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Summary

Summary

Urban heat stress leads to increased morbidity and mortality rates in vulnerable groups and will further
exacerbate due to the ongoing processes of climate change, urbanization, and urban densification. Mod-
eling tools are used to quickly and cost-effectively evaluate possible heat mitigation strategies, such as
blue or green infrastructure, on both general scientific and distinct planning levels. While the established
microclimate model ENVI-met represents the most commonly applied tool for such studies on the urban
quarter level, validation studies reported modeling inaccuracies that have been tackled by works pre-
sented in this thesis. Advancements featuring the so-called Indexed View Sphere (IVS) scheme and
Advanced Canopy Radiation Transfer (ACRT) module improved radiation modeling in general. IVS
represents a ray-tracing approach that stores all objects which are visually and thus radiatively linked to
a cell. Given this information, it is possible to account for the received radiation, which has been re-
flected or emitted by objects in a cell’s field of view. ACRT features a calculation module that takes
into account extinction of diffuse as well as scattering of direct shortwave radiation within plant cano-
pies. Due to the newly implemented Lindenmeyer-system trees, leaf area densities and shapes are addi-
tionally resembled with higher accuracy. A model validation study in Hong Kong featuring different
green infrastructure typologies and varying levels of detail for the ENVI-met simulation settings cor-
roborated that the general model accuracy was improved by IVS and ACRT modules. However, mod-
eled mean radiant temperature (MRT) still revealed discrepancies compared against values derived from
six-directional radiation flux measurements. As MRT represents the most important parameter in ther-
mal comfort analysis and hence urban heat stress studies, the reported shortcomings have subsequently
been tackled by the implementation of the common six-directional radiation flux approach as well as
three differing shortwave radiation projection factors into ENVI-met. Evaluation with measured data —
originating from the Hong Kong field campaign as well as grey globe temperature-based values coming
from a field campaign in Sao Paulo — demonstrated that the new MRT modeling schemes greatly im-
proved modeling results and reduced error magnitudes at eight examined sites. Besides these implemen-
tations of IVS, ACRT, and MRT schemes in the ENVI-met core, a new post-processing tool called

Lagrangian Stochastic Particle Trajectory Model was developed. It represents the first model of its kind
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that enables flux footprint modeling and backwards-tracking of particle trajectories for complex urban

environments.

Aside from these advancements, ENVI-met was applied in an air quality modeling study as well as an
investigation on new specific heat stress mitigation measures. The air quality study examined increased
particulate matter expositions at child height levels compared to adult height levels measured by low-
cost sensors on urban route tracking along kindergartens and schools. Simulations could corroborate
that the relative differences increased with overall higher absolute values and are thus found to be larger
near streets with high traffic intensities. The contributions to heat mitigation strategy research consid-
ered newly developed super cool materials — featuring a very high albedo and emissivity — applied as
roof coatings to examine their possible impact on air temperatures at pedestrian level. A sensitivity study
featuring simplified building morphologies found super cool roofs (SCR) to have a slightly higher cool-
ing effect on pedestrian-level air temperatures compared to traditional cool and green roofs. This effect,
however, decreases with rising building heights. A consecutive study analyzed the SCR impact for re-
alistic scenarios featuring complex urban environments in two contrasting cities: New York City and
Phoenix. Simulations were not only conducted with ENVI-met but also with the regional Weather and
Research Forecast model (WRF) in order to, as a first step, examine the impact of SCR application over
entire metropolitan areas, as a second step, use WRF’s model output as realistic meteorological bound-
ary conditions for the ENVI-met simulations, and, as a third step, find similarities and discrepancies
between both models. The better SCR performance in Phoenix compared to New York City in prediction
of both models could primarily be explained by the hotter and drier climate, while the prevailing lower
building heights turned out to be a minor factor. The present thesis hence demonstrates, on the one hand,
advancements that will allow more accurate microclimate modeling in general and, on the other hand, a
broad range of application studies to provide progress for the urban climate community and support

sustainable urban planning in the future.
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Zusammenfassung

Zusammenfassung

Hitzestress in Stiddten fiihrt zu gesundheitlichen Risiken und letztendlich zu einer erh6hten Sterberate in
vulnerablen Gruppen. Durch das Fortschreiten des Klimawandels, der Urbanisierung und der Verdich-
tung von Stddten wird dieser in Zukunft zudem weiter zunehmen. Daher werden Modelle entwickelt
und angewendet um schnell und kostengiinstig mogliche Strategien zur Vermeidung bzw. Minderung
von Hitzestress zu untersuchen. Solche Strategien, wie beispielsweise der vermehrte Einsatz von griiner
und blauer Infrastruktur, kdnnen mit Hilfe von Modellen sowohl grundlegend wissenschaftlich erforscht
als auch in konkreten Planungsszenarien fiir Kosten-Nutzen-Analysen zu Rate gezogen werden. Das
Mikroklimamodell ENVI-met stellt dabei das meistgenutzte Tool fiir Analysen auf stiadtischer Quar-
tiersebene dar. Allerdings wurden in Modell-Evaluierungen Ungenauigkeiten aufgezeigt, die nun durch
einige in dieser Arbeit prasentierte Weiterentwicklungen gemindert wurden. Diese Neuentwicklungen
umfassen unter anderem das sogenannte Indexed View Sphere (IVS)-Modell sowie das Advanced
Canopy Radiation Transfer (ACRT)-Modul, welche die Strahlungs-Modellierung prézisieren. Im IVS-
Modell wird mit Hilfe von Ray-Tracing untersucht, welche Zellen mit welchen Objekten in einem di-
rekten Sichtkontakt und damit Strahlungsaustausch stehen. Dadurch kann anschlieBend ermittelt wer-
den, wieviel reflektierte oder emittierte Strahlung die jeweilige Zelle durch die Objekte in ihrem Sicht-
feld erhdlt. ACRT stellt ein Modul dar, welches die Reduktion von diffuser sowie die Streuung von
direkter kurzwelliger Strahlung in neue diffuse Strahlung innerhalb von Blattstrukturen wie z.B. Baum-
kronen berechnet. Zudem wurde dem Modell eine neue Art der Baumimplementierung basierend auf
dem Lindenmeyer-System hinzugefiigt, sodass Baumgeometrie sowie lokale Blattflichendichte realis-
tischer modelliert werden kdnnen. Eine Validierung mit Messdaten in Hongkong, die fiir verschiedene
Orte und Simulations-Einstellungen durchgefiihrt wurde, bestitigte die generellen Verbesserungen in
der Modellierung. Allerdings offenbarte die Studie Ungenauigkeiten in den modellierten mittleren
Strahlungstemperaturen (MRT) im Vergleich mit Werten, die aus der Messung von Strahlungsfliissen
gewonnen wurden. Da MRT den wichtigsten Parameter fiir die Bestimmung des thermalen Komforts
am Tag darstellt und damit essentiell fiir Studien zum Hitzestress in Stédten ist, wurden diese Ungenau-
igkeiten in einer Folgestudie untersucht und durch die Implementierung einer allgemein anerkannten

Strahlungsfluss-Berechnungsmethode sowie der Ergénzung von drei weiteren Faktoren zur Korrektur
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der erhaltenen kurzwelligen Strahlung angegangen. Eine anschlieBende Evaluierung anhand der Mess-
daten aus Hongkong sowie weiteren MRT-Werten basierend auf Grey-Globe-Temperatur-Messungen
aus Sao Paulo ergaben, dass die neue Modellierung eine deutliche Verbesserung bzgl. Korrelation und
Abweichungen fiir alle acht untersuchten Messpunkte bewirken konnte. Neben diesen Implementierun-
gen am Simulationskern von ENVI-met wurde zudem ein neues Post-Processing-Tool namens Lagran-
gian Stochastic Particle Trajectory Model entwickelt, welches die Verfolgung und Herkunft von Parti-

kel-Fliissen fiir komplexe urbane Strukturen modellieren kann.

Abgesehen von den Neuentwicklungen wurde ENVI-met zum einen in seiner Funktion als Luftschad-
stoff-Modell und zum anderen als Tool zur Modellierung spezifischer Hitzestress-Vermeidungs-Strate-
gien verwendet. Die Luftschadstoff-Studie ergab bei stiddtischen Messtouren entlang von Kindergirten
und Schulen, dass auf der Kopthohe von Kindern hohere Feinstaub-Konzentrationen gemessen wurden
als auf der Kopfhohe Erwachsener. Diese relativen Differenzen zwischen den Hohen vergroBerten sich
mit zunehmenden absoluten Werten und waren daher in der Nihe von Stralen hohen Verkehrsaufkom-
mens besonders ausgepragt. Die Modellierung der Hitzestress-Vermeidungs-Strategien befasste sich mit
neuartigen Materialen, die eine extrem hohe Albedo und Emissivitdt aufweisen und als mogliche kiih-
lende Dachmaterialien in Betracht gezogen werden. Eine Sensitivititsstudie mit vereinfachten, standar-
disierten Gebadudestrukturen in ENVI-met zeigte, dass diese extrem reflektierenden Dacher eine etwas
groflere Temperaturreduktion auf FuBlginger-Niveau bewirken kdnnen als herkdmmliche helle Dacher
oder Dachbegriinungen und dass dieser Effekt mit zunehmender Gebaudehohe deutlich abnimmt. Eine
Anschlussstudie untersuchte den Einfluss dieser Dacher auf bodennahe Temperaturen fiir reale und ent-
sprechend komplexere urbane Strukturen zweier unterschiedlicher Stadte: New York City und Phoenix.
Hierfiir wurde neben dem Mikroklima-Modell ENVI-met auch das regionale Weather and Research
Forecast (WRF)-Modell genutzt, um zum einen den Kiihlungseffekt bei einer Applikation der Materia-
lien auf Dachern einer ganzen Metropolregion zu untersuchen, zum zweiten die Ergebnisse der WRF-
Simulationen als realistische meteorologische Randbedingungen fiir die ENVI-met-Simulationen ver-
wenden zu kdnnen und zum dritten mdgliche Unterschiede und Gemeinsamkeiten zwischen den beiden
Modellen zu analysieren. Der von beiden Modellen simulierte stirkere Abkiithlungseffekt in Phoenix im

Vergleich zu New York City konnte auf die heifleren und trockeneren klimatischen Bedingungen

v



Zusammenfassung

zuriickgefiihrt werden, wihrend die vorherrschenden niedrigeren Gebdudehdhen eine geringere Rolle
spielten. Die vorliegende Arbeit stellt somit zum einen Weiterentwicklungen an der Modellierung des
urbanen Mikroklimas dar und zeigt zum anderen die vielfaltigen Anwendungsmdglichkeiten und For-
schungspotentiale in diesem Bereich auf, mit dem Ziel die nachhaltige Stadtplanung der Zukunft positiv

zu beeinflussen.
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1 Introduction

Climate change is arguably the greatest challenge of humankind. Future scenarios of the recently pub-
lished Intergovernmental Panel on Climate Change’s Sixth Assessment Report (AR6) on the physical
science basis of climate change state that global temperatures will rise by around 2 to 4.6 K until 2100
with current greenhouse gas emission levels continuing until 2050 (IPCC, 2021). Even in scenarios that
take the implementation of massive, not-yet planned counter-measures into account which yield net zero
emissions by 2050, global warming is still projected to be around 1.5 K compared to pre-industrial times.
With its multitude of relationships and effects, climate change represents a very complex topic that
affects every human being in any kind of manner. Its most hazardous effects such as sea-level-rise,
flooding, droughts, or an increasing strength and frequency of storms (IPCC, 2021) gained wide-spread
publicity due to recent events. Urban heat stress, however, represents a rather occasionally discussed
topic since it is usually not recognized as an imminent threat. Nonetheless, extreme heat waves such as
2003 in Western Europe significantly increased both morbidity and eventually mortality rates mostly
induced by circum-vascular diseases, which are especially threatening the elderly (Habeeb et al., 2015;
Kovats et al., 2004; Kravchenko et al., 2013; Robine et al., 2008; Schinasi et al., 2018; Wong et al.,
2013). Due to demographic change in several civilizations like Europe, Japan, or China, the number of
people that is thus affected by urban heat stress will increase in upcoming decades, raising the im-
portance of this subject (Romanello et al., 2021; UN Human Settlements Programme, 2020). Further-
more, more than 55 % of the world’s population already lives in cities and it is predicted that with
continuing urbanization the amount will further increase up to 68 % until 2050, with particularly high
urbanization rates in the most vulnerable regions in Asia and Africa (UN Department of Economic and

Social Affairs, Population Division, 2019).

While the number of possibly endangered people hence progressively increases, urban heat stress itself
intensifies as well: Due to climate change, rising global temperatures are assumed to exacerbate heat
related health impacts in cities (Chapman et al., 2017). This phenomenon of higher temperatures within
urban agglomerations compared to its rural surroundings is described by the commonly known and in-
tensively studied Urban-Heat-Island-Effect (UHI). These temperature discrepancies are primarily

caused by the evapotranspiration capabilities of urban areas and differences in the radiation scheme
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(Mills, 2014). Evapotranspiration is usually lower compared to rural surroundings since built environ-
ments feature less pervious soils, open water bodies, and vegetation (Pyrgou et al., 2020). It though
represents an important process as it is able to considerably reduce air temperatures due to transfor-

mation of sensible to latent heat (Gunawardena et al., 2017; Li et al., 2019).

A major driver of climatological processes in general is solar energy with its vast majority being received
as shortwave radiation. This direct shortwave radiation component is subsequently reflected or absorbed
depending on an object’s albedo or can be scattered into diffuse solar radiation upon hitting objects such
as aerosols. The amount of energy being absorbed by an object together with its specific thermal prop-
erties — such as heat capacity or conductivity — and convection as well as advection based on the sur-
rounding conditions subsequently determine its resulting temperature. Depending on the object’s emis-
sivity, the amount of emitted longwave energy can then be approximated according to Stefan-Boltz-
mann-law. In urban environments, a larger number of buildings and sealed surfaces usually feature lower
albedos and higher heat capacities compared to rural surroundings. Received solar energy is hence ab-
sorbed and stored during daytime and released during nighttime (Oke, 1987). However, bright materials
or glass facades are contrastingly able to reflect large portions of shortwave radiation, which leads to
large local differences of radiative fluxes and climatic conditions. Urban climate is hence very difficult
to determine due to the high complexity and heterogeneity of a city’s specific design regarding urban
structure (dimension and spacing of buildings and streets), urban cover (pervious, impervious soils,
vegetated areas, water bodies), urban fabric (building materials), and urban metabolism (production of
heat and pollutants based on human activity) (Oke, 1997, 1988; Runnalls and Oke, 2006; Thomson and
Newman, 2018; Zhang, 2013). Although large discrepancies in nighttime temperatures between rural
and urban sites represent the major UHI aspect, tackling urban climate challenges by sustainable urban
planning is particularly related to daytime heat stress being primarily caused by extreme air temperatures
(Martilli et al., 2020; Schinasi et al., 2018). The so-called human thermal comfort (HTC) defines whether
a distinct microclimatic situation is comfortable for a human being. One major driver of this impression
is the thermal radiative heat load received by a standing human body that is defined by the parametrized
temperature-dimension index Mean Radiant Temperature (MRT) (Johansson et al., 2014; Kantor and

Unger, 2011; VDI, 2008). However, several additional parameters such as wind speed, air temperature,
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and air humidity are important for an advanced evaluation of HTC. Multiple biometeorological indices
such as Predicted Mean Vote PMV (Fanger, 1972), Standard Effective Temperature SET (Gagge et al.,
1986), Physiologically Equivalent Temperature PET (Mayer and Hoppe, 1987), and Universal Thermal
Climate Index UTCI (Brode et al., 2012) have thus been developed, taking all of these parameters into

account.

In order to improve HTC to reduce dangerous health implications and allow sustainable living in cli-
mate-change-resilient cities, researchers investigated a multitude of heat mitigation measures in recent
decades (Aflaki et al., 2017; Akbari et al., 2016; Fallmann and Emeis, 2020). A cheap and feasible
solution to improve thermal comfort are shading structures that reduce the perceived shortwave radiation
at pedestrian level (Elgheznawy and Eltarabily, 2021; Kantor et al., 2018). An alternative are high-
albedo materials that reflect incoming shortwave radiation and are thus able to reduce material surface
and hence ambient air temperatures (Santamouris and Fiorito, 2021). However, as reflected shortwave
radiation at pedestrian level would increase the received radiative load and thus lower thermal comfort,
most studies conclude that they should not be used as street or wall materials in cities with medium to
wide street canyons (Falasca et al., 2019; Middel et al., 2020; Schrijvers et al., 2016). These materials
are therefore often examined as a heat mitigation measure when applied on roofs. These so-called cool
roofs lower the amount of energy stored in buildings and are thus able to reduce day- and nighttime
outdoor air temperatures as well as building indoor temperatures (Akbari et al., 2005; Bozonnet et al.,
2011; Santamouris et al., 2011; Synnefa et al., 2008). However, ageing and weathering is yet a drawback
as it lowers cool roofs’ albedo, which in turn requires maintenance to preserve their cooling performance
(Dornelles et al., 2015; Mastrapostoli et al., 2016; Synnefa et al., 2007). An additional measure called
blue infrastructure aims to lower sensible heat and increase latent heat by evaporation. Water bodies,
fountains, or nozzles that create a fine mist of water droplets, are hence able to reduce air temperatures.
Blue infrastructure, however, represents a rather expensive measure featuring both high water consump-
tion and maintenance effort with comparatively small improvements in thermal comfort (Farnham et al.,
2015; Jacobs et al., 2020; Lehnert et al., 2021; Liu et al., 2021; Theeuwes et al., 2013; Zuvela-Aloise et
al., 2016). Furthermore, it is not applicable for humid conditions, making it a less valuable option for

cities in subtropical and tropical climates. Lastly, the most important and already widely applied heat
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mitigation tool is green infrastructure. Vegetation of any kind is able to lower air temperatures by evap-
otranspiration like blue infrastructure. Furthermore, trees, either along streets or accumulated in parks,
additionally provide shading, thus lowering radiative heat load (Bartesaghi Koc et al., 2018; Gun-
awardena et al., 2017; Liu et al., 2021; Morakinyo et al., 2017b, 2020; Saaroni et al., 2018; Tsoka et al.,
2018). It is, however, difficult to find the right urban tree fitting both the altering conditions caused by
climate change as well as numerous additional requirements such as low toxicity, resistance against tree
pests, low allergy potential from pollen, low isoprene emissions, or powerful roots to resist storms on
the one hand and small roots to prevent damaging of streets and the urban underground on the other
hand (Vogt et al., 2017). Furthermore, trees represent a possible threat for people during storm events
and feature high maintenance costs for cutting back branches. Lastly, they are a very space-consuming
measure, which yields the opposite desired outcome from urban planning nowadays trending towards
urban densification to meet residential needs and keep pace with the progressing urbanization (Dembski
et al., 2020; Lin et al., 2015; Roman et al., 2021). Although roof and facade greening offer a space-
saving solution of green infrastructure compared to trees, they usually do not provide shade and only
show a rather low impact on outdoor thermal comfort (Liu et al., 2021; Morakinyo et al., 2017a). While
they are favored for their building indoor cooling performance, hence lowering building energy demands
otherwise needed for air conditioning, they can in turn be even more expensive than trees in terms of
application and maintenance (Heusinger et al., 2018; Manso and Castro-Gomes, 2015; Shafique et al.,
2018). Both cool and green roof solutions also have to compete against photovoltaic panels that are
assumed to negatively affect urban heat stress but represent a space-saving regenerative power supply
(Berardi and Graham, 2020; Masson et al., 2014). However, recent studies suggest that green roofs are
still a viable option to be applied below photovoltaic panels (Jahanfar et al., 2020; Movahhed et al.,
2019; Scherba et al., 2011; Van Renterghem, 2018). As all measures feature strengths and weaknesses,
a combination of mitigation tools is needed to tackle the challenge of urban heat stress (Hatvani-Kovacs
et al., 2018; O’Malley et al., 2015; Wang et al., 2016). One example for a holistic approach yielding
resilient cities could be the sponge city concept, which prevents urban flooding by saving the water of

heavy rainfalls in large storage spaces and in open soils (Nguyen et al., 2019). During heat waves, this
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stored water can be then used for blue and green infrastructure in order to cool the city by evapotranspi-

ration.

Besides these heat mitigation strategies, future urban planning concentrates on reducing air pollution as
it also yields strong health implications like neuronal, respiratory or cardiovascular diseases and even-
tually an increased mortality (Azarmi et al., 2016; Feng et al., 2016; Karagulian et al., 2015; Kumar et
al., 2015; Lelieveld et al., 2019). Critical pollutants like particulate matter or NO, are mainly induced
by traffic, industry, or residential combustion (Fann et al., 2011; Sofia et al., 2020). The possible range
of air pollution mitigation strategies is hence plentiful: from (1) a general transformation of fossil-fuel-
based to electricity-based traffic, industry as well as heating/cooling components, to (2) smart cities with
extensive air pollution monitoring for regulating purposes, to (3) improved electrified public transport
supported by low-emission traffic zones as well as bicycle renting systems and car sharing (Duque et
al., 2016; Nieuwenhuijsen and Khreis, 2016; Rabl and de Nazelle, 2012; Rojas-Rueda et al., 2011; Sofia

et al., 2020).

In order to examine the performance of measures, regardless whether mitigating heat or air pollution,
models are needed to predict possible advantages and disadvantages before the implementation in real-
ity. They thus represent quick and reliable tools to evaluate hypothetical scenarios at virtually no cost.
For climatological analysis, most models predict parametrized interactions between parts of a defined
model domain (grid cells) based on external drivers such as irradiation, wind, air temperature, air hu-
midity, and air pressure. Such climate models are not only limited to urban climate analysis. They are
typically classified into macroscale, mesoscale, and microscale models depending on their respective
modeling objectives and the processes that hence have to be included or neglected. Macroscale models
like the Coupled Model Intercomparison Project (CMIP) are used to examine climate change impacts
on global or continental level for different global CO, emission scenarios in future decades (Meehl et
al., 2000; Taylor et al., 2012). Macroscale models like GFS, ECMWF, or ICON are additionally able to
predict large-scale weather developments on a contrastingly short timescale (Bassill, 2014; Giorgetta et
al., 2018; Hagedorn et al., 2008; Hamill et al., 2008). Their global forecasts of predicted meteorological
conditions can then be taken as input for mesoscale models like WRF or COSMO that are on the one

hand used for more detailed weather forecasting on a regional scale (Baldauf et al., 2011; Coniglio et
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al., 2010; Zheng et al., 2016). On the other hand, they are utilized to investigate regional climate change
scenarios and adaptations, for example UHI intensities, the effects of land cover changes (Local Climate
Zones), or the possible performance of greening modifications in an entire metropolitan area (Berardi
et al., 2020; Brousse et al., 2016; Fallmann et al., 2013; Giannaros et al., 2018; Sharma et al., 2017,
2016; Vogel and Afshari, 2020). While macro- and mesoscale models feature coarse resolutions of kil-
ometers down to hundreds of meters per grid cell of their model domain, microscale models are usually
applied on urban quarter scope and thus work in resolutions of around 1-20 m. Representative objectives
of microscale models are for example the impact of different building morphologies/materials or
green/blue infrastructure on microclimate conditions (Liu et al., 2021). However, for each scale there
are models that are concentrating on specific aspects and are thus capable of simulating particular as-
pects in great speed and detail, while others are rather following a holistic approach trying to capture
the majority of possible interacting processes. On the microscale, models like RayMan, SOLWEIG, or
CityComfort+ particularly focus on heat stress and thus mainly model radiation budgets, MRT, and
thermal comfort based on energy balances (Huang et al., 2014; Lindberg et al., 2008; Liu et al., 2021;
Matzarakis et al., 2010). Models based on Computational Fluid Dynamics (CFD) like OpenFOAM, are
able to conduct wind and turbulence analysis in particular (Jasak, 2009). Holistic microclimate models
like ENVI-met, SOLENE, or the not yet publicly available Palm4U, however, take all kinds of surface-
plant-air interactions into account while additionally simulating three-dimensional wind fields, turbu-
lence, air temperature and humidity, as well as radiative fluxes or even pollution dispersion (Bruse,
1999; Bruse and Fleer, 1998; Huttner, 2012; Liu et al., 2021; Maronga et al., 2018; Musy et al., 2015;

Simon, 2016; Steuri et al., 2020; Tsoka et al., 2018).

ENVI-met is not only the most frequently used tool for urban heat stress analysis by scientists world-
wide, it is also commercially and non-commercially applied by architects as well as urban and landscape
planners (Crank et al., 2020; Janicke et al., 2021; Liu et al., 2021). From its first development in the
1990s by Michael Bruse (Bruse, 1999; Bruse and Fleer, 1998), the application potential of ENVI-met
increased significantly up to now, as the model benefited from rising supply of computational power
like all models and was further improved by several major advancements such as Full Forcing of meas-

ured meteorological boundary conditions, the 7-node-wall model for a higher building modeling
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accuracy, a vector editor for quick creation of large model areas, and the fagade/roof greening module
(Huttner, 2012; Simon, 2016). Due to its multitude of added calculation modules, it is not limited to
urban heat stress analysis but can be used for all kinds of specific applications featuring for example the
simulation of trees’ transpiration rates (Simon et al., 2018c), air quality scenarios such as the creation
and distribution of ozone originating from emitted biogenic volatile organic compounds (Simon et al.,

2019), or the effect of fagade greenery on air temperature at pedestrian level (Morakinyo et al., 2019).

What applies for ENVI-met and all other models accordingly is that their purpose is to uncover and
examine trends, relationships, and approximations. In order to gain new knowledge about a topic by the
usage of modeling studies, different scenarios are hence needed to compare impacts and outcomes be-
tween one another. Examples would be the climate change impact depending on different CO, emission
scenarios based on several ensemble runs for macroscale modeling (Chen et al., 2020), the difference
between a scenario of a Status Quo against a scenario where cool roofs have been applied to an entire
metropolitan area for mesoscale (Li et al., 2014), or a comparison of thermal comfort between two plan-
ning scenarios featuring more or less trees on a public square for microscale modeling (Z6lch et al.,
2019). Depending on the magnitude of impact, modeling leads to distinct guidelines that have to be
eventually evaluated by cost-benefit analysis. However, modeling is of course not only reliant on rela-
tive differences; the prediction of absolute values needs to be accurate as well. In order to examine
modeling performances and check their predictions, evaluation studies comparing modeled against
measured data are performed. In general, these studies found ENVI-met to be in good agreement with
observations as recent review studies by Liu et al. (2021) and Tsoka et al. (2018) summarized. Yet, some
studies addressed shortcomings or imprecise parametrizations that caused inaccuracies in modeling
(Tsoka et al., 2018). In order to further improve ENVI-met’s modeling of urban heat stress and thus the
accuracy of heat mitigation studies in general, the most relevant shortcomings reported have been tack-

led in the present work.

Primarily, ENVI-met’s radiation scheme was criticized for its inaccuracy which results in larger dis-
crepancies regarding heat stress indicator MRT and hence thermal comfort calculation (Acero and Her-
ranz-Pascual, 2015; Crank et al., 2020; Gal and Kantor, 2020; Lam et al., 2021; Roth and Lim, 2017;

Sharmin et al., 2017; Tsoka et al., 2018; Wallenberg et al., 2020). Longwave emitted and shortwave
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reflected radiation were not accurately modeled in particular as a grid cell did not receive such radiation
from its surrounding environment but utilized averaged values for the radiation budget calculations. This
shortcoming has now been addressed by the development of the so-called Indexed View Sphere (IVS)
scheme presented in Section 2. This enhanced ray-tracing approach actually accounts for radiative con-
tributions of objects that are seen by each grid cell. Its basic concept being developed by Michael Bruse
in 2017 was significantly reworked by Helge Simon, who also added flexibility to the IVS calculation
accuracy that can now additionally be adapted by the user depending on model area size. Proof-of-
concept simulations investigated whether IVS simulations featured a higher accuracy in modeling sec-
ondary radiative fluxes, i.e., longwave emitted and shortwave reflected radiation, compared to simula-
tions featuring the previously common Averaged View Factor (AVF) concept. The author could sub-
stantially support the IVS development and algorithm optimization, prepared, conducted and evaluated
the proof-of-concept-simulations, and wrote the majority of the manuscript. The manuscript was pub-

lished in Applied Science 11(12) in June 2021 (Simon et al., 2021b).

Radiation modeling was additionally tackled by the development of an Advanced Canopy Radiation
Transfer (ACRT) module that accounts for extinction of diffuse as well as scattering of direct shortwave
radiation into secondary diffuse radiation within plant canopies (Section 3). Furthermore, a new plant
digitization technique developed by Michael Bruse following the Lindenmeyer-system (L-Trees) was
presented, which allows complex plant skeleton structures to be defined with a more realistic position,
size, and alignment of leaf clusters, thus resulting in a more accurate representation of plants in ENVI-
met. Due to its skeleton with defined branches and twigs, this implementation represents the basis for
upcoming developments that will feature the analysis of a tree’s biomechanical response to storm events.
Proof-of-concept simulations examined whether the combination of both new features — ACRT and L-
trees — refined radiation modeling within and below canopies at street-level. The author contributed to
this work by developing parts of the ACRT module, preparing and conducting the proof-of-concept
simulations, as well as writing several sections of the manuscript. The manuscript was published in

Forests 11(8) in August 2020 (Simon et al., 2020).

The advancements demonstrated in Section 2 and Section 3 improved ENVI-met’s radiation modeling

in general and thus positively affected MRT modeling. However, a detailed evaluation study comparing
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measurements of air temperature, relative humidity, as well as six-directional radiation fluxes and the
resulting calculated MRT with ENVI-met modeling results in Hong Kong found that there are still rather
large inaccuracies in MRT modeling (Section 4). The study examined modeled and measured data for
six locations that featured three different types of green infrastructure, i.e., a green roof, a green facade,
and a tree as well as their three bare counterparts as measurement sites. Furthermore, the demand of
both using localized materials and accurate meteorological boundary conditions for the simulations was
analyzed. The author contributed by preparing and simulating the multitude of scenarios as well as add-
ing ENVI-met modeling expertise and insights during conceptualization and proofreading of the manu-
script. The manuscript will be published in Building and Environment 207 in January 2022 (Ouyang et

al., 2022).

In order to overcome the reported MRT modeling inaccuracies and hence improve ENVI-met’s thermal
comfort analysis, new MRT schemes were implemented into the model (Section 5). A new MRT calcu-
lation method based on the six-directional radiation flux measurement approach that was used in the
validation study in Section 4 as well as three differing projection factors, which are needed to approxi-
mate the direct shortwave radiation received by a standing human body’s shape, were added to ENVI-
met. Subsequent proof-of-concept simulations evaluated the performance of the implementations for
eight measurement sites in Sao Paulo and Hong Kong. The author added the different MRT schemes to
ENVI-met, prepared, conducted, and evaluated the proof-of-concept simulations, and wrote the manu-

script. The manuscript is currently under Review in Urban Climate.

Besides these implementations of IVS, ACRT, and MRT schemes in the ENVI-met core, a new post-
processing tool called Lagrangian Stochastic Particle Trajectory Model (LaStTraM) was developed
(Section 6). While ENVI-met already featured a pollution and chemistry module that is also capable of
simulating the effects of water spray, its particle distribution modeling is mainly based on local wind
flow and in case of particulate matter on particle size and density (Wania et al., 2012). However, in order
to validate and refine conducted eddy-covariance measurements that examine the surface-energy ex-
change of energy and matter, a more detailed analysis of particles’ origins is needed. Therefore, the so-
called flux footprint or flux source area is analyzed, which represents an estimation of the surface area

influencing the signal measured at a detector location. In simplified models like analytical or Lagrangian
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stochastic particle dispersion models, this approximation is based on a function featuring characteristics
of the earth surface like roughness length or topography, the state of the atmosphere regarding stability,
wind conditions and turbulence, as well as the distribution of sources and sinks (Horst and Weil, 1992;
Kljun et al., 2015, 2002; Kormann and Meixner, 2001). While these simplified models cannot take into
account the complex urban environment at the measurement site, large-eddy simulations and closure
models are capable of simulating flux footprints for more heterogenous environments but feature a very
high computational demand and are still not building-resolving (Hellsten et al., 2015; Sogachev et al.,
2002). LaStTraM now enables the ability to analyze flux footprints for complex urban environments
with distinct objects like buildings, trees, meadows, or green roofs, based on stochastics that are applied
on ENVI-met’s predicted microclimatological conditions. The author supported the development and
coding of LaStTraM, conducted the comparison against other flux footprint models, prepared proof-of-
concept simulations, and wrote parts of the manuscript. The manuscript was published in Atmosphere

12(8) in July 2021 (Simon et al., 2021a).

While the presented advancements in modeling could be made as developers of ENVI-met with specific
model insights and code accessibility in particular, the author could also contribute to scientific progress
by applying the model, e.g., as air quality modeling tool demonstrated in Section 7. The study investi-
gated air pollution at child and adult height levels by using low-cost particulate matter measurements
on walking routes along kindergartens and schools. To further investigate whether children are exposed
to higher air pollution concentrations as they are nearer to the emissions sources of traffic, a simulation
study was conducted featuring specific meteorological conditions of the measurement campaign as well
as local traffic emission rates. The author contributed to this work by developing and coding a reanalysis,
filtering and extrapolation tool fitting the measured data to an optimal route and to a higher temporal
resolution, respectively, as well as preparing, conducting and evaluating the ENVI-met simulations, and

proof-reading the manuscript. The manuscript is currently under Review in Urban Climate.

Aside from air quality modeling, ENVI-met was applied as research tool for new urban heat mitigation
measures regarding passive daytime radiative cooling (PDRC). PDRC gained increasing interest over
the last years, as new materials have been developed that combine a very high-albedo (>0.96) and very

high emissivity (>0.98), which allows them to stay several degrees Celsius below ambient air
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temperatures — even during high solar radiation conditions (Mandal et al., 2018). Due to their high re-
flectivity and thus negative impact on MRT, these materials are not considered as future street or wall
materials but as possible coating for roofs. Previous studies found that they could be able to improve
building indoor temperatures and hence lower building energy demands (Anand et al., 2021; Baniassadi
et al., 2019; Chen et al., 2021; Chen and Lu, 2020; Mandal et al., 2020; Santamouris and Yun, 2020;
Yang and Zhang, 2020). In order to evaluate their possible outdoor impact on air temperature at pedes-
trian level when applied on roofs on a larger scale, a sensitivity study using ENVI-met was conducted
(Section 8). Performances of the new super cool roofs (SCR) were compared against the impacts of both
traditional cool and green roofs. The study additionally featured varying building height scenarios of a
uniformly built model area to examine a possible dependency of pedestrian-level air temperature cooling
on building height. The author prepared, conducted, and evaluated the simulations, and wrote the man-

uscript. The manuscript was published in Urban Climate 38(85) in June 2021 (Sinsel et al., 2021a).

Lastly, following the sensitivity study with uniformly built model areas presented in Section 8, a con-
secutive study analyzed the SCR effect on pedestrian-level air temperature for realistic scenarios featur-
ing complex urban environments in two contrasting cities: New York City and Phoenix (Section 9).
Simulations were not only conducted with ENVI-met but also with the mesoscale model WRF in order
to, in a first step, examine the impact of SCR application over entire metropolitan areas, in a second
step, use WRF’s model output as realistic meteorological boundary conditions for the ENVI-met simu-
lations, and, in a third step, find similarities and discrepancies between both models. As SCR perfor-
mances differed between NYC and Phoenix scenarios in the prediction of both models, it was addition-
ally investigated whether the discrepancies were caused by the prevailing building morphologies or cli-
matological conditions. The author prepared, conducted, and evaluated the ENVI-met simulations, and
wrote the majority of the manuscript. The manuscript will be published in Urban Climate 40 in Decem-

ber 2021 (Sinsel et al., 2021b).
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2 Advances in simulating radiative transfer in complex environ-
ments

Helge Simon!, Tim Sinsel!, Michael Bruse!

'Department of Geography, Johannes Gutenberg University Mainz, 55099 Germany

Summary:

Modeling microclimate conditions largely depends on the accurate modeling of radiative fluxes. How-
ever, ENVI-met’s radiation scheme was criticized for its modeling of secondary radiative fluxes which
results in inaccuracies regarding heat stress indicator MRT and hence thermal comfort calculation.
Longwave emitted and shortwave reflected radiation were not accurately modeled in particular as a grid
cell did not receive such radiation from its surrounding environment but utilized averaged values for the
radiation budget calculations. This shortcoming has now been addressed by the development of the so-
called Indexed View Sphere (IVS) scheme presented in the following work. This enhanced ray-tracing
approach actually accounts for radiative contributions of objects that are seen by each grid cell. Its basic
concept being developed by Michael Bruse in 2017 was significantly reworked by Helge Simon. The
author could substantially support the development process and the implementations in the source code.
Proof-of-concept simulations investigated whether IVS simulations featured a higher accuracy in mod-
eling secondary radiative fluxes, i.e., longwave emitted and shortwave reflected radiation, compared to
simulations featuring the previously common Averaged View Factor (AVF) concept. Aside from code
developing support, the author prepared, conducted and evaluated the proof-of-concept-simulations,

created the figures, and wrote the majority of the manuscript.

Applied Science 11(12), June 2021 — published
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2.1 Introduction

Accurate modeling of radiative fluxes plays an important role in microclimatology. This is especially
the case in urban areas, where large differences in radiative fluxes can be found due to complex struc-
tures, heterogeneous materials, and a multitude of different surface types (Arnfield, 1990, 1982; Oke,
1997; Rosenfeld et al., 1995; Santamouris, 2013). While primary radiative transfer, i.e., incoming
shortwave and longwave radiation, can be simulated quite easily using ray tracing algorithms and local
Sky View Factors, simulating secondary radiative fluxes which are emitted or reflected by objects of
the environment (walls, roofs, the ground surface, or vegetation) are much more complicated to be mod-
eled. The complexity in modeling these radiative fluxes lies in the multiple interactions between the
different elements within the view range of the grid analyzed. For instance, radiation reflected by a
surface will contribute to the incoming radiation received by other surfaces. These surfaces will again
also re-reflect parts of this radiation and distribute in vicinity. Handling such complex conditions is a
challenge that is common to all algorithms that involve simulating multiple reflections of radiation such
as daylight simulation or image rendering in general (Brown et al., 2001; Cook and Torrance, 1981;

Hammerle et al., 2011; Hu and Qin, 2007; Mardaljevic, 1999).

Over the years, different approaches have been developed to tackle this problem using different kinds
of numerical algorithms. The multiple reflections of shortwave radiation can for example be handled by
tracing the reflected photons using a Monte-Carlo approach (Aguerre et al., 2017; Howell, 1998, 1969;
Lee et al., 2011; Wang, 2014). For the analysis of more mono-directed rays originating from discrete
light or radiation sources, raytracing algorithms can be used to follow the radiation on its path through
the modeled environment, similar to the algorithms implemented in the microclimate model ENVI-met
to calculate the shadow casting (Michael Bruse, 2004; Glassner, 1989; Meinzer et al., 1991; Shirley and
Morley, 2008). Another group of algorithms approaches the problem from the other side, by not tracing
the radiation itself, but analyzing the view relations between the different emitting and receiving ele-
ments in a scene or environment. These types of algorithms are generally categorized as Radiosity Ap-
proaches, with several sub-groups depending on the way the individual interactions between the ele-
ments are solved (e.g., Matrix Radiosity, Progressive Radiosity or Wavelet Radiosity) (Ayoub, 2020;
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Chelle and Andrieu, 1998; Cohen et al., 1988; Fiala and Kadlecova, 2005; Gortler et al., 1993; Helbig

et al., 2009; Recker et al., 1990; Wallace et al., 1989).

While these methods give good results in smaller environments like indoor spaces, they are hardly ap-
plicable for outdoor situations where an enormous number of elements and view relations between
points in space need to be analyzed due to the larger and more complex geometries. Moreover, different
to indoor environments, where the radiative fluxes are often calculated only once for a given setting, the
situation in an outdoor environment is constantly changing due to movement of the sun and the resulting
heating and cooling of surfaces. Hence, the radiative situation needs to be solved frequently - similar to

the shadow casting which is typically updated every few minutes (Simon, 2016).

Modern microclimate models like the CFD-model ENVI-met, that considers turbulence and is based on
solving Reynolds-Navier-Stokes equations (Bruse and Fleer, 1998; Crank et al., 2018; Simon, 2016;
Tsoka et al., 2018), allow for a very precise representation of the urban environment: Besides the de-
tailed plant model (Shinzato et al., 2019; Simon et al., 2018), ENVI-met recently introduced an Accurate
In-Canopy Radiation Transfer scheme which accounts for scattering and attenuation of shortwave radi-
ation within tree’s canopies (Simon et al., 2020). Buildings cannot only be digitized with a variety of
different materials but also individual facades of the same building can consist out of different materials
(Forouzandeh, 2021; Simon, 2016; Simon et al., 2017). The same is possible with the ground surface,
where different surface types can be assigned to every grid. Since the different objects, materials, and
surface types carry their own physical parameters such as albedo, emissivity, heat transfer coefficient
etc., the possibility to accurately replicate the variety of the urban environment drastically increases the
accuracy of the model results. In previous versions of ENVI-met however, the effects of different ma-
terials and surfaces were only calculated explicitly for primary radiation (Huttner, 2012). The distribu-
tion of secondary radiative fluxes (reflected shortwave radiation and longwave radiation emitted from
objects) was, due to lack of memory and to save computational effort, carried out using a simplification,
where instead of the actual reflected shortwave radiation and longwave radiation emitted, averages over
all facades and surfaces within the model area were used (Huttner, 2012). This simplification could in
some instances lead to a rather low accuracy that has been reported in evaluation studies comparing

modeled against measured values of radiation and mean radiant temperature (MRT) (Acero and
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Arrizabalaga, 2018; Acero and Herranz-Pascual, 2015; Chen and Ng, 2013; Lee et al., 2016; Roth and

Lim, 2017; Salata et al., 2016; Sharmin et al., 2017; Tsoka et al., 2018).

In this paper, a newly developed method is introduced to overcome these shortcomings. It enables the
simulation of fluxes of reflected shortwave and emitted longwave radiation within the urban environ-
ment with a much higher level of detail, considering the actual objects, i.e., facades, surfaces, and trees
“seen” by a grid cell. By simulating secondary radiation in greater detail, differences in local microcli-
mates can be identified more clearly and influences of e.g., highly reflective surfaces or vegetation cover
onto bio climate indices such as PET (physiological equivalent temperature) can be taken into account.
In a large ENVI-met proof-of-concept simulation featuring a multitude of different surfaces and plants,
the new method is compared against the previous approach. The comparison should evaluate the accu-
racy of the new radiation scheme and examine the impacts of the more accurate secondary radiation

modeling on the simulated local microclimate.

2.2 Model description

In the following, the old Averaged View Factor concept used in ENVI-met is described (Section 2.2.1)
and the advancements of the new Indexed View Sphere (IVS) algorithm are laid out in detail (Section
2.2.2). To evaluate the advantages of the new IVS module, a proof-of-concept simulation is conducted

comparing the results of both concepts (Section 2.2.3).

2.2.1 The Averaged View Factor (AVF) Concept

To describe the radiative situation and solve the interactions between different elements, ENVI-met
version 4.4.5 and prior used a generalized visibility concept based on Averaged View Factors (AVF).
In the AVF concept, first, a three-dimensional ray tracing analysis is performed for every cell. Starting
from a grid cell’s center, rays are being shot for every 10° height and 10° azimuth angle creating a sphere
consisting out of 18 x 36, thus 648 individual view facets. While calculating these 648 individual view
facets for every grid cell can be very time consuming, it only needs to be performed once for a model
simulation as the objects seen by a cell do not change over the course of a simulation. Based on the
object type (sky, building, plant, ground surface) seen by the view facet / hit by the ray and the total

number of view facets, averaged view factors of sky ggy,,, vegetation oy, buildings 0544 and ground
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surfaces g;,q Were stored as single values for each grid cell. By only saving the view factors for the
different object types instead of the actual facade elements, ground surfaces, and plant sections seen in
the facets, a lot of memory can be saved. However, since no information is stored about which individual
elements are in radiative exchange with the cell, the calculation of secondary radiative fluxes cannot
take into account the radiation exchanges between actual objects seen but rather has to resort to an
approximation. Instead of individual information about radiation received from particular objects, the
secondary radiation is approximated by combining a grid cells’ view factor for buildings, plants, and
ground surfaces with averaged values of reflected and emitted longwave radiation for all buildings,
plants, and ground surfaces over the entire model domain (Michael Bruse, 2004; Huttner, 2012; Helge

Simon, 2016).

The received secondary radiation of a cell — in this case the received shortwave reflected radiation from

buildings — is thus calculated by:

strefl,in(i'j; k) = OBldg (i), k) - QBldg,swrefl Eq. 2-1

with 0p144(,y, 2) as the building view factor (0 to 1) of cell i, j, k and Qpag swref as the averaged

reflected shortwave radiation from all buildings calculated by:

N
1
QBlag,swrefl = Nz o (@) - Qsw(@) Eq. 2-2
a=1

with N being the total number of facades in the model, o the albedo of fagade a and Q,, the shortwave
radiation in front of fagade a. The same calculations are carried out taking into account averaged surface
temperature values of buildings, leaves, or ground surfaces for the estimation of received secondary

longwave radiation.

