et al. [2]; Shedd, Dukes, and
Miller [52] and Veihmeyer and Hendrickson [62] and were adjusted to
account for potential underestimation of substrate moisture content in
our observations, resulting in a value of 10 % for F. ovina and 5 % for the
other species. T'somatalmin Values were obtained from Tabares-Velasco
and Srebric [59], with specific values as follows: 500 s m~! for Sedum
species, 50 s m~! for F. ovina, 100 s m~! for O. vulgare. e planis Was
calculated using the Tetens equation [46]:

17.27xT
T+237.3

e; = 0.61078 x exp( 9
Where T represents the temperature of air surrounding the leaves. e, was
calculated similarly, though here, T is the air temperature obtained from
an on-site meteorological station. Furthermore, in our calculations, we
employed the plant area index (PAI) instead of the traditional leaf area
index (LAI). This decision was based on the limitations of the software,
which allowed only for the calculation of the PAI. While for trees the PAI
can be much larger due to the presence of woody stems and branches, for
low-growing herbaceous plants the PAI and LAI are similar [29].

We converted our measured stomatal conductance values to stomatal
resistance to be able to relate it to the stomatal resistance calculated
with the formula of Tabares-Velasco and Srebric [59], using the
following formula:

(2
& (5) =

= (10)
sa6mx [ ¢ i

where the result, gy, is the stomatal resistance in m s7L gw as input is the
stomatal conductance in mol m~2s~ 1, T is the air temperature in °C and
P is the atmospheric pressure in kPa.

2.4. Statistical analysis

All statistical analyses were performed using R, version 4.2.2 (R
[43]). A p-value of less than 0.05 was considered statistically significant
across the entire analysis. Multiple linear regression models were
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employed to analyze the microclimatic variables separately for each
green roof system. In order to quantify the strength and significance of
correlations, the Pearson’s correlation coefficients were computed.
Multiple linear regression was selected as a simple model for assessing
primary trends in relationships. Particularly for the modeling of
evapotranspiration, studies show that linear regressions are a suitable
model approach [27,51]. Although nonlinear models like genetic pro-
gramming demonstrate a slightly higher performance in evapotranspi-
ration estimation, the multiple linear regression also achieve reliable
results without a significant lower accuracy [15]. Significant differences
in stomatal conductance across plant species were assessed using
ANOVA with Tukey’s HSD post hoc test. For differences among the roof
types, a repeated measures ANOVA using a single daily average value
with a subsequent post hoc Tukey’s test was used. To comprehensively
examine seasonal variations, the data collected over the two-year period
were categorized into four distinct seasons: spring (March to May),
summer (June to August), fall (September to November), and winter
(December to February).

3. Results and discussion
3.1. Air temperature at vegetation level

3.1.1. Differences among the green roofs

The air temperatures at vegetation level around early afternoon
differ quite strongly in the summer months among the roofs (see Fig. 2).
The highest mean was measured above the Economy roof in July with
32.12 (£7.52) °C. Above the Retention roof, the temperature was lowest
with only 27.35 (£5.09) °C. Thus, the difference in mean temperature in
July between the coolest and the warmest roof was just over 4.5 °C.

When summarizing the data for the entire summer season for 14:00,
the differences in air temperature at vegetation level among the roofs
remain visible: The Economy roof has the warmest mean temperature
with 30.56 (& 8.15) °C, while the Retention and Nature roof were the
coolest with 26.36 (£ 5.75) °C and 26.67 (+ 6.22) °C respectively. The
Garden roof represented a middle ground between those extremes: in
summer months mean air temperature at vegetation level at 14:00 was
28.58 (£ 7.52) °C. In the winter months all roofs had similar mean
values and differed only by 1-2 °C, with the Economy roof being almost
always the warmest.

3.1.2. Driving factors of the air temperature at vegetation level

Overall, the shortwave solar irradiance clearly has the greatest in-
fluence on the air temperature at vegetation level (see Fig. 3), particu-
larly for the Garden roof (p = 19.05, SE = 0.33, p < 0.001), and the least
impact on the Retention roof (f = 10.35, SE = 0.22, p < 0.001). The
substrate temperature also correlates positively with the air temperature
at vegetation level across all roofs, while substrate moisture shows a
slight negative correlation. All other variables are only partly significant
or do not show a uniform pattern.

3.1.3. Discussion of the findings

Shortwave solar irradiance, wind speed, as well as air and surface
temperature are commonly used for the calculation of heat fluxes on
green roofs [18]. Heat flux is decisive for the calculation of air tem-
perature at vegetation level [59] Even though heat flux did not show a
clear correlation in the present study, shortwave solar irradiance and
substrate temperature were found to be influencing the air temperature
at vegetation level. The air temperature of the weather station was not
included in the model due to the collinearity with shortwave solar
irradiance. Yet, in general the findings regarding the driving factors of
air temperature at vegetation level are in line with the present calcu-
lation methods. No other publications comparing air temperature of
different green roof types and assessing its determinants were found.
The cooling effect from the Retention roof with high water availability
can vary due to differences in substrate thickness or study locations in
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Fig. 2. Mean air temperatures at vegetation level (+SD) at 14:00 for different green roof types. Each mean represents the average of all 14:00 temperature readings
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Fig. 3. Partial regression coefficients (+SE) for air temperature at vegetation level for different green roof types, analyzed on an hourly basis. Fully colored circles
indicate statistically significant effects (p < 0.05), while semi-transparent circles represent non-significant effects.

different climate zones [12,20,25]. Previous studies and modeling re-
sults showed that irrigation can enhance the evaporative cooling effect
[7,171.

Overall, the results show that the choice of roof type affects the
surrounding microclimate, particularly in summer. Shallow green roofs
with low water storage capacities exhibit higher air temperatures, which
are influenced not only by direct sunlight but also by the substrate
temperature. These results support the assumption, that the roof system
with a larger water storage capacity show lower air temperatures at
vegetation level. The second expectation, that shallower roofs are more
strongly influenced by environmental factors, cannot be uniformly
observed.

3.2. Focus: stomatal conductance

3.2.1. Differences among the plant species

The stomatal conductance was substantially different among the four
measured species (see Fig. 4). Stomatal conductance measurements for
F. ovina revealed a consistent range of values throughout the observation
period. The conductance for F. ovina ranged from 81.4 to 636.9 with an
average of 344.5 mmol m 2s1(SD = 112.6). Stomatal conductance of
O. vulgare exhibited a fluctuating pattern, with values ranging from
130.9 to 891.3 mmol m™2 s with an average of 491.3 mmol m~2s~! (SD
= 173.7). Stomatal conductance measurements for S. kamtschaticum
were relatively stable with a range of 23.9 to 344.8 mmol m s with an
average of 143.0 mmol m~2s7! (SD = 77.0). The stomatal conductance
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Fig. 4. Mean stomatal conductance (+SD) by species. Means with no letters in common are significantly different with p < 0.05.

in S. spurium was more varied, with values spanning from 26.1 to 429.2
mmol m? s with an average of 141.5 mmol m 257! (SD = 83.9). The
Tukey HSD post hoc test revealed that O. vulgare had significantly higher
stomatal conductance values than F. ovina, while for both Sedum species
the values were significantly lower than those of O. vulgare and F. ovina.

3.2.2. Driving factors of stomatal conductance

The model incorporating the stomatal conductance data of all plant
species was statistically significant with heat flux being the only sig-
nificant predictor variable. The heat flux exhibited a positive impact on
stomatal conductance, with a 1 kW m™2 increase in heat flux leading to a
small (2.4 %) but still, statistically significant (p < 0.001) increase in
stomatal conductance (see Fig. 5).

The linear models developed for S. kamtschaticum, S. spurium and
O. vulgare did not show any statistically significant impacts of the

700

considered environmental factors. For F. ovina, substrate moisture,
vapor pressure deficit and shortwave solar irradiance had a significant
impact on stomatal conductance. A 1 % elevation in substrate moisture
content corresponded to a 5.08 % augmentation in stomatal conduc-
tance (p = 0.03). The impact of shortwave solar irradiance was smaller,
with an increase in the stomatal conductance of 0.05 % for every
additional 1 kW m™2 (p = 0.03). Regarding the vapor pressure deficit, a
1 kPa increase caused a 27.34 % reduction in the stomatal conductance
(p = 0.03).

The correlation between measured stomatal conductance and
calculated stomatal conductance in F. ovina was significant (f = -0.12,
SE = 0.04, p < 0.01), while for the remaining two species, the correla-
tion was not significant. Nonetheless, the collective analysis across all
species demonstrated a notable positive correlation (f = 0.39, SE = 0.07,
p < 0.001), as depicted in Fig. 6. These findings highlight the varied
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Fig. 5. Correlation between stomatal conductance and heat flux based on a fitted regression model. The shaded area represents the 95% confidence interval. The
model across all plant species is statistically significant with F(5, 178) = 12.57, p < 0.001, R-square = 0.24.
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stomatal responses among different plant species, with a positive cor-
relation apparent when considering the combined dataset.

3.2.3. Discussion of the findings

The stomatal conductance measurements are in line with those from
other authors: Baraldi et al. [4] measured 190 mmol m~2 s~ for Sedum
spectabile with a LI-COR 6400 photosynthesis measurement system. Tan
et al. [61] measured the stomatal conductance of Cyathula prostrata of
50-700 mmol m~2 s~! , using a Decagon SC-1 leaf porometer which is
consistent with the present measurements for O. vulgare. Further, the
converted stomatal resistance values of S. spurium are in line with the
findings of S. spurium from Arriola-Cepeda, Vera, and Albornoz [1] who
measured between 266 s m~* and 973 s m™! for this species, also with a
Decagon SC-1 leaf porometer.

However, these values are substantially higher than 50-300 s m ™,
calculated by Sailor [49] as typical for green roofs, as well as 500-700 s
m’l, measured by Tabares-Velasco and Srebric [58] for succulents
Delosperma nubigenum and S. spurium. This shows that stomatal resis-
tance values based on theoretical models deviate from those measured
directly. Consequently, there is a need for further research aiming to find
the reason for these discrepancies.

The correlations found for F. ovina are in line with the findings of a
variety of literature sources: Multiple stomatal conductance models
confirm its enhancement by rising vapor pressure deficit [3,21,32,37,38,
47,59] this interdependence was also measured by Kitano, Eguchi, and
Matsui [28]

The positive correlation between substrate moisture and stomatal
conductance is also often assumed in the above mentioned stomatal
conductance models and was also measured by Tabares Velasco [57].
Regarding the effect on heat flux in the model across all species, no
comparable studies were found. Yet, the positive link between stomatal
conductance and vapor pressure deficit revealed by Tabares-Velasco and
Srebric [59] supports the observed correlation of heat flux and stomatal
conductance on green roofs. Vapor pressure deficit, a general indicator
calculated based on air temperature as a proxy for heat flux, helps
explain this relationship. As the above mentioned literature mainly
focused on model set-up and validation, the exact correlation between
the stomatal conductance and its driving factors were not assessed.

Despite the fact that the measurements of the stomatal resistance are
similar to those of Tabares-Velasco and Srebric [59], the use of his
suggested formula did not match our measurements. This shows that a

suitable model for multiple green roof and plant types has yet to be
found, since the model from Tabares-Velasco and Srebric [59] was only
validated with a so called ,,cold-plate“ apparatus with only one plant
type (Delosperma nubigenum) under laboratory conditions. The mismatch
of the minimum stomatal resistance of this plant type measured by
Tabares-Velasco and Srebric [58] with the values for Sedum species in
the present study indicates that the use of only one plant type for the
model creation may be the main reason for the model not being suitable
for other plants and green roof types.

The differences in stomatal conductance among the plant species
indicate the complexity of the physiological processes and though the
measurements are mostly in line with other sources of relevant litera-
ture, it was not possible to apply the theoretical concept with the use of
formulas.

