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ABSTRACT 

A MICROSCALE 3-D MODEL OF URBAN OUTDOOR THERMAL EXPOSURE (TUF-

PEDESTRIAN): IMPACTS OF STREET TREE CONFIGURATION 

Jacob Lachapelle 
University of Guelph, 2021

Advisor: 
Scott Krayenhoff 
 

Street trees provide effective cooling to urban pedestrians during hot weather. However, existing 

tools may be insufficient to optimize tree placement for this purpose. A microscale three-

dimensional (3-D) urban radiation and energy balance model, TUF-Pedestrian, was developed to 

simulate pedestrian radiation exposure and study urban tree placement. TUF-Pedestrian 

explicitly simulates shortwave and longwave radiative impacts of trees on their surroundings and 

on a pedestrian to calculate a mean radiant temperature (TMRT). Model evaluation demonstrates 

that TUF-Pedestrian accurately simulates incoming directional radiative fluxes on pedestrians 

and associated TMRT in urban environments with and without tree cover. The model is applied to 

understand TMRT variation under different street tree configurations in hot weather. Adding street 

trees provides effective cooling, where reductions in TMRT decrease modestly as tree cover 

increases. Street orientation and solar angle are important considerations for the placement of 

street trees relative to pedestrian walkways to best cool pedestrians.   
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1  Introduction 

1.1 Literature review 

Urban areas play a prominent role in modern society, with 55% of the population living 

in cities (United Nations 2019). Urban areas are also expected to expand and house over 68% of 

the global population by 2050 as populations continue to grow (United Nations 2019). It is 

therefore important to ensure that cities are well prepared for the future. 

Expanding cities around the globe need to prepare for the expected increases in 

temperatures and heat wave frequency, duration, and intensity from climate change (IPCC 2014; 

Krayenhoff et al. 2018). Heat waves already have large negative impacts on human health. In the 

State of California, over a period of ten years, over 10,000 heat-related illnesses were reported 

such as dehydration, acute renal failure, and respiratory issues (Guirguis et al. 2014). Another 

study in Europe found that there were hundreds of deaths in Paris, France and Greater London, 

Great Britain associated with high heat levels in the summer of 2003 (Mitchell et al. 2016). As 

heat waves become more common in the future their toll on human health will continue to rise 

unless the increased urban heat can be offset. 

To minimize urban heat impacts on pedestrians and make cities more comfortable, it is 

helpful to understand the drivers of outdoor thermal exposure and comfort in cities. Thermal 

comfort typically refers to how an individual feels based on a diversity of factors, including local 

climatic conditions such as air temperature, wind speed, humidity, and radiant load. Many 

thermal indices exist (Coccolo et al. 2016), which integrate meteorological, behavioural (e.g., 
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clothing) and physiological (e.g., metabolic heat) conditions to varying degrees to assess the heat 

balance of an individual. Some more widely used indices, such as Physiologically Equivalent 

Temperature (PET) (Höppe 1999) and Universal Thermal Climate Index (UTCI) (Jendritzky et 

al. 2012), use ambient micrometeorological conditions to approximate the indoor air and surface 

temperature that would cause the same physiological response or strain. Thermal exposure refers 

to an individual’s exposure to meteorological conditions only. Reduction of thermal exposure 

during hot conditions (i.e., heat exposure) is often the best way to improve thermal comfort in 

hot weather (e.g., Middel and Krayenhoff 2019).  

Radiation exposure, defined here as the overall radiation incident on a pedestrian, is a key 

component of outdoor thermal comfort and exposure during hot summer conditions (Matzarakis 

et al. 2010). Pedestrians absorb incoming shortwave radiation incident directly from the sun and 

reflected from surrounding surfaces. Pedestrians also absorb longwave radiation emitted from the 

sky and from surrounding surfaces, where surfaces with a higher temperature emit more 

longwave radiation. The total radiation absorbed by an individual is often represented as the 

Mean Radiant Temperature (TMRT), or the “uniform temperature of an imaginary enclosure in 

which radiant heat transfer from the human body equals the radiant heat transfer in the actual 

non-uniform enclosure” (ASHRAE 2001). 

There are benefits to focusing on TMRT when studying thermal exposure. For one, it is 

one of the most important factors modulating thermal exposure, especially during the 

summertime, because TMRT in sunlit areas may be much higher than the air temperature (Ali-

Toudert and Mayer 2006; Thorsson et al. 2007; Lindberg et al. 2008; Kántor and Unger 2011). In 

addition, TMRT is highly dependent on shade and therefore exhibits high spatial and temporal 
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variability in urban environments, which often makes it a better predictor of PET and UTCI than 

air temperature for hot conditions (Middel and Krayenhoff 2019). The high spatial variability of 

TMRT also indicates the need for microscale assessment of thermal exposure (Lee et al. 2014; 

Middel and Krayenhoff 2019), as well as the opportunity for street scale solutions to high heat 

exposure, which can be enacted locally as opposed to the neighbourhood or city scales. The main 

hindrance to the use of TMRT for assessment of thermal exposure is the relative difficulty in 

obtaining directional radiative flux measurements relative to air temperature measurements 

(Kántor and Unger 2011). TMRT may be approximated using a globe thermometer (Thorsson et 

al. 2007; Kántor and Unger 2011), or it can be measured (or modelled) by using pyrgeometers 

and pyranometers in six directions (up, down, North, South, East, and West) to calculate 

incoming radiative fluxes from the surrounding environment (Höppe 1992, Lindberg et al. 2008; 

Matzarakis et al. 2010; Middel and Krayenhoff 2019). Middel and Krayenhoff (2019) measured 

radiative components of TMRT with pyrgeometers and pyranometers mounted on a mobile 

biometeorological station (MaRTy) that also measured air temperature, wind speed and 

humidity. 

 TMRT and thermal indices such as PET and UTCI have been applied over the past few 

decades to evaluate how built environments influence thermal exposure and therefore thermal 

comfort (Ali-Toudert and Mayer 2007; Lindberg and Grimmond 2011; Kántor et al. 2018; 

Middel and Krayenhoff 2019). Cities have reduced evapotranspiration and therefore warmer 

temperatures because soil and vegetation have been replaced by impermeable surfaces, whose 

temperatures greatly exceed air temperature during sunny summer conditions (Oke et al. 1991). 

Thermal comfort studies seek to identify means of reducing these effects, including increased 
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shading, increased pervious ground cover, and altered material radiative or thermal properties 

(Ali-Toudert and Mayer 2007; Lindberg and Grimmond 2011; Shashua-Bar et al. 2011; Erell et 

al. 2014; Kántor et al. 2016; Middel and Krayenhoff 2019).  

 Excessive daytime heat exposure is often best addressed by reducing radiation exposure 

by increasing shading in cities, particularly in drier climates. Sunlit areas typically exhibit the 

highest heat exposures due to the high radiant loads; therefore, reduction of the sunlit area can 

greatly reduce urban heat exposure. Tall, closely spaced buildings generate shade most 

effectively, as do urban canyons with high height to width ratio (H/W) which permit less sunlight 

to reach the street (Ali-Toudert and Mayer 2006; Johansson 2006; Thorsson et al. 2011). The 

efficiency of building shade depends on street orientation, where East-West oriented streets will 

have more sunlight reaching the street (on their north side) and are often considered to have the 

highest heat exposure during the day (Ali-Toudert and Mayer 2006, 2007). However, widespread 

alteration of building and street geometry is not feasible in existing urban neighbourhoods. 

Shading in cities can also be increased and radiation heat exposure reduced by planting 

trees, (Ali-Toudert and Mayer 2007; Lindberg and Grimmond 2011; Shashua-Bar et al. 2011; 

Kántor et al. 2016; Kántor et al. 2018). The potential for trees to reduce heat exposure in cities 

has garnered much attention in recent years (Picot 2004; Gulyás et al. 2006; Ali-Toudert and 

Mayer 2007; Shashua-Bar et al. 2011; Millward et al. 2014; Gillner et al. 2015; Middel et al. 

2015; Coutts et al. 2016; Kántor et al. 2016, 2018; Taleghani et al. 2016; Smithers et al. 2018; 

Sodoudi et al. 2018; Zheng et al. 2018; Farhadi et al. 2019; Middel and Krayenhoff 2019; Park et 

al. 2019; Liu et al. 2020; Morakinyo et al. 2020; Ouyang et al. 2020; Lee and Mayer 2020). 

Trees impact thermal exposure not only by directly shading pedestrians, but also by 1) shading 
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street-level and building surfaces, keeping them cooler and resulting in less longwave radiation 

emitted towards pedestrians; 2) emitting more longwave radiation toward pedestrians than the 

cooler sky above; 3) slowing down the wind and altering turbulent heat and momentum transfer; 

and 4) transpiring, thereby reducing sensible heat flux and cooling the air (Picot 2004; Shashua-

Bar et al. 2011; Krayenhoff et al. 2020). Although the impacts of trees on longwave radiation 

and wind will tend to increase heat exposure, the reduction of heat exposure caused by shading 

and transpiration typically dominate during daytime, resulting in a strong cooling effect from 

trees (Kántor et al. 2016, Taleghani et al. 2016; Smithers et al. 2018). Tree shading alone 

provides a great cooling benefit and the associated reductions in TMRT can reduce equivalent 

temperatures of PET or UTCI by up to 20°C (Gulyás et al. 2006; Ali-Toudert and Mayer 2007; 

Kántor et al. 2018; Middel and Krayenhoff 2019).  

 While studies have shown that street trees can strongly mitigate urban heat exposure 

through shading, optimal configuration of street tree implementations can help achieve the best 

results (Middel et al. 2015; Coutts et al. 2016; Farhadi et al. 2019; Park et al. 2019). As an 

example, trees provide more effective cooling when located in street canyons with low H/W 

ratios (Coutts et al. 2016; Ali-Toudert and Mayer 2006; Johansson 2006; Thorsson et al. 2011). 