To account for changes in the radiative situation, these calculations (Eq. 2-1, Eq. 2-2) and their respec-
tive counterparts for other object types and emitted longwave radiation need to be solved regularly, i.e.,

every 15 minutes by default in ENVI-met.

The consequence of this simplification is that every point with an identical view factor for buildings,
ground surfaces, or vegetation will receive the exact same amount of reflected shortwave and emitted
longwave radiation.
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While this simplification does save memory, it also leads to very unrealistic results: Given the same
view factors, a cell would receive the exact same amount of reflected shortwave and emitted longwave
radiation independent of the actual radiative processes in its vicinity. This could lead to identical re-
flected shortwave fluxes in front of north and south facades or high-reflective facade materials or low-

reflective fagade materials.

2.2.2 The Indexed View Sphere (IVS) algorithm

To overcome this simplification, the Indexed View Sphere (IVS) algorithm was developed and imple-
mented into ENVI-met. The main idea behind IVS is to save the results (i.e., the objects seen by a cell
in a certain view angle) of the initial geometrical analysis so that it is possible to relate the calculated
View Factors back to the contributing elements of the urban scene. Its fundamentals are comparable to
Sky View Factor calculations based on fish-eye-imagery where the amount of sky pixels per annulus
ring is analyzed (Figure 2-1a) (Chapman and Thornes, 2004; Middel et al., 2018; Steyn, 1980; Steyn et
al., 1986). To reduce the memory needed, the new IVS does not calculate the same amount of view

facets in all height angles of the view sphere (Figure 2-1b).

(a) (b)
Figure 2-1: View sphere for an exemplary grid cell to be analyzed depicting azimuthal angle az and height angle
h definition (a) and individual view facet distribution per height angle (b) showing that view facet count
decreases with increased height angles.

Since the resulting surface area for a given azimuthal angle decreases with increased height angles, the
size of the azimuthal angle and thus of the view facets can be set larger with little to no information loss.

The size of the azimuthal angles and thus the view facets is calculated by a function of the height angle.
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The user only defines the resolution of the height angles and the azimuthal angles at the equator of the
cell. The number of azimuthal angles, i.e., the number of distinct view facets for a given height angle is

then calculated by:

360
A(h) = . cos (h)

eq Eq. 2-3

with az,, as the user defined size of azimuthal angle at the sphere’s equator, and the height angle h. To
ensure all cardinal directions are represented, a minimum of four azimuthal angles is set for height angles
less than |90°|. For height angles of +- 90° only one view facet is obtained since azimuthal angles would

be indifferent for these height angles.

By reducing the number of view facets per cell, an immense amount of memory can be saved without
losing too much information about objects seen by a grid cell. Where a 10° height and azimuthal angle
would previously result in 648 view facets, the same height and azimuthal resolution at the equator now
results in 414 view facets. In combination with more efficient data structures, this decreases memory
demand by around 40 % and enables the possibility to store pointers to the objects seen by cell in a
particular direction. By storing a direct link to objects seen by a cell, the actual radiation reflected /
emitted by these objects can now be used to calculate a cell’s received reflected shortwave and longwave
radiation instead of using averaged values. Taking into account this radiation received, the cell alters its
own reflection of shortwave and emission of longwave radiation and in turn contributes to the radiation

received of other cells.

To calculate the received reflected shortwave and emission of longwave radiation coming from build-
ings or ground surfaces, the individual contribution of the objects is weighted by the view angle of the

facet and simply added up:

F
QBuild,Grnd,in (i,j, k)= Z w(a) - Tyeg (a) - QBuild,Grnd,out Eq. 2-4

a=1
with F being the total number of facets of the view sphere, w(a) as the weight of the view facet a,

Tyeg (@) as the transmission factor accounting for reduction of the visibility due to vegetation between
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the cell i, j, k and the objects seen, and Qpyi1g Grnaout as the outgoing reflected shortwave or emitted

longwave radiation by the seen objects.

Secondary radiation emitted by vegetation is accounted for by inverting the transmission factor:

F
QVeg,in(i'ji k) = Z w(a)-(1- Tveg (@) - Qveg,out Eq. 2-5

a=1

with Qyeg our as the outgoing reflected shortwave or emitted longwave radiation by the seen plants.

While the height angles are constant within a view sphere, the azimuthal angle and thus the number of
view facets changes with increased height angles. This implies, that the weighing factor is not identical
for all view facets, but depended on the number of view facets in a particular height ring. The individual
weighting factor accounting for the contribution of a view facet is calculated by:

1 1
CEAR) T Eq. 2-6
with A(h) as the number of view facets in a given height angle and 1,,,; as the number of height rings

for a particular view direction, e.g., downward view or upward view.

The transmission factor for vegetation 7y, is calculated within the raytracing and accounts for a partial

obstruction of radiation due to vegetation in the ray’s path. The calculation of transmission is carried
out using the exponential extinction coefficient accounting for leaf orientation ¢ (currently set to 0.5),

the local leaf area density (LAD) and the path length through the vegetation cells:

Tyeg = e~ (¢ LAD-Ray) Eq. 2-7

Further advancements have been undertaken with regards to the ray tracing algorithm. While in previous
versions, the segment length for the ray would be determined only once for a given angle, the new
algorithm tries to find an appropriate length for the ray segments based on current grid dimensions as
well as azimuthal and height angle. Determining a segment’s length is not only critical for the calculation
speed as short rays drastically increase computational effort but also for the quality of the resulting
radiation calculation. With the discretization of space in models like ENVI-met an optimal ray length is
very hard to determine. With typical cell dimensions of 2 to 5 meters in X, y, and z (Simon, 2016), too

short ray segments might lead to an over-representation of cells which are only marginally clipped by a
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ray since the whole cell would count as “hit” by the ray. Too large ray segments however might lead to

not detecting / not taking into account objects in the path of a ray.

To determine an optimal vector length increment for the ray trace, given the azimuthal and height angle,
the normalized contribution weight (dXpwgnt> @Ynwgne and dzpygpe) of the X, y, and z axis onto the

resulting vector is calculated at first:

dXyghe |cos(h) - cos(az)|
dYwgnt | = | |cos(h) - sin(az) |
dnght |sin(h)|

AxyzZsym = dxwght + dnght + dzwght

Eq. 2-8
dxnwght dxwght/dxyZSum
dynwght = dnght/dxyZSum
dznwght dnght/dxyZSum

By taking into account the cell dimensions of the current cell, the normalized weights for all axes are

then used to scale the length of the three-dimensional vector:

dRay(i:j' k) =49 (dx(i:j: k) : dxnwght + dy(i'j' k) : dynwght + dZ(i,j, k) : dznwght) Eq. 2-9

with 9 as a scaling factor of the vector length. This scaling factor should ensure that cells are detected
which only partially lie along the path of the vector, i. e. a segment of the ray ends within the cell’s
boundaries. While a small scaling factor ensures a very precise ray tracing detecting all cells hit by a
ray, it also leads to increased calculation time. Even more importantly, cells that might only lie very
marginally in the path of the ray, i.e., clipped only very slightly, may be overrepresented in the further
calculation. Test simulations showed that a scaling factor between 0.25 and 0.5 led to a good compro-

mise between accuracy of the ray tracing and representation of cells clipped by the ray.

To determine the increments in x, y and z direction the calculated vector length dRay(i, j, k) is then

again calculated by:

dXseg dRay(i,j, k) - cos(h) - cos(az)
AYseg | = | dRay(i,j, k) - cos(h) - sin(az) Eo. 210
AZgeq dRay(i,j, k) - sin(h) T
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After each iteration, the ray length for the current grid cell is updated to account for non-equidistant

gridding in the model.

The new IVS calculation method for calculating secondary radiation transfers can be enabled in the
simulation settings of the SIMX file. By default, the module is switched off. If enabled, the user is able
to adjust the height angles and azimuthal angles at the sphere’s equator. To save memory, the simulation
settings allow to define a high-resolution and a low-resolution angle pair. After a cut-off height defined,
the model switches from the sphere definition of the high-resolution angles to the low-resolution angles.
Similar to ENVI-met’s vertical splitting (see Simon, 2016), radiation processes near surface can thus be
modeled with higher accuracy while processes of secondary radiation transfer above are carried out in
a coarser resolution. This not only saves memory but also computational power. In case the user does
not want to use this option, the high-resolution and low-resolution angles can simply be entered identi-

cally.

2.2.3 Proof-of-Concept Simulation

The advancements of ENVI-met’s new [VS module are evaluated by comparing the model results of a
simulation featuring the old AVF concept against a simulation featuring the new IVS algorithm, respec-
tively. The model results will first be compared against each other with regard to longwave and
shortwave radiation patterns, MRT, and potential air temperatures for different heights and times during
the day. Furthermore, the impact of simulating secondary radiative transfers using IVS is examined by

comparing the thermal comfort index PET between the two simulations.

In order to find the expected large differences in radiation budgets — and thus in the resulting microcli-
mate conditions — between varying surface and building materials, the modeled area was chosen based
on a high spatial variability. The model area is located at the edge of Central Park in New York City,
USA featuring an additional high recognition value because of its iconic urban morphology surrounding
the Columbus Circle. Varying building heights, differing materials such as glass, concrete, or brick, and
specific roof types such as roofs featuring greenery or cool (high-albedo) materials, which are common
heat mitigation measures (He et al., 2020; Santamouris and Yun, 2020), already show the heterogeneity
of the model area. Furthermore, the great differences in surface materials (meadows, rocks, sand pitches,

streets, and pavements) together with the dense tree vegetation in Central Park located in model area’s
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lower right will enable to show the complexity in secondary radiative fluxes that can be modeled by the
new IVS module. To show the large variety of building and surface materials, the different materials
have been visualized by specific colors (Figure 2-2). Table 2-1 gives an overview on the parameters of
these materials that are based on the Midrise Apartment Post 1980 Standard for American Housing in
NYC (Deru et al., 2010). Building footprints and street tree locations were retrieved from the NYC open
data portal (NYC Open Data, 2019). Surface and building materials as well park trees were digitized

based on aerial imagery.

Figure 2-2: Example model area at the edge of the Central Park in NYC modeled for the proof-of-concept simu-
lations. Different colors indicate different material properties. Non-default ENVI-met database item proper-
ties are defined in Table 2-1. Grey facades/roofs indicate Concrete Walls and Default Roofs, respectively;
blue transmissive facades indicate Glass Walls; red facades indicate Brick Walls,; white roofs indicate Cool
Roofs; green facades indicate Default Roofs with default greenery 01NASS being applied; green surfaces
indicate default open soil 0100SL and default grass 0100XX; black surfaces indicate default asphalt road
0100ST; grey surfaces indicate default pavement 0100PP; pink surfaces indicate basalt rock profile entirely
filled with default 0000BA soil; yellow surfaces indicate default sand profile 0100SD.

23



Advances in simulating radiative transfer in complex environments

Table 2-1: Summary of material properties in the proof-of-concept simulation (Deru et al., 2010).

g & E ‘E’ R "PE g~
e 2 = @ o) on )
5 2 T £ ¢z § §¢ ¥ T4
& < = = @ = = E .
3 z = E £ Er § &2
< = = Sz 5 &°
a
Outside Concrete 02 08 09 02 1.311 2240 836.8
Concrete Wall Middle Steel frame Insulation 0.2 0.8 0.9 0.08 0.049 265 837
Inside  1/2IN Gypsum 02 0.8 09 0.01 0.16 785 830
Glass Wall All Glass 0.25 0.05 094 3x0.01 0.029 830 840
Brick Wall All Brick 0.15 0.85 09 3x0.08 0.66 1500 1000

Outside Default membrane 02 0.8 09 0.01 0.16 1121 1460

Default Roof Middle Insulation 02 08 09 0.14 0.049 265 837
Inside  Metal Decking 02 08 09 0.01 45 7680 418
Outside Cool material 0.65 035 09 0.02 0.85 1200 1200

Cool Roof Middle Insulation 02 08 09 0.14 0.049 265 837
Inside  Metal Decking 02 08 09 0.01 45 7680 418

The meteorological boundary conditions were taken from an Energy Plus Weather File of NYC (Wilcox
and Marion, 2008). To resemble a hot summer day with clear sky conditions, July 21st was selected as
simulation date. The simulation has been run for 24 hours. Figure 2-3 shows the meteorological condi-

tions for the whole simulation period provided by the EPW-file.
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Figure 2-3: Meteorological boundary conditions for the proof-of-concept simulation depicting direct shortwave
(black line), diffuse shortwave (dashed line) and longwave radiation (dotted line) (a) as well as potential air
temperature (black line) and specific air humidity (dashed line) (b).

General simulation and model area properties are described in Table 2-2. Air temperature within build-
ings is held constant at 20 °C to account for the strong air conditioning cooling used in almost every
building in NYC. Radiation scheme settings for the IVS simulations feature medium resolutions for
lower cells at pedestrian level and low resolutions for higher cells above 8 m. Due to the large size of
the model area featuring high-rise buildings and covering multiple different urban morphologies and
typologies in a high spatial resolution, IVS settings could not feature higher view facet resolutions due
to memory limitations. With these settings, the simulation yields around 50 GB of RAM for the IVS

simulation.
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Table 2-2: Parameters of the proof-of-concept simulations.

General properties of both simulations

Start date and time (Local)

Duration [h]
Wind Speed [m s!]
Wind Direction [°]

Meteorological Boundary Conditions
Location Lat (Lower Left Corner)

Location Lon (Lower Left Corner)

Dimensions

Resolutions (X, Y, Z) [m]

Lowest Grid Cell Splitted

Telescoping: Factor & Starting Height

Height of 3D Model Domain [m]

Building Indoor Temperature Held Constant at

View Factor Update Interval

21.07.2017 05:00
24

2

325

Full Forcing
40.76 °N
-73.98°E

360 x 260 x 52
25x25x5

Yes

30 % above 180 m
1434 m

20 °C

30 days

Specific Radiation Scheme Settings for IVS simulation

Height Angle High Resolution Near Ground
Azimuthal Angle High Resolution Near Ground
Height Angle Low Resolution Above Height Boundary
Azimuthal Angle Low Above Height Boundary

Height Boundary between High and Low Resolution

15°
15°
30°
30°

8 m

2.3 Results and Discussion

To give an overview on the differences between AVF and IVS, visualizations of the case study simula-
tion results are presented. Radiation patterns as well as temperature distributions and impacts on thermal
comfort are compared using absolute value maps of both scenarios to evaluate the advancements pro-

vided by the new IVS scheme.

After the theoretical explanations in Section 2.2.2, principles in IVS modeling are visually demonstrated
by the 3D view of the model area. Figure 2-4 shows the rays that were traced for one specific grid cell
at 138, 150, 6 amid the center of Columbus Circle. Each ray represents a view sphere segment of the
grid cell to be analyzed. It is emitted from the grid cell center and searches for objects in each view
sphere direction. When a building or soil surface is hit, the raytracing is aborted, and the object infor-

mation is stored. With increasing height angle and especially above the highest object height, the length
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of each raytracing segment is, to save computational time, drastically increased as the probability of

hitting an object is diminishing.

Raytrace Cell

<0.00m
0.30 m
0.60 m
0.0 m
1.20 m
1.50 m
180 m
210 m
240 m
2.70 m
3.00 m
330 m
360 m
390 m
4.20 m
450 m
480 m
510 m
540 m
>570m
Min: 0.31 m
Max: 22.40 m

Raytrace Cell

<0.25m
035 m

0.4
0.55
0.65
0.75
0.85
0.95
1.05
1.15
1.25
135
1.45
1.55
1.65
1.75
1.85
1.95
205 m

>2.15m

Min: 0.25 m
Max: 2.50 m

3333333333333333

(b)
Figure 2-4: This specifically generated simulation output depicts the length of raytracing segments for one ob-

served grid cell above the center of Columbus Circle. The 3D output view shows these raytracing lengths
from a far perspective demonstrating the long ray distance and the length increase with height in (a) and
from a near-by perspective with a 50 % decreased data cube size, 50 % data cube transparency, and data
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being filtered for height levels below k = 13 to visualize the high view sphere resolution and the resulting
rays near the observed cell in (b).

ENVI-met provides multiple output variables to allow the analysis of radiation patterns. Variables con-
taining shortwave or longwave radiation values are distinguished between upper and lower hemisphere
to allow a specification from which direction the radiation is received. Analyzing for example longwave
radiation distribution received from lower hemisphere in a horizontal cut at 1.5 m height, most radiation
input probably originates from soil surfaces, ground vegetation, and nearby facade elements. Figure 2-5a
demonstrates that longwave radiation values cover a wider range and more distinct differences over the
model at 13:00 in the IVS scenario compared against the AVF scenario. Especially the pattern of park
streets can be recognized as they emit more longwave radiation than their surroundings. That is caused
by their low-albedo surfaces that heated up more during the morning hours in contrast to the street
canyons which have been shaded by buildings. In IVS, dotted patterns of lower longwave radiation
values received by lower hemisphere can be found in the Central Park where trees cast shade and thus
cool the ground below canopies leading to less longwave emission compared to the open surfaces in
other park areas. These patterns are still visible in Figure 2-5b depicting the same results but for a hori-
zontal cut in 82.5 m height. Furthermore, as the cut is performed in an intermediate height — above some
low- and medium-rise buildings of the model area — differences in roof type effects can be examined. In
IVS, the rather cold — and thereby not emitting much longwave radiation — cool and green roofs stand
out against the traditional hotter low-albedo roofs that strongly contribute to the longwave radiation
received in 82.5 m height. In AVF with its averaging approach, these different roof surface temperature
differences while being simulated to not translate in differences of emitted longwave radiation as their
contribution as specific object is not stored individually. Even differences in longwave radiation values
caused by trees in Central Park are still recognized by IVS, even though spatial distances between the

grid cells in 82.5 m height and the trees at ground level are quite large.
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Figure 2-5: Comparison of proof-of-concept simulation results between AVF and IVS for longwave radiation re-
ceived from lower hemisphere at 13.00 in a height of 1.5 m (a) and in a height of 82.5 m (b), respectively.

While surface temperature mainly drives the emitted longwave radiation patterns, reflected shortwave

radiation is influenced by both albedo and shadowing. Figure 2-6a clearly demonstrates which areas are

shaded during 13:00 when the sun’s position is in the South - thus being at model area’s left due to

its

rotation. Figure 2-6a and b again show less pronounced differences in AVF. Especially the very small

range between 90 and 144 W/m? at pedestrian level in AVF shows that most parts of the model area are

rather homogenously affected by reflected shortwave radiation. The IVS results however accurately

account for spatial relationships between objects and thus models minimal reflected shortwave radiati

on

of <5 W/m? for shaded areas but very large contributions of reflected radiation in high-albedo spots, for

example above open sand at the ballpark in Central Park.
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Furthermore, when performing a horizontal cut at 82.5 m height, we again find roofs in IVS to show
higher values than other parts of the model area in contrast to AVF. However, with their higher albedo,
green and especially cool roofs now show higher values as they reflect more shortwave radiation than
the traditional low-albedo roofs. By examining these comparisons in Figure 2-5 and Figure 2-6, it be-
comes clear that both longwave and shortwave contributions to a cell’s radiation budget are underesti-
mated by AVF. Urban heating caused by traditional building materials as well as cooling performances

of cool or green roof application hence probably have been underestimated in previous ENVI-met mod-

eling studies (Tsoka et al., 2018).
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Figure 2-6: Comparison of proof-of-concept simulation results between AVF and IVS for reflected shortwave
radiation received from lower hemisphere at 13.00 in a height of 1.5 m (a) and in a height of 82.5 m (b),
respectively.
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By using the model area average, AVF does not consider shortwave radiation reflections accurately in
general which is proved by two additional examples. It is firstly shown by the comparison of reflected
shortwave radiation patterns for the horizontal cut at 82.5 m at 09:00 where the sun’s position is in the
East coming from the bottom side of the model area (Figure 2-7a). Since the circular shaped building at
the Columbus Circle features glass facades and thus works like a magnifying glass, shortwave radiation
is reflected from all sides to the center which leads to a high accumulation in sum. By using IVS, these
reflections are accounted for and values of up to 299 W/m? amid the circular-shaped building wall at the
Columbus Circle are predicted by the model whereas AVF only shows very low values around 25 W/m?

here.

Secondly, the pedestrian level horizontal cut of shortwave radiation reflections from the upper hemi-
sphere also shows that, in contrast to AVF, IVS takes the reflection of glass facades into account (Figure
2-7b). As solar radiation at 13:00 originates from South being at the left-hand side of the model area,
shortwave reflected radiation coming from upper wall parts is modeled to be received in urban canyons
at pedestrian level on the left-hand side of glass-fagade buildings. The total amount however is compar-
atively low as solar radiation is mostly reflected upwards from soil or roof surfaces and is thus included
in lower hemisphere values. Besides the primary reflection from wall surfaces, secondary reflected ra-
diation can be found in Central Park, where primary reflected solar radiation from soil surfaces and grass

is secondarily reflected downwards by tree canopies.
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Figure 2-7: Comparison of proof-of-concept simulation results between AVF and IVS for reflected shortwave
radiation received from lower hemisphere at 09.00 in a height of 82.5 m (a) and for reflected shortwave
radiation received from upper hemisphere at 13.00 in a height of 1.5 m (b), respectively.

In contrast to the massively differing radiation patterns, at first glance we only find small discrepancies
in potential air temperature results for a horizontal cut at pedestrian level at 13:00 between AVF and
IVS (Figure 2-8a). In general, IVS features slightly lower values of around 0.2 — 0.4 K. However, we
find distinct differences between AVF and IVS in parts where high discrepancies of secondary radiation
fluxes were observed. Especially the cooler regions in the Southern/left part of the model area are more
pronounced in IVS as they receive less emitted longwave and less reflected shortwave radiation due to

the shadows of larger skyscrapers next to them.

Analysis of MRT corroborates that by showing even larger deviations between AVF and IVS for the
same height and timestep (Figure 2-8b). According to the radiation patterns the MRT is based on, MRT
also features a wider range of values in IVS. To address the magnitude of urban heat stress and the
effects of mitigation strategies properly, thermal comforts indices are often used as holistic indicators in
urban environments. These indices take several parameters such as air temperature, humidity, wind
speed, and MRT into account (Hoppe, 1999; Matzarakis et al., 1999). In this study, the thermal comfort
index PET is used representing a commonly used index for outdoor environments of temperate climate
zones (Gomez et al., 2013; He et al., 2015; Matzarakis and Amelung, 2008). When analyzing PET in
Figure 2-8c, we find that major patterns are the same between AVF and IVS. However, the range is
again wider and more differentiated in IVS simulation. As discrepancies in wind field and humidity are

assumed to be marginal by the use of different radiation schemes and as temperatures are shown to be
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only slightly different in Figure 2-8a, deviations are mainly based on the differences in MRT patterns

which are in turn a key factor for thermal comfort and thus PET calculation.
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Figure 2-8: Comparison of proof-of-concept simulation results between AVF and IVS at 13.00 in a height of 1.5
m for Potential Air Temperature (a), for Mean Radiant Temperature (b), and for PET (c), respectively.
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These findings agree with the analysis of nighttime results shown in Figure 2-9. Longwave radiation
emissions are based on the object temperatures. During nighttime, these surface temperatures of soils,
buildings, and plants are influenced by their thermal properties, which specify their behavior in storing
and releasing heat, as well as the amount of solar radiation that has or has not been received during
daytime. As both of these parameters vary massively over the model area, simulated surface tempera-
tures and hence longwave radiation patterns should differ as such. However, only in IVS, these very fine
and distinct patterns of emitted longwave radiation from lower hemisphere are recognized for both urban
canyons as well as Central Park in the horizontal cut in 1.5 m height at 03:00 (Figure 2-9a). AVF, in
contrast, shows a uniform distribution of values around 415 W/m? for all parts of the model area. As
thermal comfort indices take MRT into account and MRT is solely based on longwave radiation during
nighttime, the high accuracy in modeling longwave radiation budgets, when using IVS compared to
AVF, improves the accuracy and reliability of thermal comfort indices. High accuracy for modeling
nighttime urban heat stress is especially needed for metropolitan regions where thermal stress at
nighttime can lead to health implications such as insomnia or cardio-vascular diseases (Schinasi et al.,
2018). In the comparison of PET results at pedestrian level for 03:00 (Figure 2-9b), we indeed find some
discrepancies in defining thermal hotspots between both scenarios. By including more precise MRT
values into thermal comfort calculations, PET is refined and mostly decreased in almost all parts of the
model area. Cooling influences of Central Park for the built-up areas, however, cannot be observed as
the wind flows in from the top of the model area and leaves at the open park side at the bottom of the
model area. Since the influence of both shortwave and longwave radiation patterns on thermal comfort
proves to be very large, the new IVS scheme seems to be able to contribute to a more accurate analysis

of urban thermal comfort in general.
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Figure 2-9: Comparison of proof-of-concept simulation results between AVF and IVS at 03.00 in a height of 1.5
m for longwave radiation received from lower hemisphere (a) and for PET (b), respectively.

2.4 Conclusions

In order to improve microclimatological analysis of complex urban environments, a new radiation
scheme is introduced into the microclimate model ENVI-met. In contrast to the old AVF scheme, where
view factors are averaged over the whole model area, the new IVS scheme is able to analyze the sur-
rounding objects of each grid cell and calculate their contribution to the local radiation budget. The high
accuracy of modeling secondary radiative fluxes such as emitted longwave radiation and reflected
shortwave radiation by using IVS was demonstrated by a proof-of-concept simulation. By taking into
account shading of surfaces or a higher reflection by high-albedo materials for example, fluxes of sec-
ondary shortwave and longwave radiation can be simulated in great detail. Several comparisons of dif-
ferent parameters, timesteps, and height levels between AVF and IVS showed that accurate surface

properties and conditions affected the modeled microclimate conditions not only locally and for a
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specific timestep but also over larger distances and on the long-term when using IVS. Furthermore, the
comparisons of PET indicate that a precise simulation of secondary radiation is very important to un-
derstand and prevent localized negative effects of e.g., multiple shortwave reflections. These highly
detailed results could be accomplished for a large, high-rise model area featuring yet rather low IVS
resolutions. To gain an even higher accuracy in modeling results, the model could be simulated with an
even higher IVS resolution and an even more accurate digitization of building surfaces and objects.
However, the large demand in RAM limits the application potential for simulating larger model areas.
In summary, the advantages provided by this new radiation scheme should though overturn this short-
coming. Future urban planning scenarios, architectural material questions, or heat mitigation measure
studies using the microclimate model ENVI-met should thus be allowed to obtain more plausible and

accurate results with the trade-off of a higher RAM demand.
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3 Introduction of fractal-based tree digitalization and accurate
in-canopy radiation transfer modeling to the microclimate
model ENVI-met

Helge Simon!, Tim Sinsel!, Michael Bruse!

!Department of Geography, Johannes Gutenberg University Mainz, 55099 Germany

Summary:

In addition to the advancements in modeling secondary radiative fluxes presented in Section 2, inaccu-
racies in ENVI-met’s radiation modeling are additionally tackled by the development of an Advanced
Canopy Radiation Transfer (ACRT) module that accounts for extinction of diffuse as well as scattering
of direct shortwave radiation into secondary diffuse radiation within plant canopies. The author could
substantially support the implementation of the module that was primarily developed by Helge Simon.
Furthermore, a new plant digitization technique developed by Michael Bruse following the Linden-
meyer-system (L-Trees) was presented, which allows complex plant skeleton structures to be defined
with a more realistic position, size, and alignment of leaf clusters, thus resulting in a more accurate
representation of plants in ENVI-met. Proof-of-concept simulations examined whether the combination
of both new features — ACRT and L-trees — refined radiation modeling within and below canopies at
street-level and hence yield a higher accuracy of microclimate modeling in general. Aside from devel-
oping parts of the ACRT module, the author contributed to this work by preparing and conducting the

proof-of-concept simulations as well as writing several sections of the manuscript.

Forests 11(8), August 2020 — published
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3.1 Introduction

Modern microclimate models like ENVI-met offer a vast range of different surface and wall materials
and wall compositions to digitize urban areas. With these, complex urban morphologies and building
facades can be replicated very accurately. Accurate replication of plants, especially trees, has been han-
dled rather crudely. However, there is general consensus about the importance of urban vegetation with
regard to mitigating the urban heat island (Alavipanah et al., 2015; Fan et al., 2015; Harlan et al., 2006;
Lindén, 2011; Middel et al., 2012; Norton et al., 2015). The key positive effects of urban vegetation
onto thermal comfort are lowering air and radiative temperature via evaporative cooling and shading
(Andersson-Skold et al., 2015; Bowler et al., 2011; Norton et al., 2015). Furthermore, different species,
dimensions and local living conditions strongly determine a plant’s microclimate performance (Anders-
son-Skold et al., 2015; Dimoudi and Nikolopoulou, 2003; Honjo and Takakura, 1990; Lee et al., 2016;
Oliveira et al., 2011; Phelan et al., 2015; Salata et al., 2015; Savi et al., 2015; Simon et al., 2019). Still
trees in microclimate models are only represented by more or less homogeneous clusters of leaf area
density (LAD), not accounting for inner canopy diversity or species characteristics nor for local climate
stimuli to grow denser leaf clusters in particular directions. While there has been some effort to link
clusters of LAD to a tree and thus represent specific trees as objects (Simon, 2016; Simon et al., 2018),

individual geometries of specific trees species are — so far — largely neglected.

To allow more detailed modelling of trees, comprehensive information about the structure of the tree
(stems, branches, twigs) and the allocation of biomass (leaves, fruits) including the corresponding phys-

iological (thickness, color) and mechanical properties (elasticity, bending properties) are required.

The need of such detailed information contradicts with the few information normally available about a
specific tree at a given location. Also, as living organisms, trees of the same species share a large set of
common properties such as general crown structure, branching rules and leaf positioning, but can be

very different from individual to individual in their final structure.

In order to bridge the gap between the general properties of a plant, which are manageable in a database,

and the detailed and specific information of the plant’s three-dimensional structure and physical
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properties, numerical algorithms are required that are able to generate realistic plant models from a
limited set of algorithmic information. An adaption of one of those numerical algorithms, the fractal-
based Lindenmayer-System was introduced into the microclimate model ENVI-met to be able to accu-

rately digitize trees given a manageable set of information about the plant (Lindenmayer, 1968).

Aside from the difficulties in digitizing plant geometries, simulating the radiative processes within plant
canopies is quite complex. The radiative processes depend on the quantity and orientation of leaves but
also on their physical properties such as reflection, absorption, and transmission. The fact that radiation
partially penetrates into and attenuates within plant canopies makes the whole process even more com-

plex.

For direct shortwave radiation, which can be described as a vector quantity, the attenuation can be rather
easily described by exponential attenuation equations. The undirected nature of diffuse radiation how-
ever increases the difficulty of estimating the reduction of diffuse radiation in porous media such as
vegetation. Furthermore, the attenuation of direct shortwave radiation partially leads to scattering and
thus produces diffuse radiation within the penetrated media making the estimation of diffuse radiation

more complex.

In order to simplify the algorithms for diffuse radiation reduction, climate models generally assume
isotropic distribution of diffuse radiation. Using this simplification, the reduction of diffuse shortwave

radiation is often calculated using sky view factors (Bruse, 2004).

In previous versions of ENVI-met, the reduction of diffuse shortwave radiation was only handled for
interactions with buildings using the local sky view factor (Bruse, 2004). While direct shortwave radia-
tion was attenuated using ray tracing taking into account local Leaf Area Density (LAD), leaf orientation

and shortwave transmission, diffuse shortwave radiation was not altered due to vegetation at all.

In order to address this shortcoming, an Advanced Canopy Radiation Transfer (ACRT) Module was
implemented following the works of (Pedruzo-Bagazgoitia et al., 2017)). The new module not only
estimates the attenuation of diffuse radiation in vegetation canopies but also adds a source function for

diffuse radiation due to scattering of direct shortwave radiation within vegetation canopies.
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Combining both advancements, the fractal-based tree digitalization using the Lindenmayer-System and
the more accurate in-canopy radiation transfer model should lead to much more precise simulation re-
sults of not only attenuation of radiation within trees, but also the photosynthesis activity. This in turn
leads to better estimations of the latent heat flux, improving the modelling of plant-atmosphere interac-
tions as well as plant vitality parameters, such as the leaf temperatures represented by more realistic

values and also more detailed inner canopy patterns.

3.2 Materials and Methods

3.2.1 Algorithmic plant generation

Trees in ENVI-met are generally represented by homogeneous clusters of LAD cells forming a three-
dimensional body. Their geometry can be defined by only a few parameters such as general shape (cy-
lindrical, conical, etc.), maximum canopy height and diameter. Variations of LAD within the canopy or
typical geometries of specific plant species are negated as of yet resulting in only plausible but not very

realistic trees.

Computer based generation and visualization of realistic plants and trees interests a wide range of users
and researches from film artists over game designer to botanists. Many different solutions for computer-
based plant generation exist differing in their algorithmic approaches used, but partly sharing common
concepts. Generally, the methods can be distinguished into Procedural Algorithms and Generative Al-

gorithms.

Procedural Algorithms span a wide range over different numerical methods that describe the architecture
of a plant through hierarchical and/or recursive patterns. Depending on the specific algorithm, the struc-
ture of a tree emerges through the repetition of a pre-defined construction pattern. The most prominent
approach in this category is the so-called Lindenmayer-System ("L-System”) (Lindenmayer, 1968; Prus-
inkiewicz and Lindenmayer, 1990). The basic L-System has been extended over time adding stochastic

functions or context-sensitive rules in order to better control the resulting plant.

On the other hand, Generative Algorithms do not start from a pre-defined geometry rule set, but simulate
the growth of a tree. This growth simulation can be biologically motivated, e.g. by simulating the com-

petition of buds for light or simultaneously for light and space (Greene, 1989; Longay et al., 2012).
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The selection of the best suited approach to construct plants and trees from algorithms in ENVI-met is
not an easy choice. On the one hand, the plant structures obtained should be realistic and contain a
correct topology in order to calculate tree biomechanics such as wind loads. On the other hand, at least
in a first step, a light-weight algorithm is required that allows the representation and simulation of up to

a few thousand trees in larger model areas.

Therefore, the classic L-System was chosen as the initial system to create three-dimensional trees in
ENVI-met. The main advantage of this basic L-System is the generation of a topological correct tree
skeleton in very short time. It also allows fast dynamical adjustments of parts of the skeleton e.g., due
to mechanical loads and a re-calculation of the tree skeleton without violating explicitly given growth
rules. However, the given implementation leaves spaces for future developments and alternative tree

generation algorithms.

L-System has been introduced by Aristid Lindenmayer in the late 1960ies to describe the growth of
spatial systems such as cells or plants (Lindenmayer, 1968). Basically, an L-System consist of a string
containing different letters and numbers which are used to either execute a specific turtle-based drawing

operation in 2D or 3D space or to re-orientate the turtle in space or store and restore its position.

An L-System is a rewriting system that can contain rules for replacing letters with other letters or se-
quences of letters in each re-writing step. The replaced letters are inserted into the existing L-String and

they are also subject to replacement in the next re-writing step hence generating a fractal like sequence.
Figure 3-1 shows the development of an L-System with the following properties:

e Start term (Axiom): b
e ReplacementRule 1: b—>a

e Replacement Rule 2: a — ab

b

I

a

[

a
_I

a—-o

ab
S
abaab

/1 L\

abaababa

Figure 3-1: Classic 5-step development of a simple L-System (Prusinkiewicz and Lindenmayer, 1990).
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Figure 3-2 shows a three different tree species generated with the L-System. Using the L-System skel-

eton, the LAD cluster is then derived, depending on the actual model areal resolution.

Figure 3-2: Example L-System for Silver Birch (Betula alba) (left), Mountain Ash (Sorbus araucaria) (middle),
Field Maple (Acer campestre) (right).

The placement of leaves can be controlled by the user over a wide range of parameters, including leaf
size, orientation and positioning. The software allows a wider range of settings to control the leaf place-
ment including the internode length, leaf positioning and phyllotaxis angels. Also, the geometry of the
leaf can be set by the user to generate species-depending leaf types. In every stage of the tree generation,
the biomechanics of the tree are calculated and considered in the tree skeleton geometry. For each branch
segment (typically 0.2 m), the torques generated through the self-loading of the attached child segments
are set in correlation to the tree’s basic mechanical properties like Young’s modulus to estimate the
deformation and rotation of each tree segment. The final tree skeleton is obtained, when all generated
torques and the internally stored energy in the tree segment through deformation and rotation are bal-
anced. If the user designs a tree which is biomechanically instable from the beginning, it is rejected by
ENVI-met. To use the new Lindenmayer based trees (L-Trees) in ENVI-met, the leaf location rasterized
in the usual 1 x 1 x 1 m grid and the associated Leaf Area Density for each grid is calculating by

summing up the leaf surface inside the assigned grid box.

3.2.2 Advancements in ENVI-met’s canopy radiation model
Extinction of shortwave radiation in ENVI-met is handled using a ray tracing algorithm (M. Bruse,

2004): In the ray trace, each cell shoots a linear ray in a predefined direction and checks for obstructions
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along its way through three-dimensional space. The ray tracing is implemented using an iterative ap-

proach:

px,y,zn+1)= p(xy,zn)+ Av Eq. 3-1
with p(x,y,z,n) as the point of the ray at iteration n and Av as a three-dimensional vector heading
towards a certain position described by an azimuthal and elevation angle. Av vector’s length is sized

depending on a grid cell’s resolution and direction angle to ensure that grid cells which lie substantially

on the ray’s path are actually hit at each iteration.

Depending upon the objects (building, single wall, terrain, vegetation) that lie in the ray’s path, a local

transmission factor (fop,; (i, j, k)) ranging from 0 to 1 is obtained. While the ray continues on its way, a

product of all individual local transmission factors iteratively forms the total transmission factor (f;o¢)

of the starting grid cell in the ray’s direction:

fror(m + 1) = froe(n) * fObj (,), k) Eq. 3-2
Different objects carry different transmission factors (fyp;(i,J, k)). For direct shortwave radiation,
buildings and ground surfaces carry a transmission factor of 0. For single walls, the material’s transmis-
sion is taken as the object’s transmission factor. To calculate the transmission of direct and diffuse
shortwave radiation through vegetation grids, i.e. the attenuation of direct and diffuse shortwave radia-
tion, new approaches following the works of (Pedruzo-Bagazgoitia et al., 2017) have been implemented.
The new scheme tries to model the processes of shortwave radiation in canopies using three processes:

1. Primary extinction of direct shortwave radiation

2. Extinction of direct shortwave radiation due to scattering and creation of secondary diffuse
shortwave radiation

3. Extinction of diffuse shortwave radiation

3.2.2.1 Primary extinction of direct shortwave radiation
Primary extinction of direct radiation is modelled using an extinction coefficient depending on solar

elevation (Goudriaan, 1977; Spitters, 1986):

Lo _ 05
dirbl ™ sin B Eq. 3-3
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with f as the solar elevation angle above the horizon. Since the primary extinction of direct radiation
only accounts for the pure extinction of direct radiation, leaves are considered visually black — thus

neither transmitting nor reflecting, only absorbing direct radiation (Goudriaan, 1977; Spitters, 1986).

The transmission factor for primary extinction of direct radiation is then calculated using a ray tracing
for every grid in the direction of the sun’s position. When hitting a plant grid cell, the local transmission

factor is calculated by:

fyegdirpri(iJ, K) = (1 — pgir) * (1 — 0) x e~ (Kairbt LAIO Eq. 34
with LAIc as the sum of Leaf Area Index (LAI) between the grid cell and the sun’s position on the ray’s
path and pg;,- as a sun elevation dependent reflection coefficient of direct radiation on horizontally dis-
tributed leaves. As the actual amount of horizontally orientated leaves is unknown, the model considers

a leaf angle distribution of 0.5 — representing an average horizontal orientation of 50 % of the

leaves(Goudriaan, 1977; Simon, 2016):

_1—\/1— c
P l+Vi-o Eq. 3-5
~ 2
Pair =P 1316 sinp Eq. 3-6

After calculating the local transmission factor, the total transmission factor is updated (see Eq. 3-2) and
the ray tracing continued until the termination condition of the ray tracing is reached. The direct

shortwave radiation of grid cell i, j, k is then calculated by:

ir(,7,K) = Qg; * fiot dirpri
ler( ] ) ler,top tot,dir,pri Eq. 3.7
with Qgir rop as the incoming direct shortwave radiation at model top and f;¢ qirpri @s the total trans-

mission factor handling the extinction of radiation within plant canopies according to Eq. 3-4.

3.2.2.2 Extinction of direct shortwave radiation due to scattering of direct radiation and creation
of secondary diffuse radiation

To account for creating secondary diffuse radiation due to scattering of direct radiation, the extinction
coefficient k4,5, 18 altered using an empirical constant o accounting for scattering of direct shortwave

radiation in the vertical direction (Goudriaan, 1977; Spitters, 1986):
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Kgir = Kgirp1 *V1— 0 Eq. 3-8
The transmission factor for extinction of direct shortwave radiation due to scattering and by that creating
secondary diffuse radiation is calculated using a ray tracing of every grid cell towards the sun’s position.

Upon hitting a plant grid cell, the transmission is, following the works of Pedruzo-Bagazgoitia et al.

(2017), then calculated as follows:

fVeg.dir+dif,sec(i'j'k) = (1 - pdir) * e_(kdir LALe) Eq. 3-9
The resulting transmission factor incorporates the sum of the processes of extinction of direct shortwave
radiation and creation of secondary diffuse radiation (Pedruzo-Bagazgoitia et al., 2017). Thus, after the

ray tracing is terminated, the net creation of secondary diffuse radiation can be calculated in two steps:

Firstly, the combined extinction of direct shortwave radiation and creation of secondary diffuse radiation
is calculated by multiplying the total transmission factor with the incoming direct shortwave radiation

at model top:

Qdir+dif,sec(i' k) = Qdir,top * frot dir+difsec Eq. 3-10
with fior dir+aif,sec s the total transmission factor handling the extinction of radiation within plant

canopies according to Eq. 3-10.

Secondly, the previously calculated primary extinction of only direct radiation is subtracted from the
combination of direct radiation’s extinction and secondary diffuse radiation’s creation due to scattering.

The net creation of secondary diffuse radiation is thus:

Quitsec (i, K) = Qair+disec(i, ), K) — Qqir (i, ], K) Fa. 311

3.2.2.3 Extinction of diffuse shortwave radiation

The extinction coefficient of diffuse radiation (kg;¢), however, is quite similar to the extinction coeffi-

cient k4;. Since diffuse radiation is considered isotropic, sun angle dependency is neglected and re-

placed by a constant factor of 0.8 (Pedruzo-Bagazgoitia et al., 2017):

kdif=0.8*\/1_0' Eq3-12
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While (Pedruzo-Bagazgoitia et al., 2017) suggest to calculate the extinction of diffuse radiation only for
a vertical column i.e. a ray trace perpendicular to a horizontal surface, a more realistic approach using a

hemispherical ray tracing is applied to account for the isotropic nature of diffuse radiation in the model.

Other than in the ray tracing for the direct radiation (see above), the ray trace for diffuse extinction is
not directed towards the sun’s position, but in all directions of the upper hemisphere of a cell with
angular distances of 5° height and 10° azimuthal angle:

% cos(h) * cos(a)

* cos(h) * sin(a)
v * sin(h)

<l <l

Av = Eq. 3-13

with Av as a three-dimensional ray tracing vector, V as the vector length, a as the azimuthal and h as the

height angle of the ray.

For each ray an individual transmission factor is calculated:

fVeg,dif,pri(i:j: k) = (1 - P) * e_(kdif LAIS) Eq. 3.14
The resulting individual transmission factors for every ray trace are then averaged to gain the overall

transmission factor for diffuse radiation.

Since the transmission factor of diffuse shortwave radiation extinction does not depend on the current
solar elevation, it can be precalculated during the initialization phase of the model and stored in a three-
dimensional array. It only needs updating after user-defined intervals (Figure 3-3) to account for changes

in the local LAD of deciduous vegetation i.e., leaf shedding.

The extinction of diffuse shortwave radiation is then calculated by:

Qair(i,j,K) = Quifrop * frotaitpri Eq. 3-15

with Qg;f top as the incoming diffuse shortwave radiation at model top.

The total diffuse radiation in grid cell i, j, k is then calculated as the sum of extinct diffuse shortwave

radiation and secondary diffuse radiation created by scattering of direct radiation:

Qdif,tot(iJ j! k) = Qdif(il jl k) + Qdif,sec(ir jr k) Eq. 3-16

50



Introduction of fractal-based tree digitalization and accurate in-canopy radiation transfer modeling to
the microclimate model ENVI-met

3.2.2.4 Enabling/disabling the advanced canopy transfer module

The advanced canopy radiation transfer module can be enabled in the simulation settings of the SIMX
file. By default, the module is switched off. If enabled, the user is able to adjust the interval at which the
transmission factor analysis is updated. The update interval accounts for effects of leaf shedding onto
the radiation calculation. It only takes effect for longer simulation periods when deciduous plants adapt

to the environment by shedding their leaves — its value is given in days.

The controlling tags on the SIMX-File are in section RadScheme under AdvCanopyRadTransfer and
ViewFacUpdatelnterval (Figure 3-3). Both tags can be edited individually since the update of the View-

FacUpdatelnterval also controls the update interval of the view factors analysis.