3.3. Evapotranspiration

3.3.1. Differences among the green roofs

The seasonal evapotranspiration means for all roofs decreased from
summer to winter in the order summer > spring > fall > winter. In
summer, both the Garden and the Retention roof with 3.63 &+ 0.20 and
3.60 + 0.13 mm day ! had distinctly higher evapotranspiration rates
than the Nature and Economy roof with 2.56 + 0.13 and 2.16 + 0.13
mm day . In spring, the Retention and Garden roof showed very similar
seasonal means (1.83 + 0.13 and 1.81 £ 0.13 mm day’l), while the
Economy roof had similar evapotranspiration rates to the Nature roof
(1.46 + 0.10 and 1.44 + 0.14 mm day_l). In fall, the seasonal means
ranged between 0.64 and 0.93 mm day !, while in winter, the evapo-
transpiration rates were even lower, between 0.26 and 0.58 mm day L.

When looking at monthly averages, the highest evapotranspiration
rate was recorded in July 2021 for the Garden roof (5.50 mm day’l), the
Nature roof (3.87 mm day ') and the Economy roof (3.78 mm day 1).
The Retention roof reached the highest average evapotranspiration in
June 2021 with 5.28 mm day . Looking at single days, the highest daily
evapotranspiration values were recorded for the Retention roof with
6.79 mm day ! on June 17th 2021 as well as the Garden roof with 6.75
mm day ! on June 14, 2021. The Nature roof reached its maximum of
5.74 mm day ! on June 13, 2021 and the Economy roof showed the
peak of 4.85 mm day ! on July 2, 2021.

The overall daily mean evapotranspiration within the 24-month
study period was highest on the Garden roof (2.12 + 0.10 mm day 1),
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followed by the Retention roof (1.72 + 0.07 mm day’l), Nature roof
(1.31 £+ 0.06 mm day_l) and Economy roof (1.27 + 0.05 mm day‘l).

3.3.2. Evapotranspiration in drought periods

Evapotranspiration rates during droughts, especially with high air
temperatures, revealed interesting patterns. Fig. 7 illustrates how the
Nature and Economy roof undergo a gradual reduction in evapotrans-
piration during a 10-day drought with high air temperatures. In
contrast, the Garden and Retention roof experienced first a rise in
evapotranspiration rate. After 5 days when the air temperature reached
its maximum, the Garden roof dropped from 4.72 to only 1.68 mm
day~!. Contrarily, the Retention roof aligned its evapotranspiration
pattern with air temperature. When the air temperature reached a daily
average of 23.9°C, the evapotranspiration rate for this green roof type
increased from 3.82 to 5.07 mm day ..

3.3.3. Driving factors of the evapotranspiration

The linear regression model identifies vapor pressure deficit as the
most significant factor influencing evapotranspiration, although the ef-
fect differed between the roofs (see Fig. 8). For the Retention roof, a 1
kPa increase in the vapor pressure deficit resulted in a 0.07 mm day*
increase in evapotranspiration. In contrast to that, the Nature and
Economy roof both showed a significant negative relationship with the
vapor pressure deficit, a reduction in evapotranspiration of 0.08 and
0.16 mm day ! due to an increase in vapor pressure deficit of 1 kPa.
Apart from that, the shortwave solar irradiance was significant across all
four roofs: A 1 kW m™2 increase in mean shortwave solar irradiance
received within an hour corresponded to a significant increase in
evapotranspiration ranging from 0.04 to 0.07 mm day ! (Retention and
Economy roof). Substrate moisture and leaf temperature had positive
effects on the evapotranspiration rate for all roofs: The increase in
substrate moisture by 1 % led to an increase in evapotranspiration be-
tween 0.05 and 0.25 mm day * (Nature and Economy roof).

3.3.4. Discussion of the findings

Evapotranspiration values from other authors measured under a
similar climate with similar non-irrigated green roof build-ups are
scarce. Takebayashi and Moriyama [60] found a maximum evapo-
transpiration of 6.9 mm day ! in Japan for a lawn green roof with a
substrate thickness of 21 c¢m, similar to the Garden roof. The measure-
ment was conducted in a 0.95 x 1.6 m roof sample by examining the
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water content ratio. Their maximum value is in line with the present
measurement of 6.75 mm day *. A study conducted in northern Ger-
many with a very similar experimental setup found that irrigation in
summer can enhance the daily evapotranspiration rate to around 5 mm
d! for extensive green roofs with 9 to 21 cm substrate [25]. Both the
Retention roof and the Garden roof (with 10 and 15 cm substrate)
reached evapotranspiration values of 6.79 and 6.75 mm d~!, respec-
tively, and thus can be considered comparable to an irrigated green roof
system.

A decrease in evapotranspiration rate caused by a decline in sub-
strate moisture was also observed by Djedjig et al. [8], who recorded the
minimum evapotranspiration at 10 % substrate moisture. Voyde et al.
[63] mentioned a rapid water loss through evaporation after watering,
but this water loss gradually decreased as available water was reduced
until the plants stopped transpiration.

Regarding the design of green roofs in water-scarce urban environ-
ments, a high water storage is beneficial, as the substrate moisture and
thus the evapotranspiration rate will stay high as long as water is
available.

The findings, that vapor pressure deficit together with shortwave
solar irradiance and substrate moisture are the most important factors
for evaporation, are generally in line with other studies: The most
important factors for evapotranspiration were found to be substrate
moisture [23] and solar irradiance [6,24,32,32,41,56,59] Vapor pres-
sure deficit was indirectly mentioned by Jim and Tsang [24] as they
came to the conclusion that apart from solar irradiance low relative
humidity also had an important impact.

All in all, the evapotranspiration rates differ substantially among the
roof types and particularly the observations during a summer drought
made it clear, that a high water storage capacity allows the green roof to
maintain high evapotranspiration rates, supporting our expectation
related to the first study objective. The results of driving factors further
support that substrate moisture is not a decisive factor in evapotrans-
piration rates of the Retention roof, as the roof generally has a high
substrate moisture. Though the shallowest roof often exhibited the
highest regression coefficient, this trend is not consistent throughout all
environmental factors. Thus, in the case of evapotranspiration, the
assumption about thicker green roof systems being more stable, cannot
be confirmed.

6
35
__ 51 , L 30
e 7\
E 7 \
N\ 3 >
S 4 . / - 25 2 Roof
E=] - T
® 7 N - S @ Garden roof
3 >~ ~ L0 3
2 L~ -~ ~ 8 = = Nature roof
g 31 ¢ N ~ S
o . L = Economy roof
- = e N L 15 S
% — — \ % ® == Retention roof
3 21 N h é Air temperature
2‘ — N . 10
ey s S,
N ~.oo L5
N e ey, _—~ :
0 T T T T T T T T T
& S R Q o x o © A K3
> > N Sy Y Yy

Fig. 7. Mean daily evapotranspiration of four different green roof systems during a summer drought.
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significant effects (p < 0.05), while semi-transparent circles represent non-significant effects.

3.4. Focus: Interception

3.4.1. Differences among the plant species

Significant differences in interception capacity were observed among
the various plant species, as illustrated in Fig. 9. S. chamaecyparissus (a
small shrub) showed the highest interception value, exceeding 1.51 m™2,
while O. vulgare (herbaceous) displayed the lowest interception capac-
ity, approximately at 0.3 1 m~2. The model results show the PAI strongly
influences the interception capacity and that plants with a high PAI tend
to have a greater interception capacity (p = 0.356, SE = 0.05, p < 0.001,
R? = 0.91).

Based on our data, the empiric formula 11 (R? = 0.76) describes the
relationship between the PAI and the interception capacity (S) for a PAI
> 1.

S =-0.33+0.44 x PAI 11
3.4.2. Discussion of the findings

Only few studies assessed the interception capacity of plants: Kemp,
Hadley, and Blanusa [26] measured values of S. spurium of 0.3 and 0.6 1
m 2 with a LAI between 1 and 2. Smets et al. [55] measured 4.22 + 1.83
1 m~2 for L. angustifolia. The measurement of S. kamtschaticum of 0.372 1
m~ 2 and a PAI of 1.23 is in line with the above mentioned studies, while
the results for L. angustifolia are substantially lower. This difference is
most likely due to variations in how the calculations were conducted. In
the study by Smets et al. [55], the interception capacity was based on the
canopy projection area, which thus leads to the assumption of a plant
cover of 100 %, while in the present study the plant cover was some-
times smaller. The measurements for green roof vegetation of over 1.51
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Fig. 9. Mean Interception capacity (+SD) by species. Means with no letters in common are significantly different with p < 0.05.
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m~2 are more realistic, considering a green roof’s vegetation does not
always have a cover of 100 %.

Overall, the results show that the vegetation layer plays a relevant
role in retaining smaller rain events and evaporation. Especially for
modelling the energy and water balance of green roofs correctly, further
research should be conducted to gain a better understanding of the
interception capacities of different vegetations. Yet, for practical appli-
cations our findings indicate that choosing plant species with a high
plant area index can help to increase direct rainwater evaporation from
leaves and thereby to restore the natural water cycle on green roofs.
Based on the PAI, the determined formula can be used for an estimation
of the interception capacity of green roofs with a vegetation consisting of
Sedum species or small shrubs. However, the results should be used with
care, as the dataset is small and only includes 10 different plant species.

3.5. Heat flux

3.5.1. Differences among the green roofs

Throughout the monitoring period of two years, all green roof types
exhibited distinct seasonal heat flux variations. The Retention roof was
the only roof type that had solely negative seasonal heat flux means.
They ranged between -0.46 and — 1.41 W m ™2 with the lowest mean
recorded in summer. The Nature and Economy roof showed positive
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means in spring (0.39 and 0.67 W m~2), but only negative means in the
other two seasons. Particularly in fall, the Economy roof had the lowest
overall mean with -2.03 W m™2, while in summer both Nature and
Economy roof had shallower means of -0.18 and -0.38 W m™ 2 In
contrast, the Garden roof was the only roof type with positive mean heat
fluxes in both spring and summer. Among all roof types, it also showed
the highest overall means in these two seasons (1.64 and 1.99 W m ™2 in
spring and summer respectively). The standard errors of the reported
means are all smaller than 0.06 W m™2.

The daily patterns across the seasons also revealed notable differ-
ences among the roof types, especially concerning the daily peaks (see
Fig. 10). During the spring season, peak values were recorded around
the early afternoon between 12:00 and 15:00 and the Garden and
Retention roof reached their maximum heat flux in this season. The
Pearson’s correlation coefficient between heat flux on various roofs and
air temperature ranged from r = 0.37 to r = 0.63, indicating a strong
positive linear relationship (p < 0.001).

In summer, the Garden and Economy roof exhibited the highest heat
flux during the day, while the peak of the Economy roof shifted to the
morning hours (10:00 to 11:00). The diurnal amplitude of heat flux was
widest on July 3, 2022 for that roof system (—23.37 to 59.36 W m2).
This suggests that the Economy and Garden roof absorb significant heat
during the day and release it gradually through the night. The Pearson’s
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Fig. 10. Mean heat flux (blue bars) and incoming shortwave solar irradiance (red line) on sunny days (with shortwave solar irradiance > mean shortwave solar

irradiance in the respective season) for different green roof types.
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correlation coefficient between heat flux on various roofs and air tem-
perature in summer months ranged from r = 0.36 to r = 0.72 (p <
0.001).

The Pearson’s correlation coefficient between heat flux and air
temperature in fall months ranged from r = 0.41 tor = 0.58 (p < 0.001).
On September 4, 2022, the Economy roof exhibited a diurnal amplitude
ranging from -17.62 to 31.51 W m™?, indicating a reduction in heat
absorption and dissipation during the season.