Recent studies have further clarified which types of trees should be planted as a function of 

urban geometry, and where they should be planted, informing the planning and design of streets 

for pedestrian thermal comfort (Millward et al. 2014; Gillner et al. 2015; Smithers et al. 2018; 

Zheng et al. 2018; Park et al. 2019; Morakinyo et al. 2020). Although these studies use different 

metrics, including surface temperature, air temperature, energy balance, thermal comfort indices, 

a general consensus among them is that clusters of trees with relatively high leaf area indexes 
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(LAIs, or tree canopy density) and a high transpiration rate should be planted in broad streets 

with short buildings to help keep pedestrians cool during hot conditions. 

Zheng et al. (2018), Park et al. (2019) and Morakinyo et al. (2020) focused on tree 

configurations in different street geometries and provided useful guidance regarding optimal tree 

species choice and configuration for reducing thermal exposure. Zheng et al. (2018) assessed the 

use of trees to mitigate heat on the north side of an East-West canyon at different H/W ratios and 

found that denser trees with little space in between them are preferable for cooling pedestrians, 

especially at low canyon H/W ratios. Park et al. (2019) also assessed trees in an East-West 

canyon, focusing on tree size and spacing. However, they used a two-dimensional model and 

therefore did not explicitly represent tree spacing and associated interactions in the along-canyon 

dimension. Regardless, Park et al. (2019) found that pedestrian TMRT was optimally reduced with 

either larger trees, or many small trees with little space between them. Morakinyo et al. (2020), 

tested the cooling effect of different tree types (different trunk and tree heights, foliage density, 

and canopy width) in streets of varying H/W ratios. They found that, although trees in the hottest 

street canyons (low H/W) should be denser and shorter and wider, the trees planted in narrow 

and tall canyons should be sparser and taller. 

Optimal design of city streets and prioritization of resources (e.g., tree planting) between 

streets are important because there is limited space and funding for trees in any given 

jurisdiction. However, few studies have attempted to provide information regarding the 

placement of trees in different urban geometries and the literature still lacks guidance (Zheng et 

al. 2018; Park et al. 2019; Morakinyo et al. 2020). The dearth of tools suited to addressing 

questions related to optimal tree placement probably underlies the lack of study of this topic. 
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 To assess the effects of existing or proposed street trees on thermal exposure, studies 

often rely on numerical modelling. Commonly used models are SOLWEIG (Lindberg et al. 

2008; Lindberg and Grimmond 2011), ENVI-met (Bruse 1999), and RayMan (Matzarakis et al. 

2010), each of which has its own set of limitations (Crank et al. 2020; Gál and Kántor 2020). For 

example, SOLWEIG and ENVI-met models tend to underestimate TMRT in sunlit areas and 

during nighttime and overestimate it in areas that are shaded for prolonged periods (Gál and 

Kántor 2020). SOLWEIG computes domain-averaged surface temperatures as a simple function 

of air temperature, informing the longwave components of TMRT (Lindberg et al. 2008). This 

approach yields underestimation of sunlit wall temperatures, and overestimation of shadowed 

wall temperatures, thereby producing inaccuracies in longwave emission incident on pedestrians 

close to walls (Gál and Kántor 2020). Like SOLWEIG, ENVI-met uses domain-averaged surface 

temperatures, but additionally neglects the impacts of trees on diffuse radiation from the sky, 

effectively underestimating the effects of trees on the moderation of thermal exposure (Gál and 

Kántor 2020). Conversely, the RayMan model tends to underestimate TMRT at all times of day in 

temperate climates (Gál and Kántor 2020), but overestimates TMRT in hot and dry climates, 

especially in enclosed spaces (Crank et al. 2020). This error is likely due to the model 

calculations of longwave emission which also rely on air temperature, and therefore do not 

properly account for the proportion of sunlit walls or streets (Matzarakis et al. 2010; Gál and 

Kántor 2020). Thus, a major limitation in all three models commonly applied to assess heat 

exposure in urban neighbourhoods relates to the accuracy of surface temperature modelling and 

associated exposure of the pedestrian to emitted longwave radiation from the surrounding 

environment. With any additional street complexity, for example the addition of different street 
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tree configurations, this limitation more substantially restricts the analysis that can be performed 

with these models.  

 Although the models stated above have some limitations, they also have advantages. 

ENVI-met is one of the most widely used models and it simulates the three-dimensional wind 

flow (Vos et al. 2013). In addition, ENVI-met permits relatively complex canyon geometry, 

which makes it applicable in many situations (Bruse 1999; Ali-Toudert and Mayer 2007). 

SOLWEIG can also include complex urban geometry, and an entire neighbourhood with diverse 

building and tree placements (Lindberg and Grimmond 2011). RayMan on the other hand is a 

relatively simple model, which makes it computationally efficient and accessible to a broader 

spectrum of users (Matzarakis et al. 2010). 

 VTUF-3D (Vegetated Temperatures of Urban Facets; Nice et al. 2018), based on the 

TUF-3D model (Krayenhoff and Voogt, 2007), is also designed with assessment of pedestrian 

thermal exposure and the associated effects of urban vegetation in mind. It simulates surface 

temperatures more accurately than SOLWEIG, ENVI-met and RayMan because it includes the 

spatially explicit urban surface temperature physics form TUF-3D, and it can therefore provide 

more accurate longwave emissions towards a pedestrian. However, tree processes are calculated 

offline in a separate vegetation model, MAESPA, before being fed back into the main TUF-3D 

component of the model (Nice et al. 2018). MAESPA calculates tree shading effects and the 

energy balances of tree leaves.  However, the lack of coupling between the built and vegetation 

models means that radiative interactions between the urban canyon and the vegetation are 

missed. Notable in the current context, the longwave exchanges between the urban environment 
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and vegetation are omitted (Nice et al. 2018). As a result, the impacts of trees on a pedestrian are 

based on incomplete assessment of actual radiative exchanges.  

In the context of determining optimal street tree configurations, the use of domain-

averaged surface temperatures and the lack of consideration of sunlit-shaded surface 

distributions is a drawback in existing models ENVI-met, SOLWEIG, and RayMan. Tree 

planting changes the fraction and distribution of sunlit street and building surfaces, in turn 

altering the longwave exposure of any particular pedestrian. The lack of urban surface and 

vegetation interactions in VTUF-3D is also a drawback for this purpose because several radiative 

impacts of trees are not included. In addition, the four models introduced above calculate overall 

TMRT but do not all output the directional radiative components that compose TMRT. Assessment 

of the directional fluxes contributing most to elevated TMRT in different locations enables 

identification of associated hot surfaces that need to be addressed in order to reduce the high 

TMRT. Therefore, a new method for process-based computation of TMRT and of the associated 

urban surface temperature distributions, would provide multiple benefits. One benefit is the 

ability to disentangle the impacts of individual urban design strategies, particularly street trees, 

on pedestrian radiation exposure. This study develops a microscale, three-dimensional, process-

based urban radiation and energy balance model, TUF-Pedestrian, and applies it to assessment of 

street tree configurations for optimal summertime radiation exposure. 

  



 

 

10 

 

1.2 Objectives 

This study aims to develop a numerical tool with the ability to determine optimal street tree 

configurations for reducing pedestrian radiation exposure during midlatitude summer conditions. 

The applied portion of this work focuses on a residential area (low H/W ratio) and aims to 

communicate results in an accessible manner for uptake by urban planners and designers. These 

overarching goals are achieved by the following objectives: 

1) Develop a new model for simulating pedestrian radiation exposure, TUF-Pedestrian, that 

includes the radiation impacts of trees on buildings, streets and pedestrians.  

2) Evaluate the TUF-Pedestrian model with radiation and TMRT observations from an urban 

environment with trees.  

3) Evaluate which street tree configuration provides the greatest reductions of pedestrian 

TMRT during peak afternoon temperatures for several urban contexts. 

 This thesis is organized in four chapters. Chapter 2 contains information on the model 

development and evaluation and as such, objectives 1 and 2 will be addressed. Chapter 3 focuses 

on objective 3, that is, application of TUF-Pedestrian to provide insight into which street tree 

configurations provide the greatest reductions in TMRT. Finally, Chapter 4 summarizes the thesis, 

discusses future work with TUF-Pedestrian, and provides potential advice of relevance to urban 

planning.  
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2 Model development and evaluation 

 The first step towards assessing the impacts of street tree configurations on the radiation 

components of pedestrian thermal exposure is development of a model with the necessary 

capabilities and evaluating its accuracy. This section covers the development of TUF-Pedestrian, 

a numerical tool that simulates pedestrian thermal exposure in city streets that contain trees. This 

section subsequently presents an evaluation of the accuracy of the model before briefly 

explaining the capabilities of TUF-Pedestrian in the context of other urban thermal exposure 

modelling tools.  

2.1 TUF-Pedestrian Model development  

  Temperatures of Urban Facets in Three Dimensions (TUF-3D) is a microscale, building-

resolving radiation and energy balance model designed to model urban surface temperatures 

(Krayenhoff and Voogt 2007). TUF-3D is based on a three-dimensional, plane-parallel grid 

array, where buildings are identically sized and streets are regularly spaced, and all components 

of the urban surface are discretized into identically sized, square, sub-facet “patches” 

(Krayenhoff and Voogt 2007). Direct shortwave radiation illumination of patches is determined 

with a ray tracing algorithm, and a radiosity approach is employed for diffuse shortwave and 

longwave radiation (including Lambertian reflection and emission from patches). A 

discretization of the Fourier heat conduction equation is applied at each patch, and two 

approaches are applied to determine patch sensible heat flux: an empirical flat-plate convection 

scheme for building walls, and Monin-Obukhov Similarity Theory for roofs and streets. 

Importantly, TUF-3D solves the full energy balance (assuming no latent heat flux) at each patch, 
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which allows detailed surface temperature distributions and associated spatial distribution of 

longwave emission over the 3-D urban surface. Further details related to model construction and 

testing can be found in Krayenhoff and Voogt (2007). 