<RadScheme>
<radDetail> low </radDetail>
<IVSMem> 1 </IVSMem>
<AdvCanopyRadTransfer> 1 </AdvCancpyRadTransfer>
<ViewFacUpdateInterval>» 2 </ViewFacUpdateInterval>
</RadScheme>

Figure 3-3: User-defined update interval for the view and transmission factor analysis in the SIMX-File — value
is given as integer in days, here 2.

In case the ACRT module is disabled, the extinction of direct shortwave radiation is carried out like in

previous versions of ENVI-met:

feg(ij ) = e~ (@ (1=0LADGR- VD po 117

with w as the leaf orientation, constant at 0.5, t as the shortwave transmittance of the leaves, LAD(i, j, k)
as the local leaf area density and |[Av| as the length of the current ray segment. The three-dimensional
array containing the secondary diffuse radiation is set to 0 and the function calculating the extinction

coefficient of diffuse radiation only returns the local sky view factor. This way, the resulting transmis-

sion for direct and diffuse shortwave radiation remain identical to previous versions.

3.2.3 Proof-of-concept simulation

In a small model area featuring a standard solid Parametric-Tree and its L-Tree resemblance, the ad-
vancements of the algorithmic plant generation and the advanced canopy radiation transfer module is
evaluated (Figure 3-4 and Table 2-1). The trees have been modelled to resemble a Balsam poplar with

a height of 25 meters as this species features a very heterogenous LAD distribution.
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(a)

Figure 3-4: L-Tree with LAD ranging from 0.025 to 0.825 m2/m3 (a); Parametric-Tree with homogenous LAD of
0.3 (b).

Table 3-1: Parameters of Parametric-Tree and L-Tree.
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L-Tree 25 11 0.025-0.8251 298.36 222
Parametric-Tree 25 11 0.3 460.8 192

"'LAD varies as it is created based on the leaf setting rule set.

It is to be expected, that the L-Tree, due to its realistic LAD clusters, shows more diverse radiation
patterns of direct shortwave radiation. In combination with the advanced canopy radiation transfer mod-
ule, not only the extinction of diffuse radiation and creation of secondary diffuse radiation should be

more realistic, but also the photosynthetic activity and thus leaf temperatures as well as latent heat flux.

The model area consists out of 100 x 70 x 40 grid cells in a resolution of 2 meters x 2 meters x 2 meters
and is located in Essen, Germany, thus representing a typical location in Central Europe with Cfb climate

in the Koppen-Geiger classification (Figure 3-5).
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Figure 3-5: Simple model area for the Proof-of-concept simulations. Left: deciduous L-Tree; Right: deciduous
Parametric-Tree.

To evaluate the effects of the ACRT module, a second simulation run with the module switched off has
been conducted. The simulation has been run for 24 hours starting from June 23" at 05:00h. The mete-
orological boundary conditions were set using a simple forcing for a warm summer day with no cloud

cover.

The model results are first compared against each other and subsequently against literature values of
similar trees. Finally, the impact on thermal comfort underneath the trees is compared between the sim-

ulation runs.

3.3 Results and Discussion

To visualize the effects of the advancements of L-Trees and the ACRT module onto the microclimate
results, maps showing the absolute values of direct and diffuse radiation as well as difference maps for
the two simulation runs have been created. In the difference maps, positive values indicate lower values

in the simulation including the ACRT module.

By looking at the differences in direct and diffuse shortwave radiation between the two simulations at
noon, the total effect of the L-Trees and the ACRT module can be seen (Figure 3-6). A vertical cut along
the centerline of the trees reveals that, for the direct shortwave radiation, the highest reduction occurs at
the top of the canopy for both trees. However, the reduction of direct shortwave radiation within the
Parametric-Tree canopy is much greater due to its homogenously distributed high LAD. For the L-Tree,
the reductions occur more gradually as its LAD is lower on average than the Parametric-Tree’s LAD.
Both trees show greater extinction of direct shortwave radiation with the ACRT module on. While the
inner canopy direct shortwave radiation only drops to a minimum of around 150 W/m? for the L-Tree

in the ACRT on simulation, the solid structure of LAD in the center of the Parametric-Tree leads to a
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massive and rather unrealistic reduction of the direct shortwave radiation: In both simulations, with and
without the ACRT module, the direct shortwave radiation completely gets extinct in the inner canopy

of the Parametric Tree.
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Figure 3-6: Difference and absolute direct (a) and diffuse shortwave radiation (b) at noon (sun position: 164.4°
azimuthal and 58.3° height angle, view direction west), with and without ACRT module for L-Tree (left) and
Parametric-Tree (right).

The comparison of diffuse radiation at noon in Figure 3-6 shows that with the ACRT module, no diffuse
shortwave radiation is attenuated in the tree canopies. The result of the ACRT simulation clearly shows
the isotropic character of diffuse radiation as the distribution of diffuse radiation is independent on the
sun’s position. Similarly, to the extinction of direct shortwave radiation, the attenuation of diffuse radi-
ation is greater in the Parametric Tree (down to around 26 W/m?) compared to the L-Tree (50 W/m?)

(Figure 3-6).
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Since diffuse radiation is also created by scattering of direct shortwave radiation when ACRT on, the
results for diffuse radiation in Figure 3-7 do not show the total inner canopy diffuse radiation. The
amount of diffuse radiation created by scattering of direct radiation (secondary source of diffuse radia-
tion) can be seen in Figure 3-7a. Similar to the direct radiation, more diffuse radiation is created at the
outer canopy. In a comparison between both trees, more secondary diffuse radiation is found within the

L-Tree’s canopy, as direct radiation penetrates deeper inside the L-Tree resulting in more available di-

rect shortwave radiation to be scattered (see above).
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Figure 3-7: Model output at noon time (sun position: 164.4° azimuthal and 58.3° height angle, view direction:
west) for the L-Tree (left) and Parametric-Tree (right): Diffuse shortwave radiation patterns with the ACRT
module (a); Sum of all shortwave radiation fluxes (direct, diffuse and reflected shortwave radiation) with
and without the ACRT module (b).

Looking at the sum of all shortwave fluxes (direct, diffuse and reflected radiation), the increased extinc-

tion of direct radiation — and in case the ACRT module is on also the extinction of diffuse shortwave
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and the lower creation of secondary diffuse radiation — in the Parametric-Tree leads to significantly
lower total shortwave radiation values compared to the L-Tree (around 200 W/m? difference). The effect
of ACRT accounts for an additional 200 W/m? difference between both trees, resulting in inner canopy
values for the L-Tree of around 550 W/m? with the ACRT module and 750 W/m? without the ACRT
module. For the Parametric-Tree, the difference is very similar, with 330 W/m? with the ACRT module

and 550 W/m? without the ACRT module.
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Figure 3-8: Graphs of various tree parameters: Maximum Leaf Temperature (a), Average Stomata Resistance (b),
Latent Heat Flux (c); Average Received Photosynthetic Radiation (d). Red lines indicate L-Trees, black lines
Parametric-Trees, dashed lines ACRT module off, solid lines ACRT on.

Because different inner canopy radiation patterns lead to alterations in plant physiology of the trees,
several indicators for the tree’s behavior have been analyzed for the photosynthetic active hours, i.e.,

day light hours of the simulation (Figure 3-8).
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The diurnal cycles of maximum leaf temperature, average stomata resistance, latent heat flux and aver-
age received photosynthetic active radiation (PAR) show large differences of the two trees and with and

without the ACRT module.

Maximum leaf temperatures show rather similar values until the afternoon, after which the trees in the
simulation without ACRT experience significantly higher maximum leaf temperatures (> 40 °C) indi-
cating thermal stress. This can also be seen in the sudden spike in average stomata resistance of the trees
in the ACRT off simulations. The increased stomata resistance leads to lower vapor fluxes which in turn
reduces latent heat flux and increases leaf temperatures. Also notable is the less sudden drop of the
stomata resistance in the morning and the sudden drop of the stomata resistance in the evening for the
ACRT on simulations. This is caused by the introduction of attenuation of diffuse radiation, which leads

to a more gradual progression in the morning and evening hours.

The curve of average received PAR corroborates the inner canopy radiation analyses at noon above,
with highest values for the L-Tree in the ACRT off simulation and lowest values for the Parametric-

Tree in the ACRT on simulation.

In order to entangle the contributions of the advancements of the L-Tree and the ACRT module, Root
Mean Square Errors (RSME) between different combinations of Parametric-Tree, L-Tree and ACRT on
and ACRT off simulations have been calculated for maximum leaf temperature, average stomata re-

sistance, latent heat flux and average received photosynthetic active radiation (Figure 3-9).

The comparison of the Root Mean Square Errors shows the same general tendencies for all parameters.
The biggest differences occur between the L-Tree without the ACRT module and the Parametric-Tree
with the ACRT module. This indicates that the advancements of the ACRT module and the L-Tree
complement each other, as their combination leads to the highest values of RMSE. Looking at the iso-
lated effects of the L-Tree and the ACRT advancements, it seems, that the ACRT module (comparison
between Parametric-Tree with ACRT and Parametric-Tree without ACRT) has a slightly greater effect
for all parameters than the equivalent isolated L-Tree advancements (comparison between L-Tree with-
out ACRT and Parametric-Tree without ACRT). The largest effect when only enabling one advance-

ment can be seen in the combination of Parametric-Tree and ACRT on/off. This indicates, that by only
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enabling the ACRT module, the parameters of maximum leaf temperature, average stomata resistance,
latent heat flux and average received photosynthetic active radiation match the supposedly most realistic
simulation featuring an L-Tree with the ACRT module rather closely already. This suggests that the
ACRT module has a greater impact onto the plant specific parameters, while the L-Tree implementation
alone also constitutes further advancements, their i1solated effects seem to have a lesser extend onto the

parameters shown.

Param ON vs Param OFF [

L-Tree OFFvs Param OFF |/

L-Tree OFF vs Param ON ‘

L-Tree ON vs Param OFF [ |
L-Tree ON vs Param ON ‘ |

L-Tree ON vs L-Tree OFF ] [ |

(a) (b)
Param ON vs Param OFF |
L-Tree OFF vs Param ON |

L-Tree ON vs Param ON | I

L-Tree ON vs L-Tree OFF [

(c) (d)

Figure 3-9: Root Mean Square Error between different combinations of Parametric-Tree, L-Tree and ACRT on
and ACRT off: Maximum Leaf Temperature (a), Average Stomata Resistance (b), Latent Heat Flux (c) and
Average Received Photosynthetic Radiation (d).

The vertical distribution of shortwave radiation within canopy of all combinations shows a steep decline
with decreasing height, most pronounced in ACRT on simulations (Figure 3-10). While the Parametric-
Tree with its homogenous LAD structure shows an almost steady decline in the ACRT on simulations,
the L-Tree’s shortwave radiation reduction varies in its strength. Values at ground level for the ACRT
on simulation are however similar with around 40 %. In contrast, both trees show a less pronounced

decline of shortwave radiation in the ACRT off simulation, mainly because diffuse radiation is not
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attenuated without the ACRT module. The resulting ground level shortwave radiation for the ACRT off

simulation lies around 60 % for both trees.
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Figure 3-10: Vertical distribution of shortwave radiation through tree centerline at noon; red lines L-Trees, black
lines Parametric-Trees, dashed lines ACRT module off, solid lines ACRT on.

Comparing these results with literature values for similar trees (regarding height and LAD), such as
Balsam poplar in Mixlight where the authors compared predicted inner canopy radiation transmittance
against measured values, shows that the simulation of the L-Tree with ACRT module matches the meas-
ured and modelled values of Mixlight quite closely (Stadt and Lieffers, 2000). Other literature values of
e.g. Thakur & Kaur (2001) or Bartelink (1998) come to slightly lower ground level values of around 10
to 20 %, however featuring denser trees. Further direct comparison with literature values is constrained,
as most studies are carried out on trees in forest stands instead of isolated locations (Brunner, 1998;

Cescatti, 1997).

To examine the effect of both advancements onto the thermal comfort, the Physiological Equivalent

Temperature (PET) underneath both trees has been calculated in a height of 1.4 meters (Figure 3-11).
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The results show generally lower PET values in the ACRT including simulations of around 2 to 3.37 K
for both trees. While the PET pattern underneath the parametric tree shows a more homogenous reduc-
tion of PET, the PET underneath the L-Tree is heterogeneously distributed as the non-uniform LAD

clusters of the L-Tree cause different levels of shading and thus mean radiant temperature.

absolute difference PET
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-3.25 K
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Figure 3-11: Absolute difference in Physiological Equivalent Temperature (PET) at 1.4 meters height level at
noon below L-Tree (left) and Parametric Trees (right) between ACRT on and ACRT off simulations. Negative
values indicate lower PET values in the ACRT on simulation.

3.4 Conclusions

This contribution presents a combined effort to improve the modelling of the microclimate effect of
trees on the one hand and plant vitality parameters on the other. By developing a sophisticated plant
digitalization method enabling the much more realistic description of plants, the for microclimate im-
portant position and alignment of leaf clusters can be deduced. Further advancements of the inner can-
opy radiation scheme enabling the attenuation of diffuse radiation and the creation of secondary diffuse
radiation by scattering of direct radiation, lead to much more diverse radiation patterns inside and around
the plant. In two proof-of-concept simulations, the effects of the advancements were examined regarding
the radiative scheme as well as different plant physiological and microclimatic parameters. The results
showed significant differences between the tree types as well as the radiative transfers. It can be expected
that, with the new advancements, modelling of microclimate effects of trees and plant vitality is consid-
erably improved. Samples from literature values seem to corroborate this finding. However, since no

empirical tests have been undertaken yet, the strength of the new approaches needs to be evaluated in
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real case scenarios. Due to parallelization, the simulation time is not significantly affected by including

L-Trees or the ACRT module and can thus be used in larger, more complex model areas as well.

Results of the thermal comfort beneath the trees showed significant differences in PET as the shading
and thus the mean radiant temperature is greatly affected by the new radiation scheme as well as the
non-uniform LAD distribution of the L-Trees. This indicates that the use of both advancements will
yield a better understanding of not only the plant physiological parameters, but also the effects of trees
onto the local microclimate. Future developments of both modules should address the translation of the
branching system into the radiative simulation to account for effects like absorption of shortwave radi-
ation by the branches as well. Furthermore, the inclusion of branches should make plant biomechanical

simulations possible predicting the probability of branch failure due to wind gusts.
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Summary:

The advancements demonstrated in the previous sections improved ENVI-met’s radiation modeling in
general and thus positively affected MRT modeling. However, the following detailed evaluation study
led by Wanlu Ouyang — comparing measurements of air temperature, relative humidity, as well as six-
directional radiation fluxes and the resulting calculated MRT with ENVI-met modeling results in Hong
Kong — found that there are still rather large inaccuracies in MRT modeling. The study examined mod-
eled and measured data for six locations that featured three different types of green infrastructure, i.e.,
a green roof, a green facade, and a tree as well as their three bare counterparts as measurement sites.
Furthermore, the demand of both using localized materials and accurate meteorological boundary con-
ditions for the simulations was analyzed by comparing results of several varying simulation configura-
tions to the measurement data. The evaluation study hence provides evaluation results and inaccuracy
reports for the developers on the one hand and guidance for the user application of ENVI-met on the
other hand. The author contributed to this work by preparing and conducting the microclimate simula-
tions as well as adding ENVI-met modeling expertise and insights during conceptualization and proof-

reading of the manuscript.
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4.1 Introduction

4.1.1 Background

Due to rapid urbanization processes, global climate change, and intensified heat waves, climate
knowledge has been gaining increasing attentions in both academic fields (Mills, 2014) and urban plan-
ning and design practices (Eliasson, 2000). In this respect, numerical simulation tools are powerful
means for researchers and urban planners to understand the urban climate mechanisms and assess the
climate adaptation strategies. Thus, numerical simulation has gained increasingly popularity over the
past two decades (Arnfield, 2003). This popularity is justified by the high capacity of modeling to in-
volve the nonlinearity and complexity of urban climate processes (Jamei et al., 2019), and is also sup-
ported by the development in both hardware (i.e., increasing computational power of computers) and
software (i.e., emerging models or tools) (Mirzaei and Haghighat, 2010). Moreover, numerical modeling
can assist the climate-sensitive urban planning, as it can assess the effectiveness of mitigation strategies

based on “what-if” scenarios, especially during the planning stages.

In urban climate fields, numerical simulation tools can be classified into two types according to their
mechanisms: energy balance model (EBM) based on the energy balance budget, and computational fluid
dynamics (CFD) based on the equations of fluid dynamics and conservation of mass, momentum, en-
ergy. EBM is mainly for large-scale studies (i.e., city scale), as it approximates the complex buildings
with limited grids and applies homogeneous geometry for the whole city (Mirzaei and Haghighat, 2010).
Due to absences of air velocity, EBM cannot reproduce the interactions between air velocity and tem-
perature fields, and hence is not suitable for microclimate studies (Mirzaei and Haghighat, 2010). On
the contrary, CFD provides detailed and accurate information in the relevant thermal, velocity, radiation
fields, and thus is a powerful tool at microclimate scales for buildings’ energy consumption and outdoor
thermal comfort (Jamei et al., 2019). Among all of the CFD based models, ENVI-met is one of the most
widely used tools in multiple climate backgrounds and for different urban forms with diversified char-

acteristics in buildings and greenery (Tsoka et al., 2018).
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4.1.2 ENVI-met model and applications

ENVI-met is designed to simulate the complex atmosphere-vegetation-surface interactions. Specifi-
cally, it is a grid-based model with fine resolution (0.5-10m) and uses standard k-¢ turbulence model
and Reynolds Averaged Navier-Stokes (RANS) equations (Huttner, 2012). There are several sub-mod-
els in ENVI-met: 1) 1D (one-dimensional) boundary model to initialize the simulation and establish the
boundary conditions of the 3D model; 2) 3D atmospheric model to simulate all the processes of temper-
ature, humidity, turbulence, radiation fluxes, and pollutants; 3) soil model to calculate the temperature
and humidity fluxes in the soil layers; 4) vegetation model to simulate the transpiration rates, leaf tem-
perature of the plants, as well as the heat and vapor interactions between vegetation and atmosphere
(Huttner, 2012; Tsoka et al., 2018). Compared with previous versions, the recent version of ENVI-met
(V4) has been updated greatly (Simon, 2016). Firstly, a 3D vegetation module has been added for mim-
icking complex vegetation geometries. Secondly, a “full forcing” scheme has been added to allow the
half-hourly measured values as the inputs, i.e., air temperature, relative humidity, cloud cover/ solar
radiations, and wind conditions. Thirdly, multiple fagade layers have been added to the building module,
up to three different materials can be applied with different physical parameters, including reflectivity,
absorption, and specific heat capacity. Lastly, ENVI-met version 4.4 has implemented a roof and fagade
greening module. Hence, these updates of ENVI-met are expected to generate more reliable simulation

results (Lee et al., 2016).

ENVI-met has been widely applied to investigate the impacts of urban greening on urban microclimate
(Tsoka et al., 2018). Specifically, three green infrastructure (GI) typologies, i.e., ground trees, green
walls, and green roofs, are often investigated individually and collectively. For instance, regarding
ground trees, ENVI-met was used to investigate the impacts of coverage ratio amount (Ng et al., 2012;
Ouyang et al., 2020), tree species (Morakinyo et al., 2017b, 2018, 2020), and planting location (Tan et
al., 2017, 2016) on the magnitude of the thermal benefits. In terms of vertical greenery, the model was
applied to explore the impacts of green fagade ratio (Morakinyo et al., 2019), implementation orientation
(Acero et al., 2019; Morakinyo et al., 2019), and planting height (Acero et al., 2019) on cooling effect.
For green roof, ENVI-met can examine the effects of roof coverage ratio (Jin et al., 2018; Morakinyo et

al., 2017a; Zhang et al., 2019), green roof types and plant characteristics (Berardi, 2016; Morakinyo et
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al., 2017a), and planting arrangement (Jin et al., 2018; Zhang et al., 2019) on cooling provision. Overall,
the thermal performance was mainly quantified by air temperature, relative humidity, surface tempera-
ture, etc., while the radiative performance commonly considered mean radiant temperature, longwave
and shortwave radiations, etc. All these parameters are essential for both buildings’ energy consumption

and outdoor thermal comfort.

4.1.3 Model evaluation and ENVI-met performance

Performance evaluation is an essential step to ensure the reliability of a model, and minimize the prob-
ability of making wrong decisions based on the simulation results or gaining an adverse insight in the
targeted situations (Matott et al., 2009). Model performance can be distinguished into scientific and
operational aspects. The scientific performance is related with the model components, while the opera-
tional performance links to the particular applications (Fox, 1981). In our study, the operational perfor-
mance was evaluated, which refers to comparing the simulation results with the observed data in a given

application context (Fox, 1981).

Previous studies have examined the performance of ENVI-met in different perspectives (Tsoka et al.,
2018). For instance, the model was evaluated for different seasons (Crank et al., 2020; Roth and Lim,
2017), different meteorological conditions (Acero and Arrizabalaga, 2018), urban spaces (Acero and
Herranz-Pascual, 2015), ground surfaces (Yang et al., 2013), tree typologies (Shinzato et al., 2019), tree
species (Liu et al., 2018), and applicability in diverse urban forms (Crank et al., 2020), near a tree (Jamei
et al., 2019), near facade greening (Janicke et al., 2015), or for specific microclimate variables (i.e.,
mean radiant temperature) (Crank et al., 2020; Gal and Kantor, 2020). Based on their evaluation results,
as summarized in Appendix Table 4-4, ENVI-met provides relatively accurate estimations of air tem-
perature (AT) and mean radiant temperature (MRT), especially during diurnal periods in summertime.
For instance, for AT, two common evaluation metrics performed reasonably, with R? ranging from 0.73
~0.99 and root mean squared error (RMSE) ranging from 0.69 ~ 3.97 K; for MRT, R? ranged from 0.54
~ 0.95, and RMSE ranged from 6.44 ~ 16.10 K. Although the evidence came from different climate
backgrounds and various built environment, they proved the reliability of ENVI for microclimate anal-

ysis and applications.
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However, current literatures have evaluated the performance of ENVI-met mainly about the estimations
of AT and MRT (Tsoka et al., 2018), yet other microclimate parameters haven been largely overlooked
for the performance of ENVI-met (Yang et al., 2013). Based on the limited evidence available, ENVI-
met tends to overestimate radiation in the morning and afternoon but underestimates it during noon (Gal
and Kantor, 2020; Liu et al., 2018). Accordingly, MRT was also over- and under-estimated (Acero and
Arrizabalaga, 2018). To address the limitation regarding the radiation estimations, the Indexed View
Sphere (IVS) scheme was introduced in the version 4.4 (Gal and Kantor, 2020). Moreover, in order to
tackle the limitations of static solar radiation and wind characteristics (Acero and Arrizabalaga, 2018;
Acero and Herranz-Pascual, 2015), recent versions of ENVI-met introduced the full forcing scheme to
improve the boundary conditions by involving more meteorological variables, such as half-hourly solar

radiation or cloud amount, wind speed and directions (ENVI-met, 2018).

4.1.4 Research objectives

Four research gaps have been mainly identified so far. First, although some studies validated ENVI-met
before parametric studies (Abdi et al., 2020; Peng et al., 2020a; Shi et al., 2020), there is scarcely a
systematic evaluation study for the recent updates of ENVI-met, i.e., IVS scheme for multiple interac-
tions between surfaces, new full forcing scheme for detailed meteorological boundary conditions, new
Advanced Canopy Radiation Transfer (ACRT) module for complex radiation interactions within vege-
tation canopies (Simon et al., 2018b), and new features in fagade and rooftop greening (ENVI-met,
2019). Second, three GI typologies have been examined individually in ENVI-met (Janicke et al., 2015;
Jin et al., 2018; Shinzato et al., 2019), yet it is pending to be explored how ENVI-met performs when
including them simultaneously within one homogeneous site. Third, mobile measurement is one of the
widely used method to collect microclimate parameters (Middel and Krayenhoff, 2019; Ouyang et al.,
2021; Ziter et al., 2019). It is worth examining whether the data from mobile measurement can be ap-
plied for ENVI-met model validation. Four, several metrics have been utilized for model evaluation

previously, but their sensitivities are scarcely compared.

Therefore, this study aims to systematically evaluate the thermal-radiative performance of ENVI-met
model (the latest version V4.4.6) for three GI typologies within a homogeneous site in a subtropical

climate city, Hong Kong. Four specific objectives were addressed: 1) to examine the influence of the
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inputs and settings on the reliability of ENVI-met; 2) to measure the estimation accuracy of thermal-
radiative variables for three GI typologies; 3) to investigate whether the output intervals affect the eval-
uation results; 4) to explore the sensitivity of different metrics towards the model evaluation results. To
achieve these objectives, firstly, a field measurement was taken in six points, three near GI typologies
(i.e., green roof, green wall, and ground tree) and three at corresponding reference sites. Secondly, sen-
sitivity analyses were conducted for the model inputs and settings, including four aspects: new radiation
scheme (IVS), meteorological boundary conditions, materials parameters, and output intervals. Thirdly,
based on the optimal model in the sensitivity analyses, the reliability of ENVI-met was evaluated for six
measurement points, nine microclimate variables, and three output intervals by four quantitative evalu-
ation metrics. Finally, the strengths and limitations of ENVI-met were discussed for its applications in
the subtropical climate context. This study helps model users including researchers, practitioners (e.g.,
urban planners and designers), and policy makers extend the understanding in the capabilities and limi-
tations of ENVI-met model, thereby assist developing and implementing climate-sensitive planning

strategies.

4.2 Methodology

4.2.1 Study area and measurement site

This study was conducted in Hong Kong (HK), located in the eastern Pearl River Delta by the South
China Sea (22.3193° N, 114.1694° E). With a typical humid subtropical climate (Képpen Cfa), HK
experiences a hot and humid summer with a daily temperature of 28.5 °C and a relative humidity of
80% on average (Development Bureau and Planning Department Hong Kong, 2016). To curb the men-
ace of urban overheat, several urban greening policies have been implemented from building to city
scales, e.g., Green master plan (GMP) was developed to provide an overall greening framework for
specific areas (Hong Kong Civil Engineering and Development Department, 2004), Practice Note APP-
152 was proposed to ensure enough greening coverage ratio for new building developments (Hong Kong

Buildings Department, 2016).

The field measurement site was in the Electronic and Mechanical Services Department (EMSD) head-
quarters located in Kowloon peninsula (see Figure 4-1). This site serves as a successful case for greening

implementation in HK, as three GI typologies, namely green roof, green wall, and ground tree, are
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incorporated in proximity within the EMSD courtyard. Three measurement points were besides each GI
typology, while three reference locations were within 5m distance from corresponding GI point, so that
the surrounding environment between paired locations was similar with minimal biases. It is noteworthy
that the site provides a homogeneous urban environment with restricted vehicular and pedestrian traffic,

thus the impacts of anthropogenic heat are limited for both measurements and modelling.

Hong Ko_hg .
Rl

S + & R
® KSC station ® HKO station |

- =

Ground tree

Figure 4-1: Study area and measurement sites (Adapted from Ouyang et al., 2021).

4.2.2 Field measurement and data processing

Thermal-radiative variables were collected near three GI typologies spots and three reference spots
(shown in Figure 4-1) between 09:30 ~ 17:25 hr (LST) on four typical summer days: 07%, 09, 11, and
12" September in 2019. Both stationary monitoring and mobile measurements approaches were applied
for data collection. To measure thermal variables, i.e., air temperature and relative humidity, a HOBO
U12-012 logger was set at each of the six measurement points for the stationary monitoring. To measure
radiative variables, i.e., six-directional shortwave and longwave radiation, three “four-in-one” radiom-

eters (CNR4) were installed on a balanced tripod stand for the mobile measurement. The instruments
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were moved from one point to another in cycle within one hour. Each hour cycle started at green roof
and ended at tree-free point, and altogether eight cycles were realized on each measurement day. For
each point, at least 2min was ensured for the equipment stabilization, afterwards Smin observations were
made before shifting to the next point. The details of the mobile approach, measurement instruments,

measurement process, and results were reported in our earlier study (Ouyang et al., 2021).

Subsequently, the collected thermal-radiative data was extracted and averaged based on three time-
scales: 10min, 30min, and 1h, which was in accordance with one of the objectives of this study - to test
the sensitivity of ENVI-met towards different outputs intervals, so that the feasibility of mobile meas-
urement for ENVI-met validation can be investigated. Mean radiant temperature was calculated based

on the radiative elements in six directions with Eq. 3-1:

1
n 6
MRT = \/Zizlwi(akl(i + a;L;)/a;0 — 273.15 Eq. 4-1

where W; represents a weighting factor summing up to 1 (equals 0.06 for up/down direction, 0.22 for
four lateral directions); K; and L; indicate six-directional shortwave and longwave radiation flux densi-
ties, respectively; a; and a; are the absorption coefficients of the clothed human body (suggested 0.7

and 0.97 respectively); o represents the Stefan-Boltzmann constant (equals 5.67 * 1078 W /m? K*).

4.2.3 ENVI-met model configuration

This study evaluated the latest version of ENVI-met (V4.4.6). The actual environment of EMSD, the
measurement site, was defined in the area input model. The simulation domain consisted of 250 x 225
x 46 grids with horizontal resolution (Ax and Ay) of 2 m, which is a good tradeoff between the simula-
tion efficiency (simulation time) and the simulation accuracy (Salata et al., 2016). The vertical grids
were in varying vertical resolution (Az) with 0.2 m resolution below 1m height, 1m resolution between
1 m and 10 m, and 30 % telescoping above 55m. To minimize the boundary effects and increase the
numerical stability, 10 empty cells were added for each lateral boundary. The building heights ranged
from 3 m to 180 m in the domain, and the building with green wall and green roof was 7 m high. The
model domain was rotated 45° in the clockwise direction. The actual and modelled built environment

were shown in Figure 4-2.
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Figure 4-2: The real (left) and modelled (right) built environment of measurement site.

Given that ENVI-met was developed in Germany, the default input parameters for the thermal-radiative
properties of construction materials and the features of plants may not be adaptable for other cities (Roth
and Lim, 2017). To test the adaptability of the model’s default database, sensitivity tests were conducted
for both default and localized values. For localized properties, the values were adapted from both exist-
ing database, (i.e., default characteristics for building envelope published by Hong Kong Green Building
Council (Burton, 2002)) and the values applied in previous local studies (Acero and Arrizabalaga, 2018;
Jamei et al., 2019; Kotthaus et al., 2014; Yang et al., 2013). Considering that the material properties in
the real site are complex, this study applied representative values for the typical condition in reality. We
assumed the ground is built with concrete, the roof is constructed with asphalt and concrete tiles, and
the building wall is constructed with heavy concrete and cement; the material properties are the average
of the component materials accordingly (Yang et al., 2020). In addition, the green roof and green wall
were mimicked by 1D plant (grass) in the new green facade and roof module, while the ground tree was
modelled in the ‘ALBERO’ module. The default and localized values of constructions and plants were

listed in the Table 4-1.
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Table 4-1: Default and localized characteristics of the construction and plant.

. . Settings
Construction & Plant Input Parameter [Unit] Default Localized
Ground pavement Albedo 04 0.15

Emissivity 0.9 0.9
Thickness [m] 0.3 0.3
Albedo 0.5 0.2
Emissivity 0.9 0.7
Building roof Thermal conductivity L6 L13
[W/(m.K)]
Specific heat [J/(kg.K)] 850 1060
Density [kg/m?] 2220 2225
Thickness [m] 0.3 0.3
Albedo 0.5 0.2
Emissivity 0.9 0.9
Building wall Thermal conductivity 16 144
[W/(m.K)]
Specific heat [J/(kg.K)] 850 840
Density [kg/m?] 2220 2130
Plant height [m] 0.25 0.25
Green roof Leaf area index (LAI) [m*/m?] 1.5 2.5
Plant albedo 0.2 0.2
Plant height [m] 0.25 0.25
Green wall Leaf area index (LAI) [m*/m?] 1.5 2.5
Plant albedo 0.2 0.2
Plant height [m] 15 8
Plant width [m] 11 11
Ground tree Leaf area index (LAI) [m¥m?] 4.2 4
Plant albedo 0.18 0.28
Foliage transmittance 0.3 0.1

To initialize the model, either simple or full forcing scheme can be adopted for boundary meteorological
conditions. The simple forcing only requires basic information, while the full forcing scheme needs half-
hourly inputs, i.e., solar radiation (solar forcing) or cloud amount (cloud forcing). Current study applied
and compared three forcing schemes, including simple, and two full (cloud, and solar) forcing schemes,
whose inputs requirements were listed in Table 4-2. The meteorological data was obtained from Hong
Kong Observatory (HKO) and Kau Sai Chau (KSC) weather stations (locations were shown in Figure
4-1). Air temperature, relative humidity, wind speed and direction, soil temperature, cloud amount were
obtained from HKO, and downward direct and diffuse shortwave radiation were acquired from KSC

(Hong Kong Observatory, 2019). As cloud forcing requires the cloud cover conditions in low, medium
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and high levels, and HKO only provides the total cloud amount, we set all cloud cover at the medium
level. When radiation forcing requires downward longwave radiation that is not measured and provided
by Hong Kong Observatory authority, we used the estimation values by ENVI-met based on the Eq. 3-2
(Huttner, 2012; Simon, 2016). We modified the apparent overestimations based on the measurement
value on rooftops, as previous study indicated using calculated downward longwave radiation will in-

crease prediction uncertainty (Weihs et al., 2012).

N

z oT*(n)[e,(m + Am) — €,(m)]

n=1

A
Quw = Eq. 4-2

where €, is the atmosphere emissivity; m is the amount of the water vapor between the lower boundary
of layer n and the height z; (m + Am) is the amount of the water vapor of the upper boundary of the

layer n and the height z; T is the atmosphere temperature; o is the Stefan—Boltzmann constant (= 5.67 *

1078 W/m2 K*).

Table 4-2: Meteorological conditions of three forcing schemes.

Meteorological
parameters

Input value

Simple forcing

Full forcing

Cloud forcing

Radiation forcing

Air temperature (°C)

Daily max and min val-
ues

Daily half-hourly profile

Daily half-hourly profile

Relative

(%)

humidity

Daily max and min val-
ues

Daily half-hourly profile

Daily half-hourly profile

Wind speed (m/s)

Daily prevailing wind
speed

Daily half-hourly profile

Daily half-hourly profile

Wind direction (°)

Daily prevailing wind di-
rection

Daily half-hourly profile

Daily half-hourly profile

Solar factor/ Cloud/

Solar factor adjustments

Daily half-hourly profile

Daily half-hourly profile

Radiation (0.9, 0.8, 0.5) (Medium clouds) (Direct, diffuse radia-
tions)
Soil initial tempera- Daily average value in Daily average value in Daily average value in
ture (°C) different depth different depth different depth
(upper, middle, deep and (upper, middle, deep and (upper, middle, deep and
bedrock layers) bedrock layers) bedrock layers)
Soil humidity (%) 50, 55, 60, 60 50, 55, 60, 60 50, 55, 60, 60
(upper, middle, deep and (upper, middle, deep and (upper, middle, deep and
bedrock layers) bedrock layers) bedrock layers)
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All simulations were initialized at 06:00hr (UTC = +8), and ran for 13h. Simulation results during 9:30
~ 17:30hr were used for analysis. The minimal output interval was set as 10min, to be consistent with

the mobile measurement interval.

Figure 4-3 showed the framework of this study: first, sensitivity analyses were conducted for the recent
model updates; second, the optimal model in the sensitivity analyses was used for model evaluation
regarding different GI typologies, output intervals, and thermal-radiative variables. The detailed exper-

imental settings were illustrated in the following two sections.

Model Settings Model Evaluation

———————————————————————

Sensitivity analyses

! IVS module 1 3 Boundary 3 ' | Three GI typologies
! o Conditions Initial Model .| |* Greenroof
! | ' e TVS on . ; |+ Green wall
! Boundary ! l * IVS off | | * Ground tree
d N \ ' il + Simple forcin% . . ! l
! conditions ! \ E]Solar factor =0.9, * Simple forcing w ! —
i ! } .8,0.5) ; } ' Thermal-radiative
' ! \ . * Default materials | | variables
! - ¢ Default materials ; :
! Materials ! : ! ; o AT + MRT
! . | ] A . * RH * LWaoun
: setngs o Boundary IVS Module The © LWy
! ‘ w Conditions optimal . SW,
E 3 : . IVS « IVS on model‘ . SI.'V:ZWH
- Output v on . _— : .+ LW,
i . : i 1| * Cloud forcing * Simple forcing | | * LWou
! intervals L _ ; ‘ 1
: | * || * Default materials * Default materials | | Output intervals
T T C e 10mi
Field Measurement | - - | 30min
e --=a \ Boundary Materials w ' |. 1h
| | ! Conditions settings } |
| Stationary Lo ! }
i measurement } : Vs 'on‘ IVS‘O? . ! : Evaluation metrics
! Radiation Radiation forcing ) C . g2
| ‘ w forcing e ‘ ‘
| : ! w ) Localized ! ‘ - d
| Mobile | l Default materials materials | ‘ .
| ! | | | RMSE
! measurement ! " I I « MBE

Figure 4-3: Framework illustration of this study.

4.2.4 Sensitivity analyses

To understand the effect of the input variations on the outputs of the model (Saltelli et al., 2004), sensi-
tivity analyses were conducted. Specifically, four aspects were investigated for their impacts on the

thermal-radiative outputs of ENVI-met:

1) The new radiation module Index View Sphere (IVS): IVS is a new advanced radiation transfer

scheme, which allows a more detailed calculation of secondary radiative transfer. However, it costs
higher RAM for computer equipment at exchange for higher accuracy. The sensitivity test aims to show

whether the expected accuracy improvement is worth taking higher computer memory with IVS on;
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2) Meteorological boundary conditions: the simple forcing and two full forcing (forced cloud and forced

radiation) schemes were used and compared to evaluate the impacts of boundary condition settings;

3) Material characteristics of construction and plants: the default and localized settings were both ap-

plied to find out the necessity of customizing surface and plant properties for the local case;

4) The output intervals: three output timescales were used and compared in this study (i.e., 10min,

30min, and 1h) to examine the reasonability of applying mobile measurement data to validate ENVI-

met model.

To examine the above four aspects, an initial model was started with the default materials, IVS off, and
simple forcing. The following models were built with one aspect changed in each run, while other as-
pects kept constant. The explicit steps and settings are shown in Table 4-3, where words in blue represent

the changing setting.

Table 4-3: Model settings and changes for each step.

Settings

No Model Name IVS Meteorological
Module Conditions
Simple Forcing

Materials Output intervals

1  Initial Model Off Default materials 10min, 30min, 1h

Solar Factor = 1

Simple Forcing

2 1
VSon On Solar Factor = 1

Default materials 10min, 30min, 1h

Simple Forcing
Solar Factor=0.9
Simple Forcing
Solar Factor=0.8
Simple Forcing
Solar Factor=0.5

3 SolarFactor0.9 On Default materials 10min, 30min, 1h

4  SolarFactor(0.8 On Default materials 10min, 30min, 1h

5  SolarFactor0.5 On Default materials 10min, 30min, 1h

6  CloudForcing On Full For.cmg Default materials 10min, 30min, 1h
(Cloud inputs)
Full Forcing

7  RadiationForcing On (Radiation in- Default materials 10min, 30min, 1h
puts)

g LocalizedMateri- On Full Forcing Localized materi- 10min, 30min, 1h

als als

*Words in blue indicate the change step by step
4.2.5 Evaluated parameters and statistical metrics
After the sensitivity tests, the optimal model was used for the evaluation analysis. Both thermal and

radiative outputs of ENVI-met simulations were evaluated. Thermal parameters included air
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temperature (AT) and relative humidity (RH), while radiative parameters considered mean radiant tem-
perature (MRT), downward and upward radiant fluxes, i.e., the downward shortwave and longwave
fluxes (SWaown and LW gown), the upward shortwave and longwave fluxes (SW,, and LW,y), and wall-
outgoing (LWoyu) and wall-incoming (LWi,) longwave fluxes (mainly for green wall and bare wall

points). Please see the illustration in Figure 4-4.

l"'Ndown S“A"clown
Downward longwave fluxes Downward shortwave fluxes

LW;,
Incoming longwave fluxes

Lw

out
Outgoing longwave fluxes

LW, SW,,
Upward longwave fluxes Upward shortwave fluxes

Figure 4-4: Radiation fluxes direction illustration.

Four statistical metrics were primarily adopted in this study for model evaluation: the coefficient of
determination (R?), the index of agreement (d), the root mean square error (RMSE) and its two elements
(the systematic root mean square error (RMSEs), the unsystematic root mean square error (RMSEu)),
and the mean bias error (MBE) (Moriasi et al., 2007). These four metrics were selected based on the
recommendations of Willmott (Willmott, 1982, 1981), i.e., R? is an intuitive quantification to describe
the model performance, d is complementary for R? to assess whether a model's predictions are error

free; RMSE measures the average magnitude of the errors (non-negative).

In details, R? describes a goodness-of-fit measure for the variances between simulated and measured
data, ranging from O to 1. d is a dimensionless index to indicate the ratio between the mean square error
and the potential error, also ranging from 0 to 1 (Willmott, 1982). RMSE estimates the average magni-
tude of the errors, consisted of systematic and unsystematic errors: RMSEs and RMSEu (Willmott,
1982). RMSEs quantifies the systematic errors that occur consistently, while RMSEu describes the un-
systematic errors that combined small effects into a constant (Yang et al., 2013). MBE measures the
average differences between the observations and estimations, which indicates whether the model over-

estimates (positive values) or underestimates (negative values) the observations (Tsoka et al., 2018).
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Overall, higher reliability and accuracy of a model are associated with the conditions of: R? and d tending
to be 1, RMSE and RMSEs closer to 0, RMSEu nearer to RMSE, and MBE nearer to 0. In addition, to
compare the overall performance of different variables, RMSE and MBE of different variables were
normalized to be NRMSE and NMBE by using the range of measured data as the denominator (Simon
et al., 2018b), so that the different variables with different units can be compared directly. These metrics

were calculated through Eq. 3-3 - Eq. 3-7 (Stunder and Sethuraman, 1986; Willmott, 1982).

d=1- [ZX.(Si — M2/ AS!+ IM{)?]

Eq. 4-3
_ 2 2112 _ ra—1vn 215
RMSE = [RMSEs* + RMSE,?|"" = [N"1ZX(S; — M)?]z
—1yn/¢ 211/2
Where: RMSEs = [N %S — M) ] Eq. 4-4
RMSEu = [NT1X}(S; — Sﬁ)"’]l/2
n
— -1 . — M.
MBE = N Z(sz M;) Eq. 4-5
l
NRMSE = RMSE/(Mpax — Mpin) Eq. 4-6
NMBE = MBE/(Mpax — Mmin) Eq. 4-7

where S; = S; — M, M = M; — M,and S; = a + b * M;; S; is the simulation value by ENVI-met; M;
represents the measurement value; N denotes number of the data; M represents the mean of the meas-
urement value; My, ., is the maximum of the measurement value; M,,,;,, describes the minimum of the

measurement value.

4.3 Results
The simulation results of the 11" Sep, 2019 was briefly reported for two reasons: the weather on this
day is a typical summer day in HK with partially cloudy weather conditions (Tan et al., 2017); and the

model performance on this day was better compared with other three measurement days.

4.3.1 Sensitivity analysis results
4.3.1.1 By different settings
In this section, eight models with different settings (see Table 4-3 for details) were investigated. With

updating settings for each model, the impact of the settings can be evaluated. To cross-compare the
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average performance for all microclimate variables and locations, four dimensionless metrics were used,

including R?, d, NRMSE, and NMBE.

As shown in Figure 4-5, the model performance was improved as the model settings got updated from
the first to the final one (Localized materials), irrespective of output intervals and evaluation metrics.
Specifically, the simple forcing with the adjusted solar factors (1, 0.9, 0.5) showed trivial differences
based on R? and d. However, lower solar factors lead to smaller prediction errors and bias (NRMSE and
NMBE). We also found that the cloud forcing model improved prediction accuracy based on R?, yet
deteriorated for other metrics — d, NRMSE, and NMBE. Despite above non-identical evidence, the most

efficient settings to improve the model performance were by radiation forcing and localizing materials.

B InitialModel B IVSon B SimpleForcing0.9 || SimpleForcing0.8
N SimpleForcing0.5 I CloudForcing ¥ RadiationForcing M LocalizedMaterials
R-Square
0.6
0.6
0.4 04
0.2 0.2
0.0 0.0
NRMSE NMBE
3
2
10min 30min 10min 30min

Figure 4-5: Overall model performance by eight settings.
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4.3.1.2 By different variables

Figure 4-7 revealed the impacts of model settings on different thermal-radiative variables. SWgown Was

not included here, as it showed high deviation in RMSE and thus covered detailed differences of re-

maining variables.
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Figure 4-6: Overall model performance by eight variables (unit of RMSE and MBE: °C for AT, MRT; % for RH,

W /m? for radiation fluxes).

Generally, the prediction accuracy was improved for most of the variables from the initial to the final

model. However, the prediction accuracy differed among the variables (shown in Figure 4-6). For in-

stance, variables with the best and stable estimation differ according to four evaluation metrics: MRT

based on R?, AT based on d and RMSE, and AT and RH based on MBE. Across different settings, R?

of AT was observed to improve from 0.4 to 0.6; SW,,;, estimation was observed to be less accurate with

IVS on and full forcing, showing the relatively higher RMSE and MBE; SWown fluctuated minorly
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based on R?and d, but improved highly based on RMSE and MBE. Output interval rarely impact the

patterns, except with MBE where 30 min interval had a lower MBE value than that of 10min and 1h.