During the winter season the green roofs experienced the lowest heat
flux values, in line with the reduced shortwave solar irradiance and
colder temperatures. The Garden roof exhibited the widest range of
diurnal amplitude on February 26, 2022, from —6.18 to 2.34 W m™2,
indicating minimal heat exchange during the colder months. The Pear-
son’s correlation coefficient between heat flux on various roofs and air
temperature in winter months was relatively low, ranging from r = 0.11
tor=10.29 (p < 0.001).

3.5.2. Driving factors of the heat flux

Distinct significant negative heat flux dynamics emerged on the
Economy roof in the context of PAI influence (see Fig. 11). Heat ab-
sorption negatively correlated with plant development and spatial
expansion, as increased biomass coverage led to heightened heat dissi-
pation (Economy roof: p = —1.87, SE = 0.85, p < 0.05). The correlation
of heat flux with substrate temperature was statistically significant for
both the Garden and Retention roof, showing negative correlations.
Incoming longwave radiation had a significant positive influence on
heat flux, even though the estimates were all smaller than 0.15 W m™2.
Regarding the effect of substrate moisture on heat flux, no significant
correlation was found.

3.5.3. Discussion of the findings

Getter [14] examined the heat flux of a green roof setup, similar to
the Economy roof with a drainage layer, a fleece, a minimum of 5 cm of
substrate and mostly sedum vegetation, situated on an inverted (insu-
lation) roof in Michigan, USA, during the different seasons. Under spring
day conditions, they recorded a heat flux range of -6 to 2 W m 2
(Economy roof in the current study: —9 to 12 W m~2). In summer the
range in Getter [14] was from -4 to 6 W m~2 with a peak at 3 pm
(Economy roof in the current study: —11 to 23 W m2).

Tabares-Velasco and Srebric [59] measured a range from -10 to 8 W
m~2 for a green roof similar to an Economy roof on an insulated steel
deck in Chicago, Illinois.

Building and Environment 269 (2025) 112356

In comparison with the measurements of the above-mentioned au-
thors, the amplitude of the present measured values is considerably
higher. The heat flux in a lysimeter consisting of a relatively small metal
case might not comparable to the setup of a standard roof and therefore
the collected data may not serve for calculating the energy balance of
buildings. However, it can be a useful parameter for the validation of an
evapotranspiration model for different green roof setups.

Regarding the influence of the PAI on the heat flux, Getter [14] and
Morau, Libelle, and Garde [36] found that the magnitude of the heat flux
decreases when the LAI increases, which is in line with the present re-
sults. Getter [14] attributed this to the shading effect of the leaves.

The findings in Saadatian et al. [48] indicate that for the effect of
substrate moisture on heat flux, dry substrate is generally a better
insulator, because wet substrate increases the conductivity of the sub-
strate. However, in summer conditions wet substrate can perform better
in terms of cooling the building because due to evapotranspiration it acts
as a passive cooler. Therefore, the correlation between heat flux and
substrate moisture depends substantially on the present environmental
conditions. While the cooling potential of a green roof with a wet sub-
strate is high on a hot day, the correlation is weaker on a cold day, as the
conductivity of the moist substrate leads to a higher heat flux magni-
tude. The findings by Getter [14] support this assumption. They
observed an increase in heat flux as substrate moisture rises, although
this pattern was not recorded consistently. Jim and He [22] found that
only larger changes in substrate moisture led to a positive correlation
with heat flux.

In general, the findings support the assumption that the heat flux
reduced in thicker roof systems. However, the results also show that
substrate thickness is not the only decisive factor, but is complemented
by both the substrate temperature as well as the vegetation cover. Yet,
due to the small size of the experimental roofs, the recorded heat flux
values may not be representative, as demonstrated by comparisons with
literature sources. Also, the influence of the environmental factors on
the shallower roofs did not display higher regression coefficients.

3.6. Substrate temperature

3.6.1. Differences among the green roofs

The highest substrate temperature in the early afternoon (29.62 +
5.73 °C) occurred in June on the Economy roof (see Fig. 12). At the same
time, the Retention roof exhibited 8.5 °C less - only 21.15 (+ 2.78) °C. In
August, the difference between the daily warmest and coolest substrate
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Fig. 11. Partial regression coefficients (+SE) for heat flux for different green roof types, analyzed on an hourly basis. Fully colored circles indicate statistically
significant effects (p < 0.05), while semi-transparent circles represent non-significant effects.
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Fig. 12. Mean substrate temperatures (+SD) at 14:00 for different green roof types. Each mean represents the average of all 14:00 temperature readings collected

throughout the corresponding month.

temperature was at its maximum with just over 9 °C difference between
the Economy and Retention roof. While the differences during the
summer months from May to September amounted to an average of 8 °C,
in winter the substrate temperature was very similar among the roofs,
with differences between the coolest and warmest mean temperature
ranging from 0.3 to 1.9 °C.

Longwave radiation [W m-?]

Substrate moisture [%]

3.6.2. Driving factors of substrate temperature in dry and wet substrate
conditions

Regardless of substrate moisture conditions and the specific site
under investigation, a clear negative correlation between substrate
temperature and moisture was observed (see Fig. 13). This correlation
was particularly high under dry conditions (< 10% substrate moisture),
with all roof types except for the Retention roof exhibiting a more robust
response to elevated moisture levels.

Under moist conditions, the negative correlation persisted but
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Fig. 13. Partial regression coefficients (SE) for substrate temperature for different green roof types, based on 5-minute interval data. Fully colored circles indicate
statistically significant effects (p < 0.05), while semi-transparent circles represent non-significant effects. Substrate moisture levels are categorized as follows: < 10 %
for dry substrate; > 15 % for moist substrate on the Garden, Nature, and Economy roof; 15 %-25 % for moist substrate in the Retention roof, > 25% for wet substrate

on the Retention roof.
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appeared weaker, with the exception of the Retention roof. In contrast,
the Retention roof exhibited a cooling trend as moisture levels exceeded
25%, where each additional percentage point of water content was
associated with a 0.15 °C decrease (p = —0.15, SE = 0.002, p < 0.001).

Incoming longwave radiation consistently resulted in substrate
warming in all cases. In contrast to the other factors, the correlation
between substrate temperature and PAI varied: Under dry conditions,
the Garden and Retention roof exhibited a negative association. In moist
and wet conditions, substrate temperature on all roofs, except for the
Garden roof, tended to be warmer when densely covered with
vegetation.

3.6.3. Discussion of the findings

The results match other studies that showed how green roofs with
thinner substrate layers produce larger temperature amplitudes [11,40,
45]. Jim and Peng [23] found that green roofs with a moister substrate
also have cooler substrate temperatures. This is in line with our results,
even though the data shows that the negative correlation between
substrate temperature and substrate moisture is stronger for dry
substrate.

To summarize, from spring to fall, the substrate temperature was
always the lowest for the green roof system with higher water storage
capacity and always the highest for the shallowest roof system, sup-
porting the assumptions in the introduction. Important influencing
factors include the plant area index and the substrate moisture, though
their effect size differed depending on the substrate’s moisture condi-
tion. However, no clear tendency was observed regarding the effect of
environmental variables on shallow versus thicker roof systems. In
general, substrate temperature plays an important role in the microcli-
mate of a green roof.

3.7. Substrate moisture

3.7.1. Differences among the green roofs

Across the entire measurement period, the Retention roof showed the
highest average substrate moisture with 33.05 (+8.23) %. In contrast,
the substrate moisture of the Economy and Garden roof was
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substantially lower with 15.87 (+3.89) % and 15.90 (+2.84) %
respectively. The Nature roof exhibited an average substrate moisture of
18.84 (+5.37) %.

For all roof types, the seasonal average substrate moisture was lowest
in summer and highest during winter. Spring and fall means were very
similar, differing by no more than 2 % for each roof. Looking at the
monthly averages, all roofs showed the lowest substrate moisture in
September 2021 with 11.27 %, 12.36 %, 12.45 % and 22.13 % for the
Garden, Nature, Economy and Retention roof respectively. The highest
monthly averages were recorded in February 2022 and March 2023
(18.82 %, 25.46 %, 21.13 % and 44.85 % for the Garden, Nature,
Economy and Retention roof). The temporal variation in substrate
moisture was largest for the Retention roof, measuring 38.70 (+4.55) %
in winter and 25.65 (+3.8) % in summer, with a difference of over 13 %.
The Garden roof, on the other hand, exhibited the most stable substrate
moisture conditions with a difference of only 2.22 % between the daily
averages in summer (14.79 % - lowest) and winter (17.01 % - highest).
The differences between the highest and lowest seasonal means were
6.67 % and 5.41 % for the Nature and Economy roof.

3.7.2. Driving factors of substrate moisture

Amongst all variables, shortwave solar irradiance had the strongest
impact on substrate moisture, even though the direction of the corre-
lation differs among the green roof systems (see Fig. 14). While for the
Garden, Economy and Nature roof substrate moisture was positively
correlated to shortwave solar irradiance, for the Retention roof a
negative correlation was observed. Likewise, the influence of evapo-
transpiration was not uniform among the roofs. While the substrate
moisture of the Garden and Economy roof was positively correlated to
substrate moisture, the Retention roof showed a negative correlation.
Precipitation exhibited only significant correlations for the Nature and
Retention roof - positive in both cases. Leaf temperature was negatively
related to substrate moisture for all roofs. The remaining variables show
mixed tendencies.

3.7.3. Discussion of the findings
Literature dealing with the substrate moisture content of green roofs

Wind speed [m s

Substrate temperature [°C] -
Shortwave solar irradiance [kW m’z] .
Relative humidity [%]
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Leaf temperature [°C] 4
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Fig. 14. Partial regression coefficients (+SE) for substrate moisture for different green roof types, analyzed on an hourly basis. Fully colored circles indicate sta-
tistically significant effects (p < 0.05), while semi-transparent circles represent non-significant effects.
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mainly focuses on the thermal behavior of green roofs, but no study
explicitly examined the mean substrate moisture of different seasons or
roof systems, the substrate moisture in relation to the PAI or the
incoming longwave radiation. Tan et al. [61] measured the substrate
moisture of a 1 m? large and 35 cm thick green roof build-up with and
without a retention layer, using a Decagon soil moisture measurement
device. While the green roof with retention layer maintained a substrate
moisture of around 35 %, the roof without retention layer measured only
22 %. During a hot and dry period of 9 days, the substrate moisture of
the green roof with retention layer fell to 22 %, the other green roof to 5
%. On a 8.600 m? green roof in Berlin with a substrate thickness of 9 cm
and no drainage layer, Heusinger and Weber [19] observed a maximum
substrate moisture of 42.3 % throughout a period of 14 month. The
mean substrate moisture during dry periods measured 10 %. Consid-
ering the above-mentioned range of measured substrate moistures, it can
be concluded that the values in this study are plausible.

As the substrate moisture is a key parameter for the vitality of green
roof vegetation, stable moisture conditions are important. Even though
the roof with the thickest substrate layer showed the most stable mois-
ture conditions, the roof system with the shallowest system did not have
the least stable moisture conditions. Also, the regression coefficients
were not uniformly higher for the shallower roof systems. Therefore, a
more profound analysis is needed before confirming the hypothesis
regarding substrate thickness and stability of substrate moisture. The
analysis of the driving factors showed that a number of variables in-
fluence the substrate moisture, though the intensity of the effects varies
among the green roof types. In general, the less a roof type is influenced
by meteorological conditions such as air temperature, shortwave solar
irradiance, rain or windspeed, the more stable and robust it is
considered.