 TUF-Pedestrian is updated from TUF-3D for the purpose of pedestrian thermal 

(radiation) exposure assessment. TUF-Pedestrian includes a pedestrian for assessment of incident 

shortwave and longwave radiation and resulting mean radiant temperature (TMRT), which is one 

of the most important factors influencing spatial and temporal variability of pedestrian thermal 

exposure in cities (Lindberg et al. 2008; Lindberg and Grimmond 2011; Shashua-Bar et al. 2011; 

Middel et al. 2014). The model is also updated to include the radiative impacts of tree canopies, 

since urban trees can strongly impact pedestrian TMRT (Ali-Toudert and Mayer 2007; Lindberg 

and Grimmond 2011; Shashua-Bar et al. 2011; Middel and Krayenhoff 2019). 

2.1.1 Addition of trees 

 Tree canopies have a large impact on radiation exchange and TMRT, especially through 

interception of beam radiation and associated shading of underlying surfaces. Trees are 

represented in TUF-Pedestrian as cells within the model domain that have non-zero leaf area 

density (LAD), omitting any effects of their trunks. Tree canopy LAD is assumed constant at an 

average value for all tree canopy cells within a domain, as opposed to varying LAD throughout 

the depth of the tree canopy. To model interception of radiation by tree foliage, the Bouguer-

Lambert-Beer Law is applied: 

 𝜏𝜏 = 𝑒𝑒−(𝐾𝐾𝑏𝑏∗Ω∗𝐿𝐿𝐿𝐿𝐿𝐿∗𝑠𝑠)  (2.1) 
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where 𝜏𝜏 is the transmissivity of beam radiation through tree foliage in the direction of travel, Kb 

is the extinction coefficient, Ω is the foliage clumping factor, 𝐿𝐿𝐿𝐿𝐿𝐿 is the leaf area density, and 𝑠𝑠 

is the path length of a ray travelling through the tree canopy (Campbell and Norman 1998). A 

value of 0.5 is used for Kb assuming a spherical leaf angle distribution (Campbell and Norman 

1998; Krayenhoff et al. 2014). A clumping factor of 0.7 is used in TUF-Pedestrian to account for 

vegetation heterogeneity within a single tree therefore, more radiation can penetrate through the 

tree canopy when foliage is clumped within tree crowns relative to a random spatial distribution 

of leaves within crowns (Bailey et al. 2020; Krayenhoff et al. 2020). 

To represent the shading effect from trees, a ray tracing approach from each patch 

towards the sun is used, where rays are attenuated according to the Bouguer-Lambert-Beer Law, 

with a leaf absorptivity of 0.5 (Eq. 2.2): 

 𝜏𝜏𝑡𝑡 = 𝑒𝑒−�𝐾𝐾𝑏𝑏 ∙ �𝑎𝑎𝑡𝑡 ∙ Ω ∙𝐿𝐿𝐿𝐿𝐿𝐿∗𝑠𝑠� (2.2) 

where 𝜏𝜏𝑡𝑡 is the transmissivity through the tree shade cells and 𝑎𝑎𝑡𝑡 is the leaf absorptivity 

(Campbell and Norman 1998). As each ray passes through tree cells, the radiation is intercepted 

according to the leaf area density, clumping coefficient, and the path length through tree foliage. 

 In addition to direct solar radiation, trees also intercept diffuse solar radiation and 

longwave radiation. TUF-Pedestrian uses a radiosity approach to calculate longwave radiation 

and diffuse shortwave radiation exchange between building and street patches, using view 

factors. Instead of using a Monte-Carlo ray-tracing approach to calculate the impacts of trees on 

diffuse shortwave and longwave radiation (Krayenhoff et al. 2014), the original TUF-3D view 



 

 

14 

 

factors between building and street patches are simply attenuated by intervening tree foliage 

using the Bouguer-Lambert-Beer Law (assuming no longwave or shortwave scattering from tree 

foliage, Eq. 2.1). This allows a reduction in memory usage and saves computing time when 

calculating view factors. The level of radiation attenuation between impervious (i.e., street or 

building wall) patches by tree foliage therefore depends on the leaf area density, distance a ray 

travels through the canopy between patches, and the extinction coefficient and clumping of tree 

foliage. To determine the attenuation of sky view factors (Ψ𝑆𝑆) of patches by tree foliage, two rays 

are cast from each patch to each “sky” cell above the domain, once without the presence of trees, 

and once with the impact of trees, using the Bouguer-Lambert-Beer Law (Eq. 2.1). The 

comparison between these two ray casting options allows derivation of a sky view factor when 

trees are considered based on the original TUF-3D calculation of sky view factor for the no-tree 

case. For more details on the view factor calculations, see Appendix 1.1. 

 The final impact of trees that is considered in TUF-Pedestrian is their emission of 

longwave radiation. Congruent with the radiosity approach, the tree view factor (Ψ𝑇𝑇) from each 

patch is determined by Eq. 2.3: 

 Ψ𝑇𝑇 = 1 −  Ψ𝑆𝑆 −  Ψ𝐵𝐵 (2.3) 

where Ψ𝑆𝑆 is the sky view factor after consideration of the attenuation impacts of trees, and Ψ𝐵𝐵 is 

the built environment view factor after consideration of the attenuation effects of trees. This 

approach ensures that TUF-Pedestrian follows the conservation of energy principle. Trees then 

emit longwave according to the Stefan-Boltzmann law, where it is assumed that leaf temperature 

is equal to the urban canyon air temperature, and that the emissivity of tree leaves is 0.98 
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(Campbell and Norman 1998). It should be noted that while TUF-Pedestrian calculates the view 

factor from each patch to all visible trees (Ψ𝑇𝑇), the view factor from the trees to each patch 

(Ψ𝑇𝑇→𝑖𝑖) would usually be used to compute the total tree foliage longwave emission incident on 

each patch. However, these view factors are related through the following equation: 

 Ψ𝑇𝑇 =  Ψ𝑇𝑇→𝑖𝑖 ∗ 𝐿𝐿𝑇𝑇/𝐿𝐿𝑖𝑖 (2.4) 

where AT is the area of the trees, and Ai is the area of a patch. Here, the area-weighted view 

factors that quantify the transfer from trees to a patch (right hand side of Eq. 2.4) are equal to the 

unweighted view factors from the patch to the trees (left hand side of Eq. 2.4) based on the rule 

of view factor reciprocity (Sparrow and Cess 1978; Krayenhoff et al. 2014). As such, the tree 

view factor calculated in TUF-Pedestrian (Ψ𝑇𝑇) inherently accounts for the area weighting and 

may be used to determine the amount of radiation emitted from trees towards each patch. 

 TUF-Pedestrian calculates the total incident radiation on any given patch (𝑅𝑅𝑖𝑖) via the 

following three equations: 

 𝐾𝐾𝑖𝑖 = 𝐾𝐾𝑆𝑆𝜏𝜏𝑡𝑡 + 𝐾𝐾𝐿𝐿 𝑠𝑠Ψ𝑆𝑆 + ∑ �𝐾𝐾𝑅𝑅 𝑗𝑗Ψ𝑗𝑗→𝑖𝑖�𝑛𝑛
𝑗𝑗=1  (2.5) 

 𝐿𝐿𝑖𝑖 = 𝐿𝐿𝑠𝑠Ψ𝑆𝑆 + ∑ �𝐿𝐿𝑗𝑗Ψ𝑗𝑗→𝑖𝑖�𝑛𝑛
𝑗𝑗=1 + ∑ �𝐿𝐿𝑅𝑅 𝑗𝑗Ψ𝑗𝑗→𝑖𝑖�𝑛𝑛

𝑗𝑗=1 +  𝐿𝐿𝑡𝑡Ψ𝑇𝑇  (2.6) 

 𝑅𝑅𝑖𝑖 =  𝐾𝐾𝑖𝑖 +  𝐿𝐿𝑖𝑖 (2.7) 

where 𝐾𝐾𝑖𝑖 is the total shortwave radiation incident on a given patch i, 𝐾𝐾𝑆𝑆 is the direct solar radiation, 

𝐾𝐾𝐿𝐿 𝑠𝑠 is the diffuse solar radiation from the sky, n is the total number of visible patches, 𝐾𝐾𝑅𝑅 𝑗𝑗 is the 

reflected diffuse solar radiation from other building or street patches (j), and Ψ𝑗𝑗→𝑖𝑖 is the view factor 
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from patch j to i (note that all patches are the same size, and so area weighting is not required). 𝐿𝐿𝑖𝑖 

is the total longwave radiation incident on a given patch, 𝐿𝐿𝑠𝑠 is the emitted longwave radiation from 

the sky, 𝐿𝐿𝑗𝑗 is the emitted longwave radiation from any other given patch, 𝐿𝐿𝑅𝑅 𝑗𝑗 is the reflected 

longwave radiation from any other given patch (j), and 𝐿𝐿𝑡𝑡 is the emitted longwave radiation from 

trees. To calculate the view factors between i and j, TUF-Pedestrian uses the same approach as the 

original TUF-3D model (Krayenhoff and Voogt 2007), with exact analytical equations (Hottel and 

Sarofim 1967; Ashdown 1994; Siegel and Howell 2001) and view factor algebra (Wu 1995) – with 

the addition of view factor attenuation from trees using Eq. 2.1. 

 The model was tested during addition of trees to ensure proper functioning. This includes 

testing the shading of direct solar radiation and the change in view factors resulting from the 

addition of trees. Details on these tests and results can be found in Appendix 1.2. 