4.3.1.3 By different points
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Figure 4-7: Overall model performance by six points.

This section uncovered the impacts of model settings on different locations: green roof (GR), bare roof

(BR), green wall (GW), bare wall (BW), ground tree (GT), tree free (TF). Similar with Section 4.3.1.1,

four dimensionless metrics were used including R?, d, NRMSE and NMBE. Overall, almost all points

reached the best performance in the final model (Localized materials), with smaller errors, lower biases,

regardless of temporal scales. Besides, the model performance in the six points is sensitive to the eval-

uation metrics (see Figure 4-7). Specifically, based on R?, the range was 0.40 ~ 0.75; six sites showed

little variation among the three simple forcing models, while the performance improved apparently in
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two full forcing models (forced cloud and radiation). Using d, six locations presented similar values
except for GT site that showed relatively low values from 0.2 ~ 0.4. In terms of the error-based metrics,
NRMSE, and NMBE, all sites almost showed insensitive to the chosen model settings, except at GT

point had the improved performance in IVS on, full forcing and localized materials models.

Given the results in this section, the optimal model was the Localized materials, which was henceforth
selected to evaluate the thermal-radiative performance of ENVI-met. The next two sections mainly dis-
cussed nine thermal-radiative variables given their significances in both outdoor thermal comfort and
building energy performance. Model developers and users can further understand the simulation devia-

tions based on the detailed illustrations below.

4.3.2 Evaluation in thermal variables

4.3.2.1 Air temperature

Across three output intervals and six points, the performance of ENVI-met in AT was averagely de-
scribed by R? = 0.70, d = 0.79, RMSE = 0.91 °C, and MBE = —0.15 °C. The output intervals did not
impact this observation, with slightly better performance for 1h interval and relatively inferior for 30min
(R*=10.75 vs. 0.68, d = 0.82 vs. 0.78, RMSE = 0.83 vs 0.97 °C). AT was slightly underestimated in

three output intervals (MBE =—0.16 ~—0.13 °C).

A point-by-point analysis indicated higher variability (see Figure 4-8). R? achieved high as 0.90 at GW
and relatively lower at BR and TF (0.55). With d, a range of 0.67 ~ 0.91 was observed, highest at BW
and lowest at BR. The least error was found at BW (RMSE = 0.54 °C), while the largest error was
observed at BR (RMSE = 1.77 °C). The results also showed that ENVI-met tended to underestimate AT
at the two rooftop sites (MBE = —0.39 °C and —1.46 °C for GR and BR) and BW (MBE = —0.17 °C),
but overestimated AT near GI at pedestrian level (MBE = 0.34 °C for GW and 0.76 °C for GT). TF site

had the least MBE nearest to zero (0.04 °C).

It is important to mention that the interpretations for the above values should consider the accuracy of
the measurement equipment (HOBO sensor in this study, £0.3 °C), as some prediction deviations may

arise from the measurement errors. The results indicated that ENVI-met has potential limitations to
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estimate AT in higher z-level grids, as the AT predictions at roof sites showed high deviations relative

to observations at roof-level.
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Figure 4-8: Four evaluation metrics in AT (unit of RMSE and MBE: °C).

4.3.2.2 Relative humidity

Irrespective of the output intervals and sites, the overall performance of ENVI-met for RH estimation
was averaged R? = 0.48, d = 0.53, RMSE = 5.62 %, and MBE = —4.36 %. Three output intervals pre-
sented small variations: better performance presented by lh interval, while the slightly inferior by 10
min (R?=0.52 vs. 0.44, d = 0.54 vs. 0.52, RMSE = 5.45 vs. 5.65 %). ENVI-met underestimated RH at

three output intervals (MBE = —4.40 ~ —4.30 %).

For location specific analysis, the model performance shows variability depending on the evaluation
metrics (see Figure 4-9). R? reached the highest at BW (0.77) and the lowest at TF (0.10). d was high as

0.71 at BR, but low as 0.27 at GT. The estimation error was maximum at GT (RMSE = 8.70 %) and
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minimum at BF (RMSE = 3.88 %). ENVI-met underestimated RH in all points, with MBE ranging from

-0.91 % ~ -8.12 % (BF ~ GT).

Given the sensor accuracy of HOBO was £2.5 %, ENVI-met performed well in RH estimation, except
near GT. The deviation can be partly attributed to weather condition. We collected data during a typical
summer day in HK, with partially cloudy conditions. One study conducted in similar hot-humid sub-
tropical climate found that fully cloudy weather lead to distinct discrepancy in water vapor fluxes esti-

mation (Liu et al., 2018).
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Figure 4-9: Four evaluation metrics in RH (unit of RMSE and MBE: %).

4.3.3 Evaluation in radiative variables

4.3.3.1 Mean radiant temperature

For all output intervals and sites, the average performance in MRT was described by R?=0.77,d = 0.79,
RMSE = 7.07 °C, and MBE = 4.96 °C. The differences of three output intervals were insignificant.

10min showed the highest d (0.79) and R? (0.79), with a relatively low RMSE (6.99 °C); 30min
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performed moderately lower d (0.78) and R? (0.75), higher RMSE (7.12 °C). MRT was overestimated

for three output intervals, with MBE = 4.89 ~ 4.99 °C.

Concerning the location-related differences, inconsistences were observed (see Figure 4-10). R? showed
that TF had the highest value (0.87) whereas BW presented the lowest value (0.62). Based on d, except
for GT with a low value as 0.37, other five sites presented 0.81 or even higher. The smallest error was
presented in GT and TF sites (RMSE = 5.79 and 5.57 °C respectively), while largest error was found in
GW (RMSE = 8.61 °C). According to MBE values, MRT was overestimated for all six points, ranging

1.28 ~ 7.81 °C (BW ~ GW).
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Figure 4-10: Four evaluation metrics in MRT (unit of RMSE and MBE: °C)

Although six-directional method is widely identified as the most accurate approach for MRT measure-
ment (Chen et al., 2014; Kriiger et al., 2014), the systematic errors arising from the sensors and the
unsystematic errors related with experimental operation should also be considered when interpreting the

above results.
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4.3.3.2 Down- and upward fluxes

Shortwave fluxes

Downward shortwave radiation

In ENVI-met, downward shortwave radiation (SW4own) is the aggregation of diffuse shortwave radiation
from sky, reflected shortwave radiation from surrounding environment, and incoming direct shortwave
radiation (Huttner, 2012). Generally, the overall performance of SWaown was: moderate variance (R? =
0.52), decent agreement (d = 0.74), low bias (MBE = —18.96 W /m?), but large deviation (RMSE =
220.44 W /m?). Different output intervals showed minor discrepancies, 10min performed better than
30min with R = 0.55 vs. 0.50, d = 0.75 vs. 0.73, and RMSE = 220.44 vs. 212.19 W /m?. SWgown Was

underestimated marginally (MBE = —29.39 ~ —12.71 W /m?) for three intervals.
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Figure 4-11: Four evaluation metrics in SWaopw (unit of RMSE and MBE: W /m?).
The differences among the six sites were rather complex. Quantified by R?, TF yielded better perfor-
mance (0.86), whereas BW and GW showed inferior performance (0.13 and 0.25 respectively) (see
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Figure 4-11). Higher d was found at BR (0.93) and TF (0.95), while the lowest at GT (0.32). Two wall
points presented large errors (RMSE = 363.67 and 436.68 W /m? for GW and BW) and underestimated
bias (MBE =—175.77 and —231.70 W /m?). At the other four sites, RMSE ranged 41.73 ~ 191.65 W /m?
(GT ~ GR). Besides, there was moderately overestimation at the roof sites (MBE = 132.01 and 85.62

W /m? for GR and BR) and slight overestimation at GT and TF (MBE = 32.94 and 43.14 W /m?).

There are several possible reasons to explain the discrepancies of SWqown estimation. As this study ap-
plied mobile measurement to collect radiative variables, unsystematic errors due to operations should
be considered. The shading discrepancy was also reported in a previous study to explain the errors of
radiative variables estimation (Gal and Kantor, 2020). Besides, SWaown is highly sensitive to building
geometry in ENVI-met. This study collected the wall sites data near an arc-shaped wall. Although the
model mimicked the reality to the utmost, shading errors may lead to large deviations of SW gown €stima-
tion. Furthermore, calculating shortwave fluxes requires segregating global solar radiation into direct
and diffuse components accurately (Wang and Zacharias, 2015), which also brings some prediction de-

viations.

Upward shortwave radiation

ENVI-met predicted upward shortwave radiation (SWyp) by calculating the fraction of ground reflected
shortwave radiation over the overall incoming shortwave radiation (Huttner, 2012). Throughout all out-
put intervals and points, SWy, was predicted reasonably with averaged R* = 0.58, d = 0.79, RMSE =
26.25 W /m?, and MBE = —11.37 W /m?2. Minor differences were found among three output intervals,

but 1h outperformed in d = 0.81, R>=0.61, and RMSE = 25.31 W /m?.

Figure 4-12 showed the performances for six locations, with the highest R? in GR (0.80), the best d in
two roof points (0.91) and TF (0.92). GT showed the lowest error and bias (RMSE = 5.98 W /m? and
MBE = 4.02 W /m?), yet the lowest R? = 0.05. Furthermore, ENVI-met tended to underestimate SW,
in GR (MBE = —11.00 W /m?), two wall points (—17.31 and —39.33 W /m? for GW and BW), and TF
(=5.34 W /m?), but overestimate SW, marginally in GT (4.02 W /m?). MBE of BR was close to zero

(0.75 W /m?).
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Figure 4-12: Four evaluation metrics in SW.,, (unit of RMSE and MBE: W /m?).
With IVS scheme on, ENVI-met no longer estimated SW,, based on domain-wide mean albedo like
previous versions, which largely improved the estimation performance (Simon et al., 2021). However,

the intra-domain prediction deviations for multiple points are worth attention.

Longwave fluxes

Downward longwave radiation

In ENVI-met, downward longwave radiation (LW4own) consisted of emitted radiations from the sky,
surrounding vegetation and buildings, as well as reflected radiations from buildings. Overall, for all
output intervals and points, LWgown estimation was measured by relatively low d (= 0.38) and R? (=
0.30), low error (RMSE = 19.34 W /m?) and bias (MBE = 13.89 W /m?). Trivial variances were found
for three output intervals: 10min yielded better performance with higher R? (0.36) and d (0.40), lower
MBE (13.68 W /m?), while 1h underperformed with a marginally higher error (RMSE = 19.78 W /m?)
and bias (MBE = 14.27 W /m?).
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Figure 4-13: Four evaluation metrics in LW jown (unit of RMSE and MBE: W /m?).

About six sites (shown in Figure 4-13), ENVI-met underpredicted LW gown for TF site (MBE = —10.03
W /m?), while overpredicted LW gown for the remaining five sites (MBE = 0.64 ~ 30.71 W /m?). The
implications of R? and other three metrics were reverse for BR, GW, and TF points. For example, GW
showed a reasonable R? (0.65), yet relatively low d (0.23); BR had a relatively high d (0.41), but low R?

(0.11).

The rather poor estimation of LW gown in two wall points can also be attributed to the arch-shaped wall
described in Section 3.3.2 already. The deviations of LW gown in ground tree were partially explained by
the shading effects of the canopy and surrounding buildings, estimation errors of leave surface temper-

ature, and imperfect tree shape modelling and LAD values.

Upward longwave radiation
Upward longwave radiation (LW ) was mainly dependent on the ground emitted radiations (Morakinyo

etal., 2019). For all output intervals and sites, LW, was reasonably predicted with R?> = 0.74, d = 0.59,
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RMSE = 29.68 W /m?, and MBE = 15.53 W /m?. As for output intervals, 10min outperformed with
highest R? (0.78) and d (0.60), and lowest RMSE (29.07 W /m?), while 1h showed the lowest MBE

(15.45 W /m?).
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Figure 4-14: Four evaluation metrics in LW,, (unit of RMSE and MBE: W /m?).

Concerning six points, BR presented the highest R? (0.92), when GR outperformed with the highest d
(0.83), lowest error (RMSE = 14.03 W /m?) and bias (MBE = 11.15 W /m?). As depicted in Figure
4-14, GW showed the largest errors (RMSE = 42.87 W /m?) and highest bias (MBE = 41.62 W /m?)
among the six sites. Besides, GT showed a lowest d (0.11) and R? (0.39). ENVI-met underestimated
LW,, at BR (MBE = —32.27 W /m?), and overestimated LW, in the remaining sites with MBE = 11.15
~41.62 W /m?. Three output intervals for six points demonstrated almost consistent performances, ex-

cept in TF. TF outperformed in 10min with larger R? and d, and lower RMSE and MBE.

89



Evaluating the thermal-radiative performance of ENVI-met model for green infrastructure typologies:
Experience from a subtropical climate

ENVI-met V4.4.6 estimated the upwelling longwave fluxes based on the seen view facets through IVS
scheme, rather than the average surface temperature in the domain in the previous versions (Simon et
al., 2021). This apparently improved the LW, radiation estimation, compared with previous study (Gal

and Kantor, 2020).

4.3.3.3 Incoming and outgoing longwave fluxes near walls

Incoming longwave fluxes

Incoming longwave radiation (LWj,) involves the longwave radiation emitted by atmosphere and vege-
tation, and reflected by surrounding buildings towards the walls (Huttner, 2012). Summarizing all output
intervals and wall points, LW, was estimated with high R? (0.80) and moderate d (0.36), low errors
(RMSE = 21.74 W /m?) and bias (MBE = 10.61 W /m?). Regarding output intervals, little difference
was found, especially between 10min and 1h: R? = 0.81 vs. 0.78, d = 0.37 vs. 0.36, RMSE = 21.74 vs.

21.71 W/m?, and MBE = 10.62 vs. 10.69 W /m?.
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Figure 4-15: Four evaluation metrics in LWy, (unit of RMSE and MBE: W /m?).
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For two wall points, R? was high (0.72 and 0.88 for GW and BW, respectively) (see Figure 4-15). Irre-
spective of output intervals, BW presented a higher d than GW (0.48 vs. 0.25), while GW outperformed
with a lower RMSE (10.43 vs. 33.05 W /m?). Moreover, ENVI-met tended to overestimate the LW;,

near BW (MBE = 31.25 W /m?) and underestimate LWi, the near GW (MBE = —10.02W /m?).

Outgoing longwave fluxes

Outgoing longwave fluxes (LWy) represent the longwave radiation emitted and reflected by the walls
towards the atmosphere. Across all output intervals and wall points, LW,y averagely presented low R?
(0.49), reasonable d (0.61), RMSE (25.96 W /m?) and MBE (—19.82 W /m?). The differences among
output intervals were insignificant: the same value of d (0.61), RMSE = 25.83 ~ 26.07 W /m?, MBE =

—19.87 ~—19.75 W /m?, while R? showed moderately larger range at 0.36 ~ 0.59.
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Figure 4-16: Four evaluation metrics in LW o, (unit of RMSE and MBE: W /m?).
Regarding two wall points, similar with LWi,, d was lower for GW and higher for BW (0.38 vs. 0.84),

which was consistent for three output intervals (see Figure 4-16). BW presented a slightly higher R?
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than GW (0.51 vs. 0.47), yet had a lower RMSE (10.98 vs. 40.94 W /m?). ENVI-met overestimated

LW, for both wall sites, with MBE = —0.74 ~—38.90 W /m? for BW ~ GW.

4.4 Discussion

4.4.1 ENVI-met performance and evaluation metrics

According to previous studies of ENVI-met evaluation, as summarized in Table 4-4, thermal variables
were investigated mostly. AT was evaluated in all listed studies and generally performed reasonably
with high R? and low errors. Humidity was quantified by different variables, i.e., relative humidity,
absolute humidity, and specific humidity, which makes inter-comparison an intricate task. Radiative
variables, especially longwave and shortwave fluxes in different directions, were less investigated.
MRT, as a significant variable for outdoor thermal comfort, showed larger variations than AT and RH.
One possible reason is that MRT fluctuates widely towards solar radiation and the surrounding environ-
ment, which may not be explicitly mimicked by ENVI-met, especially when a coarse model is compared

with a finer reference data (Gal and Kantor, 2020).

This study evaluated and compared the thermal-radiative performance of ENVI-met in six points, in-
cluding three GI typologies and corresponding reference sites. The results indicated that the prediction
capability of ENVI-met varied among different variables and sites. For different variables, ENVI-met
performed better in estimating thermal variables with average R? (0.70 and 0.48 for AT and RH) and d
(0.79 and 0.53 respectively), low errors (RMSE = 0.91 °C and 5.62 % respectively) and bias (MBE =
—0.15°C and —4.36 % respectively). The performance of radiative variables was not consistent. As MRT
was most accurately estimated (R? = 0.77, d = 0.79, RMSE = 7.07 °C, MBE = 4.96 °C), SW jown Was
estimated with the largest deviations with R? = 0.52, d = 0.74, RMSE = 220.44 W /m?, MBE = -18.96
W /m?. Concerning six sites, ENVI-met responded differently, i.e., ground or roof level, with or without
greening, with different GI typologies. Two roof points exerted higher errors than ground sites when
estimating AT and MRT (RMSE =0.75 ~ 1.77°C for AT, 7.27 ~ 8.22°C for MRT, all above the average
values). Current literature scarcely provided similar evidence supported by measurement data, a study
validated ENVI-met and found slightly lower errors than our study (RMSE = 1.07 ~ 1.21 °C for AT,
4.27 ~ 6.13 % for RH) (Jin et al., 2018), see in Table 4-5. One parametric study without field measure-

ment claimed that ENVI-met should be used with caution for roof-level mitigation strategies (Crank et
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al., 2018). The reason lies in the grid-dependence at roof level, so that errors and uncertainties were
introduced albeit less than the effects of mitigation strategies. This partly explained the large errors at
roof level observed in our study, as in ENVI-met, the grid resolution at roof level cannot be refined into
five sub-grids like the lowest cell on ground level. Regarding wall points, compared with a previous
study that measured both bare and green walls and then evaluated the simulation results (Janicke et al.,
2015), our study revealed similar error range in MRT (RMSE = 6.93 ~ 8.61 °C vs. 7.98 ~ 8.30 °C for
our study and reference study respectively), but smaller deviations in LW gown (24.79 ~ 30.98 W /m? vs.
115.27 ~ 209.60 W /m?) and SW,, (27.30 ~ 49.08 W /m? vs. 61.86 ~ 87.12 W /m?). These values
indicated that the MRT discrepancies in our study mainly came from solar radiation deviations, while
the solar radiation errors arose from the complex geometry of walls, as well as the mismatch between
coarse model and finer reference data, which has been explained in Section 3.3.1. In terms of ground
points with and without trees, our study revealed smaller error ranges than related studies (Crank et al.,
2020; Gal and Kantor, 2020; Jamei et al., 2019; Liu et al., 2018; Shinzato et al., 2019). Involving new
ACRT module, TF site in our study performed better than similar site in another study in subtropical
climate background, with the errors of AT (RMSE = 0.80 vs. 1.13 °C in our study and reference study)
and SWaown (RMSE = 140.36 vs. 185.52 W /m?). Moreover, GT site showed much better results. Com-
paring with studies in subtropical humid climate and arid climate (Crank et al., 2020; Liu et al., 2018),
our study showed smaller errors in AT (RMSE = 0.99 °C vs. 3.97 °C for our study and reference study
respectively), MRT (RMSE = 5.79 °C vs. 10.97 ~ 18.13 °C), and SWaown (RMSE = 41.73 vs. 242.15
W /m?). This indicates the new Advanced Canopy Radiation Transfer (ACRT) module improves the

estimations of microclimate parameters in canopies (Simon et al., 2020).

Concerning evaluation metrics, some studies only used R? for model evaluation and validation (Kyria-
kodis and Santamouris, 2017; Morakinyo et al., 2019, 2017b, 2016; Miiller et al., 2014; Tan et al., 2016;
Wang et al., 2016; Wang and Zacharias, 2015). Our study revealed variable results by different evalua-
tion metrics, which indicated that single evaluation metric may limit our overall understanding of the
model performance. In accordance with the suggestions in previous studies (Liu et al., 2021; Stunder
and Sethuraman, 1986; Willmott, 1982), we underscored the necessary to apply multiple metrics for

model evaluation and validation in the future.
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4.4.2 ENVI-met settings for localized context

To evaluate recent updates of ENVI-met, this study compared the impacts of different model settings
on the model performance of ENVI-met, including four aspects: IVS module, meteorological boundary
conditions, materials, and output intervals. Our results indicated that the newly implemented IVS
scheme yielded higher accuracy and faster speed at the cost of higher requirement in RAM requirement.
It significantly decreased the errors of radiation fluxes in SWaown, LWdown, and LWy, especially for GW
and GT sites. Besides, we found that radiation forcing and localized materials settings are essential to
improve the overall model performance. Since radiation forcing requires detailed information in direct
and diffuse radiations, simple forcing scheme with adjusted solar factors or cloud forcing with cloud
amounts (in oktas unit) is usually an alternative in previous studies. However, our study found that solar
factor adjustment in simple forcing may improve the performance in some variables, i.e., SWup, SWaown,
and LWi,, but decreased the estimation accuracy in AT. This was also discussed in a previous study that
solar factor adjustment has both conceptual and implementation limitations (G4l and Kantor, 2020).
Cloud forcing performed better than simple forcing with adjusted solar factors, yet inferior to the radi-
ation forcing. Regarding materials settings, the default parameters in ENVI-met are not necessarily ap-
plicable to anywhere considering that building materials and features are diverse in different regions
(Roth and Lim, 2017). This study compared the model predictions using the default and localized pa-
rameters in materials, and confirmed the necessity to localize the material parameters for buildings,
vegetation and soil. In terms of output intervals, little differences existed among three temporal scales,
especially between 10min and 1h intervals. This result justified that the mobile measurement could be
used for ENVI-met model validation, if the measuring instruments fulfill the requirement of accuracy

and prevision, and the measurement scheme is scientifically designed.

It is important to note that different variables and locations/ sites responded differently towards the
model settings. Therefore, if any variable or location needs to be targeted or prioritized, the model set-
tings should be tuned based on research objectives. If there are many targeted locations or variables,

some compromises may be made in necessary to ensure a balanced performance.
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4.4.3 Significance and implications of this study

Model evaluation is an essential process for model developers, users, and policy practitioners to gain
awareness in the limitations and uncertainties of a specific model. Based on the evaluation results, the
model can be improved, invalid conclusions can be avoided, and effective strategies can be developed
(Jakeman et al., 2006). To the best of our knowledge, this study is a first attempt to have a systematic
evaluation for the updates in latest version ENVI-met (V4.4.6). Our study also contributes by evaluating
the thermal-radiative performance of ENVI-met for three GI typologies simultaneously. Experience of
this study is focused on a typical subtropical city; thus, the findings of this study could be transferred to

other cities in similar climate background.

For model developers, our study indicated that the latest version of ENVI-met model performed better
based on IVS scheme, detailed full forcing scheme, and new ACRT module. Hereafter, potential im-
provements are expected to provide users flexible selections and detailed instructions in settings. The
inputs of cloud forcing need low, medium, and high levels of cloud amounts, when the inputs of radia-
tion forcing need downward direct and diffuse shortwave radiation and downward direct longwave ra-
diation. As weather stations may only provide total cloud amount or global solar radiation (Weihs et al.,
2012), introducing a subdivision module for solar radiation and cloud amount would be a convenience
for users. Besides, MRT calculation in ENVI-met is different with other models (e.g., RayMan, SOL-
WEIG) regarding the shape of the standing man (Holmer et al., 2018), therefore it should be helpful for
users to select body shape factors based on the research objective. In addition, ENVI-met is deficient in
refining mesh for rooftop level, thus leading to larger errors at rooftop than on ground (Crank et al.,
2018). In order to further investigate the rooftop mitigation strategies, the introduction of vertical mesh

refinement in roof level would be very welcomed.

For urban climate researchers, model evaluation and validation are necessary before further applications
(Liu et al., 2021). According to a comprehensive review of ENVI-met validation studies (Tsoka et al.,
2018), only 54.74 % (52 out of 92 selected studies) have reported the evaluation and validation results.
Even among those validated studies, most of them only assessed AT. Other microclimate variables were
lacking validation despite of their importance in outdoor thermal comfort and indoor energy saving

studies, i.e., only 30.77 % assessed MRT prediction, 19.23 % validated RH and surface temperature
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estimation, and 9.62 % evaluated wind speed performance (Tsoka et al., 2018). Given these case studies
are featured with different background climate, building morphology, surface characteristics, etc., the
validation and evaluation results are not transferable among sites. Therefore, it is necessary to validate
the model for the targeted research objectives. This study also underscores the necessity of localizing

settings regarding the surface features and vegetation characteristics.

For urban planners and policy practitioners, our study can provide valuable information in comprehen-
sive evaluation of ENVI-met performance. Better interpretations in the simulation results are based on
a full understanding of both strengths and limitations of the model, so that the planning strategies and

policies making can be tailored based on scientific evidence.

4.4.4 Limitations and further studies

The following limitations of this study should be noted for a better interpretation. First, this study took
stationary measurement to collect thermal variables and mobile measurement to obtain radiative varia-
bles. Although the differences between 10min and 1h output intervals were little, future studies could
take stationary measurements for radiative variables and compare the results with our study. Second,
this study only focused on daytime as the outdoor activities are more intense during diurnal periods.
However, considering nighttime UHI phenomenon is even severer, evaluating how ENVI-met model
performs in the nocturnal periods is another possible direction. Third, our study was taken in a typical
subtropical climate city, whose results may be confined within the cities in similar climate backgrounds.
More comprehensive evaluation studies are welcomed in different climate backgrounds. Another im-
portant perspective is about the impacts of meteorological conditions on ENVI-met (Acero and Arriza-
balaga, 2018). There is also the need to standardize the distance between weather station for acquiring
forcing data and study area. Running nested simulations may be a promising alternative when the dis-
tance is too far (Simon et al., 2018a). Besides, model inter-comparison with other widely used models,

i.e., SOLWEIG, RayMan, also needs follow-up studies (Crank et al., 2020; Gal and Kantor, 2020).

4.5 Conclusion
In the coming decades, sustainable urban planning and design will face more intense challenges in the

context of climate change and urban overheat. Numerical modelling is a powerful tool to aid urban
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planners and managers in advancing climate mitigation strategies. ENVI-met, as a microclimate CFD-
based model, has been widely used to support climate-sensitive planning. One of the main hypotheses

of this kind of application is to interpret the simulation results correctly and comprehensively.

This study was motivated to provide a systematic evaluation of the recent updates of ENVI-met. Besides,
how is the performance of ENVI-met to simulate three GI typologies simultaneously is another main
focus. Sensitivity analyses were conducted for the inputs and settings of ENVI-met, including new ra-
diation calculation IVS scheme (on and off), meteorological conditions (simple, cloud and radiation
forcing), construction surface properties and plant parameters (default and localized settings), and output
intervals (10min, 30min, 1h). Model evaluation was conducted for three GI typologies, nine thermal-
radiative parameters, and three output intervals. The simulation results were compared with the data
derived from the field measurement based on four evaluation metrics. According to the results, follow-

ing aspects can be summarized:

e For ENVI-met model settings, models delivered the best performance with full forcing and lo-
calized materials. Therefore, localization is necessary for both meteorological boundary condi-
tions and materials. Radiation forcing should be prioritized, while cloud forcing could be alter-
native if the radiation inputs cannot be acquired. Simple forcing with adjusted solar factors
should be avoided in the applications. Moreover, [IVS module can improve the model’s reliabil-
ity in estimating radiative variables with around 15 % faster speed, although it required higher

RAM usage.

e For ENVI-met model performance regarding spatial locations, the model can reproduce differ-
ent thermal-radiative characteristics among the GI typologies simultaneously, while presenting

lower errors on ground sites than at rooftop sites.

e For ENVI-met model performance regarding temporal output intervals, the simulation differ-
ences were insignificant, which justified using mobile measurement in model validation on the

premise that the measurement campaign is carefully designed.

e For ENVI-met model performance regarding variables, AT and MRT were estimated by ENVI-

met with satisfied accuracy, while remaining thermal-radiative variables were reasonably
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estimated. The prediction of radiative variables was improved by the IVS scheme, and the pre-
cision of in-canopy radiation was enhanced by the ACRT module. The accuracy of downward
shortwave radiation was highly dependent on the radiative interactions of buildings, plants, and
atmosphere, which further affected MRT significantly. Thus, regular-shaped buildings are more

recommended for evaluation/ validation-oriented measurement.

e For ENVI-met model performance regarding evaluation metrics, the simulation results were

sensitive to the metrics. Multiple metrics are suggested in future studies for model validation.

This study emphasized the significance of ENVI-met model valuation before further applications. Ra-
diation forcing and localized settings are necessary to obtain a reliable model. The results of this study
indicate the potential directions for model improvement. Besides, this study also helps model users dis-
tinguish both the capabilities and limitations of ENVI-met, so that the model result interpretation can be

strengthened and urban planning and design strategies can be advanced based on scientific evidence.
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4.8 Appendix

Table 4-4: Evaluation results of the ENVI-met in previous studies (only evaluation studies were included) SH:

specific humidity; Gflux: ground heat fluxes;, AH: absolute humidity; SR: solar radiation. Cfb: Marine West

Coast Climate; Cfa: Humid subtropical climate; Af: Tropical rainforest climate; Bwh: Subtropical Desert

Climate.
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Table 4-5: Validation results of ENVI-met regarding three GI typologies during summer daytime in subtropical

climate background (Koppen: Cfa). Referring to the recent review paper (Liu et al., 2021), only those studies

in Cfa climate, summer daytime periods, and have detailed measurement illustration were selected. Besides,

the measurement conditions in the selected studies were similar with our study, i.e., green roof and bare roof

were measured above roof, ground tree was measured under single tree, tree-free site was measured without

tree shading.
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5 Implementation and evaluation of mean radiant temperature
schemes in the microclimate model ENVI-met
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'Department of Geography, Johannes Gutenberg University Mainz, 55099 Germany
2School of Architecture, The Chinese University of Hong Kong, New Territories, Hong Kong, China
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Summary:

In order to overcome the MRT modeling inaccuracies reported by the evaluation study in Section 4 and
hence improve ENVI-met’s thermal comfort analysis, new MRT schemes were implemented into the
model that are presented in the following work. A new MRT calculation method based on the common
six-directional radiation flux measurement approach as well as three differing projection factors, which
are needed to approximate the direct shortwave radiation received by a standing human body’s shape,
were added to ENVI-met. Subsequent proof-of-concept simulations evaluated the performance of the
implementations for eight measurement sites in Sao Paulo and Hong Kong. Measurement data was based
on MRT values derived from both grey globe temperatures and six-directional radiation flux measure-
ments. The author developed the concept, implemented the different MRT schemes in ENVI-met, pre-
pared and conducted the proof-of-concept simulations, evaluated the measurement comparisons, created

the figures, and wrote the manuscript.
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5.1 Introduction

Research in urban heat stress is gaining increasing relevance as its main causes, i.e., ongoing urbaniza-
tion and climate change, will even intensify in upcoming years and decades (Broadbent et al., 2020;
Krayenhoff et al., 2018). Mitigation strategies are developed and modeled to reduce its fatal health im-
plications such as cardio-vascular diseases up to an increased mortality (Schinasi et al., 2018; Thorsson
et al., 2014). Usually, mitigation strategies such as cool roofs or green and blue infrastructure are eval-
uated by comparing human thermal comfort (HTC) of a status quo against an optimized scenario using
measurements or climate modeling (Bartesaghi Koc et al., 2018; Tsoka et al., 2018). One of the most
important aspects in evaluating HTC is the mean radiant temperature (7},,,+) that describes the interac-
tion of shortwave and longwave radiation fluxes between a human body and the surrounding environ-
ment (Kantor and Unger, 2011). Furthermore, T,,,+ usually is the key variable in biometeorological
indices like Predicted Mean Vote PMV (Fanger, 1972), Physiologically Equivalent Temperature PET
(Mayer and Hoppe, 1987), or Universal Thermal Climate Index UTCI (Brdde et al., 2012) that play a

crucial role in determining HTC (Kumar and Sharma, 2020; Potchter et al., 2018).

There are several modeling software for T,,,+ estimation, such as ENVI-met, SOLWEIG, or RayMan,
but some evaluation studies found large deviations between the predicted T,,,+ and measured values
(Gal and Kantor, 2020; Lam et al., 2021). Deficient estimation of Tj,,; hinders more accurate HTC
analysis, and thus affects climate-sensitive strategies making and implications. Among these criticized
models, the holistic microclimate model ENVI-met is the most frequently used tool for HTC studies
(Crank et al., 2020; Liu et al., 2021) as it is able to simulate three-dimensional wind fields, turbulence,
air temperature and humidity, radiative fluxes as well as vegetation- and building-atmosphere interac-
tions for complex urban environments (Bruse, 1999; Bruse and Fleer, 1998; Huttner, 2012; Liu et al.,

2021; Simon, 2016; Tsoka et al., 2018).

Previous studies mainly reported three shortcomings of ENVI-met when modeling T,,,,+ and it related
elements. The first aspect was the inaccurate representation of longwave emitted and shortwave reflected
radiation from adjacent facades, surfaces, or plants (Acero and Herranz-Pascual, 2015; Crank et al.,
2020; Gal and Kantor, 2020; Lam et al., 2021; Sharmin et al., 2017; Tsoka et al., 2018; Wallenberg et

al., 2020). These inaccuracies were tackled by the recent development of an advanced Indexed View
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Sphere (IVS) radiation scheme (Simon et al., 2021). The second issue was that neither diffuse shortwave
radiation was attenuated nor direct shortwave radiation scattered by vegetation (Gal and Kantor, 2020),
which has also been addressed by the recent implementation of the Advanced Canopy Radiation Trans-
fer (ACRT) scheme (Simon et al., 2020). While these advancements in ENVI-met’s modeling of radia-
tive fluxes are expected to increase the accuracy of T, estimation in general, a third perspective ac-
counts for the remaining discrepancies between measured and modelled T}, values. The resembled
shape of the body in ENVI-met, reported by Roth and Lim (2017), Holmer et al. (2018) as well as Gal
and Kéantor (2020), representing a projection factor that is used to determine the amount of perceived
shortwave radiation, does not fit the common standard. Besides that suggestion of using a different
projection factor to represent a more adequate human body shape, Holmer et al. (2018) also proposed
to use a different, more accurate weighting approach for received radiation fluxes from all directions
based on Hoppe (1992) that is in varying modifications also used by SOLWEIG (Lindberg et al., 2008)
and RayMan (Matzarakis et al., 2010; Naboni et al., 2019). Furthermore, standardizing T,,,,+ calculations
between different models as well as measurement approaches represents a major goal in urban climate

research (Johansson et al., 2014).

After stating the previous Ty, calculations in ENVI-met (Section 5.2.1), the implementation of the
common six-directional T,,,+ weighting approach as well as three projection factors are presented (Sec-
tion 5.2.2). Measurements of T,,,,+ based on grey globe temperature and six-directional radiative fluxes,
respectively, have been conducted (Section 5.2.3) to validate the differently modeled T,,,,+ values of old
and new approaches predicted by ENVI-met in proof-of-concept simulations (Section 5.2.4). The vary-
ing model results are compared against measured values (Section 5.3.1, 5.3.2) and finally, statistical
analysis is applied to evaluate the advancements made by both the presented T, implementations as

well as IVS and ACRT schemes that have recently been added to the model (Section 5.3.3, 5.3.4).

5.2 Methodology

Mean radiant temperature T,,,+ [°C] represents the radiative heat load received by a standing human
body as a parametrized temperature-dimension index (Fanger, 1972; Kantor and Unger, 2011; VDI,

2008). From the received radiative fluxes (Sg,-), the emissivity of the human body which is equal to the
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absorption coefficient for longwave radiation according to Kirchhoff’s law (&, = 0.97), and the Stefan-

Boltzmann constant (¢ = 5.67 - 1078 Wm™2K %), a temperature can be calculated for the human body

(Eq. 5-1).

Tre = “/Sm / (& 0) —273.15 Eg 5.1

The most accurate but also most expensive way of determining the mean radiation flux density S, is
the six-directional measurement technique featuring a pyranometer that measures shortwave radiation
(K;) and a pyrgeometer that measures longwave radiation (L;) (Johansson et al., 2014; Kantor and Unger,

2011; Thorsson et al., 2007) (Eq. 5-2).

6 6
Sstr:ak'ZKi'Fi‘FEp'ZLi'Fi EC].5-2
i=1 i=1

with the absorption coefficient a;, = 0.7 for shortwave radiation and the angle view factors F; according
to the six individual parts that are measured: the four cardinal directions North, East, South, and West,

as well as the upper and lower hemisphere.

While L; includes both, atmospheric and environmental longwave radiation fluxes, shortwave radiation
is distinguished into diffuse as well as reflected parts (D;) that are equally summed up for the six direc-
tions on the one hand and the direct part I* on the other hand (Eq. 5-3). As direct solar radiation that is
received by a standing man is depending on the sun’s height angle, it is separately accounted for with a
projection factor f;, representing the surface of a cylindrical body in upright position (Kantor and Unger,

2011). It generally decreases with increasing sun height angle but its exact calculation differs between

models (Holmer et al., 2018; Naboni et al., 2019; Park and Tuller, 2011; Roth and Lim, 2017).

6 6
Sstr:ak'l 'fp+ak'lei'Fi+Ep'ZlLi'Fi Eq5—3
1= 1=

In the following, ENVI-met’s previously used Ty,,+ calculation (Section 5.2.1) as well as the new im-
plementations (Section 5.2.2) are explained. Furthermore, the methods used to evaluate these imple-
mentations are introduced; i.e., measurement campaigns (Section 5.2.3) and modeling studies of all dif-

ferent Ty, calculation configurations (Section 5.2.4).
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5.2.1 Previous calculation of mean radiant temperature in ENVI-met

The previously common T}, calculation in ENVI-met is based on Eq. 5-4 (Bruse, 1999; Huttner, 2012):

1/4
1 ay N /
Tonre = | L+g-(1 oo T D +R)

Eq. 5-4

Incoming longwave (L) as well as diffuse (R) and reflected shortwave radiation (D) are based on both
object/sky view factors representing the upper hemisphere and ground surface properties representing
the lower hemisphere, thus weighted by 50 % each. The accordingly needed properties for the calcula-
tion of emitted longwave and reflected shortwave radiation such as temperature, emissivity, and reflec-

tivity are averaged over the whole model domain. The projection factor (f,,,,,) after Underwood and

Ward (1966) which is accounting for the surface being exposed to direct sunlight depending on the sun

height angle () is defined in Eq. 5-5:

foeny = 042+ cos(B) + 0.043 - sin(p) Eq. 5.5

5.2.2 Implementation of new mean radiant temperature calculations in ENVI-met

While the previous implementation in ENVI-met was based on the Averaged View Factor (AVF) radi-
ation scheme and thus relied on sky view factors and averaged values, the IVS radiation scheme now
enables grid-cell-based T,,,+ calculations taking into account the longwave and reflected shortwave ra-
diation that is received by the surrounding environment (Huttner, 2012; Simon et al., 2021). This enables
a direct translation of T,,,+ calculation according to the approach described in Eq. 5-1, Eq. 5-2, and Eq.
5-3. All received longwave and reflected shortwave radiation values are summed up for each grid cell,
radiation timestep (typically 10 min update interval), and direction (North, East, West, South, Up,
Down). According to Eq. 5-3, S is then calculated by multiplying the respective longwave (L) and
reflected shortwave radiation (R) with the according angle factor per direction (F, = 0.06 for vertical
directions Up and Down as well as Fj, = 0.22 for horizontal directions North, West, South, and East)
(Eq. 5-6). Diffuse shortwave radiation (D) is not weighted like R since it is considered isotropic in the

model.
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2 4 2 4
SStT:ak.<l*.fp+D+ZRU.E7+ZRh.Fh>+gp-<sz.Ei+th-Fh> Eq5—6
v=1 h=1 v=1 h=1 '

Furthermore, three additional projection factors were added to the model and can now be selected for

Tynre modeling (Holmer et al., 2018; Naboni et al., 2019): f,. ., after Hoppe (1992) as used in SOL-

WEIG (Holmer et al., 2015) (Eq. 5-7), prayM after the Guideline for German Engineers (VDI, 2008) as
used in RayMan and SURM (Fischereit, 2021; Matzarakis et al., 2010) (Eq. 5-8), and f, City after Un-

derwood and Ward (1966), additionally taking the sun’s azimuthal angle « into account, as used in the

Tynre model CityComfort+ (Huang et al., 2014) (Eq. 5-9).

Josorw = 0-28-cos(B) + 0.06 - sin(B) Eq. 5.7
— . . — 2
foraym = 0-308 - cos(B - (0.998 — £2/50000)) £q. 5.8
— . Qi . . . 2 . Qi 2
fociey = 0.0355-sin(B) + 2.33 - cos(B) - 1/0.0213 - cos(a)? + 0.0091 - sin(a) Eq. 5.9

5.2.3 Evaluation measurements
In order to evaluate the improvements made by the new implementations, measurements are used to
validate model results of different configurations (Section 5.2.4). Two differing field campaigns at eight

sites were used for the evaluation: two in Sao Paulo and six in Hong Kong.

5.2.3.1 Sao Paulo field campaign

The field campaign featuring two sites in Sao Paulo covered 20 consecutive days from April 5™ to April
25M2016. April was selected as it represents average climatic conditions for the humid and subtropical
climate of Sao Paulo being close to the autumnal equinox. Measurements of air temperature, relative
humidity, wind speed and direction, global radiation and grey globe temperature were simultaneously
taken at two measurement sites, called BelaVista and Paulista in the following (Gusson, 2020; C. dos S.
Gusson and Duarte, 2016; Gusson et al., 2020; C. D. S. Gusson and Duarte, 2016; Shinzato et al., 2019)
(Appendix A). BelaVista measurement site is located in a courtyard in the East of several 45 m high
buildings additionally surrounded by small walls and some trees. Paulista measurement site is located
in a courtyard in the West of around 100 m high buildings ontop of a 6 m high roof surrounded by

additional low-level roof structures and a tree.
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Tyt Was determined using measurements of grey globe temperature (Ty) featuring a globe with a di-

ameter d = 0.17 m and an emissivity € = 0.95, air velocity (I};) and air temperature (T,) following Eq.
5-10 (Gusson et al., 2020; ISO 7726, 1998; Kuehn et al., 1970; Thorsson et al., 2007). The empirically
adjusted equation published in Thorsson et al. (2007) was not applied due to the given shortwave radi-
ation range (up to 850 W/m?) that would have been exceeded in the present study due to the subtropical

climatic conditions.

1/4

1.1 x 108 - 1,0
x(T,—T,)| —273.15 Eq. 5-10

4
Tmye = |(Tg +273.15) "+ ———3

Gathering T,,,+ from grey globe temperature is a commonly used technique based on the assumption
that globe temperature represents an equilibrium between heat fluxes through radiation and convection
(Kuehn et al., 1970; Thorsson et al., 2007). As it hence features a composition of radiant and ambient
temperatures, the resulting fluxes will not represent T,,,,+ as accurately as the more expensive six-direc-
tional radiation flux approach (Kantor et al., 2015). Furthermore, determination of T,,,+ by grey globe
temperature features a rather slow response to changing radiation conditions, especially for globes with
large diameters like the one being used here (Guo et al., 2020; Johansson et al., 2014). Due to these

downsides, an additional evaluation study featuring measurements in Hong Kong was conducted.

5.2.3.2 Hong Kong field campaign

The Hong Kong evaluation study features stationary measurements of air temperature, relative humidity,
wind speed and direction as well as global radiation, and mobile measurements of six-directional radia-
tion fluxes of 10-minute monitoring at 6 different sites: Green Roof, Bare Roof, Green Wall, Bare Wall,
Tree, No Tree (Ouyang et al., 2021). Ouyang et al. (2022) showed that ENVI-met was able to resemble
the measured radiative fluxes with good agreement in general, if Full Forcing and localized materials
are used for modeling. T,,,+ was determined based on weighted shortwave and longwave radiation
fluxes according to Equations 1 and 2. Monitoring was conducted during daytime (09:30 ~ 17:25 LST)
at four typical summer days: 07", 09", 11" and 12% September in 2019. September was selected as it
represents average climatic conditions for the humid and subtropical climate of Hong Kong being close
to the autumnal equinox. The measurement sites extend around and above an arch-shaped, terraced and
greened building of 7 m height next to a large 50 m high building and two highways (Appendix B).
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5.2.4 Proof-of-concept simulations

Old and new calculation approaches for T,,,+ are compared between monitored sites as well as different
configurations, each indicating a specific set of simulation parameters called configuration in the fol-
lowing. Simulation configurations were run for the two different T,,,,+ calculation approaches (old two-
directional method and common six-directional method) and four varying projection factors

Upenvi ! Tosorw / prayM / fpmy). These resulting eight configurations all feature the new Indexed

View Sphere as well as Advanced Canopy Radiation Transfer scheme (Simon et al., 2021, 2020). In
order to additionally evaluate the advancements made by the IVS and ACRT modules and to allow a
comparison to previous version of ENVI-met (prior to V4.4.5), three additional configurations were run
where these modules were simultaneously or individually disabled (IVS off and ACRT on; IVS on and
ACRT off; IVS off and ACRT off). To save computational effort, not every combination of the previous
eight configuration sets was simulated with the three additional combinations of IVS and ACRT. Only
configurations featuring best- and worst-case settings were additionally run with IVS and ACRT enabled
or disabled, respectively. Best-case settings are defined as a simulation configuration featuring the more

detailed six-directional T}, calculation approach and the commonly used projection factor prayM as it

predicted the most accurate results. Worst-case settings feature the old two-directional T, calculation

as well as the old ENVI-met projection factor f,_ ..