3.8. Relevance for urban sustainable planning

3.8.1. Implications of the findings for urban planners

As cooling the urban environment is one of the aims of urban
greening, it is important to know how different types of green roofs
perform regarding the cooling effect. The results on the physical prop-
erties of the green roof systems create a valuable decision basis. The
measurements of stomatal conductance are of practical use when
selecting plant species for a high cooling efficiency, though they also
require an adequate water supply. Another aim of urban greening is
retaining stormwater during extreme weather events. This study shows
that interception capacity can serve as an important new factor to
consider when selecting plants for green roofs. The data provide a de-
cision basis for the vegetative cover, as some plant species demonstrated
over 1.5 1 m™2 of rainwater interception. Regarding the insulation of
buildings, a green roof system with wet substrate is necessary for the
evapotranspiration process and therefore supports the heat insulation in
buildings, though in winter conditions, a wet substrate has a negative
effect on the insulation. Green facades have similar effects (cooling,
retaining rainwater on canopies, insulating) as the above mentioned.
Regarding the cooling of the surrounding air, green facades can be even
more beneficial in urban areas, though they are clearly more expensive
than green roofs [33].

3.8.2. Practical design strategies for effective green roofs

Generally, the cooling effect of green roofs is present as long as
substrate and plants have enough water available. Plant species with
high stomatal conductance and large PAI enhance cooling in summer,
but also have an accordingly high water demand. A green roof with a
high water storage capacity leading to a high substrate moisture allows
for high evapotranspiration rates and efficient cooling, though in case it
falls dry, also tends to heat up. The key factor for constructing a highly
effective green roof is therefore to find a balance between water avail-
ability and water usage of plants and substrate evaporation. This means
that, regardless of the climate zone, green roofs should preferably
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include a large water storage layer similar to the Retention roof in order
to enhance the water storage capacity and the cooling effect. Plant se-
lection must be considered separately for each climate zone and building
site. Based on the results, a general recommendation to urban planners
and policy makers is to promote the installation of green roofs with large
water storage capacities. A large water storage capacity can be consid-
ered the most efficient way to benefit from the positive effects of green
roofs.

3.9. Opportunities and limitations

While this study benefits from a long measurement period and
numerous variables, several limitations must be considered. These
include the small size of the green roofs that may have caused edge ef-
fects, although they were mitigated by a surrounding green roof con-
struction. Yet, the results were comparable to other studies assessing
larger green roofs for all variables except for the heat flux measurements
which may have been influenced by the metallic construction. However,
for all other variables, there is no indication that the small green roof
size compromised the measurements. Most data gaps fell within the
moderate seasons, but the missing precipitation data during the first
summer was problematic. We recovered data from the nearest weather
station, but potential impacts of missing data cannot be entirely
excluded. Outliers were carefully removed to maintain a reliable dataset
without excluding valid extreme points. However, models should be
interpreted carefully, as not all model diagnostics were ideal. Although
normal distribution was mostly achieved, linear relationships and ho-
mogeneous residual variance were not always present. Thus, significant
results with small effect sizes should be viewed cautiously, and the focus
should remain on general trends. Partial collinearity among temperature
variables (e.g., solar irradiance, air temperature) posed challenges, but
we included only one variable per model when possible.

Despite these limitations, the study produced highly interesting and
relevant results that contribute to the research of green roofs and green
infrastructure. For studies with a similar setup, we recommend the in-
clusion of a control roof and the more profound analysis of direct and
indirect influences on variables that include also potential time lags.
Assessing the same roof types in different climate zones would further
provide helpful insights, as it is possible that the green roofs behave
differently in other climatic conditions such as tropical or more arid
climates.

4. Conclusion

This study revealed that physical behavior and therefore also the
environmental effects can vary significantly between the different green
roof types. The driving factors for physical properties also differ in di-
rection and strength between the roofs, revealing a high complexity
within these urban green infrastructure elements. In terms of modeling
the physical behavior of green roofs, the study shows the effects as well
as the direction and strength of driving factors in relation to different
setups. Due to the large number of recorded variables, the analyzed
dataset gives a more holistic view than most other studies. Overall, this
study provides valuable insights for green roof modeling approaches and
sustainable urban planning. For future research, the modelling of sto-
matal conductance and interception capacity of green roof plants as well
as the and the determination of the matching native or non-native plant
species for vital and biodiverse green roofs would be of high practical
use. Lastly, the assessment of the long-term performance of green roofs
under different climate change scenarios would support evidence-based
strategies for a climate-resilient urban development.
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Abstract

This paper presents a novel model for the year-round simulation of evapotranspiration
(ET) and substrate temperature on two fundamentally different extensive green roof types:
a conventional drainage-based “Economy Roof” and a retention-optimized “Retention
Roof” featuring capillary water redistribution. The main scope is to bridge the gap in
urban climate adaptation by providing a modeling tool that captures both hydrological
and thermal functions of green roofs throughout all seasons, notably including periods
with dormancy and low vegetation activity. A key novelty is the explicit and empirically
validated integration of core physical processes—water storage layer coupling, explicit
rainfall interception, and vegetation cover dynamics—with the latter strongly controlled
by plant area index (PAI). The PAIL here quantified as the plant surface area per unit
ground area using digital image analysis, directly determines interception capacity and
vegetative transpiration rates within the model. This process-based representation enables
a more realistic simulation of seasonal fluctuations and physiological plant responses, a
feature often neglected in previous green roof models. The model, which can be fully
executed without high computational power, was validated against comprehensive field
measurements from a temperate climate, showing high predictive accuracy (R? = 0.87 and
percentage bias = —1% for ET on the Retention Roof; R? = 0.91 and percentage bias = —8%
for substrate temperature on the Economy Roof). Notably, the layer-specific coupling of
vegetation, substrate, and water storage advances ecological realism compared to prior
approaches. The results illustrate the model’s practical applicability for urban planners
and researchers, offering a user-friendly and transparent tool for integrated assessments of
green infrastructure within the context of climate-resilient city design.

Keywords: green roof; Retention Roof; blue-green roof; green roof modeling; evapotranspi-
ration modeling; substrate temperature modeling

1. Introduction

Urbanization and climate change have intensified the frequency and severity of flood-
ing and heat events in cities. This development is largely driven by increased impervious
surfaces and altered cycles of hydrology and energy. As a consequence, cities are increas-
ingly affected by stormwater overload, elevated energy demands, and growing risks to
public health during extreme weather events. Green roofs have emerged as nature-based so-
lutions that mitigate these adverse impacts by enhancing stormwater retention, improving
local microclimates, and reducing building energy demands, among other co-benefits [1-4].

In particular, retention-type green roofs—systems with enhanced water storage
capacity—are now frequently implemented as stormwater management tools at both
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building and district scales. They are supposed to not only retain rainfall during extreme
weather events but also to support aesthetic integrity and maintain healthy vegetation dur-
ing summer months for continued cooling benefits [5,6]. Given that the use of potable water
for irrigation is often limited or prohibited, understanding and predicting a green roof’s
water consumption and cooling performance is essential for optimal design and function.
From an urban planning perspective, the most important ecosystem services of green roofs
are attractive appearance [4,6,7], cooling effect [8,9], increased urban biodiversity [10,11],
and delaying runoff during precipitation events [12,13].

The hydrodynamic calculation of runoff delay is well documented in the literature [14-16]
and one key input variable for these simulations is substrate moisture at the onset of a
rain event, which strongly depends on evapotranspiration rates during prior dry periods.
Similarly, evapotranspiration plays a decisive role in the thermal behavior of the roof by
promoting latent heat loss, while substrate temperature governs sensible heat exchange
between roof surfaces and the surrounding air. These two parameters—evapotranspiration
and substrate temperature—therefore represent the most relevant calculable variables
for evaluating both the hydrological performance and urban cooling capacity of green
roofs. Their accurate prediction is essential to quantify retention capacity, guide irrigation
strategies, and evaluate energy saving potential for green infrastructure planning [8,17-19].

Nevertheless, a review of existing modeling approaches reveals several persistent
research gaps in the simulation of substrate temperature and evapotranspiration on green
roofs. The summary in Table 1 presents a comparative analysis of eleven models which
calculated both evapotranspiration and substrate temperature and were published between
1998 and 2021, highlighting the state of current modeling efforts. They have been reviewed
regarding the calculation (Ca) and validation (Va) of soil moisture, stomatal resistance,
interaction with drainage/retention layer, plant area index (PAI—the ratio of plant above-
ground biomass to the substrate surface)/soil cover fraction (SCF—the ratio of plant cover
of a measurement area), and interception, the simulation of which are important for a com-
prehensive model [20-22]. As well as regarding the validated ability to simulate a full year,
having evapotranspiration measurements for result validation and no need for numeric
solvers are necessary characteristics for a reliable and easy to use model, without the need
of extensive computational power. While many studies address some of these aspects, no
model provides a simulation with all the mentioned key parameters and characteristics.

One clear shortcoming across much of the existing literature is the limited validation
of key variables, particularly interception, stomatal resistance, and the interaction between
substrate and drainage or retention layers. While evapotranspiration is a central component
of most models, only two (Takebayashi and Moriyama, 2007 [23]; Tabares-Velasco et al.,
2012 [24]) include validation.

A second limitation is the underrepresentation of validated biophysical plant processes.
Validated seasonal variation in plant parameters such as PAI and SCF, which are crucial for
accurate modeling of evapotranspiration [25], remain largely underrepresented. Notable
exceptions include the models by Tabares-Velasco et al. [25], de Munck et al. [26], and
Decruz [27].

Opverall, model usability remains a concern. Several modeling frameworks, especially
those rooted in hydrodynamic or hygrothermal simulation, require extensive computational
resources or the application of specialized software packages. Although these can provide
high-resolution results, they are often impractical for implementation in daily use software
for planners, engineers, or policymakers aiming to assess green roof scenarios in everyday
applications. Models suitable for annual simulation with minimal computational effort are
notably lacking in the reviewed literature.
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Perhaps the most consistent omission among existing studies is the neglect of drainage
and retention layer interactions. In many commercially available green roofs today, water
flow is not limited to vertical percolation within the substrate. Lateral flows, capillary
upward fluxes, and water storage in sub-layers significantly affect evapotranspiration
dynamics and substrate thermal properties [20,22,28], yet none of the reviewed models
explicitly represent this hydraulic coupling, limiting their capacity to capture the behavior
of retention-optimized green roofs. In modern multilayered systems, this shortcoming
becomes increasingly relevant for both hydrological and thermal modeling.

Finally, none of the models attempt full-year simulation with empirical validation
against evapotranspiration. Instead, many studies focus on single seasons (typically sum-
mer) or isolated events, reducing the models” ecological realism and generalizability.

Table 1. Overview of models with calculation of evapotranspiration and substrate temperature
comparing specific characteristics and key model parameters.

Interaction 1o
Soil Stomatal with Full Year V:]];lﬁc};gm;_ Null\:::ric
Author(s) Year Moi Resis- Drainage/  PAI/SCF Interception Simula- “vap
oisture R . transpiration Solvers
tance Retention tion
Data Needed
Layer
Ca Va Ca Va Ca Ca Va Ca Va
Palomo del Barrio Q 1998 v X (4 X X X X X X X X X
Alexandri & Jones [23] 2007 v/ v "4 v X v X X X X X X
akebayashif 07 X X v X X X X X X X v X
oriyama [23]
Sailor [8] 200 v X v X X v X X X v X X
Ouldboukhitine »; ) 5¢ % X v X X X X X X
etal. [29]

Tab:tri'\[/;?sco 2012 X X v v X v v X X X v v
Dijedjig et al. [30] 202 v v v X X v X X X X X X
de Munck et al. [26] 2013 v v 4 X X v v v X X X v
Decruz [27] 2016 v v v X X v Vv v X X X X
Tian et al. [31] 2007 v X v X X v X X X X X X
Hong et al. [32] 2021 X X v X X X X X X X X X

Abbreviations: Ca means calculated. Va means validated. X means parameter not included. ¢ means
parameter included.