2.1.2 Addition of a pedestrian 

 Numerical models that have the ability to calculate pedestrian thermal exposure, such as 

RayMan and SOLWEIG, often represent a pedestrian as a floating point at 1.1 m above the 

ground (Lindberg et al. 2008; Matzarakis et al. 2010; Lindberg et al. 2011). In TUF-Pedestrian, a 

vertically explicit representation of a pedestrian is used instead (Figure 2.1b). This pedestrian is 

composed of patches smaller than the remainder of the model domain, hence-forth called sub-

patches, which can have user-defined height and width. The small size of sub-patches therefore 

allows for the necessary spatial resolution to resolve the pedestrian without requiring the whole 

domain to be at the same high resolution, and thus computationally expensive. The pedestrian 

has some restrictions on where it can be placed: it cannot be placed directly against a wall, since 
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view factor calculations may become inaccurate because view factors between pedestrian sub-

patches and street or building wall patches are calculated via contour integration (Hottel and 

Sarofim 1967; Baum et al. 1989; Ashdown 1994; Soux et al. 2004). The contour integration 

approach assumes one of the patches is instead a point, thus simplifying view factor calculation 

but introducing an error that grows with proximity of the impervious patch and pedestrian sub-

patch. The pedestrian is composed of a top and four sides, typically 3-4 sub-patches high, 

although the pedestrian side-to-top ratio is flexible based on the sub-patch size. The pedestrian is 

assumed by default to have an albedo of 0.3 and an emissivity of 0.97 (Höppe 1992; Middel and 

Krayenhoff 2019). 

 The pedestrian’s sub-patches behave similarly to all other patches in the domain with 

respect to incident radiation, where the receipt of direct solar radiation is calculated via ray 

tracing, and the incident diffuse solar and longwave radiation are calculated through a radiosity 

approach (Eqs. 2.5 & 2.6). Details on the calculation of view factors for pedestrians are found in 

Appendix 1.3. However, the pedestrian sub-patches do not reflect or emit radiation, nor is the 

energy balance equation solved for these sub-patches. In other words, the remainder of the model 

does not ‘see’ the pedestrian. This choice is made because TUF-Pedestrian aims to investigate 

the effect of the radiative environment on the pedestrian, and not how the pedestrian impacts its 

environment. In addition, although the pedestrian’s albedo is relatively high at 0.3, it will have 

little impact on the surrounding urban environment since the pedestrian is much smaller than 

other features in the model domain such as buildings. Finally, pedestrians are often in motion, so 

their impact on any particular location will be small. 
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 Pedestrian TMRT is calculated based on the radiation incoming to the pedestrian sub-

patches in two different ways. TMRT is often calculated using a six-directional approach where 

radiation incident from each cardinal direction as well as up and down directions is weighted: 

radiation arriving from above or below is weighted by 0.06, while radiation incident from the 4 

cardinal directions is weighted by 0.22 (Höppe 1992; Lindberg et al 2008; Middel and 

Krayenhoff 2019), in order to mimic the relative directional exposure of the human body. TUF-

Pedestrian uses this approach and specifies the radiation arriving from below based on the 

upwelling shortwave and longwave radiation of the ground patches surrounding the pedestrian (a 

three-by-three patch area with the pedestrian located in the middle patch). TMRT is then 

calculated by using the Stefan-Boltzmann equation to convert the directionally weighted, 

absorbed all-wave radiation to an equivalent radiant temperature: 

 𝑇𝑇𝑀𝑀𝑅𝑅𝑇𝑇 =  �∑ 𝑊𝑊𝑖𝑖(𝑎𝑎𝑘𝑘𝐾𝐾𝑑𝑑+𝑎𝑎𝑙𝑙𝐿𝐿𝑑𝑑)
𝑎𝑎𝑙𝑙∙ 𝜎𝜎

6
𝑖𝑖=1

4  (2.8) 

where i refers to each direction, αk is the shortwave absorptivity of the pedestrian at 0.70, 𝐾𝐾𝑑𝑑 is 

the direction-averaged incident shortwave radiation (as the pedestrian is multiple sub-patches 

tall, the incident radiation on any side of the pedestrian is averaged over all patches of a given 

orientation), αl is the emissivity of the pedestrian at 0.97, 𝐿𝐿𝑑𝑑 is the direction-averaged incident 

longwave radiation, σ is the Stefan-Boltzmann constant, Wi is the weighting factor: 0.06 for the 

up and down directions and 0.22 for the cardinal directions. However, TUF-Pedestrian is also 

able to calculate TMRT in a more direct way. It can add the incoming radiation on each sub-patch 

and then average the results for a more direct TMRT (𝑇𝑇𝑀𝑀𝑅𝑅𝑇𝑇 𝑑𝑑): 
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 𝑇𝑇𝑀𝑀𝑅𝑅𝑇𝑇 𝑑𝑑 =  �∑ (𝑎𝑎𝑘𝑘𝐾𝐾𝑖𝑖+𝑎𝑎𝑙𝑙𝐿𝐿𝑖𝑖)
𝑛𝑛∙𝑎𝑎𝑙𝑙∙ 𝜎𝜎

𝑛𝑛
𝑖𝑖=1

4  (2.9) 

where n is the number of sub-patches comprising the pedestrian and i refers to each sub-patch. 

This method works well so long as the relative proportions of the modelled pedestrian surface 

facing in each direction are realistic. Notably, in this latter approach, there are no sub-patches 

facing downward. 

 The pedestrian’s inclusion in the model allows for novel analyses and added insight with 

respect to the climate sensitive design of city streets. Most pedestrian radiation exposure studies 

assess overall TMRT only, whereas TUF-pedestrian can additionally represent the directional 

components of shortwave and longwave radiation that contribute to TMRT. Therefore, application 

of TUF-Pedestrian enables better understanding of which features of modelled urban streetscapes 

contribute most to TMRT, and therefore which elements in city streets are most important for 

modulation of pedestrian heat exposure. 

2.2 Model Evaluation: Urban canyon with trees in Tempe, AZ 

2.2.1 Methods 

The ability of TUF-Pedestrian to reproduce measurements of TMRT and its radiative 

component fluxes is evaluated with data collected using the MaRTy observational platform 

(Middel and Krayenhoff, 2019). MaRTy measures six-directional longwave and shortwave 

radiation fluxes required to compute TMRT, in addition to wind speed, humidity and air 

temperature. Observations were completed in an urban canyon on the Arizona State University 
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(ASU) Tempe campus from June 20 at 9:00 MST to June 21 at 9:00 MST, 2018 (Meltzer et al. 

2019), where conditions were clear throughout the diurnal cycle. In this experiment MaRTy was 

placed in several locations in the urban canyon with differing quantities of tree cover at 

continuously over the 24-hour period. Observations from two locations are used to evaluate 

TUF-Pedestrian (Figure 2.1). The pedestrian location under tree cover and the pedestrian 

location without tree cover directly overhead will be referred to as the shaded and sunlit 

pedestrian, respectively. The canyon has a width of 16.7 m, with the building to the west of the 

pedestrians being 35.4 m tall and the building to the east being 17.9 m tall. The trees found in the 

canyon have a canopy depth of approximately 4 m. Using the Bouguer-Lambert-Beer Law (Eq. 

2.1), and assuming a transmissivity of 0.4 based on the hemispherical photo in Figure 1a, the leaf 

area density was calculated to be approximately 0.65 m2 m-3.  

 
Figure 2.1: A) Locations of MaRTy positions with corresponding hemispherical pictures (Meltzer et al. 2019). 
B) Replication of the urban canyon in TUF-Pedestrian where green patches show the horizontal coverage of 
trees and the pedestrian is represented by the stacked red sub-patches (in the model, the trees are located at a 
height of 4-8 m, above the pedestrian). 
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Meteorological forcing data to drive TUF-Pedestrian was derived from the nearby 

Durango Complex weather station, as discussed in Appendix 2. The urban canyon was replicated 

as closely as possible in the simulations (Figure 2.1b). Note that in the TUF-Pedestrian domain 

there are no trees at the south end of the canyon, nor is there a southerly continuation of the west 

building. However, these omissions are likely to have minor effects on the pedestrian locations 

studied here. The current version of TUF-Pedestrian is limited to regular arrays of identical 

square-footprint buildings; therefore, it cannot replicate the southern continuation of the building 

on the west side, nor can it replicate the asymmetry of building heights on either side of the 

canyon. To compensate for the canyon asymmetry limitation, three simulations were performed, 

each with a different building height (identical on each side of the canyon): the higher building 

height of 35.4 m, the shorter building height of 17.9 m, and the average building height of 26.7 

m. The duration of each simulation was two days, where results were output every 30 minutes, 

from 5:00 on June 19 to 10:00 on June 21. The first day was considered model spin-up, and only 

results from 9:00 on June 20 to 8:00 on June 21 were considered. Assuming direct solar radiation 

has the largest impact on pedestrian TMRT, the results from each of the three simulations were 

combined in post processing so that they best replicate the shading impact of the buildings on the 

pedestrian. As such, from sunrise (6:00) to noon, results from the simulation with shorter 

buildings are used so that pedestrians are shaded by buildings of the correct size in the morning. 

Similarly, from noon to sunset (19:00), results from the simulation with the taller buildings are 

used to appropriately shade the pedestrians in the afternoon. Results from the simulation with 

average building heights are used from sunset to sunrise when direct solar radiation is not present 

to best replicate the average sky exposure of the pedestrian at night. To summarize, the 
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simulation whose model geometry best approximates the portions of the actual model geometry 

controlling pedestrian exposure at any particular time of day is used in the model-observation 

comparison. Thus, it is a test of the model physics that is performed as opposed to a test of the 

model geometry (which currently has the limitations mentioned above). Parameters related to the 

building geometry, to pedestrians and to trees used in the model simulations are found in Table 

2.1. All other parameters (radiative, thermal) for the simulations are found in Table A2.1. 

Table 2.1: Important geometric, pedestrian and tree-related parameters used for evaluation of TUF-
Pedestrian against MaRTy observations. 