Old TMRT New TMRT
Calc. Calc.
I I
[ I I 1 [ I I 1
Proj. Fac. Proj. Fac. Proj. Fac. Proj. Fac. Proj. Fac. Proj. Fac. Proj. Fac. Proj. Fac.
ENVI-met SOLWEIG RayMan CityComfort+ ENVI-met SOLWEIG RayMan CityComfort+
IVS on IVS on IVSon IVS on IVS on IVS on IVS on IVS on
ACRT on ACRT on ACRT on ACRT on ACRT on ACRT on ACRT on ACRT on
IVS off IVS off
ACRT on ACRT on
IVS on IVS on
ACRT off ACRT off
IVS off IVS off
ACRT off ACRT off

Figure 5-1: Overview on the different simulation configurations simulated per model area featuring worst-case

settings marked red and best-case settings marked blue.
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The resulting 14 simulation configurations (Figure 5-1) were run for different model areas that featured
field campaigns of T}, measurements described in Section 5.2.3. As the two measurement sites in Sao
Paulo are 380 m apart from each other, two separate model areas were created and simulated to allow a
higher horizontal resolution of the model domains combined with less computational effort (Appendix
A). The measurement sites in Hong Kong are very close to each other and could thus be represented
within a single model area (Appendix B). In contrast to a previous ENVI-met validation study featuring
the Hong Kong measurement data (Ouyang et al., 2022), its model area was modified by reducing the

area extent to be able to use a higher resolution and by refining some model area details.

g

Hongkon snte << ';\;“\\\*ﬁ

\\\\\\
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Figure 5-2: Model areas represented in Google Earth and ENVI-met Spaces with measurement sites indicated by
red dots.
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All three model domains represent rather complex urban environments around the measurement sites
featuring all kinds of low- to high-level vegetation, low-rise walls, or curved building structures (Figure
5-2). It is thus necessary to conduct the measurement comparison not only site-specifically but holisti-
cally to avoid possible digitization accuracies to be interpreted as general modeling shortcomings. Due
to the availability of eight differing measurement sites, a variety of microclimatological conditions is

provided that allows a profound analysis on average.

Simulation settings and model area details are demonstrated in Table 5-1. Meteorological boundary
conditions were set to Full Forcing mode for all simulations (Appendix C). For Sao Paulo simulations,
Full Forcing data regarding air temperature, rel. humidity as well as wind speed and direction is derived
from the field campaign measurements that show high agreement with official measurement stations in
Sao Paulo, while radiation data originates from microclimatological laboratory measurements at the
rooftop of the Institute of Astronomy, Geophysics and Atmospheric Sciences at the University of Sao
Paulo (IAGUSP) (Gusson, 2020). Wind speed and direction are held constant at average values during
the simulation period in Sao Paulo simulations to dampen large wind direction changes accompanied
with the generally low wind speeds. For Hong Kong simulations, Full Forcing data regarding air tem-
perature, rel. humidity as well as wind speed and direction is derived from HKO measurement station,
while shortwave radiation data originates from KSC station and longwave radiation is taken from field
campaign averages (Ouyang et al., 2022). The simulated periods are selected based on the respective
field campaigns to allow a comparison between modeled and measured values. Sao Paulo field cam-
paigns were conducted simultaneously and thus feature the same meteorological boundary conditions
for both, BelaVista and Paulista model domains, representing a partly cloudy and a clear-sky day. Hong

Kong simulation features a partly cloudy day.
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Table 5-1: Parameters of the proof-of-concept simulations.
General Properties SP BelaVista SP Paulista Hong Kong
Start Date and Time (Local) 16.04.2016 04:00 16.04.2016 04:00 11.09.2019 06:00
Duration 48 h 48 h 12 h
Meteorological Boundary Conditions Full Forcing Full Forcing Full Forcing
Location Lat (Lower Left Corner) 23.563° S 23.564° S 22.324° N
Location Lon (Lower Left Corner) 46.654° W 46.658° W 114.204° E
Dimensions 155 x 140 x 35 167 x 167 x 36 152x 120x 42
Resolutions (X, Y, Z) 2x2x2m 1.5x15x1m 1.5x1.5x1.5m
Lowest Grid Cell Split Yes No Yes
Telescoping: Factor and Starting Height 25% above 40 m  15% above 9 m 30% above 40 m
Height of 3D Model Domain 314 m 335m 367 m
Model Rotation out of grid north 41° 42° -45°
Initial Soil Temperature per layer [°C]  26.85, 26.1, 25.43, 26.85, 26.1, 25.43, 26.85, 26.1, 25.43,

24.55 24.55 24.55
Initial Soil Humidity per layer [%] 50, 55, 60, 60 50, 55, 60, 60 50, 55, 60, 60
Output Interval 30 min 30 min 10 min
1VS settings (if enabled):
Height Angle High Res. 15° 15° 15°
Azimuthal Angle High Res. 15° 15° 15°
Height Angle Low Res. 30° 30° 30°
Azimuthal Angle Low Res. 30° 30° 30°
IVS Res. Height Boundary 10 m 10 m 10 m

Simulation results are analyzed by a statistical comparison against measured field campaign data. Four
evaluation metrics are mainly used for the model assessment, including the coefficient of determination
(R?), index of agreement (d), root mean square error (RMSE), and mean bias error (MBE). R? and d are
used to describe the error variance and agreement. Both are dimensionless and feature a range between
0 and 1 with 0 meaning no agreement between modeled and measured data and 1 representing perfect
agreement. RMSE and MBE are selected to demonstrate the error magnitude in K, with MBE addition-
ally being able to show whether the model tends to underestimate (negative values) or overestimate
(positive values) measured values (Willmott, 1982). Box plots are used to present the statistical metrics
aggregated for the different measurement sites as well as simulations settings. A following regression

analysis visually points out the modeling performance depending on the examined sites and parameters.

5.3 Results & Discussion
At first, general results examining the behavior of the different implemented projections factors and
diurnal cycles comparing T,,,+ values of the best- and worst simulations configurations against meas-

urements for eight monitored sites (SP BelaVista, SP Paulista, HK Green Roof, HK Bare Roof, HK
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Green Wall, HK Bare Wall, HK Tree, HK No Tree) are presented. Subsequent statistical analysis fea-
turing box plots of R?, d, RMSE, and MBE as well as linear regression analysis plots for all sites and
examined simulation parameters (T,,; calculation method, projection factor, IVS, ACRT) are demon-

strated to further investigate the model performance, particularly focusing on the new implementations.

5.3.1 Dependency of projection factors on sun height angle

As projection factors account for the shape of an upright standing human body to estimate the received
shortwave radiation, they vary depending on sun height angle: A higher amount of shortwave radiation
is received during lower sun height angles since more body surface is exposed to the sun than during

noon when only the top of the head and shoulders are hit by direct sunlight. However, f,,,.. ., features a

comparatively wide cylindrical area with high values of around 0.425 at lower sun height angles, while
all other projection factors rather estimate values between 0.225 and 0.3 (Figure 5-3). This high projec-
tion factor leads to a higher amount of received shortwave radiation during low and medium sun height

angles and hence to an overestimation of Ty,,¢. f; is considered to be the most accurate of the four
mrt: JPRaym

projection factors as it fits a standing body’s shape best and is thus neither overestimating received
radiation during low sun height angles nor underestimating it during steep sun height angles at noon

(Park and Tuller, 2011; VDI, 2008).
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Figure 5-3: Dependency of the implemented projection factors on sun height angle.
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5.3.2 Diurnal cycles of modeled and measured T,,,; values

When examining the diurnal cycles of Ty, values for each measurement site, it becomes apparent that
larger discrepancies are found between measured and worst-case modeled values (Figure 5-4). Previous
Tyt modeling in ENVI-met 4.4.5 shows large overestimations during daytime and underestimations
during nighttime for all sites. Best-case configuration results featuring the new implementations as well
as ENVI-met V5 additions seem to fit measured values better for most monitored sites and particularly
follow the evolution of measured T,,,+ values very well for HK Green Roof, HK Bare Roof, HK Bare
Wall, as well as SP BelaVista during daytime (Figure 5-4 a, c, d, f). However, discrepancies between
the best-case configurations and measured values are still rather large (5-10 K) for the daytime only
simulations at HK Green Wall, HK Bare Wall, HK Tree, and HK No Tree (Figure 5-4 e, g, h) as well as
during nighttime in Sao Paulo simulations (Figure 5-4 a, b). The modeled second-day morning spike at
SP Paulista is very short term-increase in TMRT and can thus not be found in the slowly-responding
grey globe measurements (Figure 5-4 b). Other daytime discrepancies like the long-term overestimation
during morning and midday at HK Green Wall (Figure 5-4 ¢) can be explained by an inaccurate repre-
sentation of the very complex environment, for example regarding specific shading structures or vege-
tation extents. The general overestimation of Ty, in HK Tree (Figure 5-4 g) was improved by the new
implementations but is still clearly visible, most likely pointing to an inaccurate tree representation re-
garding Leaf Area Density and size which probably also had an impact on the shading during noon at

HK No Tree (Figure 5-4 h) that was not be predicted by modeling.
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Figure 5-4: Diurnal cycles of Ty,+ values featuring measured values (dashed black line), best-case configuration
(blue line — New Calc., prayM, IVS, ACRT) and worst-case configuration (red line — Old Calc., fy 0y, IVS

off, ACRT off) for the measurement sites SP BelaVista (a), SP Paulista (b), HK Green Roof (c), HK Bare
Roof (d), HK Green Wall (e), HK Bare Wall (f), HK Tree (g), HK No Tree (h).

Nighttime T,,,,+ (at SP sites) was derived from grey globe temperature and thus represents an equilibrium
state between radiative fluxes and ambient air temperature while ENVI-met’s Ty, is based on the ra-
diative fluxes only. During nighttime, when radiative fluxes are only based on longwave radiation and
hence feature low values in general, discrepancies between received radiative fluxes from rather cool

surfaces and the still rather warm air temperatures are found. These discrepancies are resembled by the
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nighttime T, between modeled and measured values in SP sites (Figure 5-4 a, b), where grey globe
Tyt features only small differences of 0.1 to -1 K compared to air temperature, while ENVI-met pre-
dicts 2 to 5 K lower T,,,,+ values. That also applies to previous modeling studies that stated a nighttime
underestimation of T,,,,+ when comparing against values from grey globe temperature like in Roth and

Lim (2017).

5.3.3 Statistical metrics between measured and modeled T,,,; values

In order to analyze the similarities and discrepancies between measured and modeled results more thor-
oughly, statistical analysis using the parameters R?, d, RMSE, and MBE is applied (Appendix D). The
results consisting out of 14 configurations for each of the eight measurement sites are comprehensively
clustered by different measurement sites or simulation settings. In general, high agreement of modeled
values with measurements is found with values around 0.75 to 0.85 for R? and d (Figure 5-5 a, b).
However, prevalent large error magnitudes of around 4 to 9 K and up to 20 K in RMSE reveal distinct
discrepancies between measured and modeled values, particularly for the previous calculation ap-
proaches (Figure 5-5 c¢). MBE values of around -2 to 8 K in general state that the model tends to over-

estimate T+ (Figure 5-5 d).

The analysis among differing measurement sites shows clear differences. Sao Paulo simulations with
measurement sites SP BelaVista and SP Paulista feature good agreements of around 0.75 for R? and 0.85
for d as well as moderate error magnitudes in RMSE (~ 4 to 7 K) and a weak negative MBE (~ 0 to -2
K). The small underestimation for Sao Paulo sites is mainly based on their nighttime values that are
predicted lower than grey globe Ty,,+ (c.f. Section 5.3.2). Hong Kong measurement sites show very high
agreements of 0.8 to 0.95 (R?) and 0.75 to 0.85 (d) in general with moderate error magnitudes of 7 to 9
K and an overestimation of 4 to 10 K in MBE. However, the observed larger differences in HK Tree are
also visible in statistical parameters featuring lower but still moderate agreements of around 0.6 (R?)

and around 0.7 (d) as well as high error magnitudes of up to ~20 K in RMSE and MBE.

Distinct differences on a generally high agreement level are found between the simulation setting clus-
ters featuring mean values of all measurement sites. The old T,,,; calculation approach, the old ENVI-

met projection factor f,,_ ., and IVS off can clearly be identified as worse performer in all statistical
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metrics compared to the respective counterpart options. The new six-direction calculation approach,
new projection factors, and IVS could improve R? and d by around 0.1 to 0.15 as well as RMSE and

MBE by around 5 K overall. pray  could be identified as best performing projection factor according

to lowest error magnitudes in RMSE and MBE, while all three new factors showed equally good agree-
ments in R? and d. ACRT featured slightly better agreements than ACRT off but a worse MBE (8 K
compared to 2 K). As it creates secondary diffuse radiation due to scattering to accurately feature higher
shortwave radiation values below tree canopies, but the model predicted high daily overestimation of

Tyt especially for HK Tree, the added shortwave radiation at that point even worsened the error mag-
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Figure 5-5: Statistical analysis featuring R? (a), d (b), RMSE (c), and MBE (d) aggregated by Sao Paulo meas-
urement sites (green) and Hong Kong measurement sites (grey) on the one hand as well as simulation con-
figurations like Ty, calculation methods (blue), projection factors (red), IVS modes (light green), and ACRT
modes (vellow) on the other hand.

Higher agreements and lower error magnitudes for enabled IVS and ACRT configurations in general
demonstrated that not only the new implementations of new Ty, calculation approach and different

projection factors could improve ENVI-met’s modeling but also the previously reported
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implementations of Simon et al. (2021) and Simon et al. (2020) yield a higher modeling accuracy and
should thus in sum have resolved the previously reported discrepancies (Lam et al., 2021; Tsoka et al.,

2018).

5.3.4 Linear regression analysis between measured and modeled T,,,.; values

To visualize the statistical metrics’ findings, linear regression analysis plots featuring scattered points
are presented (Figure 5-6). The strong heterogeneity between different measurement sites is displayed
in Figure 5-6 a, b where we again find that the model generally overestimated T,,,,+ values. Furthermore,
it is corroborated that at HK Tree values were grossly overestimated, while the other HK sites as well

as SP sites showed a good agreement but also larger deviations.

The new six-directional T}, calculation approach features a well improved regression line compared
to the old two-directional approach (Figure 5-6 c). Examining the projection factors in Figure 5-6 d,

foeny, 18 corroborated to provide the lowest modeling accuracy while f,,, .., performs best and there is
no difference to be detected among f;,, iy and fp.,.,- [VS shows a slightly better regression model than

IVS off, while ACRT and ACRT off do not feature any differences (Figure 5-6 e, f).

As the new implementations of both six-directional T,,,+ calculation approach and frequently used pro-
jection factors are now in accordance with state-of-the-art modeling techniques, overestimations of Ty, ¢
during daytime are highly probable to be related to ENVI-met’s modeled radiation values impairing the
Tmre results. These discrepancies were most likely caused by inaccuracies in model areas and databases,
i.e. inaccuracies in shape, size, density of vegetation, reflectivity and emissivity of building and soil
surface materials, other thermal parameters such as heat conductivity and capacity of walls, forced solar
radiation values as well as forced soil temperature and humidity values and initial building temperatures,
or the missing representation of windows, other specific building elements such as shading structures as
well as parked cars in immediate surrounding of the measurement sites. An example would be an unre-
alistic high surface reflectivity value that leads to more received shortwave radiation in front of it and
thus higher T,,,,+ values during daytime on the one hand. On the other hand, it leads to less energy
absorption that is in turn not released by longwave radiation emission hence lowering Ty, values during

nighttime. As the general T,,,+ overestimation error during daytime was found to be massively decreased
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for the new six-directional approach to accurately fit the measurements now, the remaining positive
deviations at HK Tree and HK No Tree are most likely explained by an inaccurate vegetation represen-

tation near these two sites in the HK model area.
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Figure 5-6: Regression analysis for the different Sao Paulo measurement sites (a), Hong Kong measurement sites
(b), Tyt calculation methods (c), projection factors (d), IVS modes (e), and ACRT modes (f), respectively.
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5.4 Conclusion

New implementations in the microclimate model ENVI-met were presented that were found to improve
modeling accuracy of T,,,+ based on evaluation studies. The new six-directional T,,,; calculation ap-

proach as well as the addition of various established projection factors showed better results in statistical
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evaluation for eight different measurement sites of two varying field campaigns in Sao Paulo and Hong
Kong. It could thus be demonstrated that the new implementations presented in this manuscript lead to
a higher accuracy in microclimate modeling with ENVI-met. Due to the model’s widespread application,
it can thus be assumed that the quality of numerous upcoming modeling studies, for example evaluating
heat mitigation strategies or investigating distinct sustainable urban planning scenarios, will benefit from
the presented enhancements. Additionally, recent developments regarding to ENVI-met’s radiation
scheme called IVS and ACRT module were shown to improve T,,,; modeling accuracy in general.
While R? and d showed high agreements (~0.75 to 0.85) in general, and though RMSE as well as MBE
could be improved by around 5 K, still rather large error magnitudes of 4 to 9 K in majority and up to
20 K at a specific site were revealed. These discrepancies are most likely to be explained by simulation
input parameters or an inaccurate representation of the very complex sites. However, additional valida-
tion studies will be required to further investigate if there might be any systematic errors despite the new
implementations. Furthermore, as the proof-of-concept scenarios were limited to very complex urban
morphologies in a subtropical climate, evaluation against T,,,; values from measurements in different
urban environments and climatological conditions needs to be conducted to verify the findings of this
study. For instance, prior Tj,,+ modeling studies regarding ENVI-met that pointed out modeling inac-

curacies could now be repeated to investigate and validate the proposed advancements.
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5.7 Appendix A — Sao Paulo Field Campaign

Figure 5-7: Location and representation of measurement sites (red stars) BelaVista and Paulista in Sao Paulo
(Gusson, 2020).

Table 5-2: Sensors used for the Sao Paulo field campaigns (Gusson, 2020; Gusson and Duarte, 2016).

Sensor Variable(s) Accuracy
Vaisala HMP45C-L12 Air temperature and rel. humidity 1 0.25°C
Speed £ 2 %

Gill 2-D Sonic Wind WINDSONIC1-L24 Wind speed and direction
Direction + 3°

Kipp & Zonen Pyranometer W / Sun Shield
CMP3-L12

Hobo TMCx-HD Grey globe thermometer Global temperature +0.2°C

Global solar radiation + 5%
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(diameter = 170 mm)

5.8 Appendix B — Hong Kong Field Campaign
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Figure 5-8: Location and representation of measurement sites in Hong Kong (Ouyang et al., 2022).

Table 5-3: Sensors used for the Hong Kong field campaign (Ouyang et al., 2021).

Sensor Variable(s) Accuracy
Air temperature £0.3°C
HOBO U12-012 )
Rel. humidity £2.5%

TESTO 480 Comfort level probe

LI-200SA Pyranometer

TESTO 480 Global thermometer (di-
ameter = 40 mm)

TESTO 480 Temperature prove

CNR4 Component net radiometers

Wind speed and direction

Global solar radiation

Global temperature

Air temperature
Rel. humidity

Shortwave and Longwave radiation

Speed +0.03 ms™1
Direction + 4 %
Typically 80 puA per
1000 Wm™2

Type K ther-
mocouple, class 1*

£0.2°C
1%
5t0 20 uV /Wm™2
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5.9 Appendix C — Simulation Setup
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Figure 5-9: Full forcing boundary conditions for the proof-of-concept simulations depicting direct shortwave
(black line), diffuse shortwave (dashed line) and longwave radiation (dotted line) (a,b), potential air tem-
perature (black line) and specific air humidity (dashed line) (c,d) as well as wind speed (black line) and wind
direction (dashed line) (e.f).
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5.10 Appendix D — Statistics

Table 5-4: Overview on statistical analysis results.
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Figure 5-10: Statistical metrics of all simulated configurations.
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6 Implementation of a Lagrangian Stochastic Particle Trajectory
Model (LaStTraM) to simulate concentration and flux foot-
prints using the microclimate model ENVI-met

Helge Simon!, Jannik Heusinger?, Tim Sinsel!, Stephan Weber?, Michael Bruse!

!Department of Geography, Johannes Gutenberg University Mainz, 55099 Germany
Climatology and Environmental Meteorology, Institute of Geoecology, TU Braunschweig, 38106 Ger-
many

Summary:

Besides the implementations in and evaluation of ENVI-met regarding radiation and heat stress model-
ing, the model also features a pollution and chemistry module that is also capable of simulating the
effects of water spray. However, its particle distribution modeling is mainly based on local wind flow
and, in case of particulate matter, on particle size and density. Thus, in order to validate and refine
conducted eddy-covariance measurements that examine the surface-energy exchange of energy and mat-
ter, a more detailed analysis of particles’ origins is needed. Therefore, the so-called flux footprint or flux
source area is analyzed, which represents an estimation of the surface area influencing the signal meas-
ured at a detector location. While models were already available for analyzing flux footprints in simpli-
fied environments, a new tool called Lagrangian Stochastic Particle Trajectory Model (LaStTraM) has
been developed to examine flux footprints for complex environments. Besides the previously presented
advancements for the ENVI-met core, LaStTraM enables the ability to analyze flux footprints as a post-
processing tool based on stochastics that are applied on ENVI-met’s predicted microclimatological con-
ditions for complex urban environments, featuring distinct objects like buildings, trees, meadows, or
green roofs. The author supported Helge Simon with the development and coding of LaStTraM, con-
ducted the comparison against other flux footprint models, prepared proof-of-concept simulations, and

wrote parts of the manuscript.
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6.1 Introduction

The number of study sites for the measurement of the surface-atmosphere exchange of energy and matter
such as greenhouse gases (i.e. carbon dioxide, methane, nitrous oxide) has grown substantially during
recent years (Baldocchi et al., 2017; Chu et al., 2017; Konopka et al., 2021). Flux data is used to increase
process understanding of the terrestrial carbon cycle, to constrain models, and to inform policy makers
e.g. in the context of climate change research and for modeling purposes. The state-of-the-art method
which is used at measurement sites is the eddy covariance technique. For an accurate interpretation of
the flux data, it is necessary to estimate the surface area that influences the signal measured at the de-
tector location, which is the so-called flux footprint or flux source area (Leclerc and Foken, 2014;
Schmid, 2002; Vesala et al., 2008). The concentration or flux footprint of a quantity is a function of the
characteristics of the earth surface, the state of the atmosphere as well as the height of the detector above
ground level. At the surface, the distribution of sources and sinks (homogenous/heterogeneous), the
surface roughness length, and the topography are important factors in shaping the footprint’s location
and dimensions. Atmospheric stability, wind speed and direction as well as turbulent intensity are at-
mospheric factors influencing the footprint. For this purpose, several models have been published since
the 1990s which can be distinguished into four categories: (1) analytical models (Horst and Weil, 1994;
Hsieh et al., 2000; Kljun et al., 2015, 2004; Kormann and Meixner, 2001; Schuepp et al., 1990), (2)
Lagrangian stochastic particle dispersion models (LS) (Horst and Weil, 1992; Kljun et al., 2002), (3)
large-eddy simulations (LES) (Cai and Leclerc, 2007; Hellsten et al., 2015; Leclerc et al., 1997), and (4)

closure models (Kurbanmuradov et al., 2003; Luhar and Rao, 1994; Sogachev et al., 2002).

Most of the available footprint models are valid only in case of a homogeneous source and in flat topog-
raphy. This includes all models based on analytically derived mathematical expressions to calculate
advection and diffusion of the quantity of interest. LES footprint models (Hellsten et al., 2015) and
closure models (Sogachev et al., 2002) overcome this limitation, i.e. they are able to simulate fluxes in
heterogeneous environments, e.g. high vegetation, forests, and urban areas. One characteristic of the
first mentioned type of models is the high computational demand. This means that only computer clus-
ters with hundreds of processors are able to calculate footprints in reasonable time. In contrast,
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Reynolds-Averaged Navier-Stokes (RANS) models have lower computational demand and can hence
run on personal computers. However, as (Hellsten et al., 2015) state there is no backward-integration
approach for any building-resolving LES-LS footprint predictions available yet. Backward-integration
approaches represent a backward tracking of particles from target (detector) to source (emission source).
Compared to forward tracking from source to target, where a multitude of particles is tracked without
ever reaching the detector zone, backward approaches feature a significantly higher computational effi-
ciency as the number of particles eventually reaching the detector zone is already determined at simula-
tion start. That allows to define smaller detector zones to be thus comparable with real measurement

devices (Kljun et al., 2002).

In the present study, the microclimate model ENVI-met (Bruse and Fleer, 1998), a RANS model, was
coupled to a newly developed Lagrangian model called LaStTraM (Lagrangian Stochastic Trajectory
Model) to simulate particle trajectories with a backward-integration approach based on the microcli-
mate’s three-dimensional output data in order to close this gap. Since ENVI-met features a sophisticated
plant physiology stomata model (A-gs; (Jacobs, 1994)) to simulate transpiration and carbon uptake of
plants, the influences of heterogeneous sources and source distributions (e.g. trees, shrubs, grass) on the
footprint can be modelled in complex topographies (e.g. within dense and complex urban areas) (Mi-
chael Bruse, 2004; Simon et al., 2018). LaStTraM works with all ENVI-met versions including the free

LITE version.

To evaluate the capability of the newly developed post-processing Lagrangian model to simulate foot-
prints in a homogeneous scenario, the model results are compared to a well-known Lagrangian model
from Kljun et. al. (Kljun et al., 2015, 2004) and an analytic model from Kormann and Meixner (Kor-
mann and Meixner, 2001). Furthermore, the influence of heterogeneous sources in more complex model

areas onto the concentration and the flux footprint is discussed.

6.2 Model description
In an offline coupling, all necessary atmospheric parameters for the calculations of LaStTraM are taken
from simulation outputs provided by the microclimate model ENVI-met. The model ENVI-met is a

prognostic, three-dimensional, high resolution microclimate model. With its physical fundamentals that
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are based on the principles of fluid mechanics, thermodynamics, and the laws of atmospheric physics,
it is able to calculate three-dimensional wind fields, turbulence, air temperature and humidity, radiative

fluxes, and building physics (Bruse, 1999; Simon, 2016).

One of the key features of ENVI-met is the detailed modeling of vegetation. With its high spatial reso-
lution (< 5 meters), ENVI-met allows the simulation of the individual photosynthesis rates, taking into
account local solar radiation, air temperature and humidity, wind speed, CO; concentration, among other

parameters (Michael Bruse, 2004).

The spatial and temporal evolution of the wind field is calculated by applying the non-hydrostatic three-
dimensional Navier-Stokes equation. Using the Boussinesq approximation, the density of air can be
assumed to be constant (Bruse, 1999; Bruse and Fleer, 1998; Huttner, 2012). Turbulence in ENVI-met
is parametrized using a E — ¢ 1.5 order closure model. The E — & model basically consists of two prog-
nostic equations, one describing the production of turbulent kinetic energy (TKE) and the other its dis-
sipation. In contrast to first order closure models, the E — € model allows the simulation of advective
processes in horizontally inhomogeneous environments without as much computation time as closure

models of higher order (Ali-Toudert, 2005; Bruse, 1999).

The trajectory model horizontally and temporally interpolates all atmospheric parameter outputs from
ENVI-met, making it quasi-independent of the ENVI-met model resolution. Both the interpolation as
well as the advection of the particles are computed in parallel, making use of all available processor
cores. Particles are released simultaneously at the start of a simulation. The interval in which simulation

outputs are generated can be set by the user.

To simulate particle trajectories, LaStTraM operates with a backward-integration approach. The parti-
cles are "emitted" from the detector and are followed until predefined conditions are met e.g. particles
reach coordinates where plants or sources of different compounds, such as CO, are located. The parti-
cles’ starting position can either be set to the center of the detector or can be randomly generated inside
the detector’s dimensions. The number of particles to be simulated can be set freely by the user. All
particles reaching certain areas are individually saved with various information such as their current

three-dimensional position as well as their take off and touch down velocities.
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6.2.1 Dynamic interpolation of the 3D model domain

To reduce the dependencies of the simulation on the ENVI-met model resolution, all ENVI-met model
output variables are dynamically interpolated for every particle and every timestep. The interpolation is
carried out using inverse distance weighting (IDW) of all adjacent atmospheric ENVI-met grids to the
particle in a 3D Moore neighborhood analysis, i.e. a maximum of 27 neighboring grids are taken into

the interpolation (Shepard, 1968):

Pit1jk Pij+1k Pijk+1

Roc= ). D D, Wik “RG.jK) Py

Pi—1,jk Pij-1k Pijk-1
with i, j, k as the ENVI-met grid coordinates of the particle, R;,; as the interpolated value, R(i, j, k) as
the ENVI-met model value of the in the grid i, j, k and w(i, j, k) as the weight corresponding to the grid

cell i, j, k calculated by:

L d(i,j, k)~!
w(i,j, k) = Pit1jk Pij+ik wPiik+l 3r: + 1y—1 Ea. 6-2
Zpi—l.]'.k ZPi,j—Lk ZPi.j.k—1 d(i,j. k) 70

with d (i, j, k) as the Euclidean distance calculated using the 3D Pythagorean Theorem between the par-
ticles’ actual position and the center of all adjacent atmospheric ENVI-met grid cells. Summing up all

individual weights, the result must be equal to 1.

In case the particles’ vertical position lies below the center of the lowest ENVI-met atmospheric grid

cell, the interpolation of the wind vectors u, v, w is carried out using a logarithmic approach:

P, he O\
Uine = U, - In (i) In (%)
PZ h’ko,C -
Vint = vko ‘- In (g) In 7 Eq. 6-3

P M o\
o=y ({2
0 0

with uy , Vg , Wy, as the wind speed at the lowest ENVI-met atmospheric grid cell, z, as the roughness

length of the surface, and hy . as the height of the center point of the lowest ENVI-met grid cell, & = 0.

141



Implementation of a Lagrangian Stochastic Particle Trajectory Model (LaStTraM) to simulate
concentration and flux footprints using the microclimate model ENVI-met

6.2.2 The Lagrangian Stochastic Model

Based on Weil et al. (2004), the particles advection is calculated by:

Ppos(x,y,z),t+At = Ppos(x,y,z),t + Py At Eq. 6-4
with Ppos(x,y,2),6+a¢ a8 the new position of the particle after the time interval, At, Ppos(x,y,2),c as the
original position of the particle, and Py ; as the velocity of the particle. The velocity consists of two

parts: A resolved, deterministic part (B, ) that is directly simulated based on the interpolated 3D wind

vector fields of ENVI-met and a stochastic, random part (Py | ():

Eq. 6-5

The resolved velocity part P, __ is calculated by interpolating the u, v, w wind vectors for every particle
position (see Eq. 6-3). The stochastic term of Eq. 6-5, Py, is derived from the work of Weil et al.

(2004), where the considerations of Thomson (1987) are adapted. With these considerations and in ac-
cordance to Maronga et al. (2015) and Steinfeld et al. (2008), the difference in the particle’s stochastic

velocity is calculated by:

3fgC0£PVLS 1 _1d€5 2 2
= S (e s 3V + UGt Eq. 66

with C, as a universal constant of the structure function (here set to 3; as in Kljun et al., 2002), € and e,
as the inverse distance interpolated (see: Eq. 6-1, Eq. 6-2) dissipation and TKE, respectively, d¢ as a
random displacement vector whose components are independent from each other and in time (Maronga
et al., 2015; Steinfeld et al., 2008; Wilson and Sawford, 1996). The random number is calculated using
a normal (Gaussian) distribution where the interval is limited to +5.00. The parameter f; defines the

subgrid-scale TKE fraction of the total TKE (Steinfeld et al., 2008; Weil et al., 2004).

For the conditions at boundary surfaces of buildings and digital elevation models (DEM), the simulation
can be operated in two modes: An iterative solution mode, where in case a particle’s new position was

located inside a surface (buildings, DEM) the advection (Eq. 6-8) would be calculated with new random

1
terms ((f;Cp€)zd&) until a new position outside a solid structure is found or the maximum of 300 at-
tempts is reached. In case no solution is found, the particle’s position will be set to the previous time

step. In the second mode, the termination mode, all particles that enter a solid surface (buildings, DEM)
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are no longer tracked and removed from the simulation. Regardless of the boundary surfaces mode the
model operates with, particles that would enter ground surface will be set to a minimum height of the
user’s choice (default value 0.0001 m). All particles leaving the lateral or top boundary of the model

domain are removed.

While the resolved, deterministic velocity part of particles could be calculated in quite large time steps
depending on grid size and velocity (e.g. CFL-Condition), the calculation of particles’ Lagrangian sto-

chastic velocity demand much smaller timescales (Weil et al., 2004).

4eg
3fsCoc Eq. 6-7

dtys =
To ensure small time steps, an upper limit of at least dt; /40 is defined (Maronga et al., 2015).

6.3 Footprint calculation

A variety of information is stored for every particle that reaches its target. This information includes the
starting position within the detector, the final position within an emitter, travelled distance, elapsed time,
mean velocity, as well as initial and final w wind vector velocity. Since all data is stored for every
particle reaching its target, the resulting file might be quite large (e.g., ~5 GB for around 20.000.000

particles reaching a source area).

To determine the relative contribution of a source to a measured concentration or flux at a predefined
detector area, calculations can be performed that determine which surfaces / objects in a model area
contribute to a measured concentration and flux at a given volume in space using the data information
of the particles. The calculations of the concentration footprint C and the flux footprint F are carried out

in accordance to Vesala et al. (2008) and (Flesch, 1996):

n

2 1
C(x,y,2z =—Z xX,V,Z
G =g ) 0 Ea. 65

2 n

Wpet,i

F(x,y,2z =—Z : X,V,Z
D=3 ) e 0032 Ea. 69

with x, y, z as the grid coordinates, Q as the source’s strength, N as the total number of particles, n as

the number of particles reaching the detector zone. )7, represents the sum of all particles reaching
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the target zone, wp,, ; the initial w component at a particle’s release at starting point within the detector
zone and Wg;¢; as the w component of wind velocity at touch down at source area (Markkanen et al.,

2015; Vesala et al., 2008).

6.3.1 Simulating footprints in homogeneous model area — comparison with other models
In order to evaluate the newly developed model, it is compared against two established and well-known
footprint models: the Flux Footprint Predictions model (FFP) by Kljun et al. (2002) and the analytic
Kormann-Meixner model (K-M; Kormann and Meixner, 2001). To prove the functionality of the newly
developed model LaSTraM, the presented evaluation is held similar to the analysis of these models. It
is hence based on two common meteorological cases (stable and unstable) and features the same corre-

sponding detector heights (3 m, 20 m, and 40 m).

The analyzed model area is similar to the one used in (Kljun et al., 2002). It consists of 400 x 400 x 40
grids with a horizontal resolution of 5 m and a vertical resolution of 2 m in a non-equidistant gridding,
where the lowest grid cell is split into 5 subcells. The total extent of the area is thus 2000 m x 2000 m x
70 m. The model area features no building structures or other obstacles, the soil was digitized as “loamy
soil”, and the vegetation was set to grass of 0.2 m height throughout the whole model area, thus creating

a homogeneous casc.

The ENVI-met simulation was set to start at 6 am on June 23", the simulation ran for 24 simulation
hours. The meteorological boundary conditions can be seen in Figure 6-1, the boundary conditions for
wind speed and direction were constant and set to 2 m s™ in 10 m height and 90° over the whole simu-
lation time. The post processing analysis in LaStTraM was run using the model outputs of the ENVI-
met simulations. Each simulation featured 10® particles. It took around 5.5 hours to simulate the trajec-
tories of the released 100 million particles in the 2 km x 2 km large area on a personal computer with an

Intel Core 17-6700 CPU @ 3.40GHz (Table 6-1).
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Figure 6-1: Diurnal boundary conditions for potential air temperature (solid line) and relative humidity (dashed
line).

Table 6-1: Simulated particles and simulation duration per examined scenario.

Time Simulated particles Simulation time
15:00 h (unstable case) 108 5 hrs 21 mins
03:00 h (stable case) 108 5 hrs 46 mins

The footprint is sensitive to atmospheric stability, surface roughness, measurement height, and wind
direction (Kljun et al., 2002; Vesala et al., 2008). Since the atmospheric stability is a prognostic param-
eter of the microclimate model ENVI-met, the output files have to be analyzed to differentiate between
unstable, stable, and neutral conditions. Analysis of the different output files showed an unstable atmos-
phere at 15:00 h and a stable atmosphere in the early morning hours around 3:00 h (Figure 6-2). In order
to compare the LaStTraM results with Kljun et al. (2002) and Kormann and Meixner (2001), the output

files of these hours have been used for the further analysis.
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Figure 6-2: Vertical profile of the potential air temperature at 15:00h and 03:00h.

To compare the flux footprint results simulated with LaStTraM against the FFP model and the K-M-
model, simulations using combinations of different detector heights (3 m, 20 m and 40 m) and atmos-

pheric stabilities (15:00 h unstable case and 03:00 h stable case) were conducted.

Apart from the friction velocity (u*), all input parameters for the FFP and K-M model could be directly

extracted from the output data of ENVI-met. The friction velocity (u*) was then calculated by:

Uu*K
*

u =
h
In (z2)

Eq. 6-10

with u as the wind speed, k the von Karman constant (here 0.4), h as the height above ground, and z,

as the roughness length. Table 6-2 shows all input parameters used to run FFP and K-M models.

Table 6-2: Input parameters for running the models FFP and K-M.

Parameter Detector 3m Detector 20m Detector 40m
Vegetation height (zveg) 0.2m 02m 0.2m
Detector height (Zsensaom) 325m 20.5m 40.5m
Displacement height (d) 2/3 * zyeg=10.134 m
Measurement height above vegetation (z4om) 3.116 m 20.366 m 40.366 m
Mean wind speed at zm unstable (umeanday) 1.26 m/s 1.86 m/s 2.00 m/s
Mean wind speed at zm stable (umeannight) 1.26 m/s 1.86 m/s 2.02 m/s
Boundary layer height unstable (hday) 2500 m
Boundary layer height stable (hnignt) 800 m
Obukhov length unstable (olday) -7.55m -7.52m -7.51 m
Obukhov length stable (0lnignt) 18.99 m 19.22 m 19.25m
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6.3.2 Simulating footprints in an inhomogeneous model area
By coupling LaStTraM with ENVI-met’s three-dimensional model outputs, the model is able to simulate
footprints in model areas featuring obstacles such as buildings or vegetation. To evaluate the influence

of obstacles on the footprint, a simple inhomogeneous and one complex realistic scenario were analyzed.

In the simple inhomogeneous scenario, a symmetrical obstacle (building) with a height of 20 meters and
a tree is added to the homogeneous model area. The detector is then placed in 3 meters above ground at
different distances to the obstacle (125 m and 820 m upwind distance from the obstacle) (Figure 6-3).
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Figure 6-3: Model area for the simple inhomogeneous simulation featuring a building (black) a tree (green) and
two detectors (blue and red).

The simple inhomogeneous model run featured identical meteorological boundary conditions as the ho-

mogeneous model run. To reduce the computational cost, the model was only run for unstable case at

15:00 h.

6.3.3 Simulating footprints in realistic model area
In a realistic scenario, the performance of LaStTraM is evaluated in an urban model area featuring build-

ings, different soil, and surface materials, as well as vegetation (Figure 6-4). While this scenario, due to
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the lack of empirical data, cannot be seen as prove that the model is operating accurately in a complex

environment, the scenario is designed to be a showcase visualizing the capabilities of the model.

Figure 6-4: Model area for the realistic case simulation. Detector location is indicated by the red star.
The model area is located in Mainz, Germany and extends over 900 meters x 510 meters horizontally
and 200 meters vertically in a 3 meters x 3 meters x 2.5 meters resolution. Again, a non-equidistant

gridding, where the lowest grid cell is split into 5 subcells is chosen.
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Figure 6-5: Meteorological boundary conditions for the proof-of-concept simulation. Potential air temperature
(solid line) and specific air humidity (dashed line).
The meteorological boundary conditions were taken from an Energy Plus Weather File for Frankfurt,
Germany. To resemble a hot summer day with clear sky conditions, July 7th was selected as simulation

date. The wind speed was set to 1.5 m/s in 10 meters height coming from 230°. The simulation has been
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run for 24 hours. Figure 6-5 shows the meteorological conditions for the whole simulation period pro-

vided by the EPW-file.

6.4 Results & Discussion

To give an overview on the capabilities of LaStTraM, model results of the homogenous, simple inho-
mogeneous, and complex model areas are presented. To evaluate the performance of LaStTraM, the
results of the homogeneous model area are compared against the FFP model and the K-M-model. Since
no other model was available to compare the simple inhomogeneous and complex model area outputs,

their results are only visualized, and their plausibility is discussed.

6.4.1 Evaluation of homogeneous model area results

The evaluation of the ENVI-met based footprint simulation LaStTraM with two well-known models, an
analytical model and a model that is based on a Lagrangian model (Kljun et al., 2015; Kormann and
Meixner, 2001), demonstrates that the modeled footprints are comparable for detector heights of 3 m,
20 m, and 40 m in stable and unstable conditions despite the structural differences of the models (Figure
6-4). In the unstable cases, the maximum footprint contribution (f;,,,,) of LaStTraM tends to be higher
than the other two models while the length of the footprint (x,,,,) tends to be slightly shorter in
LaStTraM. This phenomenon featuring both, an underestimation of f,, and an overestimation of the
footprint length x,,,,, of the FFP and K-M model, was also attested by Heidbach et al. (2017). Similarly,
Van de Boer et al. (2013) concluded that the FFP model and two other models rather overestimated the
footprint length. Regarding the distance between the detector and fp,4x (Xmax), LaStTraM shows very
similar results compared to the FFP and K-M model with slightly shorter distances in the unstable cases

and distances between the FFP and K-M model in the stable cases (Table 6-3).

The footprints generated by LaStTraM show a behavior that is well-known from other models: The
footprint length increases with atmospheric stability while f,,,, decreases. Increasing the detectors’

height leads to an increase of the footprints’ width and x,,,,, but decreases fy,q-
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Figure 6-6: Comparison of crosswind integrated footprints of LaStTraM, FFP and K-M for different detector

heights in an unstable (left column) and stable (vight column) case. (a) height of detector 3 meters above
ground (b) height of detector 20 meters above ground (c) height of detector 40 meters above ground.

Looking at the differences in x,,,, between the three models, it becomes clear, that LaStTraM predicts

similar results as FFP (Table 6-3). This stands in contrast to f;;,4,, where LaStTraM shows more similar

values to K-M.
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Table 6-3: Crosswind distance between fu.. and detector (X;qy)-

Detector 3m Detector 20m Detector 40m

LaStTraM FFP K-M LaStTraM FFP K-M LaStTraM FFP K-M

Unstable case 7 m 6 m 9m 69 m 86 m 54 m 148 m 180 m 88 m
Stable case 10 m 16 m 6m 269 m 226 m 92 m 598 m 690 m 193 m

Aside from the two-dimensional crosswind integrated visualization, LaStTraM saves three-dimensional
output files that can be visualized using ENVI-met’s visualization tool LEONARDO. Figure 6-7 shows

two-dimensional representations of the three-dimensional outputs of the homogeneous model area.
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Figure 6-7: Origin of particles modelled for the unstable cases (left) and the stable cases (right) featuring detector
heights of 3 meters (a), 20 meters (b) and 40 meters (c) for the homogenous model area. Red star indicates
detector position.

The two-dimensional distribution of the footprint shows that the maximum of the three-dimensional

footprint is much closer to the detector location in the unstable case than in the stable case (Figure 6-7).

Furthermore, the along-wind distance is increased in the unstable case compared to the stable case. In

general, the footprint of the unstable case is broader due to more turbulences and thus higher atmospheric

mixing during daytime.

The evaluation of the new footprint model in comparison with the established models FFP and K-M
shows that LaStTraM is capable of reproducing their results. The calculated footprints resemble the
results of both models and even improve the imprecisions mentioned by Heidbach et al. (2017) and Van

de Boer et al. (2013), i.e. LaStTraM does most likely not underestimate f;,,,, and overestimate the foot-

print length.
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6.4.2 Evaluation of simple inhomogeneous model area results
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Figure 6-8: Origin of particles modelled for the unstable case featuring a detector height of 3 m with a distance
of 820 m (left) and 125 m (right) to building.
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The results of the simple inhomogeneous case indicate that the tree contributes significantly different to
the footprint compared to the grass vegetation at the same distance to the detector (Figure 6-8). In the
simulation where the detector is positioned close to the building, less particles reach the tree compared
to grass cells at the same distance. This is caused by the flow induced by the building that leads to a
significant updraft downwind of the tree (Figure 6-9). In comparison to the grass at the same location,

less particles are thus traced back to the tree from the detector close to the building.

[ I [
1000.00 1100.00 1200.00

Figure 6-9: Two-dimensional vertical cut visualizing the wind flow in the inhomogeneous model area.