In summary, while notable progress has been made in individual aspects of green
roof modeling, Table 1 illustrates that gaps remain in integrated, validated, and practically
usable simulations of evapotranspiration and substrate temperature. Addressing these
gaps—particularly the incorporation of vegetation dynamics, interception calculation, full-
year applicability and drainage layer interaction—remains a key challenge and motivation
for the development of more comprehensive models, such as the one proposed in the
present study.

The overarching goals of this study are as follows:

1. To model the two most essential variables—evapotranspiration and substrate
temperature—with a high degree of accuracy, as they are fundamental for the pre-
diction of the water use and energy performance of green roofs under changing
weather conditions.

2. To ensure usability and practicality, the model is designed to be applied with easily
accessible input data, without requiring high computational resources, making it
widely usable.

3. Toimprove model accuracy by addressing key research gaps, specifically

e include interception calculation
e  capture seasonal variation in PAI and SCF
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e simulate and validate a full year
e include hydraulic coupling with drainage and retention layer

To achieve these aims, existing approaches are combined and refined into a model for
green roof evapotranspiration and temperature, which is tested across representative green
roof types. All simulations in this study were run using Microsoft Excel (Version 16.78 for
Mac) to underscore its practical applicability without the need for advanced programming
or simulation tools.

2. Materials and Methods
2.1. Study Site and Experimental Setup

For validation of the model, measurement data from the whole year of 2022 for
two different green roof types, the so-called Economy Roof and Retention Roof, was used.
The Economy Roof with its four layers (protection fleece, drainage mat, filter fleece, and
substrate) is the most common standard build-up for extensive green roofs, at least for
the German market and its neighboring countries [33,34]. The Retention Roof differs from
the Economy Roof in its use of a water retention layer instead of a drainage layer and
a capillary connection from this layer to the substrate. The measurements were carried
out in previous studies [22,28] in the south of Germany, in Krauchenwies-Goggingen
(48°0'20.27916"” N and 9°12'5.33952"" E) at an elevation of 623 m above sea level. This loca-
tion falls within a warm temperature, fully humid warm summer climate classification [35].
The setup encompassed the two green roofs, each placed in a lysimeter with a surface area of
0.5 m?. As shown in Figure 1, the lysimeters were placed on a sealed surface. To minimize
potential edge effects, e.g., an increased heat flux due to the sealed surface, a surrounding
green roof was built for this experimental setup. Each green roof was equipped with
sensors for leaf and air temperature at the vegetation level, substrate temperature, substrate
moisture content, heat flux, outflow, and weight. Additionally, a weather station recorded
precipitation, air temperature and relative humidity, wind speed, incoming shortwave solar
irradiance, and incoming longwave radiation. A detailed list of the sensors, their location
and their accuracy can be found in Table 2. The data was collected at intervals of 5 min,
resulting in a dataset comprising 2 full years (1 April 2021 to 31 March 2023). The roof
systems are distributed by Optigriin international AG, Krauchenwies-Goggingen, Germany
and contain various roof layers (Figure 2). All experimental green roofs were fertilized with
a slow-release fertilizer (Opticote, Optigriin international AG) at the beginning of the study
period and were weeded approximately once per month in summertime to preserve the
intended vegetation. The Economy Roof drains freely, while the discharge of the Retention
Roof is restricted, as the drainage hole is positioned at 3 cm height. Further details about
this research can be found in the corresponding publication by [28].

Microclimatic Measurements
- =

Figure 1. Measurement site in Goggingen-Krauchenwies, Germany [28].
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Table 2. List of measured parameters, measurement devices used, approximate position of the

sensors, and their accuracy.

Layer Parameter Mea§ urement Manufacturer Accuracy
Device
Atmospheric LAMBRECHT meteo
p Precipitation Rain[e] GmbH, Gottingen, +1 mm or £1%
Layer G
ermany
CS215 Temperature . 40.3 °C (at 25 °C)
Air Temperature  and Relative Icfcmizegfc{?? tbﬁg A 40.4 °C (5° to 40 °C)
Humidity Probe v Logan, Y +0.9 °C (—40° to +70 °C)
Relative gfﬁllgefsg:] };erature Campbell Scientific £2% (10% to 90% range) at 25 °C
Humidity Humidity Probe Inc., Logan, UT, USA  £4% (0% to 100% range) at 25 °C
Total zero offset: <+9 W m—2
Non-stability (change/year):
Kipp & Zonen B.V,,  <£0.5%
?{};31;; t‘i/g ive Solar CMP10 Pyranometer Delft, The Non-linearity (100 to
Netherlands 1000 W m—2): <+0.2%
Temperature response: <+1%
(—10°C to +40 °C)
Non-stability (change/year):
. <1%
Long-Wave CGR3 Pyrgeometer Kipp & Zonen B.V., Non-linearity: <1%
° . Delft, The
Radjiation (facing the sky) Netherlands Temperature Dependence of
Sensitivity: <5% (—14 °F to
+104 °F)
WindSonic4 s e
Wind Speed Two-Dimensional Campbell Scientific +2% (at 12m s 1)
. Inc., Logan, UT, USA
Sonic Anemometer
Vegetation Lea.f Temperature Leaf and Air ECOMATIK GmbH, )
Laver + Air Temperature Type Dachau, Germany +0.2°C
y Temperature LAT-B2, Broadleaf ’
Substrate Volumetric Water 5655 Soil Water Campbell Scientific
Content +1%
Layer Content Inc., Logan, UT, USA
Reflectometer
Substrate 105E Temperature Campbell Scientific 105°C
Temperature Probe Inc., Logan, UT, USA ’
Hukseflux Thermal
Heat Flux I})Ill;im Heat Flux Sensors B.V,, Delft, +3%
The Netherlands
Soehnle Industrial
Total Setup ~ Weight Scale 9392.16.140 Solutions GmbH, +15¢
Backnang, Germany
. Pronamic ApS,
Outflow Small Rain Gauge Ringkoebing, £5%
100.054
Denmark

The PAI, the SCEF, and the interception capacity were also quantified. For the mea-

surement of the vegetation cover and the PAI, triplicate photos were taken of each roof

approximately once per week with a digital camera (D3200, Nikon, Diisseldorf, Germany

and 8 mm/3.5 Fish-Eye II Lens Walimex pro, Studioexpress Vertriebs GmbH, Wiernsheim,

Germany). The calculation of the vegetation cover and PAI was performed with the
freeware CAN-EYE (INRAE, Paris, France).
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Retention Roof Economy Roof

N RSV S
AN Mixed vegetation Sedum vegetation
l:l 10 cm extensive multi layer substrate 6 cm extensive multi layer substrate
Capillary fleece (FIL105) Filter fleece (FIL105)
R4 Water retention layer Water drainage layer
(WRBS5i with 28.5 1 m storage) (FKD25 with 51 m? storage)

— Protection and storage fleece Protection and storage fleece
(RMS300) (RMS300)

Figure 2. Build-up from Gofiner et al. [28] of the two different green roof systems modeled in
this study.

The interception capacity quantifies the amount of rainfall retained on the surface
of a plant’s above-ground biomass. Vegetation cover with high interception capacity can
therefore improve a green roof system’s water retention capability. The assessment of
interception capacity was based on Dunkerley and Booth [36], with minor adjustments
to adapt to the smaller scale of our experiment. Ten low-growing perennials including
herbaceous species and subshrubs commonly utilized for green roof installations were
assessed. The initial preselection was based on a list of low-growing perennials suitable for
green roofs and developed through years of practical experience, the final selection was
determined by the availability at the nearest plant nursery. Of each species, three replicates
were selected. To determine the interception capacity, a 10 x 10 cm frame was used to
define the area covered by each plant’s aboveground biomass, and excess biomass outside
this frame was trimmed. Then, the plant was cut just above the substrate, weighed, and
placed in floral foam blocks to mimic the natural arrangement. Each plant was irrigated
with 500 mL water for 30 s using a rainfall-tip nozzle. After two minutes, the plants were
re-weighed to determine the interception capacity based on the weight difference, which
was then extrapolated to 1 m? and averaged for each plant species.

The water retention layer of the Retention Roof leads, in comparison to the Economy
Roof, to highly increased soil moisture (17.18% higher on average), lower temperatures (4.2°
cooler air at vegetation level on average during summer), and increased evapotranspiration
(0.45 mm day ! more evaporation on average). These different effects of the two green
roofs are attributed to their differences in technical build-up. An evapotranspiration
and substrate temperature model for green roofs should be able to model both types of
green roofs.

2.2. Green Roof Model

As forecasting evapotranspiration is one of the main objectives of the model, and
stomatal behavior plays a crucial role in the transpiration process, a detailed approach was
chosen using the Penman—-Monteith equation, which includes a dynamic calculation of
stomatal resistance. In contrast, the simulation of substrate moisture, substrate temperature,
and the capillary connection between the retention layer and the substrate was implemented
in a more straightforward manner to avoid the need for computationally complex numerical
solvers. A summary of all equations and constants used in the model is provided in
Appendix A.

Stomatal behavior directly regulates plant transpiration activity. Previous research has
shown that stomatal responses—and, consequently, transpiration rates—can vary signif-
icantly depending on environmental conditions [28,37,38]. For this reason, the stomatal
resistance function is considered a key element for controlling transpiration and is particu-
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larly important for accurately computing the varying evapotranspiration rates associated
with different green roof configurations.

The model requires the following meteorological input parameters: shortwave radi-
ation, air temperature, precipitation, air humidity, and wind velocity. These parameters
are freely available in Germany from a national network of weather stations. This data can
be accessed via an open data server at the following link. User instructions are given in
German and English: https://opendata.dwd.de/climate_environment/CDC/ (accessed
on 26 August 2025).

2.2.1. Evaporation and Transpiration

In the model, interception and its evaporation is modeled explicitly, as a relevant part
of small rain events can be retained at the plants’ surface [39,40]. Consequently, the original
Penman-Monteith equation is only used to quantify the potential plant transpiration (TR).
1| AR, —G) pepleaen)
TRy =% " T

A+y(1+5)  Atq(1+E)

(1)

where R is the net radiation (M] m~2), G is the soil heat flux (M] m~2), (es — e,) represents
the vapour pressure deficit (kPa) of the air, p is the atmospheric density (kg m™2), ¢, is the
specific heat capacity of the air (k] kg~ °C~1), v is the psychrometric constant (kPa °C~1),
rc is the stomatal resistance (s m~!), and 7, is the aerodynamic resistance (s m™ ).

To determine the potential evaporation (Ey) for the interception storage, stomatal
resistance restraint is eliminated from the Penman—-Monteith equation [37].
NG
A A+ A+

E, (2)

In the model, stomatal resistance (r.) determines the amount of transpiration as a
function of solar radiation (f(solar)), air temperature (f(temp)), substrate water content
(f(VWC)), and vapour pressure deficit (f(VPD)) [8]:

_ Temin

re = 55 pa7/ (01ar)f (VWC)f(VPD)f (temperature) ©)
f(solar) =1+ ¢ 0034(R:=3.5) @

1 0 > 0.70

Ok —0
FIVWE) = § G 6, < 0 < 0.705 5)
1000 Oup > 0

(VPD) = o4 +021 ©)

f C 1-04ln(es —e;)
, 1000 T, < 278.15 ]
e y T, > 278.15 )

1—0.0006(18— (T, —273.15))2

where 7, is the minimum stomatal resistance (s m~!). The stomatal resistance varies
between plant species. The lowest measured stomatal resistance for the prevailing plant
(sedum spurium) on the Economy Roof was 336 s m~!, and 168 s m~! on the Retention
Roof for sedum kamtschaticum [22].

The function of solar radiation has been suggested by Sailor [8], where R; is the solar
radiation (W m~2). The function of the volumetric water content has been modified by
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Tabares-Velasco [25]. 6 is the volumetric water content (VWC in m® m—3), 6 'tk is the VIWC
of the substrate at field capacity (m® m~3), and Owp is the VWWC of the substrate at the
wilting point (m? m~3). For the used substrate, Owp is 0.06 m3m—3and @ k15 0.455 m3 m3.
Both values were determined in the laboratory at TU Braunschweig. With a 6 value
of greater than 0.35 m® m~3, the substrate meets the requirements of the FLL green roof
guidelines [41].