Parameter Units Taller buildings Average buildings Shorter buildings 
Geometric     
λp a - 0.495 0.495 0.495 
H/W a - 2.12 1.63 1.00 
Zh a m 35.4 26.7 16.9 
     
Pedestrian     
Pedestrian distance 
from nearest 
building a 

m 7.33 7.33 7.33 

Height a m 2 2 2 
     
Tree     
Tree canopy depth a m 4 4 4 
Tree height a m 8 8 8 
Ω b - 0.7 0.7 0.7 
Kb b - 0.5 0.5 0.5 
LAD a m2 m-3 0.654 0.654 0.654 

Sources: a. Meltzer et al. 2019; b. Campbell and Norman 1998 

 Results from TUF-Pedestrian are compared to MaRTy observations, both mean radiant 

temperature and the directional radiative components that compose TMRT (Eq. 2.8). Model results 

are evaluated by using the Mean Absolute Error (MAE), the adjusted R2 and Willmott’s index of 

agreement (Willmott, 1981). 
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2.2.2 Model evaluation results 

 Modelled TMRT from TUF-Pedestrian corresponds well to measured TMRT from MaRTy 

(Fig. 2.2). Note that weighted TMRT from TUF-Pedestrian (Eq. 2.8) is shown in Fig. 2.2 because 

it replicates the weighting procedure applied to MaRTy measurements to calculate TMRT. 

Nevertheless, the non-weighted calculation of TMRT (Eq. 2.9) is comparable to the weighted TMRT 

(Fig. A3.1). Modelled weighted TMRT results follow measured TMRT closely throughout the 

diurnal cycle with a MAE of 2.3 °C, an R2 of 0.94 and an index of agreement of 0.88 for the 

sunlit pedestrian, as well as a MAE of 2.4 °C, an R2 of 0.95 and an index of agreement of 0.77 

for the shaded pedestrian (Table 2.2). Results for the non-weighted TMRT are similar (Table 2.2). 

In addition, TUF-Pedestrian is shown to follow MaRTy observations closely in terms of 

the directional shortwave and longwave radiative components (Figs. 2.3 and 2.4, respectively). 

The MAE of radiative components is, on average, less than 15 W m-2, the R2 is greater than or 

equal to 0.86 and the index of agreement is, on average, greater than 0.80 for the sunlit 

pedestrian (Table 2.2). The radiative components incident on the shaded pedestrian have a 

similar MAEs to those of the sunlit pedestrian, but with somewhat lower model-observation 

agreement for select directions indicated by R2 and index of agreement. 
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Figure 2.2: Comparison of weighted TMRT from TUF-Pedestrian to MaRTy observations over the diurnal 
cycle for pedestrians shaded and unshaded (sunlit) by trees. 

Model-observation agreement for the radiative components is reduced for the shaded 

pedestrian for two reasons. First, the 2 m model resolution (and associated lack of spatial 

specificity of individual foliage shoots) does not replicate the actual spatial distribution of tree 

foliage and the associated sub-patch scale spatial irregularities in the provision of shade from 

direct shortwave radiation. Whereas actual trees allow pockets of sunlight to penetrate through 

the canopy unobstructed, therefore striking the MaRTy sensors unattenuated at certain 

measurement times, the tree foliage in TUF-Pedestrian is distributed randomly throughout each 2 

m by 2 m grid cell, providing an average amount of shade according to the Bouguer-Lambert-

Beer Law. This is especially visible in Figure 2.3a where shortwave radiation incident on the 

MaRTy sensor in the shaded location exceeds 1000 W m-2 for a short time period, while the 
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sensor receives less than 300 W m-2 outside of this peak time. In the case of TUF-Pedestrian 

however, the shade provided by trees limits the incoming shortwave radiation on the top of the 

pedestrian to approximately 500-600 W m-2 across this whole time period. The second reason 

underlying lower model-observation agreement for the shaded pedestrian relates to the longwave 

components, and more specifically, to the longwave fluxes at night. The incident longwave 

radiation at night decreases slightly faster in the model than it does for MaRTy (Fig. 2.4), which 

suggests the model surfaces are cooling too quickly once the sun sets. This may simply relate to 

the thermal parameters used to represent the urban canyon facets, which may not retain as much 

heat as they should. 

Table 2.2: TUF-Pedestrian errors relative to MaRTy observations over the entire diurnal period, where all p-
values < 0.05. 

 Sunlit Pedestrian Shaded Pedestrian 
 MAE a R2 Index of 

agreement MAE a R2 Index of 
agreement 

TMRT       
Weighted 2.3 0.94 0.88 2.4 0.95 0.77 

Non-weighted 2.2 0.94 0.88 2.4 0.96 0.76 
       

Radiative components b       
Top K 45.0 0.92 0.93 60.3 0.45 0.62 
Top L 23.8 0.86 0.36 10.7 0.95 0.76 

Bottom K 7.2 0.96 0.92 8.0 0.75 0.70 
Bottom L 13.7 0.96 0.83 18.0 0.94 0.58 
North K 11.3 0.96 0.83 3.4 0.96 0.90 
North L 10.0 0.96 0.83 12.5 0.98 0.71 
South K 12.6 0.94 0.90 15.8 0.69 0.70 
South L 14.1 0.95 0.75 13.0 0.96 0.73 
East K 14.7 0.95 0.90 9.8 0.77 0.83 
East L 13.1 0.98 0.78 10.9 0.97 0.79 
West K 11.8 0.86 0.88 5.4 0.84 0.85 
West L 9.7 0.93 0.84 11.7 0.96 0.70 

a: units for TMRT are in °C, units for radiative components are in W m-2 

b: K represents incident shortwave radiation; L represents incident longwave radiation 
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There is a noticeable overestimation of TMRT and longwave radiation components for the 

sunlit pedestrian in the afternoon (Figs. 2.2 and 2.4), which is due to current model geometrical 

(rather than physics-based) limitations related to the canyon asymmetry. More specifically, the 

canyon in TUF-Pedestrian during the afternoon uses the taller building height on both sides of 

the canyon to best replicate the shading effect of the buildings on the pedestrian. However, the 

use of identical building height on both sides of the canyon (a current model limitation) means 

that the modelled east (west-facing) canyon wall receives more direct solar radiation during the 

afternoon. In reality, the building on the east side of the canyon is much shorter than that on the 

west side of the canyon, meaning that the east side of the canyon (west-facing building wall) has 

less sunlit surface area than is represented in the model, therefore cooling the canyon 

environment earlier in the afternoon relative to the model. This is especially noticeable in Fig. 

2.4a where the sunlit pedestrian shows a large overestimation of longwave radiation on top of the 

pedestrian in the afternoon due to its exposure (in the model) to more sunlit building wall and 

correspondingly less cool sky. The shaded pedestrian also shows some overestimation in 

longwave fluxes and in TMRT (Figs. 2.2 and 2.4), but it is much reduced due to the interception of 

longwave and diffuse shortwave radiation from the trees. 

A final limitation is evidenced by the ~ 40 W m-2 underestimation of shortwave radiation 

incident on the north side of the sunlit pedestrian (Fig. 2.3c). The north side of the sunlit 

pedestrian receives radiation reflected from trees in reality, a process that is not currently 

represented in the model. 

Although TUF-Pedestrian has select limitations related to the spatial resolution of trees 

and canyon asymmetry, the model performs very well for its primary purpose: assessment of 
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pedestrian thermal (radiation) exposure in urban environments with trees. Not only is the 

modelled TMRT comparable to MaRTy observations, but so are the directional shortwave and 

longwave radiative components. 

 
Figure 2.3: Comparison of incoming shortwave radiation over the diurnal cycle between TUF-Pedestrian 
results and MaRTy observations for the shaded and sunlit pedestrians. Incident radiation on A) the top, B) 
the bottom, C) the north, D) the south, E) the east, F) and the west sides of the pedestrian. 
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Figure 2.4: Comparison of incoming longwave radiation over the diurnal cycle between TUF-Pedestrian 
results and MaRTy observations for the shaded and sunlit pedestrians. Incident radiation on A) the top, B) 
the bottom, C) the north, D) the south, E) the east, F) and the west sides of the pedestrian. 
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2.2.3 Discussion of model evaluation and remarks on model capabilities 

 TUF-Pedestrian is a microscale three-dimensional model for simulation of pedestrian 

radiation and thermal exposure in urban environments. The model includes a vertically explicit 

pedestrian that calculates absorbed direct shortwave radiation through ray-tracing, and diffuse 

shortwave and longwave radiation through a radiosity approach in six directions to obtain a 

TMRT. TUF-Pedestrian also includes the radiative effects of trees, as they provide shade, intercept 

diffuse shortwave radiation and longwave emissions from the sky and from surfaces, and emit 

longwave radiation. 

 Model evaluation against MaRTy observations demonstrates that TUF-Pedestrian 

accurately captures pedestrian TMRT in an urban canyon, both with and without overhead tree 

cover. In addition, the modelled directional radiative components of TMRT compare well with 

MaRTy observations, demonstrating that TUF-Pedestrian is an accurate and useful model for 

pedestrian longwave and shortwave radiation exposure in city streets. As such, TUF-Pedestrian 

provides a new model for pedestrian thermal comfort and heat exposure studies broadly, and 

specifically for planning street tree placement. 

 TUF-Pedestrian is one of a select few models that can provide detailed simulations of 

pedestrian radiation exposure in urban environments. VTUF-3D (Nice et al. 2018), like TUF-

Pedestrian, includes a set of developments based on the TUF-3D model (Krayenhoff and Voogt 

2007). However, there are important distinctions between these two models. First, although both 

TUF-Pedestrian and VTUF-3D include trees, the methodologies are different. VTUF-3D 

includes physical obstacles in the model domain as trees, but the impacts of trees are calculated 
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offline by a separate vegetation model before being returned to inform a second simulation with 

the main VTUF-3D model (Nice et al. 2018). This vegetation model includes the impacts of the 

energy balances of trees and their leaves and provides the inclusion of latent heat fluxes from 

pervious surfaces. Therefore, VTUF-3D can provide a more nuanced estimate of the effects of 

trees and surface hydrology on pedestrian level humidity, which TUF-Pedestrian does not, 

enabling a more complete calculation of thermo-physiological indices. However, in VTUF-3D 

the effects of trees on the urban environment are not fully coupled, leading to the omission of 

some interactions between the vegetation and the urban canyon. In contrast, trees and their 

radiative impacts are included directly in TUF-Pedestrian, which means that trees more precisely 

affect radiation distributions in the urban environment and on pedestrians at each time step. The 

other main difference between VTUF-3D and TUF-Pedestrian is the calculation of pedestrian 

TMRT. VTUF-3D calculates TMRT based on a globe thermometer temperature (Kántor and Unger 

2011; Nice et al. 2018), which provides less accuracy than the six-directional radiation method 

applied in TUF-Pedestrian (Thorsson et al. 2007).  