In the simulation, where the detector is placed further downstream of the building the same effect —
uplifting of flow and subsequent down-drafting due to the building leads to more particles reaching the
tree compared to the grass vegetation below the tree. Furthermore, it can be seen, that despite the simple
inhomogeneous model area and the Lagrangian Stochastic approach, where the particles’ velocity is
calculated including a stochastic, random part (Py | ¢ in Eq. 6-7), the vast number of simulated particles
(100 million) ensures a high symmetry of the footprint (Figure 6-8Figure 6-6).
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Both footprints show greater horizontal extends than in the homogenous results. This is likely caused
by the much higher turbulence induced by the complex structures in the model area. Nevertheless, with
increasing distance, the number of particles from emitter cells decreases just like in the homogeneous

case.

6.4.3 Evaluation of realistic model area results

The results for the realistic model area confirm the general functionality of the model in complex model
domains. Despite having no measurement data for this scenario, the distribution of particles shows plau-
sible results: Vegetation closer to the detector are reached by more particles than in further distance and
the horizontal extend increases with increased distance from the detector (Figure 6-10). Also, vegetation
with greater vertical extent i.e., larger trees are reached more likely by the particles released from the
detector. This is especially the case for the trees directly located upwind of the detector as the flow

passing through them is lifted and directed upwards towards the detector’s location.
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Figure 6-10: Three-dimensional (a) and two-dimensional (b) visualization of origin of particles in the complex
model area. The red star in (b) represents the detector location.

6.5 Conclusion

Based on the three-dimensional model outputs of the microclimate model ENVI-met, the post-pro-
cessing tool LaStTraM simulates probability distributions of particles using the Lagrangian Stochastic
method. Combining LaStTraM with ENVI-met should allow to simulate flux and concentration foot-

prints in complex urban environments.

A footprint comparison for homogenous model areas between LaStTraM and two established models
shows slight deviations for the maximum footprint contribution (f;;,4,) and the footprint length (X, 44)-
These deviations, however, might be a result of an underestimation of f,,,, and overestimation X,
by both the FFP and K-M model as demonstrated by earlier studies (Heidbach et al., 2017; van de Boer
et al., 2013). The results of the inhomogeneous model area and the complex model area shows reason-
able results where the effects of obstructions alter the particle distribution significantly. While these
scenarios provided promising results, a comparison with empirical data would be needed in order to

verify the accuracy of the model in complex urban areas.

The great potential of LaStTraM lies in its ensemble with ENVI-met’s averaged Navier Stokes model

outputs, that should allow the study of footprints in heterogeneous and hilly environments. Our attempt
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to simulate a footprint in heterogeneous conditions demonstrated the capabilities of the model, i.e. in-

corporating three-dimensional emitters as well as the influence of obstacles on particle trajectories.

By incorporating ENVI-met’s physiological aspects of vegetation, i.e. the cell based calculation of sto-
matal conductance and thus transpiration, the simulation of the footprint using LaStTraM can further be
improved. Footprints of different compounds can also be studied separately, depending on the variable
of interest. For example, the dependency of various compounds on the flux footprint can be studied by
defining individual areas/volumes that act as sources of these compounds. All results can then be visu-

alized with the built-in ENVI -met program LEONARDO.

It was demonstrated that 100 million particles within a 2 x 2 km? model area can be modelled within a
few hours on a PC. The order of magnitude of particle numbers, the model area size as well as the grid
resolution are comparable to numbers reported in LES footprint studies before (Hellsten et al., 2015),
with the essential difference that the footprint model is run in backwards mode which means that every
modelled particle (that hits a source in the model domain) influences the footprint. In contrast to a for-
ward in time trajectory mode, the backwards mode has the advantage that detector does not have to be
unrealistically large in order to gather a sufficiently large number of particles, as demonstrated before

(Hellsten et al., 2015).

One drawback to eddy covariance users is that the ENVI-met model cannot be run routinely for each 30
min flux averages, which it has in common with all RANS and LES models. A possibility to simulate
whole years with the microclimate model ENVI-met could be to split the simulations into partially over-
lapping timeframes, e.g. 12 simulations, for every month of the year including couple of days of overlap.
These could be run on 12 PCs in parallel and the overlapping results could in the end be stitched together

to create a year-long simulation (Simon et al., n.d.).

Regardless of the timeframe, LaStTrAM is capable of reproducing typical atmospheric conditions (un-
stable, stable) that will help to elucidate the origin of measured fluxes in heterogeneous environments.
The LaStTraM footprint model is therefore uniquely positioned for eddy covariance studies in complex

urban terrains, where the premises of analytic models are generally not met. It also can be used to analyze
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flux footprint problems that frequently occur in rural locations when eddy covariance towers are posi-

tioned close to forest edges or when other steep changes in roughness occur.

The present work does by far not exploit the whole potential of LaStTraM, as larger and especially more
complex areas could be modelled in future studies. Furthermore, it has the potential to model the foot-
print of reactive gases instead of only inert particles as shown in this study. Vesala et al. (2008) highlight
the potential of ensemble-averaged closure models especially for sites with complex topography and
canopy heterogeneity. This includes urban sites, which are of increasing interest in surface-atmosphere
exchange studies. By combining LaStTraM with ENVI-met, model areas featuring buildings, sources,
vegetation, and uneven terrain can be simulated. This makes it a viable tool to calculate and analyze

three-dimensional footprints in complex environments.
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Summary:

While the previously presented advancements in modeling could be made as developers of ENVI-met
with specific model insights and code accessibility in particular, the author could also contribute to
scientific progress by applying the model, e.g., as air quality modeling tool as demonstrated in the fol-
lowing manuscript. Led by Lorenz Harr, air pollution at child and adult height levels was investigated
by using low-cost particulate matter measurements on walking routes along kindergartens and schools.
The author developed and coded a reanalysis, filtering and extrapolation tool based on an inverse dis-
tance weighting algorithm to fit the measured data to an optimal route and to a higher temporal resolu-
tion, respectively. To further investigate whether children are exposed to higher air pollution concentra-
tions as they are nearer to the emissions sources of traffic, a simulation study using ENVI-met was
conducted featuring specific meteorological conditions of the measurement campaign as well as local
traffic emission rates. Besides processing the measurement data, the author contributed to this work by

preparing, conducting and evaluating the ENVI-met simulations, and proof-reading the manuscript.

Urban Climate — In Review
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7.1 Introduction

Various epidemiological studies provide evidence that air pollution exposure has negative effects on
public health causing respiratory and cardiovascular diseases and even increase mortality (Feng et al.,
2016; Lelieveld et al., 2019). Fine particles with a size <2.5 pg/m? can reach the lungs via the respiratory
tract and cause airway inflammation followed by a decrease in lung function and even chronic obstruc-

tive pulmonary disease (Gualtieri et al., 2011; Lelieveld et al., 2019; Torres-Ramos et al., 2011).

Children are particularly exposed to ambient particulate matter. They breathe more air per body size and
have a greater risk due to their smaller airways than adults (Goldman, 1995; Mazur, 2003). Their res-
piratory system is not completely developed, which leads to an increased risk of respiratory diseases

and exacerbation of asthma (Habre et al., 2014; Nachman and Parker, 2012).

In urban environments, PM2.5 concentration largely stems from locally emitted sources including traffic
related particles (exhausts, tyre and break abrasion), house heating, construction sites, soil and biogenic
compositions (Azarmi et al., 2016; Karagulian et al., 2019; Kumar et al., 2015). Factors influencing
ambient concentrations include the number of emitters as well as mesoscale weather condition. Anticy-
clonic weather in European autumn and winter is characterized by low wind speeds and little to no
precipitation (Czernecki et al., 2017; Graham et al., 2020). Mesoscale high pressure systems lower at-
mospheric mixing layer heights (MLH) hindering vertical dispersion of air pollutants, which in turn
causes an accumulation of locally emitted PM2.5 within the planetary boundary layer (Tang et al., 2016;

Wagner and Schéfer, 2017).

Several studies found that pollutant concentration decreases with increasing height above ground (e.g.
Goel and Kumar, 2016; Imhof et al., 2005; Kumar et al., 2008; Zauli Sajani et al., 2018; Zhou et al.,
2019). However, only a few studies examined vertical differences near the surface in heights < 2m
(Garcia-Algar et al., 2015; Goel and Kumar, 2016; Kumar et al., 2017; Sharma and Kumar, 2020). Dif-
ferences in PM2.5 concentration at this height is arguably most important when it comes to pedestrian
exposure. The smaller size of children in comparison to adults means their breath levels are closer to
pollutants emitted near ground, making them potentially more vulnerable to emissions by traffic-related

exhausts and whirled up fine particles (Kumar et al., 2017; Sharma and Kumar, 2020).
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To examine potentially varying exposure differences between adults and children, we measured PM2.5
at two heights, 1.0 m and 1.6 m, in a dense urban environment featuring different traffic intensities. The
measurements were conducted using self-designed monitoring systems hosting Alphasense OPC-N3
low-cost sensors (Alphasense, 2018). The sensors are easily portable due to their small size and weight,
and perform well under laboratory conditions (Morawska et al., 2018; Sousan et al., 2016), making them
suitable for studies about spatial particulate matter exposure (Brattich et al., 2020; Bulot et al., 2019;
Jovasevi¢-Stojanovic et al., 2019). However, under ambient air conditions in urban areas, the accuracy
of measurements is negatively affected by changing particle compositions and even more so by changing
relative humidity (Alfano et al., 2020; Brattich et al., 2020; Crilley et al., 2018; Di Antonio et al., 2018).
These limitations were addressed by calibrating the sensors and comparing the empirical findings with
simulations from a microscale model considering particle advection and dispersion modelling was con-

ducted (Singh et al., 2003).

The main objective of this study is to examine potential differences of PM2.5 exposure between children
and adults in an urban area at high spatiotemporal resolution. We (i) compare changes in PM2.5 con-
centrations related to changing weather conditions, (ii) quantify the absolute and relative exposure dif-
ferences between children and adults considering the position on the measurement route and absolute
PM2.5 concentrations, and (iii) assess findings by comparing measured differences with microclimate

simulation outputs.

7.2  Material and methods

7.2.1 Study characteristics

The study was conducted in Mainz-Neustadt, an urban area district of Mainz, the capital of Rhineland-
Palatinate in South-West Germany (50.0° N, 8.26° E, Figure 7-1 a). Mainz is an inland city with ap-
proximately 220,000 inhabitants, located in a landscape of gently rolling hills along the Rhine River.
The climate is temperate with an annual average temperature of 10.7°C and precipitation of 620 mm
(Koeppen Ctb). The winters are cool and dry, November to March: mean air temperature is 3.9 °C and
mean precipitation 48 mm (Deutscher Wetterdienst, 2021a, 2021b). The urban architecture of this

densely populated area consists of compact midrise structures with a grid-based street layout (Stewart
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and Oke, 2012). The streets are mostly narrow (10 m wide) and feature low traffic intensity. The city

quarter is surrounded by larger multi-lane roads with high traffic volume.

To capture local differences in PM2.5 concentration, a clockwise circular, 5.5 km-long measurement
track passes through both, the inner narrower low traffic parts as well as the larger roads of the Neustadt
(Figure 7-1 a). The track starts at Mainz Main Station (50.0017° N, 8.2595° E), then runs within the
inner part of the district, passing social institutions, i.e., kindergartens, primary and secondary schools
as well as nursing and retirement homes. After leaving the center of the quarter, the transect continues

along roads with high intensity of traffic, first in southeast, then in southwest direction (Figure 7-1 e)

ending at the Main Station.
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Figure 7-1: Location of the study district Mainz-Neustadt including the start/end point Mainz main station (brown)
of the measurement transect (dashed black line) with nearby social institutions, i.e., kindergartens (pink),
primary and secondary schools (purple) and nursing homes (light brown). The streets within the district are
colored depending on traffic intensity (a). Design of the measurement devices (dimensions: 11.5 cm x 14 cm
x 12.5 em) (b). Two devices mounted offset on the front of a wearable rack at breath levels of adults (1.6 m)
and children (1.0 m), respectively (c). Typical city block street canyons with low (d) and high traffic intensity

(e).
The measurement campaign took place from 11-20-2019 to 11-27-2019 (Wednesday to Wednesday).
The measurement runs were conducted by foot starting at 3:15 pm and ending at ~ 4.30 pm every day
covering the time of daily of kindergarten and school endings and start of the rush hour within the study
area. For each run, two devices containing a PM sensor (Alphasense, 2018), a GPS module (Simcom,
2021), a ESP32 as microcontroller (Espressif, 2021) and a microSD card for saving the data were used
(Figure 7-1 b). The cover of the cases protruded over the side parts were similar to a radiation shield cap

to support ventilation of the blown-out PM-sensor air. The devices were mounted at the breath level of
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adults (1.6 m, device A) and children (1.0 m, device B). To reduce influences induced by the measuring
person, the devices were attached at the front of the body at a distance of 30cm (Figure 7-1 c). Every
run was filmed with a camera to facilitate detections of possible local emitters in the postprocessing of

the measuring campaign.

7.2.2 Meteorological data

A detailed description of the meteorology during the measurement period is needed as the local weather
characteristics affect the type, number, and duration of particulate matter concentrations (Cheng and Li,
2010; Graham et al., 2020; McGregor and Bamzelis, 1995). The central emission network of Rhineland-
Palatinate kindly provided 3-min-arithmetic-means of air temperature, relative humidity, precipitation,
and atmospheric pressure (Figure 7-9), measured at the station Mainz-Zitadelle (49.9950° N, 8.2739°
E) located ~ 1.2 km west of the study area, as well as 3-min-sums of precipitation, wind direction and
speed at the station Mainz-Mombach (50.0180° N, 8.2157° E) located ~ 3 km west of the study area
(ZIMEN, 2019). Data of the convective inhibition energy (CIN) and mixing-layer height (MLH), indi-
cators for the stability of the air near the ground, were measured with a radiometer located ~ 500 m west
of the study area (50.01406°N 8.257°E). These data were provided by the environmental meteorology

unit of the environmental state office of Rhineland-Palatinate (Umweltmeteorologie RLP, 2019).

7.2.3 Calibration of PM2.5 sensors

The PM2.5 measurements on both respiratory levels were conducted using an Alphasense OPC-N3 sen-
sor (Alphasense, 2018). The OPC-N3 is a low-cost optical particle counter using the light scattering
principle to count particles (Mie, 1908), transfers these into bins according to their estimated size
(Bohren and Huffman, 1998) and converts the data into mass concentrations (Walser et al., 2017). Dur-

ing the measurements, no changes to the default settings of the sensor’s principles were made.

Both OPC-N3 sensors were manufacture-calibrated following the European Standard EN 481 (Crilley
et al., 2018). However, to improve sensor accuracy, a field calibration in an environment comparable to
the study area has been conducted (Alfano et al., 2020; Chatzidiakou et al., 2019; Crilley et al., 2020;
Gysel et al., 2007; Hagler et al., 2018). This was done from 11-22-2019 to 11-31-2019 at the official

measurement station Mainz-Zitadelle (49.9950°N, 8.2739°E) of ZIMEN. Both Alphasense devices were

165



PM2.5 exposure differences between children and adults

located side-by-side on the same height measuring PM2.5-concentration at a 1 s interval. The data were
then transformed into running 20 s-truncated arithmetic means and humidity-corrected to mitigate the
influence of fine particle hygroscopy (Crilley et al., 2018; Petters and Kreidenweis, 2007). The correc-
tion is based on the k-Ko6hler-theory considering a particle hygroscopy of &£ = 0.33, density of particles

of 1.65 g/cm? (Crilley et al., 2020), and ambient relative humidity recorded at the official station Mainz-

Zitadelle.
1207 Polynomial regression formulas RH [> 85] [%]
f(x)= 5.93-106-x* - 7.3510*x* + 2.41-10%x? + 0.86'x + 0.36 2 = 0.94
1004 g(x)=8.18-10%-x4 - 1.25-103-x* + 5.83-10%-x*> + 0.65-x + 0.76

Device B (reference)
PM2.5 [ug/m?]
[o2] (o]
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Figure 7-2: Scatter plots and polynomial regression curves of devices A and B for PM2.5 measurements from
the adjustment period 12-22-2019 to 12-31-2019. The green data and curve show the measurements for
RH < 85% and the blue data for RH > 85% (blue dots and line), as well as the regression equations and
coefficients R? respectively.

The scatter plot between PM2.5 data from devices A and B reveal high precision measurements when
RH < 85 % as reflected by the explained variance (R? = 0.98) and data homoscedasticity (Figure 7-2).
This allowed a reliable comparison of PM2.5 measurements by transforming the measurements of de-
vice A considering the 4™ degree polynomial regression model shown as a green curve in Figure 7-2.
For the data recorded at RH > 85 %, the PM2.5 correlation and resulting correction are weaker (blue
data, Figure 7-2). The scatter plot includes an obvious heteroscedasticity for PM2.5 > 10 pg/m?® largely
driven by increased residuals in device A PM2.5-concentrations. This increased variability of OPC-N3
devices is in line with results by Brattich et al., 2020 revealing similar biases for the predecessor device,
OPC-N2, and identifying a systematic misclassification of particulate matter sizes during high relative

humidity conditions. These results question the reliability of PM2.5 data recorded at RH > 85 %.
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Nevertheless, these measurements are fitted with a different model, shown as the blue curve in Figure

7-2, considering the weak reliability for PM2.5 > 10 pg/m®.

7.2.4 Postprocessing analysis

After each measurement run, several postprocessing steps were carried out to support the comparison
between heights and among runs. The datasets of devices A and B were adjusted by time (Wickham,
2020), the PM2.5-concentrations, recorded in a 1 s-interval, transformed into a running 20 s-truncated
arithmetic mean, and the 10 % highest values removed to mitigate the influence of local short-term
emissions (e.g. smokers or street cleaning). Since the duration of the different runs varied slightly and
minor inaccuracies affected the recorded GPS data, an additional synchronizing procedure was applied:
We calculated a mean standard route considering a concave hull surrounding all runs and retrieving the
mean by the skeleton algorithm of the GRASS GIS Processing Toolbox (Fortune, 1987; McCauley et
al., 2020). A few remaining inaccuracies were re-digitized manually. The standard route was converted
to points with a distance of 20 cm to each other (total n = 27515). Each point was assigned the appro-
priate PM2.5-concentration, in which all values within a search radius of 15 m are averaged using an
inverse distance weighting method (Shepard, 1968). If less than 10 measurements were found, the radius

was increased to 50 m.

The PM2.5 data were adjusted using the same humidity correction method as during the calibration
(Crilley et al., 2018; Crilley et al., 2020). To compare absolute PM2.5 values, device A data were trans-

formed considering the regression equation from a polynomial fit against the device B data (Figure 7-2).

The adjusted PM2.5 data were analyzed using descriptive statistics, i.e., arithmetic mean, median, stand-
ard deviation (SD), and coefficient of variation (CV). Cubic smoothing splines (degrees of freedom =
55, n =27515) were calculated to reduce the sensitivity of PM2.5 measurements to short-term extreme
concentrations. The correlation coefficient R was used to quantify the relation between the measure-
ments of the two heights and respective smoothing splines. To assess differences between 1.0 m and 1.6
m levels, the root-mean-square error (RMSE) was calculated considering daily data, and residuals and
relative differences were calculated in cases of pronounced differences in PM2.5-concentrations.

Welch’s t-test was conducted to assess statistically significant differences in case of unequal variances.
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7.2.5 Simulation setup

To examine whether traffic exhausts can be assigned as a cause for varying particulate matter exposures
along streets with high traffic intensities, a pollutant dispersion simulation for one exemplary day of the
measurement period was conducted. This simulation was performed using the holistic ENVI-met mi-
croclimate model, which is able to simulate pollutant concentration distributions for specific meteoro-
logical conditions in complex urban environments (Bruse, 1999; Nachman and Parker, 2012; Wania et

al., 2012).

The 11-24 was selected as is represents a day of average meteorological conditions and PM2.5 concen-
trations after a short period of air mass exchange the day before. RH was < 85 % during the time of the
run, so the measurements should be reliable (Figure 7-9). The modelled area covers the district of Mainz-
Neustadt with a dimension of 280 x 250 x 26 grids at 5 x 5 x 2 m per grid (Table 7-1). The simulation
started with full forcing at 11 am using the 30 min mean-meteorological parameters of that day as me-
teorological boundary conditions (Figure 7-9). Wind speed and direction were set constant to avoid
instabilities in the model. Radiation was forced by only cloud coverage as measured values were not

available.

Table 7-1: Model parameters of the simulated emissions for 11-24-2019 in ENVI-met.

Start date and time (Local) 11-24-2019 11:00
Duration [h] 10

Wind Speed [m 5] 1.0

Wind Direction [°] 115
Meteorological Boundary Conditions Full Forcing
Emission height [m] 0.2

Location Lat (Lower Left Corner) 50.01 °N
Location Lon (Lower Left Corner) 8.25°E
Dimensions 280x 250x 26
Resolutions (X, Y, Z) [m] 5x5x2

Lowest Grid Cell Splitted Yes
Telescoping: Factor & Starting Height 30 % above 28 m
Height of 3D Model Domain [m] 221

The applied PM2.5 emissions originating from vehicle exhausts were implemented as source emission

profiles at a height of 20 cm in the model. The diurnal profiles of traffic exhaust emissions are based on
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the handbook of emission factors for Road Transport (Environmental Protection Agency of Germany
(UBA), 2017) and the amounts of emitted PM2.5 in the model area were related to the intensity of traffic
per lane (Figure 7-1). Detailed settings about the traffic emission profiles are described in Simon et al.
(2019), where model area and traffic intensities were initially used. The relative differences of PM2.5
concentrations were computed between 1.0 m and 1.8 m due to the simulations grid cell resolution of

only 0.4 m to compare the model outputs to the measurement data.

7.3 Results

7.3.1 Weather conditions

During the measurement period, the weather situation was dominated by a continental anticyclone cen-
tered over Eastern Europe, ~ 2000 km away. On 11-20 and 11-22, Germany was located between a long
wave trough in the west and a ridge in the east. This led to weak atmospheric pressure gradients (~A 10
hPa around 1003 hPa) and calm weather characterized by low wind speeds (< 0.8 m/s), small daily
temperature gradients (max. A 5.3 °C, 1.6 °C — 6.9 °C on 11-22) and relative humidity ranging from 72
— 90 %. CIN was subjected to diurnal courses with increasing gradients (A 106 J/kg around 89 J/kg to
A 163 J/kg around 181 J/kg) which led to lower maximum MLH, declining from 386 to 300 m a.g.l.,
and low stratus conditions in Mainz (Hoffmann, 2019; Figure 7-9). Starting on 11-22 ~ 2:30 pm, the
anticyclonic influence was interrupted by weak cyclonal conditions, which led to a dissolution of low
stratus in Mainz in the morning of 11-23 (Zeuschner, 2019). Wind speed rose to 1.6 m/s at 11 am,
interrupted by an absence of wind at around 2:30 am. The atmospheric pressure gradient decreased
slowly reaching a minimum of 982 hPa in the afternoon and TA increased up to 11.7 °C. However, the
CIN gradient decreased (A83 J/kg 177 J/kg) but remained >100 J/kg indicating that, at the end of 11-23,
the ridge of the anticyclone became influential again. Starting on 11-24, the wind speed declined < 0.5
m/s and temperatures and the air pressure increased to maxima of 9.8 °C and 999 hPa, respectively.
Moreover, relative humidity rose to a maximum of 92.2 % in the morning of 11-25 and remained > 83.5
% thereafter. On 11-26, the weather changed from an anticyclonic to a calm cyclonic situation charac-
terized by a slowly decreasing air pressure from 999 to 990 hPa, rising temperatures to 11.4 °C, and low

wind speeds < 0.5 m/s. However, on 11-27, the last day of the study, wind speed increased again to a

169



PM2.5 exposure differences between children and adults

maximum of 1.1 m/s, while temperatures still increased (to 12.3 °C) and precipitation started, summing

up to 13.4 mm. The influence of the anticyclone on the weather situation thus retreated.

7.3.2 Recorded PM2.5 concentrations

Figure 7-3 shows the PM2.5-concentrations at the 1.0 and 1.6 m levels for every run of the measurement
campaign. The absolute PM2.5 concentrations at both levels differed substantially among runs over the
course of the period from 11-20 to 11-27. Mean PM2.5-concentrations at 1.0 m increased from 6.1 pg/m?
on 11-20 to 46.4 pg/m?® on 11-22, then declined massively to 2.7 pg/m? on 11-23, reached a distinct peak

of 67.8 pg/m? on the next day and then decreased to 2.2 pg/m?® until 11-27 (Table 7-2).
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Figure 7-3: PM2.5-concentrations at the 1.0 and 1.6 m levels for every run from 11-20 to 11-27 visualized as
boxplots with whiskers (length 1.5 * interquartile range), median (black bar) and mean (vellow dot). Grey
background indicates RH>85% during the run.

During all days, the PM2.5-concentrations at 1.0 m were higher than on 1.6 m (Table 7-2). On 11-20,
11-21, 11-22 and 11-24 the interquartile ranges (IQR) do not overlap, indicating that at least 75 % of
the PM2.5 concentrations measured at 1.6m are lower than at least 75 % of the PM2.5 values at 1.0 m.
The temporal distribution along the days (Figure 7-4) shows that on 11-21, 11-22 and 11-24 the concen-

trations at the children breath level were constantly higher than at adult level (RMSE: 8.2 pg/m3, 20.1
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ug/m3, 4.1 pg/md, respectively). This is also the case for the run on 11-26 (RMSE: 3.4 ug/m?), but the

data had to be adjusted using the equation for RH > 85 % (Figure 7-2; Table 7-3).

Table 7-2: PM2.5 characteristics at 1.0 m (grey) and 1.6 m (white) for the 8-day measurement campaign. SD
indicates standard deviations, CV coefficient of variation.

date 11-20 11-21 11-22 11-23 11-24 11-25 11-26 11-27

Mean PM2.5 [pug/m?] 6.1 {50(273:193|464:265| 2.7 23 [144:104 |67.8:64.4|135:102| 22 2.0
Median PM2.5 [ug/m?] | 5.9 (4.9 (26.6i 19.1 [47.3{269|2.6 i 2.0 |144:{103|66.9 642 |12.1{ 9.1 | 22 {2.0
SD [ug/m?] 12 {1.1|36:{24 (4724|109 14 |14} 1.1 (106 99 [38:33 | 05 {04
Ccv 0.19 {0.21|0.13{ 0.12 {0.10{ 0.10 {0.33{ 0.61 |0.10} 0.10 |0.16} 0.15 | 0.28{ 0.32 | 0.22 {0.20

On 11-20 and 11-23, the 1.0 m PM2.5 concentrations were higher in 97 % and 88 % of all measurement
points, independent of the position of the route (RMSE: 1.2 pg/m?, 1.5 pg/m3, respectively). For the
remaining six days, the PM2.5 concentrations were significantly higher at 1.0 m than at 1.6 m according

to a Welch t-test (p < 0.01).

Table 7-3: Meteorological conditions during the measurement campaign from 11-20 to 11-27 including Mean Air
temperature (TA) [°C], Mean Relative Humidity (RH) [%)], Precipitation Sum [mm], Atmospheric Pressure
[hPA], Wind Speed [m/s], Wind Direction [°], Mean Convective Inhibition [J/kg] and Mean Mixing Layer
Height [m] (Umweltmeteorologie RLP, 2019; ZIMEN, 2019).

date 11-20 11-21 11-22 11-23 11-24 11-25 11-26 11-27
TA [°C] 5.0 5.9 6.6 11.5 8.9 6.7 11.1 12.3
RH [%] 773 78.1 81 62.5 78 87 86 78
Precipitation [mm] 0 0.1 0 0 0 0 0 43
E%Spheric pressure 1004 998 996 987 997 999 994 983
Wind direction [°] 116 152 119 90 142 - - 129
Wind speed[m/s] 0.4 0.1 0.7 0.5 0.1 0 0 0.5
CIN [J/kg] 62 134 113 156 164 149 100 88
MLH [m] 289 239 301 130 116 183 74 54

On 11-25, the PM2.5 concentrations measured by device A were adjusted using the equation for RH >
85 % (Figure 7-2, Table 7-3). Considering the unexplained variance of the adjustment procedure (6 %)
as well as the uncertainties for PM2.5 > 10 pg/m?®, the recorded differences between children and adult
respiratory levels were insignificant on that day. On 11-27, the differences were not distinguishable due

to low absolute PM2.5 concentrations including 97 % of measurements < 3 pg/m?* at 1 m, and 99% of
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measurements < 3 ug/m? at 1.6 m, with the absolute differences (~ 0.2 pg/m?®) approaching measurement

accuracy.

7.3.3 Distribution of PM2.5 along the route

The temporal variability of PM2.5 measurements were low (CV < 0.22) as well as the differences in
variability of both heights among the runs (CV difference max. 0.04; Table 7-2). Exceptions are the runs
on 11-23 and 11-26: the high CVs (1.0 m: 0.33; 1.6 m: 0.61) on 11-23 were affected by an oncoming
person at the beginning of the run, holding a cigarette between 1.0 and 1.6 m, so the devices recorded
the short-term pollution shortly one after the other. The higher variabilities on 11-26 (1.0 m: 0.28; 1.6
m: 0.32) could not be attributed to single incidents, explanations could be RH > 85 % as well as weak-

ening of anticyclonic weather.

The distribution of the absolute PM2.5 concentrations indicated common concentration patterns be-
tween the two measurement heights (Rrun_an> 0.8) (Figure 7-4). This coherence was reduced on days
with low PM2.5 concentrations, on 11-23 and 11-27, with Rrun= 0.29 and Rgrun = 0.46, respectively,
when random variability near the measurement accuracy adds uncertainty to the data. However, there is
no common temporal pattern among the runs, as some timeseries increase throughout the run (11-21),

whereas other decrease (11-22) or show no long-term trend (11-27).

On 11-20 and 11-22, the differences between 1.0 and 1.6 m decline towards the end of the runs, whereas
short-term PM2.5 peaks are recorded on 11-20 at ~ 5250 m, 11-23 at ~ 350 m and ~ 5400 — 5500 m, and
11-27 at ~ 4300 m (Figure 7-4). The causes for these peaks differ though, and may include ventilation
of a cellar bar (11-20), a smoking person and exceptional high traffic at the main station (11-23), or were
simply not detectable (11-27). There are two distinct deviations including mean PM2.5 > 10 pg/m?
detectable in all runs, however. These are located at the ‘Griine Briicke’, a bridge crossing the ‘Rhein-
allee’ (Figure 7-4 at 3300 — 3500 m; Figure 7-7, Figure 7-8 dot 3) and the ‘Rheinallee’ close to the
crossroad ‘Rheinallee/Kaiserstrae’ (Figure 7-4, Figure 7-6 at 3800 — 4000 m; Figure 7-7, Figure 7-8

dot 4).
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Figure 7-4: Distribution of 20 s PM2.5 concentrations at 1.0 m (dark curves) and 1.6 m level (bright curves) on
days 11-20 (a) to 11-27 (h) along the route. Bold curves are smoothing splines (df = 55, n = 27515) and
grey background indicates runs with RH > 85 %. *Logarithmic y-axis used in panel a and d.
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The described trends in absolute PM2.5 concentration among the runs change considerably when focus-
ing on the absolute height differences between devices A and B (Figure 7-5). The common PM2.5 pat-
terns of both measurement heights lead to the fact that the differences between top and bottom remain
almost the same and thus strong deviations are largely leveled out. Only the mentioned deviations at the

‘Griine Briicke’ and ‘Rheinallee’ were visible on 11-21, 11-22, 11-24 and 11-26.

The PM2.5 residuals persist on most days, except of 11-25 and 11-27 due to indistinguishable differ-
ences. However, the residuals differ among the days. The amount and variability of the absolute differ-
ences seem to be depended on the level of their absolute value. The higher the particulate matter con-
centration was, the higher were the residuals and their absolute variability within a run. Only for 11-24
and 11-26 this hypothesis does not apply: The residual IQR of the run at 11-26 (1.0 ng/m?) were slightly

larger than the IQR of the run at 11-24 (1.3 pg/m?) although the 11-26 residual mean was smaller (3.2

pg/m’).
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Figure 7-5: Residuals of PM2.5 concentrations between 1.0 and 1.6m for days of significant PM2.5 height dif-
ferences shown as smoothed deviations from 20 s PM2.5 concentrations along the route (df = 55, n =
27515) (a), and boxplots of the data (b).

To highlight the association between children and adult PM2.5 exposures, splines of the relative differ-
ences between 1.0 and 1.6 m were calculated (Figure 7-6). The ratios were largest on 11-22 reaching a
maximum value exceeding 188 %, nearly the double exposure for children. Following the residuals
(Figure 7-5), relative PM2.5 differences correlate positively on the total amount of the measured PM2.5,
as is expressed by the lower ratios on 11-21 (141 %), followed by 11-24 (139 %), 11-26 (133 %) and
11-20 (122 %).
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The IQR of the runs range from 11 — 16 %, excluding the run at 11-23, affected by an oncoming smoking
person. The relative differences of the run at 11-23 were exceptional, as the values varied massively
around the 127 % mean, expressed by an IQR of 29 %. In contrast, the CV was lower, as this metric

considers the (high) absolute mean value.

The pronounced extremes of absolute PM2.5 values at the ‘Griine Briicke’ at 3300 — 3500 m are also
seen in the height differences on 11-21, 11-22, 11-24 and 11-26. Similarly, the high absolute PM2.5
values at the ‘Rheinallee’ at 3800 — 4000 m also appear on 11-21, 11-22, 11-23, 11-24, 11-26, in the
relative difference between devices A and B. Data variability during days with substantial height differ-

ences showed no trends. Only on 11-22 the ratios were slightly decreasing along the measurement route.
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Figure 7-6: Relative differences of PM2.5 concentrations between 1.0 and 1.6m for days of significant PM2.5
height differences shown as smoothed deviations from 20 s PM2.5 concentrations along the route (df = 55,
n =27515) (a), and boxplots of the data (b).

7.3.4 Simulated versus measured concentrations

The simulated PM2.5 exposures for the run on 11-24 showed similar results: The relative differences of
PM2.5 exposure between 1.0 and 1.8 m were positive across the model area (Figure 7-7, without shading
Figure 7-10). Ratios < 100 % could only be found at the borders of the model probably due to boundary
modelling artifacts. Relative differences > 110 % were located on the roads with high traffic intensities
(Figure 7-1, e.g. Figure 7-7 dot 4) and/or streets with the same direction as the wind (e.g. Figure 7-7,
dot 2). Following the measurement route, the simulation underestimated the measured relative differ-
ences by ~ 30 % on average (Figure 7-8). Starting with ~ 115 % at Mainz main station, the simulated

PM2.5 exposures at 1.0 m were just <5 % higher than at 1.8 m in the inner part of Mainz-Neustadt and
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showed almost no variability in contrast to the measured PM2.5 ratios. Areas close to streets featuring

high traffic intensities showed larger relative differences of up to 127 %.

Comparing the relative differences of PM2.5 between the model and measurements along the route
(Figure 7-8) confirms that the model predicts both lower values and a lower variability in general. For
some locations however, the model simulates similar increases in relative differences when compared
to the measurements (Figure 7-8, marked 1 to 6). The relative differences of the simulation increased as
the study route passed a street with higher traffic intensity at the western border of the district (Figure

7-8, dot 1).
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Figure 7-7: Simulated relative differences distribution of PM2.5 concentrations between 1.0 and 1.8m in the
study area with the measurement route highlighted. The colors display reduced (blue and green), equal
(white) and increased (yellow to red/magenta) PM2.5 exposure at 1.0 m level. The arrows represent hori-

zontal wind speed and direction.
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Figure 7-8: Relative PM2.5 exposure differences on 11-24 between 1.0 and 1.6m as measured (green curves)
and between 1.0 and 1.8m as simulated (brown curves). Bold curves are smoothing splines (df=55,
n=27515).

7.4 Discussion

7.4.1 Influence of weather conditions on PM2.5 exposure

The continental anticyclonic conditions led to a mainly stable and calm weather throughout the study
period (Figure 7-10). Several studies (Cheng and Li, 2010; Czernecki et al., 2017; Graham et al., 2020;
Hamburger et al., 2011) showed that the longer the stability of anticyclonic weather endured, the higher
PM2.5 concentrations increased. Our work corroborates this finding: When the weather situation was
stable with low wind speeds < 1 m/s and a lack of precipitation, the PM2.5 values increased from 11-20
and 11-22 (Figure 7-2; Tab .2). From 11-22 to 11-23, the absolute PM2.5 concentrations declined due
to a short-term cyclonical influence with wind speeds > 1 m/s. Subsequent to this exchange of air masses,
anticyclonic conditions fostered PM2.5 increases on 11-24 and 11-25, until the influence weakened due
to an upcoming cyclone with higher wind speed and minor precipitation towards the end of the meas-
urement campaign. However, the concentrations recorded in this study exceeded the European law
threshold of 25 ug/m?, as a benchmark for yearly mean PM2.5 exposure (European Parliament and
Council (EU), 2008), in only three of eight runs. These effects were observed at both heights, which
indicates that the changes in absolute PM2.5 concentrations throughout the week were largely weather

driven.
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7.4.2 Local emissions and vertical PM2.5 differences

We showed that in six of eight runs, PM2.5 concentrations were significantly higher at the respiratory
level of children than of adults. The exposure is at least 41 % higher, and during the calm weather
conditions on 11-22, grew up to 89 % (75 % on average), which means that children were exposed up

to 24.7 pg/m? higher PM2.5 concentrations.

Our results are consistent with the findings of studies made by Garcia-Algar et al. (2015), Kumar et al.
(2017) and Sharma and Kumar (2020). Garcia-Algar et al. (2015) conducted a study measuring ultrafine
particles at the height of strollers (0.55 m) and adults (1.70 m) by foot on three randomly chosen streets
with high traffic intensity 20 times on 10 consecutive days in Barcelona, Spain. They showed that the
exposure is 10 % higher on stroller level. Kumar et al. (2017) measured PM2.5 exposure to in-pram
babies (0.7 m) and the carrying adult (1.4 and 1.6 m) also by foot 32 times on a predefined route (2.1
km) in Guilford, UK during morning (8 to 10 am) and afternoon (3 to Spm). They found out that in the
morning hours, the infants were 5% significantly lower exposed than adults. However, in the afternoon,
the concentrations were 10% significantly higher for the children. Sharma and Kumar (2020) recon-
ducted this study in 2018 on a similar but shorter route (2.1 km) in Guildford, UK; showing that the

PM2.5 concentrations at 0.7 m were up to 44 % higher in the afternoon.

All of these three studies concluded that traffic-related sources were major factors (Garcia-Algar et al.,
2015; Kumar et al., 2017; Sharma and Kumar, 2020). We also assume this due to the prevailing calm
weather during our study. McGregor and Bamzelis (1995), for instance, showed that low wind speed,
caused by continental anticyclonic conditions, limited air mass exchange in Birmingham, UK and con-
cluded that measured particulate matter had to be emitted locally. The local, ambient PM2.5 in the urban
area of Mainz-Neustadt are likely emitted by combustion processes, i.e. traffic and domestic heating,
whirled up dust, tyre and break abrasion, as well as floating soil or biogenic compounds and deposited
particulate matter (Karagulian et al., 2015). Except domestic heating, all particle sources are close to the
surface. In consequence, high traffic volumes are expected cause high particulate matter emissions near
the ground. Moreover, the measurement runs (~3:15 pm to ~4:30 pm) took place during the daily after-
noon rush hour, a time with higher traffic volume. The rush hour typically starts at ~3 pm with the daily

end of education in the kindergartens and all-day schools but also with the end of working days within
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the study area. This means that parents are picking up their children, and people are commuting in the
beginning rush hour traffic, thereby adding to PM2.5 emissions. The increase of these means of mobility
during the afternoon rush hour probably led to higher PM2.5 concentrations near ground and caused

larger PM2.5 exposure for children than for adults within the study area.

Additionally, we observed that the absolute and the relative differences in PM2.5 exposure between both
levels depended on the total amount of PM2.5. The higher the concentration of particulate matter, the
higher the absolute and relative differences (Figure 7-5, Figure 7-6). As stated before, in the case of
emissions in calm weather situations with low wind speeds, PM2.5 will remain near the ground. The
absolute and relative PM2.5 differences between 1.0 and 1.6 m there increase with increasing PM2.5

concentrations.

The absolute and relative difference between both heights were largely independent of the position on
the study route. Even in areas with low traffic, the differences were at the same level than in streets with
high traffic intensity. The lack of spatial variability in PM2.5 differences are expressed by high correla-
tions (R > 0.8) and similar CV of each run’s measurements. Both height levels showed similar courses

in PM2.5 concentration, so strong deviation were leveled out after calculating differences.

There are two locations that stood out for relative and absolute PM2.5 concentrations: ‘Griine Briicke’
(Figure 7-4 at 3400 — 3500 m; Figure 7-7, Figure 7-8 dot 3) and ‘Rheinallee’ close to the crossroad
‘Rheinallee/KaiserstraBBe’ (Figure 7-4, Figure 7-6 at 3900 — 4000 m; Figure 7-7, Figure 7-8 dot 4). The
‘Griine Briicke’ is a pedestrian bridge with extensive planting crossing the ‘Rheinallee’, a road with high
traffic intensity (Figure 7-1). When the wind arrives from an easterly direction, the bridge and adjacent
buildings of the ‘Josefstrae’ form a barrier for particles perpendicular to the ‘Rheinallee’ (Table 7-3).
On days with high absolute PM2.5 concentrations (11-21, 11-22, 11-24), the traffic-related PM2.5 ac-
cumulated and additionally increased the height differences due to a lack of vertical air exchange. These
findings corroborate with Gallagher et al. (2015) showing that surrounding buildings are solid barriers
for air flow hindering particulate matter to disperse within street canyons. The second site at the ‘Rhein-
allee’ is bounded by 5-story-high blocks on two sides in north-south direction, with the northern block

tapering down to the intersection ‘Rheinallee/Kaiserstralie’. The intersection itself is free of buildings
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in the northeast direction. As a result, during easterly winds, traffic-related particles are pushed into the

‘Rheinallee’ and accumulate behind the crossroad, similar to Griine Briicke.

Nevertheless, the height differences at both sites were not significantly higher than other extrema during
the runs. The relative differences varied more strongly among the days than along the study route. A
reason for this is that the absolute and relative differences between 1.0 and 1.6 m levels seem to be
dependent of the absolute PM2.5 concentrations controlled by the changing weather conditions through-

out the measurement campaign (Figure 7-5).

7.4.3 Influence of traffic-exhaust emissions on PM2.5

The recorded higher PM2.5 exposure of children is supported by the microclimate model simulation.
Fed with meteorological parameters from 11-24 as boundary conditions, the model simulated PM2.5
exposure at 4 pm higher at 1.0 than at 1.8m. These differences were also independent of the location on
the route (Figure 7-7). The relative differences between children and adult respiratory levels are plausi-
ble as PM2.5 was emitted at 0.2 m height in the model. At least six local maxima of simulated relative
differences could be allocated to real-world, recorded maxima, even though the horizontal resolution of
the model is only 5 x 5 m (Figure 7-7). These sites are located nearby streets with high traffic intensities
and where the horizontal dispersion of traffic-related particles is limited by high-rising buildings and

narrow streets (Figure 7-7, dots 1-6).

PM2.5 maxima appear related to the low horizontal wind speeds in the simulation combined with the
low irradiation due to a closed cloud cover causing lowered thermal convection and, in consequence,
low vertical exchange of emitted PM2.5. These findings were limited on traffic-related locations. Within
areas of lower traffic occurrences, i.e. the middle of the study area (250 — 1500 m on the route; Figure
7-8), the relative differences show little variability. However, the variance of relative differences was
also low at the ‘Kaiserstrafle’ featuring a wide road with fewer obstacles supporting the dispersion of
emission, resulting in lower concentrations (4700 — 5250 m on the route). These findings correspond to
results of Paas and Schneider (2016) demonstrating that the simulated dispersion of PM10 was also
underpredicted throughout the study area. It should be noted though that the simulation represents a
snapshot of relative differences for a distinct time. Local variabilities of PM2.5 pollution (e.g. higher

number of busses and trucks or a traffic jam at the certain time of measurement) cannot be represented,
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so that a reduced variability and fewer maxima were expected. Furthermore, emission sources like tyre
and break abrasions as well as whirled up PM2.5, are not simulated, but have a distinct impact on PM2.5
(Karagulian et al., 2019; Sharma and Kumar, 2020). On the other hand, the modelled maxima were more
pronounced compared to mean PM2.5 levels, which could be affected by the larger vertical difference
of 0.8 m due to the grid cell size. Nevertheless, all relative differences were > 30% lower than the
measurements. These underestimated differences could additionally be related to the fact that the model
started with a clean atmosphere including no background concentration of particulate matter and only
traffic related PM2.5 as an emission source. However, the results of the simulation corroborated that
PM2.5 emitted by vehicle exhausts alone are a cause of the measured relative differences in PM2.5

exposure.