For this study the function of vapor pressure deficit has been modified on an empirical
basis, as the resulting restrain in transpiration was too high in relation to our measurements.
Therefore, “+0.21” was added to the formula, which results, in general, in lower output
values of the formula and thus increases the calculated evaporation.

es is the vapor pressure of the air at saturation (kPa) and e, the actual vapor
pressure (kPa).

The function of temperature is based on Tabares-Velasco et al. [25], referring to leaf
temperature. The original function does not consider temperatures below 0 °C. Since one
aim of this work is to minimize the required computational power, the heat transfer of
the vegetated area, including plant surface temperatures, is not calculated for reasons of
simplicity. Instead, the air temperature (T,) was used as an input parameter (K). As the
model should be capable of modeling a whole year, the temperature function was modified
to enable a calculation that includes negative air temperatures.

As the above mentioned parameters can vary quickly during the day [38], a model
with relatively small time steps is necessary. In this study, the time step was 5 min.

To obtain the actual evaporation and transpiration of the vegetation the approach of
Mugzylo [42] is used:

ET = E;+ TR 8)
TR = (1 - c )TRP ©)
Smax
E; = min (Ep, Ep —SC > (10)
max

where the actual evapotranspiration (ET in mm) consists of the actual evaporation of the
interception storage (E; in mm) and the actual transpiration of the plants (IR in mm). C is
the amount of intercepted rainfall (mm) and interception storage and S;;sx the maximum
interception storage (mm).

As the green roof surface is normally not fully covered with vegetation, especially not
the whole year, the bare substrate area is calculated separately from the plant covered area.
Camillo and Gurney [43] suggested the following equation for describing the evaporation
of the substrate (Es in kg m=2 s71):

Ps — Pa
E; = 11
T ra s (11)
where p;s is the water vapour density of the substrate (kg m~3) and p, the water vapour
density of the air (kg m~3).
Based on their own measurements, Tabares-Velasco, 2009 [37], suggested the following
formula for the substrate surface resistance (7;):

0 -3.3
re =345 <> (12)
ka

For calculating the radiation budgets, formulae from the Food and Agriculture Orga-
nization (FAO) are used [44], modified for the use of time steps smaller than 24 h.
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2.2.2. PAI

Based on measurements of the PAI (—) development on the economy and Retention
Roof build-ups over the period of two years [22], the following empirical descriptions
are used:

PAI, = 3sin0.0086] + 2 (13)

PAI, = 4.55in0.0086] + 2 (14)

where the index e stands for economy, r stands for Retention Roof, and | is the number of
the day of the year (—).

Due to more available water and higher substrate thickness, the Retention Roof has
denser vegetation (mean 5.04, SD 1.85) than the Economy Roof (mean 3.97, SD 0.87). The
formula for the Economy Roof has a PBIAS of 7% and 9% for the Retention Roof, indicating
a good model fit. However, the R? values of 0.37 (Economy Roof) and 0.31 (Retention Roof)
show that PAI calculation is only an approximation, as the PAl is strongly dependent on
the prevailing environmental conditions.

2.2.3. Interception

Simax is closely connected to PAIL. According to the measured data, PAI strongly influ-
ences the interception capacity and plants with a high PAI tend to have a greater interception
capacity (B = 0.356, SE = 0.05, p < 0.001, R? = 0.91). Based on this data the empirical formula
15 (R? = 0.76) describes the relationship between the PAI and S,y for a PAI > 1 [22].

Smax = —0.33 + 0.44PAI (15)

The water balance of the interception of the plant area is described as

[2)
/thSCP:/Eidt+/Ddt+/dC (16)
ty

where the rainfall N (mm) on the vegetated area consists of the actual evaporation of the
interception storage (E; in mm), the discharge from the storage (D in mm), and the change
in the interception storage (C in mm).

2.2.4. Soil Cover Fraction

During measurements in a two-year period from [22], the SCF of both green roof types
remained relatively stable, with a median of 0.96 for the Retention Roof and 0.9 of the
Economy Roof (Figure 3).

SCF Measurements -2 year period - n=55

1.05
1
0.95 #
09 L
= 0.85 e [l Economy Roof
(9
% 08 * B Retention Roof
0.75 °
0.7
L ]
0.65
0.6 °

Figure 3. Box-plot measurements of SCF.
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2.2.5. Substrate

For simulating the substrate water content the following simple approach was em-
ployed, by adding the amount of precipitation falling directly on the substrate (N x SFC;
in mm), the discharge from the interception storage (D in mm), and the substrate resat-
uration amount to the water content (I in mm) and subtracting the evaporation from the
substrate surface (Es in mm), the water consumption for plant transpiration (TR in mm),
and the discharge when the substrate is saturated (6; in mm). As extensive green roofs
with thin substrate thicknesses are modeled, the non-even distribution of the water content
is neglected. h,;, is the substrate thickness (mm).

_ NXSCF—E; xSCF,—TR+D+1

0
hsub

04 (17)

6, = max(0;0 — 0s) (18)

The substrate temperature is determined using a simple heat transfer equation based
on [45]. The non-even distribution of the water content is neglected.

Gsup + Gplant
T = ——F—— 19
’ Ca hsub ( )
where T; is the substrate temperature (°C), G, the soil heat flux of the substrate (M] m~2),
Gplant the soil heat flux of the plants (M] m~2), and C, the volumetric heat capacity of
the substrate (M] m—3 K~1). The basis for Gy, is R, and for Gplant, Ry is reduced in
dependency on the PAL

2.2.6. Drainage and Substrate Resaturation

If the used drainage in the green roof has water storage, the water in this storage inter-
acts with the substrate and the plants. Most water storages of green roofs have no capillary
connection with the substrate. In this case the substrate gets moistened through water vapor
processes. Some green roof types (Retention Roofs) though, have a capillary connection
between water storage and substrate. In this case, the substrate gets saturated as long as
there is water available [28]. Via the substrate resaturation velocity (i in mm period’l) in
combination with the maximum substrate resaturation value (f,,zy in m3 m’?’) the two
processes can be simulated by choosing empirical values. According to our 2-year measure-
ments of the Retention Roof, for 81,,,, the maximum value of a period from 2 days after
the last precipition until the next precipitation but with water in the retention/drainage
layer was 0.41 m3 m~3. For the Economy Roof, 01, was 0.23 m®>m~3. Viaa comparison
between measurements and simulation, i was chosen in an iterative empirical way to
match the measured substrate moisture behavior during periods without rain. For the
Retention Roof, an i of 0.005 mm 5 min—1
0.002 mm 5 min~!.

was determined, and for the Economy Roof an 7 of

min(fidt , Ds) i> (Glmax - e)hsub
I= min((@;mx — 9>hsub , Ds) i< (leax - e)hsub (20)
0 0 > Glmax

The drainage storage (D; in mm) itself receives water from the substrate when the
substrate is oversaturated (g; in mm) and loses water via discharge (7; in mm) when the
drainage storage is full and due to the substrate resaturation process (I).

Ds = max(qs — I — q4,0) (21)
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g4 = max(Ds — Dsmax,0) (22)
s = Oahsup (23)

3. Results
3.1. Evapotranspiration Modelling

The model’s performance in predicting evapotranspiration (ET) was assessed season-
ally and annually by comparing measured and simulated ET using R?, root mean square
error (RMSE), and percentage bias (PBIAS) as statistical indicators (Table 3).

Table 3. Evapotranspiration model performance based on coefficient of determination (R2), root
mean square error (RMSE), and percentage bias (PBIAS).

Retention Economy
Models Roof Roof
R2 RMSE PBIAS (%) R? RMSE PBIAS (%)
Winter (December—March) 0.86 0.67 -2 0.58 1.30 13
Spring (April-May) 0.80 2.20 -12 0.85 1.42 8
Summer (June-August) 0.96 2.22 6 0.89 3.31 20
Autumn (September-November) 0.86 1.94 —6 0.90 1.79 78
Total year (January-December) 0.87 1.75 -1 0.77 2.20 22

Across the whole year, the Retention Roof model produced high predictive accuracy,
with R? values ranging from 0.80 to 0.96 across all seasons. The annual PBIAS of just —1%
indicates an excellent overall fit and minimal systematic error. Daily mean ET was captured
well throughout the year, except in April and May, where minor underestimations occurred,
and in October, where ET was slightly overestimated (Figure 4a).

Daily Mean Evaporation Retention Roof Daily Mean Evaporation Economy Roof

irement with SD Simulation with RMSE © Measurement with SD @ Simulation with RMSE

|
§ l
1
8 ¢
q ¢ $ 2 oLl £ d
0 1 2 3 4 5 6 7 8 9 10 11 12 13 0 1 - 4 3 4 5 6 7 8 9 10 11 IL‘ 13

Months Months

@) (b)

Figure 4. Daily mean evaporation from 1 January to 12 December for (a) the Retention Roof and
(b) the Economy Roof.

In contrast, the Economy Roof model performed well in spring and summer for the
Economy Roof (R? > 0.80) but showed a consistent overestimation of ET in autumn (espe-
cially in October) and underperformance in winter (R? ~ 0.52). The autumn overestimation
is further confirmed by a PBIAS of 20% in those months, suggesting that senescence and
reduced stomatal conductance in real plants may not be fully captured by the current pa-
rameterization. A pronounced seasonal trend is evident: the model tends to underestimate
ET from January to May and overestimate it from June to December (Figure 4b). This
behavior reflects an area where the model’s stomatal resistance function may not fully align
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with physiological adjustments of vegetation under variable irradiation, temperature, and
substrate moisture combinations.

Despite structural and vegetative differences, both roofs showed good alignment in
ET prediction during the active growing season, but the Retention Roof’s capillary water
supply and thicker substrate enabled significantly higher ET, particularly under dry spells
and warm conditions. On average, Retention Roof ET was 0.45 mm day ! higher, aligning
with prior field studies by Gofiner et al. [28] and Cirkel et al. [20].

3.2. Substrate Temperature Modelling

Model accuracy in predicting substrate temperature varied clearly between roof types
and seasons (Table 4).

Table 4. Substrate temperature model performance based on coefficient of determination (R2), root
mean square error (RMSE), and percentage bias (PBIAS).

Retention Economy
Models Roof Roof
R2 RMSE PBIAS (%) R2 RMSE PBIAS (%)
Winter (December—March) 0.43 3.82 —-90 0.67 2.68 —41
Spring (April-May) 0.69 4.36 -7 0.88 4.40 -1
Summer (June-August) 0.42 5.75 —-12 0.93 4.47 4
Autumn (September-November) 0.82 3.09 —21 0.92 2.82 -5
Total year (January-December) 0.83 433 —21 0.91 4.07 -8

For the Economy Roof, R? ranged from 0.88 to 0.92 for spring through autumn, with a
PBIAS of —5 to —1%, demonstrating a strong model fit. However, winter predictions were
not accurate, likely due to the absence of freeze-thaw physics in the model (PBIAS—41%).
The monthly daily mean temperature values, however, showed a very good fit for the total
year (Figure 5b). Regarding the winter months, this may be coincidental.

Daily Mean Substrate Temperature Retention Roof Daily Mean Substrate Temperature Economy Roof

© Measurement with SD Simulation with RMSE © Measurement with SD Simulation with RMSE

: SESE £ SR
_12 { l% ‘;S }T lE
[; I & 3 éj | T
RS T3] e } % i i
5 9 10 11 2 1B 0 1 2 3 4 6

Month Months

(@) (b)

Figure 5. Daily mean substrate temperature from 1 January to 12 December for (a) the Retention Roof
and (b) the Economy Roof.