 The six-directional method and the use of a vertically explicit pedestrian allows TUF-

Pedestrian to accurately calculate TMRT and provide insight on directional radiation fluxes 

impacting the pedestrian. These aspects of the model design represent a large advantage relative 

to other models that calculate pedestrian radiation exposure, such as SOLWEIG (Lindberg et al. 

2008; Lindberg and Grimmond 2011), ENVI-met (Bruse 1999), RayMan (Matzarakis et al. 

2010), and VTUF-3D (Nice et al. 2018). Separation of directional components of radiation 

incident on the pedestrian in TUF-Pedestrian helps to determine the largest contributors to 

pedestrian radiation exposure, and ultimately identify which surfaces most impact TMRT. TUF-
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Pedestrian can therefore help identify those surfaces most in need of replacement or alteration in 

order to provide a better thermal environment within city streets. 

 TUF-Pedestrian has some additional advantages when applied in thermal exposure and 

comfort studies. For one, the model is three-dimensional, which provides an advantage over two-

dimensional models of pedestrian thermal comfort, such as TEB-SURFEX (Redon et al. 2020). 

TEB-SURFEX includes hydrological and turbulent effects of trees in addition to their radiative 

effects. However, TEB-SURFEX places groupings of tree foliage within a generic canyon and is 

not able to study specific tree and pedestrian placements, as is possible with TUF-Pedestrian. 

TEB-SURFEX is ultimately designed to be coupled with a mesoscale model and calculate 

neighbourhood-average fluxes and meteorological variables. 

 TUF-Pedestrian uses a vertically explicit pedestrian with a customizable size, which 

means very high resolution of the domain is not necessary as long as the pedestrian resolution is 

scaled appropriately. Reduced domain resolution renders simulations less computationally 

expensive. As a result, a higher number of experiments can be run. The base model, TUF-3D, 

was also designed to calculate urban surface temperatures, which provides accurate longwave 

emissions from surfaces towards the pedestrian. Each street or building surface patch is separated 

into four sub-facets for the purposes of direct solar shading, meaning that the microscale 

variations in surface exposure to radiation from shading of trees and buildings are included at 

twice the spatial resolution of the model. Contrary to SOLWEIG, ENVI-met and RayMan, which 

use domain-averaged surface temperatures (Gál and Kántor 2020), surfaces have a time-

dependent and realistic spatial distribution of surface temperature. Consequently, the radiative 

environment simulated at the pedestrian level is more realistic.  
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 As with any model, TUF-Pedestrian has specific weaknesses that may impact its 

relevance for different applications. The trees in the model are simplified, which allows for 

reduced simulation time. Similar to SOLWEIG, the leaf temperature in TUF-Pedestrian is 

equivalent to the air temperature, and longwave reflections from trees are assumed to be 

negligible (Lindberg and Grimmond 2011). The trees in TUF-Pedestrian also do not currently 

participate in non-radiative energy exchanges (e.g., transpiration), nor do they impact the wind, 

but these limitations likely have little impact on the calculation of TMRT. 

 TUF-Pedestrian TMRT may however be slightly impacted by the fact that trees do not 

participate in shortwave reflections, neither with other surfaces nor other trees. Although, the 

direct shortwave scattering impacting pedestrians in the tree shade is accounted for (Eq. 2.2), 

other shortwave reflections are omitted. Redon et al. (2017) have hypothesized that shortwave 

reflections by trees are mainly directed upwards, so that their impacts on a pedestrian will be 

minimal. This hypothesis may be supported when the canyon or neighbourhood average is 

considered, but it may not be for a particular pedestrian location as represented in a three-

dimensional model such as TUF-Pedestrian. For example, a pedestrian standing beside the sunlit 

side of a tree will experience shortwave reflection from the tree, but these reflections are omitted 

in TUF-Pedestrian. This can be seen in Fig. 2.3c, where the north side of the sunlit pedestrian 

(which faces in the south side of the trees) in TUF-Pedestrian experiences less shortwave 

radiation throughout the day than observed by MaRTy. Although differences in shortwave fluxes 

are apparent, the overall results on TMRT are minimal, as the MAE of TMRT for the sunlit 

pedestrian is 2.3 °C. 
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 The other main limitation of TUF-Pedestrian relates to its geometry. The current version 

of TUF-Pedestrian can only represent a generalized urban geometry with square-footprint 

buildings and no canyon asymmetry. Conversely, other thermal comfort models, such as 

SOLWEIG (Lindberg et al. 2008; Lindberg and Grimmond 2011), ENVI-met (Bruse 1999) allow 

a more complex and realistic urban geometry. The urban geometry in these models may include 

canyon asymmetry, the use of overhangs and buildings of different sizes, which makes them 

useful for modelling thermal comfort for a specific city and neighbourhood. However, their 

representation of the spatial distribution of surface temperature on the surfaces surrounding a 

pedestrian has limitations, as previously discussed in section 1.1. 

 The simplified urban geometry in TUF-Pedestrian does have some advantages. Although 

it may not be able to represent specific streets and neighbourhoods, the customizable domain, 

pedestrian, and tree placements of TUF-Pedestrian allows for numerous generalized urban 

configurations. The simplified urban geometry with square-footprint buildings and lack of 

canyon asymmetry makes the current version of TUF-Pedestrian computationally inexpensive, 

meaning that many simulations can be run in a relatively short amount of time. Thus, TUF-

Pedestrian is suitable for experiments requiring large numbers of simulations, for example, to 

determine optimal street-tree planting configurations for any combination of street orientation, 

building density, and canyon H/W ratios. These results can then be applied to any neighbourhood 

that fits the generalized description of the urban geometry, and ultimately, generalized 

knowledge about the impacts of tree placement and other modifications to urban surfaces on 

pedestrian radiation exposure can be obtained. In addition, TUF-Pedestrian can provide insight 

into the optimal design of future neighbourhoods, in terms of urban geometry, pedestrian 
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walkway placement, street-tree placement, etc., for reduction of heat exposure. To demonstrate 

some the potential uses of TUF-Pedestrian, the following section applies the model to assess the 

impacts of street trees and their spatial distribution on pedestrian radiation exposure. 
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3 Model Application: Impacts of urban street tree configuration on 

pedestrian thermal exposure 

3.1 Objectives 

 Studies have shown that street trees can strongly mitigate urban heat exposure, and that 

clusters of trees with relatively high LAIs and a high transpiration rate should be planted in broad 

streets with short buildings to help keep pedestrians cool during hot conditions (Millward et al. 

2014; Gillner et al. 2015; Smithers et al. 2018; Zheng et al. 2018; Park et al. 2019; Morakinyo et 

al. 2020). However, they have not necessarily indicated where trees should be planted in city 

streets to best cool pedestrians. Nor have they indicated, apart from the Park et al. (2019) study 

with a two-dimensional model, whether additional pedestrian cooling from tree planting changes 

as a function of existing tree cover. For example, additional tree planting may become more 

effective due to a synergistic effect, similar to that observed for air temperature cooling by urban 

trees (Ziter et al. 2019). These considerations are important because there can be limited space 

and resources to plant trees within streetscapes, and their density and locations should be 

optimized. It is also important to consider the latitude of a city, the street orientation and the 

season(s) where cooling from trees is most needed.  

As such, the goal here is to understand what an ideal street tree configuration may be for 

reducing daytime pedestrian radiation exposure in hot weather in a residential area (low H/W 

ratio). This goal will be addressed through TUF-Pedestrian simulations that will focus on the 

following objectives: 
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1) Determine whether trees should be placed directly above or beside walking paths of 

pedestrians to best reduce TMRT, and how optimal tree placement changes in different seasons 

and street orientations. 

2) Determine whether the relationship between sidewalk tree coverage and the reduction in 

pedestrian TMRT is linear or non-linear, and if it is consistent for different seasons and street 

orientations. 

3) Parse the effects of street trees on longwave versus shortwave contributions to pedestrian 

TMRT. 

3.2 Experimental design 

 TUF-Pedestrian simulations were conducted to address the objectives in Sect. 3.1. The 

base parameters used for all simulations represent a residential area, with mid-size trees and a 

relatively tall pedestrian (Table 3.1). All patches in the model domain (which compose the 

building roofs and walls, and street surfaces) are square and have sides 2 m in length. Trees and 

pedestrians are placed adjacent to buildings in the typical locations occupied by sidewalks. 

 Upper boundary conditions for the model simulations were provided by meteorological 

forcing data measured at the top of a 28 m tower located at a latitude of 49.2261 degrees and a 

longitude of -123.0784 degrees in Vancouver (Christen et al. 2010) during early summer (June 

27-28, 2008) and late summer (September 5-7, 2011). The first day of simulations were included 

to spin-up the TUF-Pedestrian model and were not considered in later analysis. For the late 

summer simulations, results are a diurnal average of the two subsequent days. Simulations from 
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early summer (~solstice) and late summer (~ equinox) at a single location (Vancouver) show the 

effects of street trees for different diurnal progressions of solar angle, and hence yield insight on 

their effects at varying latitudes. 

 Simulations were run for three different street orientation cases. In the “S” orientation, 

the pedestrian is placed just south of a building on the north side of an E-W canyon. Similarly, in 

the “SE” orientation, the pedestrian is placed just south-east of a building in a NE-SW canyon 

(45° street orientation), while the pedestrian placement in the “SW” orientation is just south-west 

of a building in a NW-SE (45° street orientation). 