7.5 Conclusion

PM2.5 exposure of children and adults was assessed on a route in Mainz-Neustadt from 11-20-to 11-
27-2019 during stable weather situations around afternoon rush hours from 3:15 pm to 4:30 pm. Our
results show that the absolute PM2.5 exposure at both heights was related to the stability of the weather
condition, particularly to wind speeds. We conclude that in six out of eight measurement runs, children
were significantly more exposed to PM2.5 than adults, independent of the position along the measure-
ment runs. Relative PM2.5 differences between 1.0 and 1.6 m ranged from 122 % (11-20) to 175 % (11-
22) among the runs. The absolute and relative height differences were positively correlated with PM2.5
concentrations. Relative differences also varied more strongly among days than along the study route,
whereby the latter showed a tendency towards lower variability with increasing absolute concentrations.
Explanatory approaches include accumulation processes of local, near ground emitters causing higher
PM2.5 exposure differences between 1.0 and 1.6 m, when the absolute PM2.5 concentrations increase
during longer-lasting, calm weather conditions. On the other hand, deviations in absolute PM2.5 was
leveled out in differences due to similar progression of the PM2.5 concentrations at both heights. How-
ever, two sites with local PM2.5 concentration maxima (‘Griine Briicke’, ‘Rheinallee’) are still visible

in absolute and relative differences.

A simulation of traffic-related PM2.5 exposure within the study area shows similar results, whereby at

least six local maxima of simulated relative differences can be attributed to measured maxima. Height
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differences in areas with low traffic intensity cannot be displayed by the model, which is why we suggest
that other sources including tyre and break abrasion as well as whirled up, play an important role in

PM2.5 traffic emission.

We demonstrate that highly time-resolved measurements, and subsequent comparisons, of PM2.5 expo-
sure with low-cost OPC-N3 sensors are appropriate after initial calibration during RH < 85 % conditions.
However, since the study includes only eight consecutive measurement runs, further research over a
longer period is needed to improve our understanding of PM2.5 exposure differences between children

and adults.

7.6 Acknowledgements

We thank the environmental state office of Rhineland-Palatinate, particularly Michael Weilenmayer
and Margit von Dohren from Referat 60, Matthias Zimmer and Matthias Voigt from Referat 63, for
providing data of the official meteorological measurement stations and the radiometer. The authors
thank the municipality of Mainz “Griin und Umweltamt” for providing GIS data for the microclimate
simulations. We are also grateful to Klaus E. Rogge for discussions about statistical analysis and to

Christian Gnaneswaran for supporting the measurements by foot.

7.7 References

Alfano, B., Barretta, L., Del Giudice, A., Vito, S. de, Di Francia, G., Esposito, E., Formisano, F.,
Massera, E., Miglietta, M.L., Polichetti, T., 2020. A Review of Low-Cost Particulate Matter
Sensors from the Developers' Perspectives. Sensors (Basel, Switzerland) 20 (23).
doi:10.3390/s20236819.

Alphasense, 2018. Technical Information Release December 2018: Alphasense Particle Counter OPC-
N Range Product Update. http://www.alphasense.com/WEB1213/wp-content/up-
loads/2019/02/OPC-N3-information-update-Dec-18.pdf. Accessed 1 April 2021.

Azarmi, F., Kumar, P., Marsh, D., Fuller, G., 2016. Assessment of the long-term impacts of PM10 and
PM2.5 particles from construction works on surrounding areas. Environmental science. Pro-
cesses & impacts 18 (2), 208-221. doi:10.1039/c5em00549c.

Bohren, C.F., Huffman, D.R., 1998. Absorption and Scattering of Light by Small Particles. Wiley.
doi:10.1002/9783527618156.

Brattich, E., Bracci, A., Zappi, A., Morozzi, P., Di Sabatino, S., Porcu, F., Di Nicola, F., Tositti, L.,
2020. How to Get the Best from Low-Cost Particulate Matter Sensors: Guidelines and Practi-
cal Recommendations. Sensors (Basel, Switzerland) 20 (11). doi:10.3390/s20113073.

Bruse, M., 1999. Die Auswirkungen kleinskaliger Umweltgestaltung auf das Mikroklima: Entwick-
lung des prognostischen numerischen Modells ENVI-met zur Simulation der Wind-, Tempera-
tur- und Feuchteverteilung in stidtischen Strukturen. Dissertation, Bochum, 217 pp.

Chatzidiakou, L., Krause, A., Popoola, O.A.M., Di Antonio, A., Kellaway, M., Han, Y., Squires, F.A.,
Wang, T., Zhang, H., Wang, Q., Fan, Y., Chen, S., Hu, M., Quint, J.K., Barratt, B., Kelly, F.J.,
Zhu, T., Jones, R.L., 2019. Characterising low-cost sensors in highly portable platforms to

182



PM2.5 exposure differences between children and adults

quantify personal exposure in diverse environments. Atmospheric measurement techniques 12
(8), 4643-4657. doi:10.5194/amt-12-1-2019.

Cheng, Y.-H., Li, Y.-S., 2010. Influences of Traffic Emissions and Meteorological Conditions on Am-
bient PM10 and PM2.5 Levels at a Highway Toll Station. Aerosol Air Qual. Res. 10 (5), 456—
462. doi:10.4209/aaqr.2010.04.0025.

Crilley, L.R., Shaw, M., Pound, R., Kramer, L.J., Price, R., Young, S., Lewis, A.C., Pope, F.D., 2018.
Evaluation of a low-cost optical particle counter (Alphasense OPC-N2) for ambient air moni-
toring. Atmos. Meas. Tech. 11 (2), 709-720. doi:10.5194/amt-11-709-2018.

Crilley, L.R., Singh, A., Kramer, L.J., Shaw, M.D., Alam, M.S., Apte, J.S., Bloss, W.J., Hildebrandt
Ruiz, L., Fu, P., Fu, W., Gani, S., Gatari, M., llyinskaya, E., Lewis, A.C., Ng'ang'a, D., Sun,
Y., Whitty, R.C.W.,, Yue, S., Young, S., Pope, F.D., 2020. Effect of acrosol composition on
the performance of low-cost optical particle counter correction factors. Atmos. Meas. Tech. 13
(3), 1181-1193. doi:10.5194/amt-13-1181-2020.

Czernecki, B., Poétrolniczak, M., Kolendowicz, L., Marosz, M., Kendzierski, S., Pilguj, N., 2017. In-
fluence of the atmospheric conditions on PM10 concentrations in Poznan, Poland. J Atmos
Chem 74 (1), 115-139. doi:10.1007/s10874-016-9345-5.

Deutscher Wetterdienst, 2021a. Niederschlag: vieljahrige Mittelwerte 1981 - 2010. Deutscher Wetter-
dienst. https://www.dwd.de/DE/leistungen/klimadatendeutschland/mittelwerte/nie-
der 8110 fest html.html?view=nasPublication&nn=16102. Accessed 10 May 2021.

Deutscher Wetterdienst, 2021b. Temperatur: vieljahrige Mittelwerte 1981 - 2010.
https://www.dwd.de/DE/leistungen/klimadatendeutschland/mittel-
werte/temp 8110 fest html.html%3Fview%3DnasPublication. Accessed 10 May 2021.

Di Antonio, A., Popoola, O.A.M., Ouyang, B., Saffell, J., Jones, R.L., 2018. Developing a Relative
Humidity Correction for Low-Cost Sensors Measuring Ambient Particulate Matter. Sensors
(Basel, Switzerland) 18 (9). doi:10.3390/s18092790.

Environmental Protection Agency of Germany (UBA), 2017. The Handbook of Emission Factors for
Road Transport (HBEFA). https://www2.dmu.dk/AtmosphericEnviron-
ment/Docs/NO2scheme.pdf. Accessed 12.03.21.

Espressif, 2021. ESP32. https://www.espressif.com/en/products/socs/esp32. Accessed 5 February
2021.

European Parliament and Council (EU), 2008. Directive 2008/50/EC of the european Parliament and
of the council of 21 May 2008 on ambient air quality and cleaner air for Europe. https://eur-
lex.europa.eu/eli/dir/2008/50/0j.

Feng, S., Gao, D., Liao, F., Zhou, F., Wang, X., 2016. The health effects of ambient PM2.5 and poten-
tial mechanisms. Ecotoxicology and environmental safety 128, 67-74.
doi:10.1016/j.ecoenv.2016.01.030.

Fortune, S., 1987. A sweepline algorithm for Voronoi diagrams. Algorithmica 2 (1-4), 153—174.
doi:10.1007/BF01840357.

Gallagher, J., Baldauf, R., Fuller, C.H., Kumar, P., Gill, L.W., McNabola, A., 2015. Passive methods
for improving air quality in the built environment: A review of porous and solid barriers. At-
mospheric Environment 120, 61-70. doi:10.1016/j.atmosenv.2015.08.075.

Garcia-Algar, O., Canchucaja, L., d'Orazzio, V., Manich, A., Joya, X., Vall, O., 2015. Different expo-
sure of infants and adults to ultrafine particles in the urban area of Barcelona. Environmental
monitoring and assessment 187 (1), 4196. doi:10.1007/s10661-014-4196-5.

Goel, A., Kumar, P., 2016. Vertical and horizontal variability in airborne nanoparticles and their expo-
sure around signalised traffic intersections. Environmental pollution (Barking, Essex : 1987)
214, 54—69. doi:10.1016/j.envpol.2016.03.033.

Goldman, L.R., 1995. Children--unique and vulnerable. Environmental risks facing children and rec-
ommendations for response. Environmental health perspectives 103 Suppl 6, 13—18.
do0i:10.1289/ehp.95103s613.

Graham, A.M., Pringle, K.J., Arnold, S.R., Pope, R.J., Vieno, M., Butt, EEW., Conibear, L., Stirling,
E.L., McQuaid, J.B., 2020. Impact of weather types on UK ambient particulate matter concen-
trations. Atmospheric Environment: X 5, 100061. doi:10.1016/j.aea0a.2019.100061.

Gualtieri, M., Ovrevik, J., Mollerup, S., Asare, N., Longhin, E., Dahlman, H.-J., Camatini, M., Holme,
J.A., 2011. Airborne urban particles (Milan winter-PM2.5) cause mitotic arrest and cell death:

183



PM2.5 exposure differences between children and adults

Effects on DNA, mitochondria, AhR binding and spindle organization. Mutation research 713
(1-2), 18-31. doi:10.1016/j.mrfmmm.2011.05.011.

Gysel, M., Crosier, J., Topping, D.O., Whitehead, J.D., Bower, K.N., Cubison, M.J., Williams, P.L.,
Flynn, M.J., McFiggans, G.B., Coe, H., 2007. Closure study between chemical composition
and hygroscopic growth of aerosol particles during TORCH2. Atmos. Chem. Phys. 7 (24),
6131-6144. doi:10.5194/acp-7-6131-2007.

Habre, R., Moshier, E., Castro, W., Nath, A., Grunin, A., Rohr, A., Godbold, J., Schachter, N., Kattan,
M., Coull, B., Koutrakis, P., 2014. The effects of PM2.5 and its components from indoor and
outdoor sources on cough and wheeze symptoms in asthmatic children. Journal of exposure
science & environmental epidemiology 24 (4), 380-387. doi:10.1038/jes.2014.21.

Hagler, G.S.W., Williams, R., Papapostolou, V., Polidori, A., 2018. Air Quality Sensors and Data Ad-
justment Algorithms: When Is It No Longer a Measurement? Environmental science & tech-
nology 52 (10), 5530-5531. doi:10.1021/acs.est.8b01826.

Hamburger, T., McMeeking, G., Minikin, A., Birmili, W., Dall'Osto, M., O'Dowd, C., Flentje, H.,
Henzing, B., Junninen, H., Kristensson, A., Leeuw, G. de, Stohl, A., Burkhart, J.F., Coe, H.,
Krejci, R., Petzold, A., 2011. Overview of the synoptic and pollution situation over Europe
during the EUCAARI-LONGREX field campaign. Atmos. Chem. Phys. 11 (3), 1065-1082.
doi:10.5194/acp-11-1065-2011.

Hoffimann, J., 2019. DWD. SXEU31 DWAYV 200800. Synoptische Ubersicht Kurzfrist.
https://www.wetterzentrale.de/article.php?id=70603 &lang=1.

Imhof, D., Weingartner, E., Vogt, U., Dreiseidler, A., Rosenbohm, E., Scheer, V., Vogt, R., Nielsen,
0.J., Kurtenbach, R., Corsmeier, U., Kohler, M., Baltensperger, U., 2005. Vertical distribution
of aerosol particles and NOx close to a motorway. Atmospheric Environment 39 (31), 5710—
5721. doi:10.1016/j.atmosenv.2004.07.036.

Karagulian, F., Barbiere, M., Kotsev, A., Spinelle, L., Gerboles, M., Lagler, F., Redon, N., Crunaire,
S., Borowiak, A., 2019. Review of the Performance of Low-Cost Sensors for Air Quality
Monitoring. Atmosphere 10 (9), 506. doi:10.3390/atmos10090506.

Karagulian, F., Belis, C.A., Dora, C.F.C., Priiss-Ustiin, A.M., Bonjour, S., Adair-Rohani, H., Amann,
M., 2015. Contributions to cities' ambient particulate matter (PM): A systematic review of lo-
cal source contributions at global level. Atmospheric Environment 120, 475-483.
doi:10.1016/j.atmosenv.2015.08.087.

Kumar, P., Fennell, P., Britter, R., 2008. Measurements of particles in the 5-1000 nm range close to
road level in an urban street canyon. Science of The Total Environment 390 (2-3), 437—447.
doi:10.1016/j.scitotenv.2007.10.013.

Kumar, P., Khare, M., Harrison, R.M., Bloss, W.I., Lewis, A.C., Coe, H., Morawska, L., 2015. New
directions: Air pollution challenges for developing megacities like Delhi. Atmospheric Envi-
ronment 122, 657-661. doi:10.1016/j.atmosenv.2015.10.032.

Kumar, P., Rivas, 1., Sachdeva, L., 2017. Exposure of in-pram babies to airborne particles during
morning drop-in and afternoon pick-up of school children. Environmental pollution (Barking,
Essex : 1987) 224, 407-420. doi:10.1016/j.envpol.2017.02.021.

Lelieveld, J., Klingmiiller, K., Pozzer, A., Poschl, U., Fnais, M., Daiber, A., Miinzel, T., 2019. Cardio-
vascular disease burden from ambient air pollution in Europe reassessed using novel hazard
ratio functions. European heart journal 40 (20), 1590-1596. doi:10.1093/eurheartj/ehz135.

Mazur, L.J., 2003. Pediatric environmental health. Current problems in pediatric and adolescent health
care 33 (1), 6-25. doi:10.1067/mps.2003.1.

McCauley, J.D., Aime, A., Blazek, R., Metz, M., 2020. GRASS GIS 7.9.dev Reference Manual: v.vo-
ronoi. https://grass.osgeo.org/grass79/manuals/v.voronoi.html.

McGregor, G.R., Bamzelis, D., 1995. Synoptic typing and its application to the investigation of
weather air pollution relationships, Birmingham, United Kingdom. Theor Appl Climatol 51
(4), 223-236. doi:10.1007/BF00867281.

Mie, G., 1908. Beitrdage zur Optik triiber Medien, speziell kolloidaler Metallosungen. Ann. Phys. 330
(3), 377-445. doi:10.1002/ANDP.19083300302.

Nachman, K.E., Parker, J.D., 2012. Exposures to fine particulate air pollution and respiratory out-
comes in adults using two national datasets: a cross-sectional study. Environmental health : a
global access science source 11, 25. doi:10.1186/1476-069X-11-25.

184



PM2.5 exposure differences between children and adults

Paas, B., Schneider, C., 2016. A comparison of model performance between ENVI-met and Aus-
tal2000 for particulate matter. Atmospheric Environment 145, 392-404. doi:10.1016/j.at-
mosenv.2016.09.031.

Petters, M.D., Kreidenweis, S.M., 2007. A single parameter representation of hygroscopic growth and
cloud condensation nucleus activity. Atmos. Chem. Phys. 7 (8), 1961-1971. doi:10.5194/acp-
7-1961-2007.

Sharma, A., Kumar, P., 2020. Quantification of air pollution exposure to in-pram babies and mitiga-
tion strategies. Environment international 139, 105671. doi:10.1016/j.envint.2020.105671.

Shepard, D., 1968. A two-dimensional interpolation function for irregularly-spaced data, in: Proceed-
ings of the 1968 23rd ACM national conference on -. the 1968 23rd ACM national confer-
ence, Not Known. ACM Press, New York, New York, USA, pp. 517-524.
doi:10.1145/800186.810616.

Simcom, 2021. Sim28. https://www.simcom.com/product/SIM28.html. Accessed 5 February 2021.

Simon, H., Fallmann, J., Kropp, T., Tost, H., Bruse, M., 2019. Urban Trees and Their Impact on Local
Ozone Concentration—A Microclimate Modeling Study. Atmosphere 10 (3), 154.
doi:10.3390/atmos10030154.

Singh, R.B., Huber, A.H., Braddock, J.N., 2003. Development of a microscale emission factor model
for particulate matter for predicting real-time motor vehicle emissions. Journal of the Air &
Waste Management Association (1995) 53 (10), 1204-1217.
doi:10.1080/10473289.2003.10466288.

Stewart, 1.D., Oke, T.R., 2012. Local Climate Zones for Urban Temperature Studies. Bulletin of the
American Meteorological Society 93 (12), 1879-1900. doi:10.1175/BAMS-D-11-00019.1.

Tang, G., Zhang, J., Zhu, X., Song, T., Miinkel, C., Hu, B., Schéifer, K., Liu, Z., Zhang, J., Wang, L.,
Xin, J., Suppan, P., Wang, Y., 2016. Mixing layer height and its implications for air pollution
over Beijing, China. Atmos. Chem. Phys. 16 (4), 2459-2475. doi:10.5194/acp-16-2459-2016.

Torres-Ramos, Y.D., Montoya-Estrada, A., Guzman-Grenfell, A.M., Mancilla-Ramirez, J., Cardenas-
Gonzalez, B., Blanco-Jimenez, S., Sepulveda-Sanchez, J.D., Ramirez-Venegas, A., Hicks, J.J.,
2011. Urban PM2.5 induces ROS generation and RBC damage in COPD patients. Frontiers in
bioscience (Elite edition) 3, 808—817. doi:10.2741/e288.

Umweltmeteorologie RLP, 2019. State Office of Rhineland-Palatinate. https://luft.rlp.de/de/umwelt-
meteorologie/.

Wagner, P., Schéfer, K., 2017. Influence of mixing layer height on air pollutant concentrations in an
urban street canyon. Urban Climate 22, 64—79. doi:10.1016/j.uclim.2015.11.001.

Walser, A., Sauer, D., Spanu, A., Gasteiger, J., Weinzierl, B., 2017. On the parametrization of optical
particle counter response including instrument-induced broadening of size spectra and a self-
consistent evaluation of calibration measurements. Atmos. Meas. Tech. 10 (11), 4341-4361.
doi:10.5194/amt-10-4341-2017.

Wania, A., Bruse, M., Blond, N., Weber, C., 2012. Analysing the influence of different street vegeta-
tion on traffic-induced particle dispersion using microscale simulations. Journal of environ-
mental management 94 (1), 91-101. doi:10.1016/j.jenvman.2011.06.036.

Wickham, H., 2020. Package 'plyr": Tools for Splitting, Applying and Combining Data; Version 1.8.6.
http://had.co.nz/plyr. Accessed 10.02.21.

Zauli Sajani, S., Marchesi, S., Trentini, A., Bacco, D., Zigola, C., Rovelli, S., Ricciardelli, 1., Mac-
cone, C., Lauriola, P., Cavallo, D.M., Poluzzi, V., Cattaneo, A., Harrison, R.M., 2018. Verti-
cal variation of PM2.5 mass and chemical composition, particle size distribution, NO2, and
BTEX at a high rise building. Environmental pollution (Barking, Essex : 1987) 235, 339-349.
doi:10.1016/j.envpol.2017.12.090.

Zeuschner, J., 2019. DWD. SXEU31 DWAYV 230800. Synoptische Ubersicht Kurzfrist.
https://www.wetterzentrale.de/article.php?id=70739&lang=1.

Zhou, S., Wu, L., Guo, J., Chen, W., Wang, X., Zhao, J., Cheng, Y., Huang, Z., Zhang, J., Sun, Y., Fu,
P., Jia, S., Chen, Y., Kuang, J., 2019. Vertical distribution of atmospheric particulate matters
within urban boundary layer in southern China: size-segregated chemical composition and
secondary formation through cloud processing and heterogeneous reactions. doi:10.5194/acp-
2019-155.

ZIMEN, 2019. Luft-Uberwachung in Rheinland-Pfalz. State Office of Rhineland-Palatinate.
https://luft.rlp.de/de/startseite/.

185



PM2.5 exposure differences between children and adults

7.8 Appendix

Day

11—‘20 11721 11722 11723 11724

11725

11:26

11;27

11-‘28

90
85

80

(@

Air Temperature [°C]
Relative Humidity [%]

v

—

[mm]

Air pressure
Precipitation

T
‘wru\u\flﬂ“f“\\‘u \‘.M'u“"h -

Y T s T

Wind Dir [°]

L TR B TR - il
b i @

Wind Speed
[mi/s]

CIN [Jkg]

www”’\w”m\w ()

T T T T
11-24 11-25 11-26 11-27

Day

1120 1121 1122 1123

Figure 7-9: Weather conditions during measurement period. Grey bars represent daily measurement periods.
Air temperature, relative humidity and air pressure were measured at 2m a.g.l. at the measurement station
Mainz-Zitadelle, wind speed and direction 10m a.g.l and precipitation 2m a.g.l. at the measurement station
Mainz-Mombach. The mixing layer height (MLH) and the convective inhibition (CIN) were measured with

a radiometer at the headquarter of the state office for environment in Mainz.

Y (m)
[% w] *'sznd 1 's'ZNd

1200 1300

900 1000

1100

Figure 7-10: Simulated relative differences distribution of PM2.5-concentrations between 1.0m and 1.8m in the
study area.
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Summary:

Aside from air quality modeling, ENVI-met was applied as research tool for new urban heat mitigation
measures regarding passive daytime radiative cooling (PDRC). PDRC gained increasing interest over
the last years, as new materials have been developed that combine a very high-albedo (>0.96) and very
high emissivity (>0.98), which allows them to stay several degrees Celsius below ambient air tempera-
tures — even during high solar radiation conditions. Due to their high reflectivity and thus negative im-
pact on MRT, these materials are not considered as future street or wall materials but as possible coating
for roofs. Previous studies found that they could be able to improve building indoor temperatures and
hence lower building energy demands. In order to evaluate their possible outdoor impact on air temper-
ature at pedestrian level when applied on roofs on a larger scale, a sensitivity study using ENVI-met
was conducted which is presented in the following. Performances of the new super cool roofs (SCR)
were compared against the impacts of both traditional cool and green roofs. The study additionally fea-
tured varying building height scenarios of a uniformly built model area to examine a possible depend-
ency of pedestrian-level air temperature cooling on building height. The author prepared, conducted,

and evaluated the simulations, and wrote the manuscript.
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8.1 Introduction

Most urban agglomerations are experiencing several trends simultaneously (1) growth (densification
and sprawl), (2) demographic change to an older and hence more vulnerable population, and (3) green-
house gas-induced climate warming (Broadbent et al., 2020). These trends can be observed in developed
and developing countries and potentially lead, due to the combined effects of increased heat exposure
and heightened heat vulnerability, to elevated heat stress in future cities (Schinasi et al., 2018). Urban
migration increases the pressure to build high-density housing, which can increase building density and
thus the urban heat island (UHI) intensity. These trends reinforce the need for more space-saving heat
mitigation measures that harmonize with the built environment. Heat mitigating measures, which have
been intensely studied, can be clustered in two groups: (1) measures that concentrate on increasing latent
heat fluxes through vegetation, such as parks, street trees and — in order to save valuable space in cities
— roof and building fagade greening, and (2) measures that focus on modifying the albedo of urban
building materials, such as roads, walls, and roofs (Akbari et al., 2016; Aflaki et al., 2017). The general
consensus is that vegetation and albedo measures cool the air by up to 2-3 K and 1 K, respectively
(Berardi et al., 2020; Yang et al., 2015; Tsoka et al., 2018; Santamouris et al., 2018, 2011; Bowler et al.,
2010). Although measures can provide cooling, the warming effects of climate change under a high
intensity emissions scenario (RCP 8.5) cannot be offset by intensively applied conventional adaptation
measures (i.e., green roofs, cool roofs, street trees) (Krayenhoff et al., 2018). These results emphasize
the urgency of reducing global emissions of greenhouse gases as well as searching for alternative and

more effective adaptation solutions to cool urban areas.

While previously examined cool materials have reported maximum albedo of 0.85 and an emissivity of
0.9, a new material type was recently reported by independent research groups featuring a very high
albedo of > 0.95 and emissivity of > 0.95 (Gentle and Smith, 2015; Mandal et al., 2018; Raman et al.,
2014; Zhai et al., 2017). This new material with its high applicability as coating on all kinds of surfaces
can potentially be used as a building roof material (Gentle and Smith, 2015) and produced cost-effec-
tively (Zhai et al., 2017). The high reflectivity is typically achieved by a silver layer, while a polymer
layer leads to a high longwave emissivity. The thermal characteristics of this new material could
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represent a paradigm shift in heat mitigation infrastructure since this material stays cooler than the am-
bient air temperature under high solar insolation conditions (Mandal et al., 2018). One study reported
surface temperatures of this new material being 11 K cooler than a nearby conventional cool roof during
daytime (Gentle and Smith, 2015). Due to these superior thermal characteristics, we will hereafter use
the term ‘super cool roof” (SCR) for this new material type being applied on a roof. Recent studies
suggest that mass production of this material is practically and economically feasible (Mandal et al.,
2018; Zhai et al., 2017). Although ageing and weathering of cool materials is an aspect that can reduce
their heat island mitigation effectiveness (Dornelles et al., 2015; Mastrapostoli et al., 2016; Synnefa et
al., 2007), this study focuses on their full performance potential when initially applied, i.e. ageing and

weathering is not further investigated.

When used as ground or wall material, cool materials with their high reflection of shortwave radiation
may lead to heightened mean radiant temperatures at street-level and potential adversely impact human
thermal comfort (Falasca et al., 2019; Middel et al., 2020; Schrijvers et al., 2016). This study hence only
focuses on the application of (super) cool materials on rooftops, where the high reflection will not sub-
stantially affect the thermal comfort of pedestrians. By exploring the potential of this new material type
to cool the ambient air temperature in the urban environment when being applied as a roofing solution
at scale, we close a research gap not addressed by earlier work that only focused on the implications of

super cool materials for building interior cooling (Baniassadi et al., 2018).

Here, we analyzed the cooling impacts of different roof types using idealized neighborhood simulations.
Roofing materials are analyzed concerning their cooling impact at pedestrian level. The SCR scenarios
are compared with non-reflective roofs (“reference roof”, hereafter RR), conventional high-quality cool
roofs (hereafter CR), and green roofs (hereafter GR) to quantify the cooling effectiveness of the new
material type. To explore the possible dependencies between cooling strength and building height, all

roof type scenarios are simulated for three different building heights of 13 m, 25 m, and 50 m.

8.2 Methodology

To run the simulations with realistic properties for the different roof materials, databases were prepared

with precise thermal and radiative parameter values (Section 8.2.1). To analyze and compare the effects
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of CR, SCR, and GR on pedestrian-level air temperature depending on building height, a sensitivity
study using the microscale model ENVI-met was conducted (Section 8.2.2). To be able to compare
modeled values against the measurements of Mandal et al. (2018), the model area location of the sensi-

tivity study was set to New York City (NYC).

8.2.1 Database Preparation

ENVI-met’s building properties were adapted for the four different roof types simulated: RR, CR, GR,
and SCR. All simulations used the same wall material properties, which were based on the Midrise

Apartment Post 1980 Standard for American Housing (Table 8-1; Deru et al., 2010).

Table 8-1: Physical properties of building materials used in the sensitivity study (Deru et al., 2010b; Mandal et
al., 2018; Santamouris et al., 2018). These parameters are used for WRF and ENVI-met models.

2 T =
z E g 5 E
E & g & £ =
& = & 8= & PN
5 g § £ % £ 37 £ £&
> 2 2 = 2 = = S
< < = ) E = S £ ) Q_g)
Wall
Outside  Concrete 0.2 0.8 0.9 0.2 1.311 2240 836.8
Middle Steel frame Insulation 0.2 0.8 0.9 0.08 0.049 265 837
Inside 1/2IN Gypsum 0.2 0.8 0.9 0.01 0.16 785 830
Roof
Outside  RR membrane 0.2 0.8 0.9 0.01 0.16 1121 1460
Outside  CR membrane 0.85 0.15 09 0.02 0.85 1200 1200
Outside  SCR membrane 096 0.04 097 0.02 0385 1200 1200
Middle  Insulation 0.2 0.8 0.9 0.14 0.049 265 837
Inside Metal Decking 0.2 0.8 0.9 0.01 45 7680 418

The physical properties thus represent typical building parameters for housings in NYC to fit the model
area location. Roofing materials were also derived from the American Housing database, only the outer
layers of the different roof types were altered to resemble RR, CR, or SCR. These alterations include
albedo, absorptivity, emissivity, and thickness of the outer layer (as summarized in Table 8-1). CR fea-
tures the same emissivity as RR (0.9) but a much higher albedo of 0.85, which is a value at the upper
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limit of commercially available cool roofs and was used in recent studies as well (Imran et al., 2018).
By using the highest possible albedo value being available for cool roofs, it can be examined if they too
were a capable of staying below ambient air temperature, as it is claimed for the new SCR material. The
SCR material has a very high emissivity of 0.96 and an even higher albedo of 0.97 (Mandal et al., 2018).
GR features the same roof material properties as RR but with an additional greening and substrate layer.
Here, the default greening of the ENVI-met database with the ID 01NADS is used, featuring a 15 cm
thick, irrigated (water coefficient of 0.5) substrate of Sandy Loam and Styrofoam as well as a 30 cm

thick simple plant layer with a Leaf Area Index (LAI) of 1.5 m*m?.

8.2.2 Simulation setup

Simulations are performed with the widely used urban microclimate model ENVI-met version 4.4.5
(Bruse, 1999; Huttner, 2012; Simon, 2016). The model calculates three-dimensional wind fields, turbu-
lence, air temperature and humidity, radiative fluxes as well as vegetation- and building-atmosphere
interactions (Bruse, 1999; Morakinyo et al., 2017; Nikolova et al., 2011; Simon, 2016). Several studies
evaluated ENVI-met as useful and accurate tool for modeling urban environments (Tsoka et al., 2018)
featuring an explicit building physics model (Simon, 2016). Building surface temperatures produced by
ENVI-met were compared and confirmed by measurements in several studies (Forouzandeh, 2021; Si-
mon et al., 2017; Tsoka et al., 2018; Yang et al., 2013). The review study of Tsoka, Tsikaloudaki, and
Theodosiou (2018) reported that all surface temperature evaluation studies showed a high agreement
with measurements represented by statistical analysis values between 0.60-0.97 for R?, 0.20-1.89 for
MBE, and 2.1-4.8 °C for RMSE. Based on this high accuracy in urban modeling, ENVI-met was already
used several times to examine the effects of cool roof types on the surrounding microclimate (Di
Giuseppe et al., 2017; Evola et al., 2017; Huynh and Eckert, 2012; Kolokotroni, 2017; Morakinyo et al.,
2017; Ng et al., 2012; Salata et al., 2017; Santamouris et al., 2018; Taleghani et al., 2016, 2014; Tsoka

et al., 2018; Wang et al., 2016; Wang and Akbari, 2015).

Table 8-2: Simulation parameters of the sensitivity study in ENVI-met.

Start date and time (Local) 20.07.2018 05:00
Duration [h] 48
Wind Speed [m s] 2
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Wind Direction [°] 270
Meteorological Boundary Conditions Full Forcing
Location Lat (Lower Left Corner) 40.72 °N
Location Lon (Lower Left Corner) -74.02 °E
Dimensions 190 x 190 x 30
Resolutions (X, Y, Z) [m] 4x4x4

Lowest Grid Cell Splitted Yes
Telescoping: Factor & Starting Height 20 % above 70 m
Height of 3D Model Domain [m] 249

Building density [%] 33.52
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Figure 8-1: Boundary conditions for the sensitivity study in ENVI-met derived from Energy Plus Weather file for
NYC depicting direct shortwave (black line), diffuse shortwave (dashed line) and longwave radiation (dotted
line) (a) as well as potential air temperature (black line) and specific air humidity (dashed line) (b).

In order to quantify the effects of RR, CR, SCR, and GR on roof surface temperature and street-level
air temperature, we created an idealized domain with a homogenous neighborhood (Figure 8-2). We
then simulated the effects of different building heights (13 m, 25 m, 50 m) on air temperature at pedes-
trian level for the four different roof types. To eliminate all other factors that may influence the micro-
climate, the same simulation parameters such as time, duration, and meteorological boundary conditions
were used in all model runs: a typical hot summer day for NYC starting with sunrise at 05:00. All other
simulation parameters were not modified from the default settings of ENVI-met 4.4.5. Meteorological
boundary conditions were defined as Full Forcing, meaning that half-hourly intervals of inflow values
for wind, temperature, humidity, and radiation can be defined as inflow for the model (Huttner, 2012;
Simon, 2016). Full Forcing values were derived from the Energy Plus Weather File for NYC Central
Park (Table 8-2 and Figure 8-1) (ASHRAE, 2001). Wind speed and direction were not forced due to
very high wind speeds that may have caused strong turbulence in the ENVI-met model. The simulation
was set to start on 20th July with a duration of 48 h. The first simulation day served as a spin-up period
and the model output of the second day was used for further analysis as it represents a typical hot summer

day with clear sky conditions.

Figure 8-2: Model domain for the sensitivity study in ENVI-met: Grey shapes resemble buildings. The horizontal
size of the domain is 760 m by 760 m.
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Following Ng et al., 2012, a symmetrical building layout featuring a high building density of 33.52 %,
which corresponds to local climate zones open midrise to open highrise depending on the different
building heights tested (Table 8-2; Stewart and Oke, 2012). For simplicity, the model domain did not
contain any vegetation (besides green roofs in the GR scenario). The buildings are arranged in equidis-
tant spacing of 5 grid cells every 20 meters (Figure 8-2). The soil profile is uniformly defined with the
default street of ENVI-met’s database (ID: 0100ST) with an albedo of 0.2. Building parameters are

specified in Table 8-1.

8.3 Results & Discussion

In the following section, results of the sensitivity study are presented analyzing the general thermal
behavior of CR, SCR, and GR and the differences in cooling performance within the different building
height scenarios. At first, roof surface temperatures are compared between different roof types. Con-
forming to the empirical studies of Gentle and Smith 2015 and Mandal et al. 2018, it is found that the
SCR material constantly remains below ambient air temperature (Figure 8-3). Using statistical analysis,
the possible driving factors that cause differences in roof surface temperature are explored. Secondly,
the cooling effect of pedestrian-level air temperature is examined by analyzing the effect over the diurnal
cycle and with spatial distribution maps. In a third step, the relation between building height and air

temperature cooling performance at pedestrian level is examined.

8.3.1 Diurnal variation in roof surface temperatures

The surface temperatures of the four different roof types feature distinct thermal behaviors (Figure 8-3).
Values were extracted from the same specific roof cell of every scenario. The spin-up day is also in-
cluded in this part of the analysis to additionally show the different roof types’ behavior under cloudy
conditions: The sudden drop in received shortwave radiation during noon of the first simulated day is —
in varying strength — also found in all temperature curves. The lowest impact of the drop is observed for
SCR temperatures. In general, all roof temperature evolutions follow the pattern of the shortwave radi-
ation with a delay: Notably, the surface temperature maxima of different roof types are shifted to later
times of the day. This shift increases as the overall surface temperature of the roof types decreases, i.e.,

CR reaches its maximum later than RR, and SCR/GR even later than CR.
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Figure 8-3: Simulated surface temperatures of reference roofs (RR), cool roofs (CR), super cool roofs (SCR) and
green roofs (GR) as well as received shortwave radiation and ambient air temperature as average above all
different roof types during a 48 h simulation. Grey shadowing around the ambient air temperature curve
indicates the minimum and maximum deviation of the ambient air temperature in all roof type scenarios
from the average ambient air temperature.

Surface temperatures of SCR and GR remain below the average ambient air temperature at roof level
over the whole course of the simulation. The difference between SCR surface temperature and ambient
air temperature is more than 6 K during the peak of direct solar radiation (~941 W/m?). Our findings are
thus consistent with measurement studies that recorded a temperature drop of around 4-5 K for NYC
during slightly weaker solar irradiance of 800-900 W/m? (Mandal et al., 2018; Raman et al., 2014). By
contrast, CR matches and RR significantly exceeds ambient air temperatures during the day. Besides
the strong performance of SCR, GR features even lower surface temperatures than SCR during the
cloudy simulation day and only slightly higher temperatures (approx. 1.3 K) during the clear sky condi-
tions of the second simulated day. These low temperatures in general are not connected to albedo or
emissivity of the roof material but are caused by the soil substrate and vegetation. By applying these on
the outer surface, these elements shade the RR surface below at all times. Additionally, both substrate
and plants, create a latent heat flux by evapotranspiration which cools down their surroundings. This
effect is however strongly depending on moisture conditions (Heusinger and Weber, 2017). With the

simulated moderate water availability (c.f. Section 8.2.1), the effects are rather comparable with a
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situation at the beginning of a heatwave or with an irrigated green roof. In general, green roofs are
however not irrigated and thus show weaker performances during longer lasting heat and drought waves
(Heusinger et al., 2018; Heusinger and Weber, 2017). The daily minimum and maximum surface tem-

peratures of the four roof types are summarized in Table 8-3.

Table 8-3: Simulated minimum and maximum values of roof surface temperatures and ambient air temperatures
averaged above all roofs during the entire model run

Min. Temperature [°C] Max. Temperature [°C]
RR 19.05 65.66
CR 18.01 32.27
SCR 17.34 26.26
GR 19.13 27.51
Ambient Air 20.78 33.21

To understand the responses of roof types to meteorological conditions we investigate the correlation
between simulated roof surface temperatures and key meteorological variables for the whole 48-hour
simulation period. The analysis shows that RR surface temperatures feature a high correlation with in-
coming shortwave radiation (R* ~ 0.89) meaning that 89 % of the variation in RR surface temperatures
are a direct result of the solar radiation (Table 8-4). Its dependency on ambient air temperature is slightly
less significant (R? ~ 0.77). CR shows the inverse to RR, its surface temperatures largely depend on
ambient air temperature (R? ~ 0.86), while solar radiation plays a less important role (R?> ~ 0.57) in
determining surface temperature. The analysis of SCR demonstrates a low dependency of surface tem-
peratures on ambient air temperature (R? ~ 0.69) and a weak correlation between SCR surface temper-
ature and solar radiation (R? ~ 0.26). SCR surface temperature therefore seems to be more disconnected
from both parameters (at least according to linear correlation). GR has a weak correlation with radiation
(R% ~ 0.27) but features a high dependency on ambient air temperature (R? ~ 0.91) which can again be
explained by the presence of soil substrate and greenery above the roof surface. When examining the
dependencies using autocorrelation, which includes a data series shift for temporal lags, we find much
higher correlations. Especially, dependencies of CR, SCR, and GR surface temperatures on radiation

are increased which matches the observed delay in maxima (Figure 8-3).
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Table 8-4: Dependency of ENVI-met’s RR, CR, SCR, and GR surface temperatures on radiation and air tempera-
ture, respectively calculated by R? and by autocorrelation (ACF).

with Radiation with Ambient Air Temperature

R? ACF R? ACF

RR Temperature 0.89 0.94 0.77 0.87
CR Temperature 0.57 0.75 0.86 0.93
SCR Temperature 0.26 0.51 0.69 0.83
GR Temperature 0.27 0.52 0.91 0.96

For RR, CR and SCR, the findings of the regression model analysis clearly point to the albedo and
emissivity as being the cause for the different performances: RR has a relatively low albedo and an
emissivity of 0.9, meaning its surface temperature is driven by the large changes in solar radiation over
the course of the day. Whereas CR, with its significantly higher albedo (0.85) but identical emissivity
(0.9) to RR (albedo of 0.2), acts as an intermediate with rather high correlations for both air temperature
and solar radiation. For the SCR, having the highest albedo (0.96) and emissivity (0.97), the diurnal
cycle of the surface temperature is rather decoupled from the diurnal cycle of shortwave radiation but

mirrors the evolution of air temperature throughout the diurnal cycle with a temporal lag.

8.3.2 Cooling effect of roof types on pedestrian-level air temperature

In order to compare the air temperature cooling impact of the different roof types at pedestrian level, air
temperatures at 1.5 m height are averaged for all building height scenarios and plotted for the whole
diurnal cycle. Values are extracted and compared for the second day to analyze the maximum possible
cooling impact during clear sky conditions after the spin-up day. Since the cooling effect increases in
downwind direction (Figure 8-5a), analyzed data are taken from the eastern, downwind part of the model

domain (indicated by the white box in Figure 8-5a, wind flowing from west to east).

In general, the cooling effect of SCR relative to RR shows a steady rise until it reaches its maximum
during midday with air temperature differences up to 0.83 K (Figure 8-4). After midday, these differ-
ences decline to 0.2 K during nighttime. The cooling effect during nighttime is explained by the material
properties of the roof: SCR’s high albedo reduces the amount of energy stored in the roof. In contrast,
RR absorbs much more heat during daytime and releases it during nighttime, leading to a cooling effect

of SCR even during times of no irradiation. Therefore, the cooling effect of SCR might increase during
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longer lasting heat waves but proving that was beyond the scope of this study and will require future

research.

CR features the same general cooling effect evolution as SCR, however with a lower maximum cooling
impact of 0.7 K during midday and a lower cooling of 0.15 K during nighttime. GR shows a lower
cooling impact than SCR and CR during morning hours, and reaches the same peak as CR during midday
but features the strongest cooling performance during the evening and nighttime. Due to the evapotran-
spiration, GR performs differently to CR and SCR. Instead of a high albedo and emissivity, the cooling
effect of GR stems from the large latent heat flux and thus comparatively low sensible heat flux depend-
ing on the water availability of the substrate. With ceasing solar radiation, the photosynthesis stops
which in turn lowers the latent heat flux, as only evaporation of the substrate layer can take place. By
that, GR’s cooling effect is also lowered during phases of less or no solar radiation and stabilizes around
0.23 K at nighttime. In general, SCR outperforms both CR and GR during daytime with an additional

cooling of up to 0.15 K but is slightly outperformed by GR during nighttime by around 0.05 K.
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Figure 8-4: Simulated air temperature difference of CR, SCR, and GR compared with RR averaged for all building
height scenarios during the diurnal cycle of the second simulated day. Values of 1.2 m height are averaged
over free atmosphere cells inside of canyons in the downwind center of the model area indicated by the white
box in Figure 8-5.

The spatial distribution of air temperature impacts derived from SCR at the time of maximum cooling

(15:00 local time) (c.f. Figure 8-4) shows that the cooling effect quickly converges to a stable value of
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around 0.8 K in the downwind center of the model area (Figure 8-5a). This is caused by a wake-inter-
ference-flow effect, which describes how cooler air is transported down into the leeward street canyons
(Oke, 1987). However, locally, much stronger cooling effects of up to -2.4 K are predicted by the model.
These areas are found at the northern and southern boundaries of the built-up area. Right at the edge of
these built-up boundaries, positive temperature anomalies up to 1.6 K are predicted. Vertical YZ cuts
through the model area at grid cell 154 / 618 m for both RR and SCR in Figure 8-5b provide the expla-
nation for these strong positive and negative temperature anomalies. In RR, both low-albedo street and
roof surfaces (albedo 0.2) are heated up by solar radiation causing warmed air to rise due to thermal
convection. In the non-built-up area at the northern and southern boundary, wind speeds are stronger
than at the model area center as the wind has no obstructions there. Warm air is transported downwind
while cooler air from higher levels above the model area center pours in, thereby forming a vortex at
both boundaries. In SCR, hot air is only created above low-albedo street surfaces. Cooler air from above
the roof surfaces is transported down into the canyons preventing thermal convection and thus the cre-
ation of a larger vortex. In contrast to RR, SCR leads to the formation of a smaller vortex at both bound-
aries moving into the opposite direction. With the hot air rising above the non-built-up streets at the
boundaries, cooler air is transported downwards towards the roofs. Due to the counter direction of the
vortices in RR and SCR, large temperature deviations can be observed in the comparison plot of Figure

8-5a.

Spatial distribution analysis shows that SCR is capable of reducing pedestrian-level air temperatures
over larger areas. However, it also hints to a disadvantage of a large-scale application of SCR as vertical
air exchange is minimized which theoretically could lead to health implications in urban areas as they
are usually affected by higher levels of air pollution. These implications might be a shortcoming, espe-
cially compared to facade and roof greening which has been shown is capable of even reducing air
pollution (K. V. Abhijith et al., 2017). We did not directly simulate air pollution particulates or gases,
which have complex chemical pathways and dispersion processes, and therefore cannot robustly con-

clude how large-scale application of cool roofs might impact urban air quality.
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Figure 8-5: Simulated air temperature difference between SCR and RR in 13 m building height scenario at time
of highest difference (15:00 local time at second simulation day) as horizontal cut in 1.2 m height (c.f. Figure
8-4) (a). Simulated air temperature distribution for SCR and RR in the 13 m building height scenario shown
as a vertical cut at grid cell 154 /618 m (b). A white, dashed box in (a) indicates grid cells that were used

for the analysis of air temperature at pedestrian level.
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8.3.3 Dependency of pedestrian-level air temperature cooling impact on building height
Examining the relationship between building height and pedestrian-level air temperature cooling in Fig-
ure 8-6a, it can be stated that the cooling performance declines with increasing building height. The
cooling performance of SCR at pedestrian level is found to be non-linearly reduced by around 0.003 K
per additional meter of building height. This pattern of declining cooling impact with increasing building
height is found for all roof types. Cooling strength probably decreases with building height since the

cooler air at roof level needs to cover an increased distance until it has an impact at pedestrian level.