The model’s performance decreased substantially for the Retention Roof, especially
during high substrate moisture and winter periods. Here, R?> dropped to 0.42. The monthly
daily mean substrate temperatures were, apart from December, consistently underestimated
(Figure 5a).

Looking at the measurement data over a period exceeding one month, Retention Roof
substrate temperatures hovered just above 0 °C, suggesting frozen substrate, while the
model, lacking phase-change functionality, simulated large daily amplitudes.
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This deviation is a result of the simplified heat capacity calculation, which does
not reflect the increased thermal inertia of wet or frozen substrates. Despite this, the
model still demonstrated moderate predictive power during warm seasons (R? = 0.42-0.82;
PBIAS = —7 to —21%).

4. Discussion
4.1. Evaluation of Model Performance Relative to Study Goals

This study aimed to (1) accurately simulate ET and substrate temperature, (2) ensure
the model’s year-round usability and low computational demand, and (3) improve model
accuracy by addressing key research gaps. The degree to which each goal was achieved is
discussed below.

4.1.1. Evapotranspiration

The model performed strongly in simulating daily mean ET, especially for the Reten-
tion Roof, which achieved seasonal regression coefficients of determination (R?) between
0.80 and 0.96 and annual PBIAS of just —1%. The strong agreement between measured and
modeled ET behavior highlights the value of including substrate—drainage interactions,
which are absent from other green roof models, especially for Retention Roof systems. No-
tably, the Retention Roof yielded higher ET rates than the Economy Roof, consistent with
observed patterns from GofSner et al. [28], where thicker substrates and water availability
extended transpiration phases.

For the Economy Roof, the model showed good agreement in spring and summer
(R? > 0.80) but had lower predictive power in winter (R ~ 0.52) and significantly overes-
timated ET in autumn. This is likely due to the model’s lack of adequate adjustment for
seasonal vegetation senescence. In addition, the measured and simulated maximum daily
temperatures during September (mean daily max.) and October (mean daily max.), lay
0.72 °C higher than the long-term medium from 2002 to 2024 for September and 0.86 °C
higher for October (based on DWD data, see Section 2.2). These high temperatures support
a high transpiration rate in the model. However, this does not correspond with the actual
behavior of the plants. Comparing the daily mean measurements and the modeled daily
mean for the whole year, the Economy Roof shows a tendency for underestimation of the
evaporation from January till May and an overestimation from June to December. Con-
sequently, setting the restraints for transpiration in the model higher will lead to a better
fit for the model from June to December, but to a significantly larger underestimation for
January till May. This also indicates that the actual plant behavior is not yet fully described
by the formulae used.

4.1.2. Substrate Temperature

Substrate temperature modeling proved more robust for the freely draining Economy
Roof, indicating that the simplified heat capacity formulation is most reliable under moder-
ate moisture content. Under saturated conditions, particularly in the Retention Roof during
late winter, the model significantly underestimated temperatures. Looking at the data, the
underestimation intensifies when the substrate moisture content is above 30%. Beneath
high moisture content, the model is also not accurate when freezing occurs. This could be
observed on the Retention Roof particularly during cold periods (January—March), where
substrate temperatures were measured at ~0-2 °C, while the model simulated stronger di-
urnal fluctuations due to lacking phase change thermal dynamics. During months without
freezing, substrate temperature was well predicted for the Economy Roof, with R? ranging
from 0.88 to 0.92 and PBIAS from —5 to —1%.
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The constant underestimation when substrate moisture exceeded 30% suggests the
need to establish a parameter for moisture-dependent thermal conductivity and heat
capacity in future work—an approach not yet standard in most green roof models. To
improve thermal prediction, future model extensions should take into account phase-
change heat storage in wet substrates (e.g., via integration of freeze-thaw models),
Moisture-dependent thermal conductivity, dynamic albedo shifts related to snow, or wet
surface reflectance.

4.1.3. Year-Round Usability and Computational Efficiency

The model achieved full-year simulation with a 5 min resolution using Microsoft
Excel, confirming its high practical usability and adaptability. This stands in contrast
to many high-fidelity models often implemented in numerical solvers (e.g., HYDRUS-
1D), which, while detailed, are not application friendly for planners and non-specialist
stakeholders [26].

With no dependence on proprietary software or high-performance computing, this
tool has a high suitability for integration in user software, with the ability to simulate both
ET and substrate temperature jointly, including plant physiological effects.

4.1.4. Closing Knowledge Gaps in Process Representation

The most notable gap in previous models is the lack of comprehensive, year-round
validation against measured ET data, with most studies either limited to summer periods
or short events. By implementing continuous, multi-seasonal validation, the present
model demonstrates robust year-round predictions especially for the Retention Roof, which
achieved high R? values across all seasons. This full-year validation offers a more nuanced
understanding of temporal dynamics and systematic biases—such as the observed seasonal
underestimation and overestimation patterns—which would be obscured in single-season
or event-based studies.

Another substantial innovation is the explicit integration of drainage and retention
layer interactions. All mentioned existing models simplify water movement to vertical
percolation, neglecting the significant roles of lateral flows, capillary interactions, and water
storage in sub-layers. Here, the model simulates these hydraulic couplings using empirical
resaturation rates and maximum storage values derived from measurement data. Including
these dynamics was pivotal in accurately predicting ET during dry periods.

Furthermore, this study incorporates year-round measurements of PAI and SCF, al-
lowing empirical representation of seasonal vegetation shifts and their direct impact on
interception and ET capacity. Such detailed vegetation parameters have rarely been imple-
mented in previous green roof models, resulting in improved simulation of plant phys-
iological responses (as evidenced by the close PAI/interception correlation, R? = 0.91).
Incorporating dynamic vegetation factors fills another gap, supporting recent findings on
the importance of plant phenology for hydrological and thermal performance.

Another advancement is the integration of an explicit interception calculation within
the model. Unlike most existing green roof models this model dynamically calculates
interception based on measured PAI and soil cover fraction SCF. This allows for a realistic
representation of rainfall intercepted by vegetation and substrate surfaces, a process that di-
rectly affects available water for ET and drainage. The integration of interception addresses
a commonly overlooked process, thereby improving hydrological realism.

4.1.5. Comparative Model Performance in Literature Context

Compared to existing modeling studies, the performance of the presented model
shows incremental improvements in some areas, particularly for ET on the Retention Roof,
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but also highlights where performance remains comparable to earlier work, especially
regarding substrate temperature and ET on the Economy Roof (Table 5).

Table 5. Model performance comparison.

Substrate Temperature Evapotranspiration
R? RMSE PBIAS R? PBIAS
Economy Roof 0.91 4.07 —8% 0.77 22%
Retention Roof 0.83 4.33 —21% 0.87 —1%
Sailor [8] 4.1
Tabares [25] 1.8t0 2.0 —4to —6% —24% to 4%
Decruz [27] 1.1to24
de Munck [26] 091 4.32
Feng [46] 0.28-0.67 5to 11%

For ET, the model achieves a strong correlation and low bias on the Retention Roof
(R? = 0.87, PBIAS = -1%), reflecting a real advancement in terms of year-round accuracy
and balanced hydrological prediction. This level of performance exceeds the models by
Feng (PBIAS 5-11%, R? 0.28-0.67) or Tabares (PBIAS —24% to +4%).

In contrast, the Economy Roof produces an R? of 0.77 and a PBIAS of 22%, suggesting
a moderate overestimation and a performance level comparable to the existing models
of Feng (PBIAS 5-11%, R? 0.28-0.67) and Tabares (PBIAS —24% to +4%). While the in-
corporation of interception and layered retention processes represents a methodological
improvement and a key reason for the good performance of the Retention Roof, these
improvements did not translate into a clear overall gain in predictive accuracy.

For substrate temperature, the results are robust but not exceptional. The model
achieves similar performance metrics to previously published approaches, particularly
under warm and rather dry conditions. Comparable values reported by de Munck
(RZ = 0.91; RMSE ~ 4.3) and Tabares (RMSE ~2.0, PBIAS —4 to —6%) place the current
model of the economy roof within the upper performance range, but not significantly
beyond it.

In summary, the presented model stands out mainly through its process completeness
and transparency, with unique features such as integrated interception modeling, dynamic
vegetation inputs, and explicit retention-layer coupling. These advances show the models
realism and reproducibility. However, in terms of quantitative performance—particularly
for substrate temperature and ET on more simplified roof types—it achieves results broadly
in line with existing models. The clearest gain is observed in hydrological performance on
retention-optimized systems.

4.2. Limitations and Recommendations

While the presented model achieves robust performance in the simulation of ET—
particularly on the retention roof—several limitations remain that underline necessities for
future refinement.

Most notably, substrate temperature simulations under freezing and water-saturated
conditions showed reduced accuracy, especially for the Retention Roof during winter
months. This underperformance highlights the need to expand the thermal module by
incorporating moisture-dependent thermal conductivity and heat capacity, as well as freeze-
thaw dynamics and latent heat storage. These processes are crucial for replicating thermal
buffering and phase-change effects, which are currently oversimplified.

In addition, it seems that vegetation dormancy transitions, particularly in late autumn,
are not yet fully captured.
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The transferability and reproducibility of the presented model are subject to climatic
and contextual limitations. First, all measurements and model validations were conducted
at a single temperate, humid site in southern Germany, which is characterized by distinct
seasonal dynamics and a relatively uniform distribution of precipitation throughout the
year. This means that part of the model equations and parameters, including vegetation
development (PAI) and interception are calibrated for climates with moderate winters,
warm summers, and sufficient rainfall. In regions with fundamentally different climatic
conditions—such as arid zones with pronounced droughts, subtropical climates with highly
seasonal rainfall, or areas with persistent snow cover in winter—processes may behave
differently and require re-calibration or adaptation. Furthermore, the model is based on
two specific green roof systems (Economy Roof and Retention Roof) that use substrate
types, thicknesses, and plant species commonly found in the German and central European
market, particularly drought-tolerant Sedum species. In other regions, alternative plant
communities or substrate assemblies with different water retention and heat storage prop-
erties may influence the magnitude and timing of both ET and temperature regulation. It is
therefore essential to locally validate vegetation parameters and substrate hydrophysical
properties before applying the model in new contexts. Additionally, the field experiment
was carried out on relatively small lysimeter surfaces under controlled edge conditions in
a peri-urban environment. Larger roof areas, more complex urban settings, or significant
variations in exposure, shading, or wind regimes could alter the local microclimate and
influence the performance of green roof systems beyond the bounds tested here. Conse-
quently, the direct transfer of the model to other geographic and climatic contexts must
proceed with caution. Site-specific adjustments and empirical validation are recommended
to ensure reliable model performance and reproducibility under different environmental
boundary conditions.

4.3. Practical Implications

A key strength of the presented model is its low computational demand, enabling
year-round simulations without the need for proprietary software or numerical solvers.
This makes it particularly suitable for integration into urban planning software, where
quick assessments and scenario evaluations are often required within constrained time and
resource environments.

The model demonstrates how a mechanistically informed, yet accessible tool could
support the evaluation and design of green infrastructure under variable and evolving
climate conditions.

Of particular relevance is its scalability for use in climate-resilient infrastructure
planning, where green roofs are increasingly recognized as multifunctional assets for water
retention, thermal regulation, and biodiversity enhancement. The year-round simulation
capability addresses the research gap illustrated before.

By also capturing the ET process of Retention Roofs the model is well-positioned
for inclusion in forward-looking planning frameworks such as DWA-A 102-1 from the
German association of water management, which promotes the integration of green roofs
into water-sensitive and heat-adaptive strategies at both building and urban scales [47].
Moreover, the empirical basis of the model should facilitate reproducibility and foster trust
among practitioners and decision-makers.