 Results were examined over the diurnal cycle, but also during specific times of interest: 

at peak air temperature (Ta), at peak TMRT, and during “peak heat”. The time of interest was 

determined by running a simulation without trees in the urban canyon for a pedestrian in each of 

the street orientations and examining the times of peak TMRT and peak Ta (Fig. A4.1). From these 

results, peak Ta was the same for all street orientations and was determined to be from 14-18h in 

early summer and 14-17h in late summer. Peak TMRT was determined to be from 12-15h for the 

SW pedestrian in the late summer as well as the S pedestrian, 11-13h for the SE pedestrian, and 

14-16h for the SW pedestrian in early summer. The peak heat period is the combination of both 

peak Ta and peak TMRT, from the earliest period to the latest period. 

Table 3.1 Base parameters used for model application experiments. 

Parameters Units Values 
Geometric   
λp - 0.303 
H/W - 0.556 
Zh m 8.00 
Zref  m 32 
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Parameters Units Values 
Town Z0 a m 0.6 
street Z0 m m 0.15 

   

Radiative   

roof albedo - 0.18 
road albedo - 0.21 
wall albedo - 0.25 
roof emissivity - 0.94 
road emissivity - 0.95 
wall emissivity - 0.9 

   

Thermal   

roof layer thicknesses b m 0.02, 0.04, 0.04, 0.06 
roof layer heat capacities b MJ m-3 K-1 1.92, 1.44, 0.27, 1.44 
roof layer thermal conductivities b W m-1 K-1 1.32, 0.15, 0.07, 0.15 
road layer thicknesses b m 0.02, 0.05, 0.13, 0.24 
road layer heat capacities b MJ m-3 K-1 1.93, 2.00, 1.55, 1.28 
road layer thermal conductivities b W m-1 K-1 1.20, 1.55, 0.36, 0.30 
wall layer thicknesses b m 0.02, 0.04, 0.09, 0.03 
wall layer heat capacities b MJ m-3 K-1 1.25, 1.14, 0.27, 0.61 
wall layer thermal conductivities b W m-1 K-1 0.60, 0.60, 0.07, 0.16 
   

Pedestrian   

Width m 0.667 
Height m 2 

   

Tree   

Tree canopy depth m 6 
Tree canopy width m 4 
Trunk height c m 2 
Ω - 0.7 
Kb - 0.5 
LAD m2 m-3 0.5 

Sources for geometric, radiative, and thermal parameters: Jackson et al. (2010), Stewart et al. (2014), and Oke et al. 
(2017). 
a: overall roughness length 
b: Ordered from surface layer to the deepest layer 
c: height at which the tree canopy begins 
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3.2.1 Relative sidewalk and tree placement 

 The first objective is to determine the impact on TMRT of planting trees such that their 

canopy cover is directly overhead versus adjacent to pedestrian walkways. This objective is 

addressed using two experiments. One experiment tests the how the placement of a pedestrian 

along the width of a sidewalk changes its TMRT, later referred to as the “Pedestrian Placement” 

experiment. The second experiment, referred to as the “Tree Placement” experiment, examines 

how the distance of trees and pedestrians from a building impact TMRT. In both experiments, 

simulations are run for both early and late summer and for S, SE, and SW street orientation 

cases. In addition, the trees in the experiments are positioned along a line parallel to both the 

building edge and the street direction, and are immediately adjacent to each other such that they 

provide continuous coverage along the sidewalk (Fig. 3.1). Pedestrians in the experiments are 

placed beside a building (on the sidewalk) centered along the building length (Fig. 3.1). 

 The Pedestrian Placement experiment focuses on determining the best pedestrian (or 

sidewalk) placement relative to the tree cover for a given time of year and street orientation. 

Trees are placed such that the edge of their canopies is 2 m from the buildings. In each 

simulation, the pedestrian (width = 0.67 m) is shifted by 0.67 m toward the building edge, 

starting from a position immediately adjacent to the center of the tree (e.g., adjacent to the tree 

trunk). In other words, the pedestrian location shifts from directly adjacent to the center of the 

tree cover to the space between the building and the tree cover (Fig. 3.1). This experiment entails 

30 simulations: for each of the five pedestrian placements, three street orientation cases and two 

temporal periods (early and late summer). 
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Figure 3.1 Excerpt of the domain for the pedestrian placement experiment, where green patches represent the 
spaces above which the trees are placed, and red sub-patches show the five pedestrian placements tested in 
the experiment, where A is the pedestrian 0.67 m from the building and E is the pedestrian 3.33 m from the 
building. Simulations for each pedestrian placement are conducted separately. 

 The Tree Placement experiment focuses on changing the placement of both trees and 

pedestrians with respect to the building for a given time of year and street orientation. In this 

case, the pedestrian is always positioned directly adjacent to the center of the tree cover. In one 

case, the tree cover is immediately adjacent to the building and the pedestrian is located 1.33 m 

from the building, while in the other case, the edge of the tree canopy is located 2 m from the 

building, as in the previous experiment, and the pedestrian is 3.33 m from the building (Fig. 3.2). 

These different placements are considered as “near” (to the building) and “far” (from the 

building) cases, respectively, in the analysis. This experiment entails 12 simulations: three street 

directions and two seasons for both scenarios in Fig. 3.2. 

A 
B 

C 
D 

E 
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Figure 3.2: Excerpts of domain for the “near” (left) and “far” (right) cases. Green patches represent the 
spaces above which the trees are placed, and red sub-patches show the pedestrian placements. 

3.2.2 Sidewalk plan area coverage of trees 

 The second objective is to determine whether the magnitude of TMRT changes linearly as 

a function of sidewalk tree coverage. This objective is also addressed through two experiments, 

both with the pedestrian located at the “1.33 m” location from Sect. 3.2.1 (Pedestrian B in Fig. 

3.1). The first, the “S Coverage” experiment, focuses on tree coverage during early summer for 

the north side of an E-W street. The second, or the “All Coverage” experiment, expands the 

results to all three street orientations and both times of year (early and late summer). 

 The S Coverage experiment uses six different sidewalk tree coverages: 0%, 25%, 33% 

50%, 67% and 100% (Fig. 3.3).  Individual trees for the 25% and 33% tree coverage cases are 

slimmer than the trees in other cases out of necessity given the resolution of the model. The 50% 

coverage case was tested with both the normal “square” trees and the slimmer trees found in the 

25% and 33% coverage cases to ensure the use of slimmer trees was reasonable. Both 50% 

coverages were found to produce results within 1 °C of each other, showing the approach taken 

here is acceptable. For each tree coverage, different pedestrian placements are used to cover the 
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smallest replicable unit of tree-covered and uncovered sidewalk. These pedestrians are centered 

on the building face. Results from different pedestrian placements for each tree coverage are 

averaged together to obtain an overall TMRT value for each tree coverage. For the 0% coverage 

case, four pedestrian placements are used even though only one is needed for the smallest 

replicable unit because the four pedestrians allow for more precise comparison with the 

corresponding pedestrian locations for the different tree coverages. As a result, this experiment 

entailed 19 simulations, one for each pedestrian placement in Fig. 3.3. 

 The differences of the TMRT averaged over all pedestrian locations for each tree coverage 

relative to the average of the corresponding pedestrian locations without trees (0% coverage) are 

calculated to obtain the effect of trees on TMRT. This difference in TMRT is plotted as a function of 

fractional sidewalk tree coverage for the times of interest (peak TMRT, peak Ta, and peak heat), 

and both linear and non-linear regressions are performed to test whether the relationship between 

the magnitude of TMRT changes and sidewalk tree coverage is linear. 

 The All Coverage experiment uses tree coverages of 0%, 50%, 67% and 100% (Fig. 3.3c-

3.3f) to determine whether the relationship between the magnitude of TMRT change and sidewalk 

tree coverage found in the first experiment is consistent for two different times of year and for 

different street orientations. As such, 72 simulations are run to account for both the early and late 

summer, and for all three street orientation cases (S, SE, and SW). 

 Similar to the S Coverage experiment, regressions of the average difference in TMRT from 

the base case during the times of interest as a function of fractional sidewalk tree coverage are 

used to test the linearity of the relationship and compare between times of year and street 
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orientations. The slopes of the regressions are compared to give insight on TMRT cooling 

efficiency of trees at different times of year and for different street orientations. 

 
Figure 3.3: Excerpts of the domains for simulations with A) 25% sidewalk tree coverage, B) 33% sidewalk 
tree coverage, C) 50% sidewalk tree coverage, D) 67% sidewalk tree coverage, E) 100% sidewalk tree 
coverage, and F) 0% sidewalk tree coverage. Green patches represent the spaces above which the trees are 
placed, and red sub-patches show all pedestrian placements required to equally sample the smallest 
replicable unit of repeated street tree coverage. Note that simulations for each pedestrian placement are run 
separately from each other. 
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3.2.3 Effects of trees on pedestrian radiative fluxes 

 The third objective is to determine the relative contributions of different radiative fluxes 

to the overall radiant cooling effect of trees as expressed by pedestrian TMRT. To address this 

objective, simulations are performed for sidewalk tree coverages of 0%, 50%, 67% and 100% 

(Fig. 3.3c-3.3f). For each tree coverage, different pedestrian placements are used to cover the 

smallest replicable unit of tree-shaded and unshaded sidewalk near the center of the building 

faces (or street segments), as in the experiments in Sect. 3.2.2. Overall results for each tree 

coverage are averaged over all corresponding pedestrian locations in Fig. 3.3. In addition, these 

simulations are performed for both early and late summer for all three street orientation cases to 

determine how the changes in TMRT differ across multiple street orientations, which adds up to a 

total of 72 simulations. 