Comparing CR, SCR, and GR performances, we again find the largest overall cooling impacts for SCR
with a maximum of 0.87 K and an average of 0.32-0.43 K (Figure 8-6a). Maximum temperature reduc-
tions of around 0.7 K and averaged cooling effects of 0.25-0.35 K for CR are both in line with previous
cool roof study results (Tsoka et al., 2018; Yang et al., 2015). Maximum temperature reductions of
around 0.7 K and averaged cooling effects of 0.3-0.4 K for GR are in line with, or slightly higher than,

previous cool roof study results (Peng and Jim, 2013; Tsoka et al., 2018).

The polynomial extrapolation of means as well as medians of the pedestrian-level air temperature dif-
ferences depending on the simulated building heights of 13 m, 25 m, and 50 m indicates that the trend
is non-linear (Figure 8-6b). The strength of cooling impact decrease seems to decline with increasing
building height for all roof types. All scenarios except the SCR Median extrapolation predict that the
cooling impact of both cool and green roofs onto air temperature at pedestrian level vanishes at mean
building heights of around 95-110 m. However, further studies with more different building height sce-

narios will be needed to corroborate these results.
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Figure 8-6: Simulated pedestrian-level air temperature differences of CR, SCR, and GR to RR depending on build-
ing height, where whiskers indicate minimum and maximum values, horizontal line median, cross mean, and
boxes second and third quartile (a). Mean (dotted lines) and median (solid lines) differences are displayed
as polynomial extrapolations for increasing building height in (b).
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8.4 Conclusion

Our results demonstrated that, in agreement with the experimental studies, the modeled SCR material
remained about 6 K lower than ambient air temperature during times of high solar insolation (Gentle
and Smith, 2015; Mandal et al., 2018; Raman et al., 2014). SCR — with an averaged pedestrian-level air
temperature cooling of around 0.85 K during midday — performed slightly better than CR and GR by
providing an additional pedestrian-level air temperature cooling of 0.1 K to 0.15 K. During nighttime,
cooling performance of SCR stabilizes at a low level of around 0.2 K being thus comparable with the

cooling impact of CR or GR.

Spatial distribution analysis showed that SCR is capable of reducing pedestrian-level air temperatures
over larger areas. However, it also affects the urban wind field if applied on large scale. Cooler air from
roof surface level may inhibit vertical air exchange between street and above buildings level that may

eventually lead to an accumulation of air pollution in urban street canyons.

Analyzing the effect of building height onto the cooling potential of CR, SCR, and GR on pedestrian-
level air temperature showed a clear pattern: The cooling effect decreases with increasing building
height. Extrapolations show that the cooling impact declines non-linearly by around 0.003 K per added
building height meter and probably ceases at building heights of around 100 m. Observed maximum

and average cooling performances of CR and GR matched previous study results.

Overall, the analysis of the UHI mitigation potential of CR, SCR, and GR showed that all three solutions
strongly reduce the roof surface temperatures and by that affect the air temperature at pedestrian level
during daytime. They are capable of reducing urban heat stress during daytime and also albeit at much
smaller degree during nighttime. Not only the effect on the outdoor climate needs to be further examined
in meso- and microscale simulations but also the effects onto building energy performance need to be
considered. While CR, SCR, and GR might yield beneficial building energy performances and improved
outdoor thermal comfort in hot climates, their effect could be unfavorable in moderate climates with
cool or cold winters. The potentially negative effects of large-scale SCR applications onto air quality
need to be further investigated in air pollution modelling studies. Furthermore, measurement studies

need to be conducted to verify all findings of the present study. Additionally, further simulation studies
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will be needed to corroborate the cooling impact dependency on building height and to examine the
cooling impact of both cool and green roofs in realistic urban environments featuring varying building

heights.
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Summary:

Following the sensitivity study with uniformly built model areas presented in Section §, a consecutive
study analyzed the SCR effect on pedestrian-level air temperature for realistic scenarios featuring com-
plex urban environments in two contrasting cities: New York City and Phoenix. Simulations were not
only conducted with ENVI-met but also with the mesoscale model WRF in order to, in a first step,
examine the impact of SCR application over entire metropolitan areas, in a second step, use WRF’s
model output as realistic meteorological boundary conditions for the ENVI-met simulations, and, in a
third step, find similarities and discrepancies between both models. As SCR performances differed be-
tween NYC and Phoenix scenarios in the prediction of both models, it was additionally investigated
whether the discrepancies were caused by the prevailing building morphologies or climatological con-
ditions. While Ashley M. Broadbent conducted the WRF simulations, the author prepared, conducted,

and evaluated the ENVI-met simulations, and wrote the majority of the manuscript.
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9.1 Introduction

Heat stress and its health implications are major topics for society as ongoing urbanization and global
warming due to anthropogenic climate change intensifies heat stress globally (Broadbent et al., 2020a;
Krayenhoff et al., 2018). Since urban heat stress leads to increased morbidity and mortality rates (Schi-
nasi et al., 2018), mitigation measures have been developed and analyzed in a multitude of studies
(Aflaki et al., 2017; Akbari et al., 2016; Aleksandrowicz et al., 2017). Such mitigation measures (e.g.,
green or blue infrastructure) aim to reduce air temperature by evapotranspiration, by repartitioning sen-
sible heat into latent heat. Additionally, mitigation measures utilize high-albedo materials with the ob-
jective of reducing the amount of energy absorbed (and stored) in urban environments by reflecting
incoming solar radiation. As street-level space is rare and expensive in cities, roof-based solutions such
as cool roofs or green roofs are feasible cooling solutions. However, roof-based solutions have lower
effects on air temperature at pedestrian level (up to 1 K, respectively) compared to street trees and
ground-based vegetation (up to 2-3 K) (Berardi et al., 2020, 2014; Bowler et al., 2011; Heusinger et al.,
2018; Heusinger and Weber, 2015; Liu et al., 2021; Santamouris, 201 1; Santamouris et al., 2018; Solcer-
ova et al., 2017; Tsoka et al., 2018; Yang et al., 2018, 2015). New cool materials featuring a very high
albedo of >0.95 and an emissivity of >0.95, that were reported to stay below ambient air temperatures
during high insulation conditions, provide an opportunity to overcome this limitation (Gentle and Smith,
2015; Mandal et al., 2018; Raman et al., 2014; Santamouris and Yun, 2020; Zhai et al., 2017; Zhao et
al., 2019). These new materials, based on their objective usually being referred to as “Passive Daytime
Radiative Cooling (PDRC)”, have gained increasing interest and relevance as recent studies suggest that
they can be easily applied, cost-effective to produce and are efficiently utilizable as an urban heat stress
mitigation measure (Anand et al., 2021; Baniassadi et al., 2019; Chen et al., 2021; Chen and Lu, 2020;
Mandal et al., 2020; Santamouris and Yun, 2020; Yang and Zhang, 2020). While ageing and weathering
is still a major drawback of these materials (Dornelles et al., 2015; Mastrapostoli et al., 2016; Synnefa
et al., 2007), ongoing research is addressing this drawback and new advancements, such as self-cleaning

materials, may improve their optical durability (Santamouris and Yun, 2020).
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A recent sensitivity study demonstrated that a large-scale application of the newly developed materials
on rooftops — hereafter referred to as “super cool roof” (SCR) — could lower pedestrian-level air tem-
peratures by around 0.85 K, providing an additional cooling of 0.15 K compared to irrigated green roofs
and traditional high-standard cool roofs (Sinsel et al., 2021). Because urban heat stress is largely de-
pending on mean radiant temperature (MRT) (Kéantor and Unger, 2011; Thorsson et al., 2014) and
highly-reflective materials near pedestrian-level would negatively affect MRT (Falasca et al., 2019;
Middel et al., 2020; Schrijvers et al., 2016), the super cool material’s potential was only evaluated for
roof application, where it was modeled to cool ambient air temperatures by PDRC and to eventually
yield air temperature reductions at pedestrian level. Furthermore, the authors showed that the cooling
impact of the three different roof types decreased in a nonlinear fashion with rising building height. The
sensitivity study was however limited to the simulation of an idealized urban neighborhood featuring

uniform building morphologies and an ensemble of different building height scenarios.

The authors pointed out that their findings have to be validated for realistic urban environments. The
present study hence intends to fill this gap by utilizing mesoscale and microscale simulations with the
Weather Research and Forecasting (WRF) model and ENVI-met (Bruse and Fleer, 1998; Chen et al.,
2011), to robustly quantify the potential range of the urban air temperature cooling achieved from SCR
in different settings and over different scales. In contrast to the mentioned sensitivity study, ENVI-met’s
simulated real case scenarios feature complex building morphologies as well as varying building heights
and street widths. The SCR scenarios are compared with low-albedo roofs (“reference roof”, hereafter
RR) and conventional cool roofs (hereafter CR) to quantify the cooling effectiveness of SCR. To capture
effects of different urban morphologies and meteorological conditions onto the performance of SCR,

we analyze case study scenarios from two contrasting cities: New York City, NY, and Phoenix, AZ.

9.2 Methodology

In contrast to the hypothetical and simplified building layout of the sensitivity study of Sinsel et al.
(2021), case study scenarios are developed to examine the cool roofs’ performance in two realistic urban
environments featuring different climates and urban morphologies. The case study cities are New York
City (NYC) at the humid Northeast coast of the USA mostly featuring mid- to high-rise buildings, and
Phoenix (PHX) in the arid and hot Southwest of the USA mostly featuring low-rise buildings. For both
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locations, mesoscale WRF simulations (Section 2.1) and microscale ENVI-met simulations (Section
2.2) were run to cross-check and compare the cooling impacts of CR and SCR at different modeling
scales. By using this dual-modeling approach, it is possible to analyze the atmospheric effects associated
with small-scale (1 x 1 km) and large-scale (100 x 100 km) changes in roof types. Additionally, the
mesoscale WRF atmospheric fields could be utilized to accurately force ENVI-met with modeled ur-
banized meteorological conditions instead of using generic data from measurement stations located at
distant urban sites or airports. Finally, the results can be compared to find instructive differences and

similarities between WRF and ENVI-met.

Table 9-1: Physical properties of building materials used in the case studies for both models, WRF and ENVI-met.
(Deru et al., 2010; Mandal et al., 2018).

2 T =
z E g 5 Z
E & g & £ =
&2 = g 8= = 2T
5 g § £ % £ 37 £ £&
S o @ = o— = = )
= < = ) E = S £ ) =y é‘)
Wall
Outside  Concrete 0.2 0.8 0.9 0.2 1.311 2240 836.8
Middle Steel frame Insulation for NYC 0.2 0.8 0.9 0.08 0.049 265 837
Middle Steel frame Insulation for PHX 0.2 0.8 0.9 0.02 0.049 265 837
Inside 1/2IN Gypsum 0.2 0.8 0.9 0.01 0.16 785 830
Roof
Outside RR membrane 0.2 0.8 0.9 0.01 0.16 1121 1460
Outside  CR membrane 0.85 0.15 09 0.02 0.85 1200 1200
Outside  SCR membrane 096 0.04 097 0.02 0385 1200 1200
Middle  Insulation for NYC 0.2 0.8 0.9 0.14 0.049 265 837
Middle  Insulation for PHX 0.2 0.8 0.9 0.17 0.049 265 837
Inside Metal Decking 0.2 0.8 0.9 0.01 45 7680 418

To run the simulations with realistic properties for reference, cool, and super cool roof materials, data-
bases were prepared with precise thermal and radiative parameter values also utilized in Sinsel et al.
(2021) with additional specific wall and roof materials for buildings in the PHX scenarios derived from

Deru et al. (2010) (Table 9-1). This database was used to define consistent built environment model
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parameters across WRF and ENVI-met. Ageing and weathering of high albedo roofs was not considered,
i.e. the albedo was assumed to be constant at a maximum value. Therefore, our results provide an upper

estimate of the potential cooling impacts of (super) cool roofs.

9.2.1 WREF case studies

Mesoscale case study simulations were conducted with the Advanced Research (ARW) version of the
WREF (version 3.6) regional climate model (Skamarock et al., 2008) which is a widely used urban mod-
eling platform (Bhati and Mohan, 2016; Chen et al., 2014; Fallmann et al., 2013; Giannaros et al., 2018;
Jandaghian and Berardi, 2020; Morini et al., 2018; Sharma et al., 2017; Vogel and Afshari, 2020). The
model setup has three nested domains for all WRF simulations with horizontal grid spacing of 16, 4,
and 1 km. On the vertical grid, 42 levels were defined with the lowest model level at 2 m above street-
level. Urban morphological parameters were taken from the National Urban Database Access Portal
Tool (Ching et al., 2009) and the National Land Cover Database (NLCD) (Multi-Resolution Land Char-
acteristics Consortium (U.S.), 2020) and thus feature spatially explicit parameters (e.g., building height,
street width, and impervious fraction) for each WRF grid cell. The 1 km x 1 km WRF grid cell used for
the ENVI-met forcing featured the urban classes “high density residential” (zone 32) for NYC and “low

density residential (zone 31)” for PHX, respectively.

Urban areas in WRF are represented with the building environment parameterization scheme (BEP).
Radiative and thermal properties of urban materials were harmonized with those used in the ENVI-met
model displayed in Table 9-1, i.e., parameters for the 10 BEP wall/roof layers were matched with ENVI-
met’s 3 model layers in proportion to their thickness. The Bougeault-Lacarrere boundary layer scheme
(Bougeault and Lacarrere, 1989) and MMS5 surface layer scheme (Jiménez et al., 2012) were used. For
shortwave and longwave radiation physics the Rapid Radiative Transfer Model (RRTM) (Mlawer et al.,
1997) and Dudhia Scheme (Dudhia, 1989) were used, respectively. For a full list of WRF physics
schemes used here, see Broadbent et al. (2020b). Simulation parameters such as dimensions and simu-
lation date/time are specified in Table 9-2Table 9-2. While these case studies represent fictional scenar-
ios in order to examine the outdoor cooling impact by large-scale applications of cool roof materials,
the simulations are nevertheless based on realistic meteorological boundary conditions: The simulation

period features several consecutive hot summer days based on data of real heat waves for both case
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study cities: Lateral boundary conditions for all WRF simulations were obtained from ERA-Interim
reanalysis data (European Centre for Medium-Range Weather Forecasts ECMWF ERA-Interim Project

2009). These case study configurations were validated against measurement data (see Appendix).

Table 9-2: Simulation parameters of WRF case studies.

NYC PHX

WRF
Start date and time (UTC) 15.07.2008 00:00 30.06.2007 00:00
Duration (hours) 132 132
Location Lat (Lower Left Corner) 40.30° N 33.03° N
Location Lon (Lower Left Corner) 74.60° E 112.53°E
Domain dimensions 100 x 100 100 x 100
Resolution (horiz.) 1000 m 1000 m
Spatial Data Source Resolution 30 arcsec 30 arcsec

9.2.2 ENVI-met case studies

Microscale simulations were conducted with the urban microclimate model ENVI-met version 4.4.6
(Bruse, 1999; Bruse and Fleer, 1998; Huttner, 2012; Simon, 2016). ENVI-met simulates three-dimen-
sional wind fields, turbulence, air temperature and humidity, radiative fluxes as well as vegetation- and
building-atmosphere interactions, making it a viable tool for modeling urban heat mitigation strategies
at the microscale (Liu et al., 2021; Tsoka et al., 2018). ENVI-met’s explicit building physics model, is
able to predict building surface temperatures, and it has been successfully validated against measure-
ments multiple times (Forouzandeh, 2021; Simon, 2016; Simon et al., 2017; Tsoka et al., 2018; Yang et
al., 2013). ENVI-met is thus considered to be suitable for modeling the effect of cool roofs on the urban
environment and has been used in numerous modeling studies on this topic (Di Giuseppe et al., 2017
Evola et al., 2017; Falasca et al., 2019; Huynh and Eckert, 2012; Kolokotroni, 2017; Santamouris et al.,

2018; Taleghani et al., 2016; Tsoka et al., 2018; Wang et al., 2016).

In both case study cities, an ENVI-met model domain was set up that approximately matched a single
WREF grid cell in horizontal extent (i.e., 1 km x 1 km) and location. ENVI-met simulation parameters
and characteristics such as dimensions and resolutions for both case study cities are displayed in Table

9-3.
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Table 9-3: Simulation parameters of ENVI-met case studies.

NYC

PHX

ENVI-met

Start date and time (Local)

19.07.2008 05:00

02.07.2007 05:00

Duration (hours)

42

42

Meteorological Boundary Conditions Full Forcing Full Forcing
Location Lat (Lower Left Corner) 40.7142° N 33.5466° N
Location Long (Lower Left Corner) 74.0058° W 112.1428° W
Dimensions (X, Y, Z) 300 x 300 x 38 300 x 300 x 25
Resolutions (X, Y, Z) [m] 5x5x4 5x5x3
Lowest Grid Cell Splitted Yes Yes
Telescoping: Factor & Starting Height 25 % above 100m 20 % above 30 m
Height of 3D Model Domain [m] 444 290

Max. Building Height [m] 99 21

Mean Building Height [m] 27.6 5.9

Standard Dev. Building Height [m] 17.7 2.9

Building density [%] 38.9 20.2

Sky View Factor (most street canyons)  0.4-0.75 0.85-0.95

All ENVI-met simulations were run with the meteorological boundary conditions from the WRF control
run (i.e., no cool roofs). Forcing ENVI-met simulations by WRF outputs is common practice as it was
previously done by e.g. Berardi et al. (2020), Conry et al. (2014), Lee et al. (2017), and McRae et al.
(2020, 2018). This approach helps to harmonize the atmospheric conditions above the urban canyon
between WRF and ENVI-met, thereby improving inter-comparability between simulations. ENVI-met’s
CR and SCR scenarios were not forced by the corresponding WRF scenario outputs but the WRF RR
output in order to allow the intercomparison of ENVI-met scenario results where cool roofs were only
applied on ENVI-met model area scale of around 1 km x 1 km. That means, accumulated large scale
cooling effects of applying cool roofs to the whole metropolitan area as simulated in WRF were not
used as input for ENVI-met to avoid a distortion of results and to allow a comparison between ENVI-

met and WRF cooling impact predictions.
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Figure 9-1: Full forcing boundary conditions for the ENVI-met case studies in NYC and PHX derived from WRF
output depicting direct shortwave (black line), diffuse shortwave (dashed line) and longwave radiation (dot-
ted line) (a, b), potential air temperature (black line) and specific air humidity (dashed line) (c, d) as well as
wind speed (black line) and wind direction (dashed line) (e, f).
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The meteorological variables used as hourly boundary conditions were air temperature, humidity, wind
speed and direction as well as radiation (incoming shortwave direct, diffuse, and longwave) (Full Forc-
ing mode) (Huttner, 2012). Incoming shortwave and longwave radiation and wind direction for the
ENVI-met forcing were taken from the corresponding WRF grid cell. The other variables (wind speed,
air temperature, relative humidity), which are dependent on wind speed and direction, were calculated
as weighted averages from the WRF cells surrounding the ENVI-met domain depending on the prevail-
ing wind direction. In addition to simulating heatwave conditions, the simulation periods were chosen
because they featured mostly clear sky conditions. The ENVI-met forcing data (derived form WRF) is

shown in Figure 9-1.

The NYC ENVI-met domain is centered at 40.7286° N, -73.9873° E, and features mainly medium-rise
buildings that are representative of typical downtown areas in US cities (Table 9-3, Figure 9-2 Figure
9-2a). It is located in the mid-rise Soho district but nevertheless contains also higher buildings of up to
99 m height (Table 9-3, Figure 9-2 c.e). Contrastingly, the PHX ENVI-met domain (centered at 33.5466°
N, -112.1428° E) contains an area of low-rise suburban housing that is typical of the US Southwest
(Table 9-3, Figure 9-2 b). It features homogenous buildings consisting of one- or two-story family hous-
ing and two low-rise suburban centers with larger building complexes such as schools or shopping malls
(Figure 9-2 d,f). In contrast to the sensitivity study of Sinsel et al. (2021), where the dependency of the
cool roofs’ cooling impact on building height is analyzed, the ENVI-met case studies allow to examine
the cooling performance under realistic conditions with varying building heights and street widths as
well as different climates. In order to examine the reasons for possible differences between NYC and
PHX scenarios, additional cross-check simulations were performed in each city using the other city’s
boundary conditions (i.e., PHX was run with NYC boundary conditions, and vice versa). This cross-
check was conducted to study whether differences in the results could be predominantly attributed to

climate differences or to differences in building morphologies.
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Figure 9-2: Model area dimensions as topdown view in NYC (a) and PHX (b) indicated by white boxes in aerial
imagery, as 3D view from processed aerial images for NYC (c¢) and PHX (d), and as representation in ENVI-
met for NYC (e) and PHX (f) (Google, 2020b, 2020a; NYC Open Data, 2019, Phoenix Open Data, 2019).

9.3 Results & Discussion
In the following section, results of the case studies are presented. At first, roof surface temperatures are
compared between different roof types and between WRF and ENVI-met. Statistical analysis for both
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roof surface and air temperatures is presented to further explore similarities and discrepancies between
both models. Subsequently, the cooling effect of pedestrian-level air temperature is examined by ana-

lyzing the effect with spatial distribution maps and over the diurnal cycle, respectively.

9.3.1 Analysis of modeled roof surface temperatures over the diurnal cycle

When analyzing modeled roof surface temperatures over the diurnal cycle, we find that there are larger
discrepancies in their range between NYC and PHX. Due to the location of Phoenix in lower latitudes,
the sun height angle is steeper and the same roof area receives a higher amount of radiation than in the
higher latitudes of the NYC simulation. The surface temperatures in PHX are thus higher for all roof
types in both models compared to the NYC simulation (Figure 9-3). Compared to measured temperature
differences between SCR and ambient air temperature in Mandal et al. (2018) featuring ~5 K (NYC)
and ~6 K (PHX) during peak solar radiation, we find higher differences of ~8 K (NYC) and 15 K (PHX)
in ENVI-met as well as ~5 K (NYC) and 20 K (PHX) in WREF, respectively. However, the measurements
were conducted in March, with less steeper sun height angles and at least 13 K lower air temperatures.
Furthermore, the review study of Santamouris and Yun (2020) reports that further studies measured
differences of up to 17 K which thus likely confirms the validity of the simulations. The prediction of
both models that traditional high-end cool roofs as well as SCR stay below ambient air temperature

almost during all times is also in agreement with previous studies (Santamouris and Yun, 2020).

Both models predict much higher surface temperatures for RR than for CR and SCR. However, ENVI-
met predicts RR surface temperatures of up to 63 °C (NYC) and 71 °C (PHX) at midday, while WRF
estimates significantly cooler surfaces temperatures of up to 45 °C (NYC) and 53 °C (PHX) for RR
(Figure 9-3). Regarding the CR and SCR temperatures, both models show a much higher agreement.
CR and SCR surface temperatures show a small timing offset between ENVI-met and WRF with peak
surface temperatures in WRF being slightly later than in ENVI-met. In both scenarios, WRF predicted
CR and SCR to keep their higher surface temperatures during evening hours while ENVI-met modeled
them to cease more rapidly. Thus, RR, CR, and SCR feature lower surface temperatures in ENVI-met

than in WRF when examining times of no irradiation.
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Figure 9-3: Comparison of roof surface temperatures from ENVI-met (extracted from one specific roof cell for
each scenario) and WRF (extracted from the grid cell corresponding to the ENVI-met domain) for different
case study cities NYC (a) and PHX (b) over the course of the simulation periods. Red (RR), orange (CR),
and yellow (SCR) dotted lines indicate WRF results, dark blue (RR), blue (CR) and light blue (SCR) solid
lines indicate ENVI-met results, and black dashed line indicates ambient air temperature. Dotted red (WRF)

and solid blue (ENVI-met) areas depict the range of possible roof surface temperatures to be predicted be-
tween low-albedo (RR) and high-albedo (SCR) roofs for the modeled conditions and locations.

In general, the range of modeled surface temperatures is significantly larger in ENVI-met compared to
WREF. In NYC, ENVI-met predicted lower surface temperatures for SCR than WRF on the one hand

and massively higher values for RR (up to 18 K difference) on the other hand. In PHX, ENVI-met results
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also feature a larger range in surface temperatures for all times but the morning hours when WRF esti-
mated lower surface temperatures for SCR and higher temperatures for RR than ENVI-met. The drop
in direct shortwave radiation during the second modeled day in NYC (c.f. Figure 9-1 a) caused a large
reduction in RR surface temperatures of both models, a small impact on CR and SCR roofs in WRF,
and almost no impact on CR and SCR in ENVI-met, which was also observed in the sensitivity study of

Sinsel et al. (2021).

9.3.2 Model intercomparison of roof surface and air temperatures

Comparing the ENVI-met outputs — averaged over the whole model area — with the corresponding WRF
cells, it can be observed that the general shape of the roof and air temperature curves is predicted very
similarly by both models which is stated by high R? values of around 0.9 (Table 9-4). The RMSE values,
however, show some discrepancies between the models of ~0.5 K to 3.5 K for all variables but RR

surface temperatures, which showed even larger discrepancies of ~ 9 K.

Table 9-4: Comparison between surface and air temperature values of RR, CR, and SCR between WRF and ENVI-

met for NYC and PHX.

NYC R? RMSE [K]
Surface temperature RR WRF vs. ENVI-met 0.95 9.47
Surface temperature CR WRF vs. ENVI-met 0.92 1.87
Surface temperature SCR WRF vs. ENVI-met 0.91 2.15
Air temperature RR WRF vs. ENVI-met 0.99 0.51
Air temperature CR WRF vs. ENVI-met 0.97 0.80
Air temperature SCR WRF vs. ENVI-met 0.98 0.73
PHX

Surface temperature RR WRF vs. ENVI-met 0.92 8.51
Surface temperature CR WRF vs. ENVI-met 0.89 2.93
Surface temperature SCR WRF vs. ENVI-met 0.80 343
Air temperature RR WRF vs. ENVI-met 0.91 2.39
Air temperature CR WRF vs. ENVI-met 0.95 1.95
Air temperature SCR WRF vs. ENVI-met 0.95 2.01

These larger discrepancies especially in surface temperature range may be explained by WRF’s simpli-
fied building parametrization approach (Chen et al., 2011; Martilli et al., 2002) compared to ENVI-
met’s explicit building physics model (Simon, 2016). The building surface temperatures produced by
ENVI-met were compared and confirmed by measurements in several studies (Simon et al., 2017; Tsoka

et al., 2018; Yang et al., 2013). The review study of Tsoka, Tsikaloudaki, and Theodosiou (2018)
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reported that all surface temperature evaluation studies showed a high agreement with measurements
represented by statistical analysis values between 0.60-0.97 for R, 0.20-1.89 for MBE, and 2.1-4.8 °C
for RMSE (Tsoka et al., 2018). To our knowledge, an evaluation of roof surface temperatures simulated

with the WRF-BEP or WRF-BEP-BEM urban schemes has not been published, yet.

9.3.3 Spatial distribution of (super) cool roofs’ cooling effect on pedestrian-level air tem-
perature

To visualize local differences of cooling at pedestrian level, spatial distribution maps for WRF and
ENVI-met were generated for 15:00 local time, which is commonly examined for results during daily
peak temperatures (Liu et al., 2021). Air temperature reduction by CR/SCR simulated with WRF is
especially pronounced in areas of high building density and thus concentrated in Manhattan (around
40.7° N / 73.8° W, Figure 9-4 a,b), where more roof surfaces were replaced by cool materials in the
comparison simulations than in the rather sparsely built-up areas in the surrounding. These urban ag-
glomerations in and around Manhattan feature a cooling effect of 0.5 K to 2 K in the CR run and even

stronger air temperature reductions of 1 K to 2.75 K in the SCR scenario.

While the general decreases in air temperature at pedestrian level in PHX are similar to the model run
in NYC, the differences in performance between CR and SCR are not as pronounced in PHX as they
are in NYC (Figure 9-4 c,d). However, strong cooling effects of 1.5 K to 2 K are found for large portions
of the Phoenix metropolitan area. Downtown Phoenix features air temperature reductions of up to 3 K.
Small positive temperature anomalies (up to 0.75 K) in PHX as well as large positive air temperature
anomalies (up to 1.25 K) in NYC can be found in sparsely built-up areas and are probably connected to
changes in vertical and horizontal wind patterns due to a different thermal advection that has already
been reported in the SCR ENVI-met sensitivity study of Sinsel et al. (2021) and could also be applicable

for WRF.
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Figure 9-4: Difference of spatial air temperature distribution of WRF results at pedestrian level between RR and
both cool roof scenarios for the case study in NYC at 19.07.2008 15:00: (a) comparison between CR and
RR, (b) comparison between SCR and RR and in PHX at 01.07.2007: (¢) comparison between CR and RR,
(d) comparison between SCR and RR.

Looking at the spatial distribution of air temperature differences at pedestrian level between RR and the

two cool roof types at 15:00 in the ENVI-met simulations, quite homogeneous air temperature reduc-

tions are predicted for the whole model domain in both cities. In NYC, cooling impact ranges mostly

around 0.4 K in both cool roof scenarios and reaches up to 1.4 K and 1.7 K locally in CR and SCR,

respectively (Figure 9-5 a,b). These larger deviations are exclusively found near the inflow borders
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where the changes in vertical air mixing due to different thermal advection conditions in SCR seem to
differ the most compared to RR. For PHX, air temperature reductions at pedestrian level are predicted
to be between 0.2 K and 0.9 K in CR and between 0.4 K and 1.1 K in SCR scenario (Figure 9-5 c,d).
Highest cooling impacts are — in contrast to NYC — not found at the inflow borders but mainly downwind
of the model area where the cooling effect seems to accumulate. Differences between CR and SCR

cooling performances are rather small, thus fitting to previous sensitivity study results (Sinsel et al.,

2021).
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Figure 9-5: Difference of spatial air temperature distribution of ENVI-met results at pedestrian level between RR
and both cool roof scenarios for the case study in NYC at 19.07.2018 15:00: (a) comparison between CR
and RR, (b) comparison between SCR and RR and in PHX at 01.07.2007 15:00: (¢) comparison between CR
and RR, (d) comparison between SCR and RR.
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9.3.4 Cooling effect of (super) cool roofs on pedestrian level air temperature over the
diurnal cycle

To analyze the cooling effect of cool roofs over the diurnal cycle, the air temperature at pedestrian level
was plotted for the case study scenarios of NYC and PHX (Figure 9-6). Values were extracted from the
WREF pixel used for ENVI-met’s forcing and averaged over the whole model area from ENVI-met’s

results (without the outer 5 cells at each border due to possible inflow distortion).

In both case studies and both models, air temperatures are significantly lowered during daytimes, how-
ever with indistinct peaks at morning, midday, and afternoon hours especially in WRF. The fluctuations
in WRF’s air temperature differences could be explained by the single grid cell extraction which has to
show a much higher variability while being affected by short-term influences than the ENVI-met ex-
traction which is based on an average of all model area grid cells. At nighttime, the air temperature
difference slowly ceased to a cooling effect of around 0.1 K in ENVI-met and showed even a warming

effect (although short-lived) of up to 0.6 K in WRF.

In ENVI-met, air temperature at pedestrian level is decreased by up to 0.49 K for NYC simulations and
by up to 0.94 K for PHX simulations in SCR vs. RR comparisons. On the contrary, WRF simulation
results of both case studies showed a much stronger cooling effect of up to 2.51 K for NYC and up to
3.31 K for PHX. Larger cooling effects in WRF simulations are likely explained by the fact that the total
area where cool roofs were applied is greater than in the ENVI-met simulations (ENVI-met areas: ~1
km?, WRF metropolitan areas: ~30.000 km?). With a larger area of SCR, more roofs in total contribute
to a larger, city-wide cooling effect downwind (Broadbent et al., 2020b). The extracted data from the
WREF pixel at the ENVI-met model area location is thus influenced by the accumulated cool roof effect
of the upwind urban areas. Other explanations could point to differences in the turbulent heat exchange
calculation from roof to street-level between both models, especially because ENVI-met predicted sig-
nificantly higher roof surface temperatures on the one hand and much smaller air temperature reductions
at pedestrian level on the other hand. Future work is needed to evaluate the accuracy of the representation
of vertical heat exchange in WRF and ENVI-met. A recent systemic review from Krayenhoff et al.

(2021) noted that WRF and ENVI-met simulated air temperatures have very different sensitives to roof
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albedo changes, suggesting that this discrepancy is caused by differences in the representation of vertical

heat exchange.
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Figure 9-6. Difference of WRF’s and ENVI-met’s air temperatures between CR and RR (a) as well as SCR and
RR (b) at pedestrian level over the course of both simulation periods being extracted from the ENVI-met

model area cell for WRF results and averaged over the model area for ENVI-met results, respectively, com-
paring the different scenarios in NYC and PHX.
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Both models predicted a higher air temperature difference at pedestrian level for PHX where more irra-
diation and warmer air temperatures are found. Since Sinsel et al. (2021) stated a comparatively low
sensitivity of SCR to both radiation (R? ~ 0.26) and air temperature (R? ~ 0.69) but an inverse correlation
of its cooling impact with increasing building height, the stronger SCR cooling performance in PHX
could be assumed to be explained by the low-rise building structure in PHX compared to the medium-
to high-rise building structure in NYC. However, a reverse test with ENVI-met simulations featuring
the NYC boundary conditions to be run with the PHX model area located in NYC as well as the PHX
boundary conditions to be run with the NYC model area located in PHX, could not corroborate this
hypothesis. Contrastingly, air temperature reductions by SCR were more or less in the same range as in
the simulations featuring the correct model area with realistic building morphologies shown in Figure
9-6. NYC results with low-rise PHX model area showed a slightly higher SCR cooling impact (~0.1 K
more reduction), while PHX results with medium- to high-rise NYC model area featured a rather similar
or slightly lower SCR cooling impact (~0.1 to ~0.2 K less reduction during daytime) compared to the

original scenarios (Figure 9-7).

This cross-check hence points to the conclusion that the meteorological conditions in PHX featuring dry
and hot weather as well as steep sun height angles yields better SCR performances in general than the
rather warm and humid conditions in NYC. These results are in line with Baniassadi et al. (2019) who
conducted an analysis of year-long SCR impacts on building energy performances, which additionally
accounts for an increased heating demand for SCR in mild climates with cold winters such as in NYC,
while hot climates such as in PHX only benefit from the advantages of SCR. A recent development of
a dual-mode device that allows to switch between summer mode (high reflectivity for PDRC) and winter
mode (low reflectivity for solar heating) could however overcome this shortcoming (Li et al., 2020).
While meteorological conditions were identified as the major driver, the in Sinsel et al. (2021) found
discrepancies in cooling impact caused by building height differences between model domains turned

out to be a minor factor.
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Figure 9-7: Difference of ENVI-met’s air temperatures between SCR and RR at pedestrian level over the course
of both simulation periods being averaged over the model area. Solid lines feature the original case study
results, while dashed lines represent the case study results with exchanged model areas.

9.4 Conclusion

In two realistic case studies, cooling performances of (super) cool roofs were examined in varying me-
teorological and urban morphological conditions: NYC and PHX. By using mesoscale model WRF and
microscale model ENVI-met, the possible cooling impact of widespread CR or SCR application could
be evaluated on different scales. Furthermore, both model predictions could be compared against each
other showing a high agreement (R? ~ 0.9, RMSE ~ 2 K) in air temperature and roof surface temperature
analysis in general. However, ENVI-met showed a much higher range in modeled roof surface temper-
atures than WREF. Especially the observed high differences in predicted RR surface temperatures be-
tween both models (RMSE ~ 9 K) demonstrate the need for further evaluation of both model physics
schemes, e.g., regarding the modeling of vertical heat exchanges. In the future, more studies comparing
models at different scales as well as measurement campaigns to evaluate modeling accuracy will be

needed.

Modeled CR and SCR surface temperatures as well as their ability to stay below ambient air temperature

are in agreement with previous measurement and modeling studies. Spatial distribution maps of air
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temperature reductions at pedestrian level showed lower CR/SCR cooling impacts in ENVI-met than in
WRF, however with a local cooling up to 1.7 K during midday. The diurnal cycle of air temperature
reductions at pedestrian level showed that the maximum cooling effect of SCR was found to be up to
0.49 K (NYC)/0.94 K (PHX) averaged over the model area in ENVI-met. WRF predicted significantly
stronger cooling effects of up to 2.51 K (NYC)/3.31 K (PHX). Discrepancies between the model results
could be explained by the simulation and analysis setup. As expected, PDRC only has a cooling impact
during daytime that does not last during nighttime and even turns into a short-lived small warming effect

in WREF scenarios.

Differences between SCR cooling performances in NYC and PHX are identified to be primarily related
to the climate. Cross-check simulations featuring exchanged model areas excluded the different building
morphologies as major driver of the discrepancies. While the prevailing higher building heights of the
NYC model area were found to have a small negative effect on SCR cooling performance, which was
also stated by a previous sensitivity study, the hot and dry meteorological conditions in PHX were iden-
tified as the main cause for the higher impact in pedestrian-level air temperature cooling. Recent build-
ing energy performance simulations also suggest that the advantages of SCR application are predomi-
nantly related to hot and dry climates, especially when inadvertent negative cooling effects during cold
periods with an additional heating demand in winter are considered. However, further studies with dif-
fering climatological situations and building morphologies will have to verify these findings to improve

guidance for urban planning purposes.
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9.6 Appendix
WRF was evaluated in both New York and Phoenix against 2 m air temperature observations at three
locations in both metropolitan areas. The evaluations were completed for the heatwave case study peri-

ods. Air temperature data were obtained via the Mesowest website (https://mesowest.utah.edu/), which

hosts historical National Weather Service observational data.
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Figure 9-8: Observed (blue) vs modeled (red) air temperature for NYC at John F. Kennedy Airport (a), LaGuardia
Airport (b), and NYC Central Park (c). RMSE = root mean square error, MBE = mean bias error, MAE =

mean absolute error.

For New York, the weather stations analyzed were John F. Kennedy Airport (KJFK; 40.64° N, 73.76°

W), LaGuardia Airport (KLGA; 40.78° N, 73.88° W), and Central Park (KNYC; 40.78° N, 73.97° W).

The timing and amplitude of diurnal temperature range is less accurately captured in New York City,

relative to Phoenix. The model tended to heat up too slowly when compared to observations (Figure

9-8). In particular, the daily maximum temperature at the JFK airport site was underpredicted by up to

5 °C. The reduced model skill in New York is likely due to complex sea breeze circulations and coastal
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effects in New York. Overall, statistical indicators at the LaGuardia and Central Park sites are within

acceptable ranges.

For Phoenix, the weather stations analyzed were Phoenix Sky Harbor (KPHX; 33.43° N, 112.00° W),
Scottsdale Airport (KSDL; 33.43°, 112.00° W), and Phoenix Mesa-Gateway Airport (KIWA; 33.3°2 N,
111.65° W). Evaluation timeseries show that the timing and amplitude of diurnal temperature change is

well captured in Phoenix (Figure 9-9). Statistical indicators also indicate good model skill with RMSE

values of 1.4 — 2.0 K.
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= mean absolute error.

“ (Sinsel et al., 2021b).
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10 Conclusion and outlook

This thesis presented a summary of extensive works with and on the microclimate model ENVI-met. By
analyzing the newly developed super cool materials as a heat mitigation measure when applied on roof-
tops, a typical scientific application featuring the use of climate models was conducted. In two consec-
utive studies featuring both simple and complex urban environments, it was found that SCR could be a
viable option for urban heat stress mitigation, although being limited to very hot and dry climates as
well as a prevailing low-rise building morphology. Additionally, a large-scale application must be as-
sumed as a rather hypothetical scenario, especially since SCR is competing against popular green roof
solutions and photovoltaic systems that might not be improving indoor and outdoor thermal comfort but
are contrastingly capable of producing renewable energy without any additional space demand. Another
application study featuring the analysis of particulate matter exposition rates at child height levels yields
a call for more in-depth research about air pollution concentrations on different height levels and shows

the broad range of possible ENVI-met modeling tasks.

Presented model advancements featured the implementation of IVS and ACRT modules to tackle re-
ported shortcomings in radiation flux modeling as well as the development of Lindenmeyer-system trees
and a stochastic particle trajectory model as a post-processing tool for ENVI-met. All implementations
were explained in detail and evaluated by proof-of-concept simulations. A presented model evaluation
study in Hong Kong featuring multiple sites, simulation settings, and analyzed parameters demonstrates
an important aspect in modeling as it features advice and guidelines for the application of ENVI-met on
the one hand and provides validation for the current model state on the other hand. While the study
found high agreement between modeled and measured values in general, deviations in predicted MRT
were revealed. Such validation studies are highly necessary to find and report issues and inaccuracies
that can subsequently be addressed by the developers. An example for that process is the follow-up
implementation of a new MRT calculation scheme that was found to overcome the previously reported

inaccuracies.

It was demonstrated that the advances presented in this thesis lead to a higher accuracy in microclimate
modeling with ENVI-met. As radiative fluxes represent a major driver of climatological processes in

general, improving its modeling accuracy demonstrates a cornerstone in climate modeling. Due to
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ENVI-met’s widespread application, it can therefore be assumed that the quality of numerous upcoming
urban heat adaptation modeling studies will be improved by the presented enhancements. However,
there will always be room for improvements and new developments as a model can always be refined
to fit real processes even more accurately. Future validation studies will hence be required to further
report any possible shortcomings. As an example, detailed rework is needed for the terrain implemen-
tation of the model that is currently not affecting the inflow boundary conditions thus possibly leading
to irregularly high wind speeds and low air temperatures directly above the ground for higher terrain
levels. A new algorithm might be necessary that interpolates inflow boundary conditions depending on
an individual grid cell’s terrain level height. Other fields of possible advancements involve the imple-
mentation of anthropogenic heat sources from air conditioning or traffic (Girgis et al., 2016) as well as
a photovoltaic panel calculation module (Heusinger et al., 2021, 2020). Furthermore, a new ENVI-met
module called TreePass focusing on the analysis of wind risk for trees based on the presented, newly
implemented L-tree system is already in development. In order to allow a suitable analysis of the mul-
titude of generated tree variables, the possibility to instantly analyze the simulation results by Python
Scripts was also recently added to the model. An additional ongoing challenge is to open ENVI-met’s
file formats for input and output routines to allow an easy and interdisciplinary application (Fallmann
and Emeis, 2020; Graham et al., 2020), i.e. standardize simulation input files as official XML-files and
provide standardized binary output files, for example in NetCDF file format that is commonly used by
climate models. These open formats can then be accessed by other platforms via common libraries to
e.g. provide ENVI-met simulation files by SketchUp or Rhino plugins, respectively, or analyze output
files in programs like QGIS or ParaView. Furthermore, already developed NetCDF reading and trans-
lation routines yield future publications as they can be used for automatized downscaling from
mesoscale models like WRF and COSMO to ENVI-met. This work can be seen in relation to the not yet
publicly available offline nesting of differently sized ENVI-met model areas, which allow the forcing
of ENVI-met simulations with highly accurate, urbanized meteorological boundary conditions (Simon

et al., 2018a, 2018b).

In summary, all mentioned implemented and planned advancements yield the common goal to improve

microclimate modeling accuracy and further increase its application potential. Modeling studies
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evaluating heat mitigation strategies as well as sustainable urban planning in general will hence benefit

from these developments.
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ACRT
AT
AVF
BR
CFD
CR
Ccv
DEM
EMSD
EPW
FFP
Gl

GR
GT
GW
HK
HKO
HTC
IAGUSP

IDW
IVS
K-M
KSC
LAD
LaStTraM
LES

LS
L-System
L-Tree
LW
MBE
MRT
NetCDF
NYC
PDRC
PET
PHX
PM
RANS
RH
RMSE
SCR

SD

SP

SW

TF

UHI
WRF

Advanced Canopy Radiation Transfer

Air Temperature

Averaged View Factors

Bare Roof

Computational Fluid Dynamics

Cool Roof

Coefficient of Variation

Digital Elevation Model

Electronic and Mechanical Services Department Hong Kong
Energy Plus Weather

Flux Footprint Predictions model

Green Infrastructure

Green Roof

Ground Tree

Green Wall

Hong Kong

Hong Kong Observatory

Human Thermal Comfort

Institute of Astronomy, Geophysics and Atmospheric Sciences at the University of
Sao Paulo

Inverse Distance Weighting

Indexed View Spheres

Kormann-Meixner model

Kau Sai Chau Observatory

Leaf Area Density

Lagrangian Stochastic Particle Trajectory Model
Large-Eddy simulations

Lagrangian stochastic particle dispersion models
Lindenmeyer-system

Lindenmeyer-system based tree

Longwave Radiation

Mean Bias Error

Mean Radiant Temperature

Network Common Data Form

New York City

Passive Daytime Radiative Cooling
Physiological Equivalent Temperature
Phoenix, Arizona

Particulate Matter
Reynold-Averaged-Navier-Stokes equations
Relative Humidity

Root Mean Square Error

Super Cool Roof

Standard Deviation

Sao Paulo

Shortwave Radiation

Tree Free

Urban Heat Island

Weather and Research Forecast model
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