5. Conclusions

This study developed and empirically validated a new model to simulate year-round
evapotranspiration and substrate temperature for two fundamentally different extensive
green roof types. The model demonstrates very high accuracy for evapotranspiration on
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retention-optimized roofs, with an R? value of 0.87 and a PBIAS of —1%, and for substrate
temperature on conventional roofs, with an R? of 0.91 and a PBIAS of —8%. Notable
methodological advancements include the explicit integration of rainfall interception,
dynamic modeling of plant canopies through PAI and SCF, and the simulation of water
storage layer coupling—features that were absent in most prior models. Model performance
proves robust across all seasons, and the approach can be implemented without relying on
high computational power.

If incorporated into appropriate software tools, the model enables practitioners and
planners to reliably predict the key hydrological and thermal functions of green roofs
year-round, thereby supporting informed decisions in urban stormwater management and
heat mitigation. Its low computational demand makes it especially applicable for routine
planning and design in urban green infrastructure, corresponding to sector standards such
as DWA-A 102-1.

Despite these strengths, some limitations remain: accuracy in substrate temperature
simulation diminishes under freezing or fully saturated conditions, and estimates for
evapotranspiration in conventional shallow roofs are less reliable during periods of plant
dormancy. Consequently, further model improvements should aim to address freeze—
thaw dynamics, moisture-dependent thermal properties, and vegetation dormancy and
stress responses. In summary, the presented model closes key methodological gaps and is
well suited for comprehensive assessment and design of green roofs in climate-resilient
urban contexts. Future work should focus on extending its applicability to a broader
range of climate zones and vegetation types, and on further refining the simulation of
winter processes.
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Abbreviations

The following abbreviations are used in this manuscript:

as Angstrom parameter [—]

b seasonal correction factor [—]

bs Angstrom parameter [—]

c cloud cover [—]

C interception storage [mm]

Cy volumetric heat capacity air [M] m3K!
Cp specific heat capacity air {k] kgf1 OCfl]
D discharge interception storage [mm]

Ds drainage storage [mm]

Dsmay ~ maximum drainage storage [mm]
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dy inverse earth-moon distance [—]

es vapour pressure at saturation [kPa]

es actual vapour pressure [kPa]

E, potential evaporation [mm]

E; actual evaporation interception storage [mm]
Es substrate evaporation [kg m~2 5_1] [mm for Equation (17)]
ET actual evapotranspiration [mm]

G soil heat flux [M] m~2]

Gplant  soil heat flux plants [M] m 2]

Gse solar constant |M]J m 2 min’l}

Gsup soil heat flux substrate [M] m_z}

H sensible heat flux density [MJ m~2]

he crop height [m]

H, relative air humidity [—]

hsup Substrate thickness [mm] [m for Equation (19)]
I Substrate resaturation [mm]

i Substrate resaturation velocity [mm periodfl}
] number of day of the year [—]

k von Karman constant [—]

Ly longitude [rad]

L, longitude at center of time zone west of Greenwich [rad]
MO Monin-Obukhov’s stability parameter [—]
n measured sunshine duration [h]

N rainfall [mm)]

q4 discharge drainage [mm]

qs discharge substrate [mm]

P atmospheric pressure [kPA]

p atmospheric density [kg m ™3]

Pa water vapor density air [kg m 3]

Ps water vapor density substrate [kg m 3]
Pos saturated water vapor density [kg m ]
ra aerodynamic resistance [s m™!]

Te stomatal resistance [s m’l]

Temin minimum stomatal resistance [s m’l]
Ts substrate surface resistance [s m ™!
PAI plant area index [—]

PAI,  plant area index Economy Roof [—]
PAI,  plant area index Retention Roof [—]

qq outflow drainage layer [mm]

s substrate drainage [mm]

R, extraterestric radiation [MJ m 2]

R; Richardson number [—]

Ry net radiation [MJ m—2]

Rys shortwave net radiation [MJ m~2]
R, longwave net radiation [M] m~2]

R; solar radiation [W m 2]

Rso solar radiation at clear sky [W m~2]
Sec seasonal correction factor sun hours [h]
Sinax maximum interception storage [mm]
SFC soil cover fraction [—]

SCF;,  Inverse soil cover fraction [—]

t standard time mid period [—]

tan maximum daylight hours [h]
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tsn sun hours per day [h]
Ta air temperature [°C|[K for Rys,p, Ry, f(Temp),eq, MO, Tyy]
Ts substrate temperature [°C][K for R,5,]
T; atmospheric transmission coefficient [—]
Tinaxx ~ Maximum air temperature during period [K]
Tink ~ minimum air temperature during period [K]
Tro virtual temperature [K]
TR actual transpiration [mm]
TRy potential Transpiration [mm]
U, wind velocity [ms™1]
VPD  vapor pressure deficit [—]
w sun angle mid period [rad]
w1 sun angle start period [rad]
wy sun angle end period [rad]
Ws sun hour angle [rad]
z height above sea level [m]
zy height of air humidity measurements [m]
Zm height of wind velocity measurements [m]
Zoh roughness length for sensible heat flux [m]
Zom roughness length for momentum [m]
Z¢ height of temperature measurements [m]
albedo [—]
Y psychrometric constant [kPa OC’l]
1) sun angle [rad]
€q atmospheric emissivity at clear sky [—]
€s substrate emissivity [—]
g atmospheric stability parameter [—]
6 volumetric water content [m® m~3]
04 discharge substrate [m3 m~3]
Ok volumetric water content at field capacity [m3 m_B}
Ouwp volumetric water content at wilting point [m? m~3]
O1max ~ Maximum substrate resaturation [m® m~3]
K extinction coefficient [—]
o Stefan—-Boltzmann constant [M] K’4m*2d71]
A latent evaporative heat [] kgfl]
¥y, heat flux atmospheric correction factor [—]
Ym momentum atmospheric correction factor [—|
A slope of the saturation—vapor-pressure temperature curve [kPa °C71]
Appendix A
Table A1l. Summary of used equations.
Equation New/Adopted/Modified Source
R, = &:mcwd,[(wz — wq)sin (¢)sin (6) + cos (¢)cos(8) (sin(wp — w1))]
w =w— %1
wy =w+ 3
I
Exgate{rre.strial Se i 0_1éézlggstlr_l‘—(gb(;6f6()7$§5coLsm()b)—ts 6?02515?31@) Adopted [48]
adiation b anéfl)

dr =1+ 0.033cos(2%])
6 = 0.409sin (2% ] — 1.39)
ws = arccos(—tang tand)
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Table Al. Cont.

Equation New/Adopted/Modified Source
Ry = Rus — Ry
Rso = (as +bs)R,
= tfsn
Short and Longwave Rs = (ﬂs +hy, )R” Modified for timesteps [48]
Radiation N = 2 <24h

s
Rus = (1—a)(as + bs &) Ry
Ry = o- (M) (034 — 0.14- Vz,)- (135 (£) - 035)

Modified for timesteps

Net Radiation Substrate Rusup = (1 — &)Rs + {[(1 — 0.84c)e, + 0.84c] £ Ts — es 5 T4} <24h [49]
a=025 0<01
a=035-60 01<6<025
Albedo Substrate ®=01 0>025 Adopted [50]
g5 = min(0.90 4 0.186, ; 1.0)
Emissivity Substrate 1 Adopted [50]
e =124(5t)
0 2.33-333T; <0
=< 2.33-3.33T, 0<233-333T; <1
Cloud Cover ¢ 1 ! 233 _ 3.33T: >1 Adopted [51]
T =g
Meteorological 1727 T,
Parameter €s = 0'61163(]7 ( Ta+2373> AdOptEd [52]
_ 4098 e
T (Ta+2373)2
v = % %1073
— _ -3
A =2501 (229.336010;6;0 52)6Ta Adopted (48]
— —V. Z -
P= 101.3(T3P)
p = 34687 ]
T = T, (1 —0.378%)
TR, — 1| _ARn=G) W
P A ay(1+2) 7 A (14E)
zm—d z—d
b= (s k)z’;”(iv) [53]
Potential Transpiration d=32 hCZ Adopted 2328;3 }i;egéb;g
Zom = 0.123h, p o
Zon = 0.0123h, o
G=— 0.4e *PAIR, R, >0
0.5R; R, <0
. . cp(es—ea)
Potential Evaporation _ 1| ARy—=G) MT Adopted 37
P EP/\|: Aty T Ay P 71
Stomatal Resistance re = getine f(solar) f (wasser) f(DDD) f (temp) Adopted [8]
f(solar) = 1+ ¢~ 0-034(Rs=3.5)
0 k}ew 0> 0705 Adopted
f(0) = §7910p” Ouwp < 0 < 0.70; Adopted [25]
1000 Owp > 0 Modified -
— 04 Modified
f(DDD) — 1-041In(es—ea) +0.21 odre
— 1
fltemp) = 1-0.0006(18— (T, —273.15))>
Evapotranspiration ET=E; +TR
Transpiration TR = (1- S )TR, Modified [42]
Evaporation
Interception Ei= min(Ep, EP%)

[ Ndt= [ Edt+ [Ddt+ [2dC
Interception Smax = —0.33 + 0.44PAI New
D = max(0,C — Syax)
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Equation New/Adopted/Modified Source
E, = et
0s = posH;
-33
raw = 345 ()
o= el ] () 4]
CaT,U*3
MO = — s
-1
U = uzk[ln (Z;ﬂo;d ) + 1/;,,,]
Evaporation Substrate = % Adopted [37,43,49,54]
Neutral Atmosphere (|T, — T;s| < 0.01K):
Ym =y = 0
Unstable Atmosphere T, < Ts oder MO < 0:
= —2in (TS
0.25
Ym = 721n<1+(17;6€) > - ln(pr v ;71(’5) + 2arctan{ (1- 16@)0‘25} -z
Stable Atmosphere T, > Ts oder MO > 0:
50 0<(¢<1
1Pm:¢h:{5€ éil
T—T,
H=C, e
_ [t )]« [m () ]
Th = k25U,
l,b:;m =
1
1+<l—16R1)4 1+(1—16R1)2 | i
Sensible Heat Flux 2In 5 +In 2 - 2arctan<<1 —16R;)* ) T2 Adopted [50,55]
Substrate
1+(1—16R,<)%
g, = 2In )
Ts—T,)(z—d
Ri = 8l ‘T,,ui(zz )
g — N¥SCFExSCE-TR+D+I _ o
Water Content sub d New
0 = max(O;f) —05)
T. = Gsub+cpla11t
Substrate Temperature S Gl New
Gsub = Rnsub —H- /\Es
min(fidt, DS) 1 > (O1max — 0)hsup
I = { min ((elmax - g)hsub/ Ds) 1< (Glmax - e)hsub
. 0 0 > Opmax
Drainage and Storage D = max(qs — I — 4,0) New
qa = maX(Ds — Dsmax, O)
qs = Gdhsub
Table A2. Summary of all used constants.
Constant Value
ag 0.25
bs 0.5
C, 0.0012MJ m 3 K1
cp 0.000001013 k] kg ! °C !
D 5 mm for Economy Roof
smax 28.5 mm for Retention Roof
Gse 0.082
I 0.08 m for Economy Roof
€ 0.15 m for Retention Roof
60 mm for Economy Roof
hsub

100 mm for Retention Roof
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Table A2. Cont.

Constant Value

0.002 mm 5 min~! for Economy Roof
0.005 5 min ! for Retention Roof

k 0.41

L, 6.056292504 rad

336 sm~! for Economy Roof

Temin 168 sm~! for Retention Roof
z 650 m
Zp 0.2m
Zm 0.2m
Zoh 0.0001 m
Zom 0.001 m
Z¢ 0.2m
o 4903 x 107 MJ K *m—2d !
K 0.8
0k 0.455 m3 m~?
. 0.23 m: rn:; for Economy Roof
0.41 m° m™ for Retention Roof
Owp 0.06 m3> m~3
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