 To assess how the added trees affect TMRT, the difference in radiative fluxes absorbed by 

the pedestrian from the base case are visualized. The absorbed radiative fluxes are weighted by 

direction as they are for the six-directional method (Eq. 2.8). This approach allows insight into 

which fluxes most strongly control changes in TMRT as a function of tree cover by accounting for 

the larger exposure of vertical relative to horizontal surfaces of pedestrians. 
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3.3 Model application results 

3.3.1 Relative sidewalk and tree placement 

 Diurnal TMRT values from the Pedestrian Placement experiment (Fig. 3.1) peak at 

approximately 50 °C (Fig. 3.4). TMRT tends to be highest for the pedestrian located near the 

center of the trees during midday for all street orientations and times of year. However, the 

pedestrian nearest to the building experiences higher TMRT before and/or after this midday period 

depending on the street orientation and time of year. These are the times when the pedestrians 

furthest from the center of the trees (and closer to the buildings) are more exposed to direct solar 

radiation. Whereas the pedestrian nearest to the building experiences more direct solar radiation 

and a higher TMRT earlier in the day for the SW case, the equivalent pedestrian in the SE case 

experiences this increase in solar radiation and TMRT in the afternoon. 

 Variation of TMRT as a function of pedestrian location indicates that pedestrian walkway 

placements should consider the season, street orientation, and the time of day (Fig. 3.5). For the 

S case during the day, pedestrians experience a TMRT up to 10 °C warmer in the early summer 

when closest to the buildings (and not directly under tree cover), but cooler TMRT of up to 8 °C in 

the late summer.  

 Results are more variable across the day for the SE and SW cases. The strong differences 

in TMRT seen in the morning for the SW case and in the afternoon for the SE case are not due to 

tree shading, but rather due to the changing position of pedestrians relative to the shade provided 

by the building. The impact of trees is seen in the morning in the SE case and in the afternoon in 
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the SW case, where, for the early summer, the pedestrians nearer to the building are provided 

more shade from the trees and are cooler. However, to understand where pedestrian walkways 

should be placed, relative to tree cover, it is likely more important to focus on the afternoon, 

when heat stress is highest. For this time period, Fig. 3.5 suggests that in the SE case, it may be 

best for pedestrians to be directly under tree cover, but in the SW case, the pedestrians should be 

closer to the building. 

 

Figure 3.4: TMRT over 24 hours for early and late summer for pedestrians at different distances from a 
building, for the S, SE, and SW scenarios. A distance of 3.33 m corresponds to the pedestrian immediately 
adjacent to the center (trunks) of the row of trees. 
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Figure 3.5: Difference in TMRT for different pedestrian locations compared to the pedestrian placed directly 
under the tree cover (i.e., farthest from the building, at 3.33 m) for the S, SE and SW scenarios in both early 
summer and late summer. 

 The varying results across the diurnal period show that the pedestrians will not always 

experience cooler TMRT in any one location, so it is necessary to focus on the times of day where 

it is most important to keep pedestrians cool. As a result, the TMRT averaged over specific time 

periods (at peak Ta, peak TMRT, and peak heat) are shown as a function of the pedestrian’s 

distance from a building in Fig. 3.6. Peak Ta is the same for all street orientations and was 

determined to be from 14-18h in early summer and 14-17h in late summer. Peak TMRT is 

determined to be from 12-15h for the SW pedestrian in the late summer as well as the S 
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pedestrian, 11-13h for the SE pedestrian, and 14-16 for the SW pedestrian in early summer. The 

peak heat period is the combination of both peak Ta and peak TMRT. For the S case during the 

early summer, the placement of the pedestrian with respect to the building and tree cover is less 

important than it is during the late summer. In the early summer, pedestrians experience lower 

TMRT when they are adjacent to the edge of the tree crowns or underneath the edge of the tree 

crowns (1.33 m and 2 m, or pedestrians B and C in Fig. 3.1, respectively). The TMRT experienced 

in these locations is ~2-3 °C cooler than the highest TMRT at other positions (depending on the 

time of day). In contrast, during the late summer, the coolest pedestrians are the those further 

from the tree canopy, or closer to the buildings (pedestrian A in Fig. 3.1). These pedestrians 

experience TMRT values up to 5 °C cooler than the pedestrians are adjacent to the center of the 

row of tree foliage.  

 For the SW case, pedestrian walkway placement is important since the pedestrian is 

exposed to direct solar radiation in the afternoon without tree cover. TMRT for the pedestrian 

immediately adjacent to the tree crowns (pedestrian B in Fig. 3.1) is lowest in the early summer 

for all time periods by ~3-4 °C. In the late summer however, while pedestrian B (Fig. 3.1) will be 

coolest during peak TMRT, the pedestrian will be coolest when directly under the center of the 

tree (pedestrian E in Fig. 3.1) during peak Ta. Conversely, for the SE case, the placement of the 

pedestrian during these “hot” periods of the day is less important since TMRT differences are less 

than 2 °C. As a result, although the placement of pedestrian walkways provides a cooling benefit 

during hot time periods for the S and SW street orientation cases, over the course of the 

afternoon, the placement of the pedestrian in the SE case has a small impact on TMRT, and 

pedestrian placement is less important to cool the pedestrian. 
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Figure 3.6: TMRT averaged over specific time periods, i.e. peak Ta, peak TMRT, and peak heat, as a function of 
the pedestrian’s distance from the building. The pedestrian closest to the building is located between the 
building and the tree cover, and the furthest pedestrian is located directly underneath the tree cover. Results 
here are shown for two times of year for the S, SE, and SW cases. 

 The Tree Placement experiment shows that the distance from a building does matter for 

specific times of day, street orientations and times of year (Fig. 3.7). For the S case, the distance 
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from the building has little effect on TMRT, as the magnitude of the difference in TMRT is on 

average less than 2 °C. In contrast, for the SE and SW cases, the distance of tree cover and 

pedestrians from the building matter more. In both street orientations, the magnitude of the TMRT 

difference between the pedestrian and tree cover placements can reach 10 °C during late 

afternoon when air temperature peaks. Proximity to the building causes warming in both SE and 

SW cases at different times of day. In the afternoon, the SE pedestrian will be cooler when 

located closer to the building, while the SW pedestrian is cooler when located further from the 

building. 
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Figure 3.7: Left-hand side: TMRT of pedestrians in early and late summer for the S, SE, and SW scenarios 
when the pedestrians’ positions relative to the tree cover are the same, but the pedestrians are located 1.33 m 
from buildings (near) and 3.33 m away from buildings (far). Right-hand side: difference in TMRT between the 
near pedestrian and the far pedestrian, where a positive value indicates the pedestrian 1.33 m from the 
building (near) is warmer than the pedestrian 3.33 m from the building (far). 
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3.3.2 Sidewalk plan area coverage of trees 

 From an urban design standpoint, it is helpful to know whether the addition of trees to 

shade the sidewalk where pedestrians walk provides the same added cooling benefit irrespective 

of existing tree cover. A range of sidewalk tree cover fractions are tested in terms of their ability 

to reduce pedestrian TMRT (Sect. 3.2.2). During the three “hot” afternoon periods of interest, the 

relationship between sidewalk tree coverage and associated TMRT reduction is approximately 

linear as indicated by an R2 > 0.97 for each time period (Fig. A4.2). However, the associated best 

fit equations indicate, based on the y-intercept (i.e., no tree cover), that the difference in TMRT for 

zero tree cover would be approximately -2 °C, when it must in fact be 0 °C by definition. As 

such, it is likely that the relationships in Fig. A4.2 is slightly non-linear, at least at lower tree 

coverages. Forcing a logarithmic regression through the origin provides a very good fit, as 

indicated an R2 > 0.99 for all times of day (Fig. 3.8).  

 The relationship in Fig. 3.8 is only slightly non-linear, and as a result, a linear fit that 

includes the origin point also gives good predictive power with R2 > 0.96 (Fig. A4.3). The 

magnitude of the coefficient in the logarithmic regression and the magnitude of the slope in the 

linear relationships during peak TMRT is greater than the corresponding magnitudes for both other 

afternoon periods. Thus, TMRT shows higher sensitivity to tree coverage during peak TMRT hours, 

or, in other words, trees are more effective at reducing pedestrian TMRT during peak TMRT hours. 
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Figure 3.8: Change in TMRT from the base case (i.e., no trees) as a function of sidewalk tree coverage at three 
different times of day in early summer for the S street orientation case. Lines of best-fit and associated 
equations are shown for each case to indicate that a non-linear fit works well, where R2 > 0.99 

 Linear best-fit model results for the other six sets of simulations (early summer S, late 

summer S, early summer SE, late summer SE, early summer SW and late summer SW) are 

shown in Table 3.2 and are visualized in Fig A4.4. These simulations only included 3 tree 

coverage percentages, i.e., 100%, 67% and 50%, and did not include sidewalk tree coverages of 

33% and 25%. These results suggest that the magnitude of TMRT responds approximately linearly 

with the fraction of sidewalk tree coverage for sidewalk tree cover fraction >0.5 (or 50% tree 

coverage), albeit based on only three data points in each case. However, each scenario has a 

different slope and intercept. The simulations for the SW and the S pedestrians in late summer 

Peak T
a  

Peak T
M

R
T  

Peak heat 



 

 

54 

 

show the highest TMRT sensitivity to the sidewalk tree coverages based on the magnitude of 

slopes for these scenarios. Conversely, the SE pedestrians show the least TMRT sensitivity to the 

sidewalk tree coverage, except during peak TMRT. This means that the trees have a greater 

radiative cooling effect on pedestrians for the SW and S scenarios in late summer, while trees 

have the smallest effect on pedestrian TMRT for the SE scenarios. 

Table 3.2: Results from linear best-fit models relating the change in TMRT from a case with no trees as a 
function of the fractional sidewalk tree coverage from six simulation scenarios at different times of day. 

Scenario 

Peak Ta Peak TMRT Peak heat 
intercept 
(°C) 

slope 
(°C) 

intercept 
(°C) 

slope 
(°C) 

intercept 
(°C) 

slope 
(°C) 

S             
Early summer -3.040 -9.343 -2.498 -15.907 -2.696 -11.410 
Late summer -4.179 -14.171 -2.130 -17.496 -3.197 -15.321 
              
SE             
Early summer -1.161 -4.870 -2.015 -16.304 -1.551 -8.417 
Late summer -1.883 -4.855 -2.276 -18.768 -2.467 -11.004 
              
SW             
Early summer -2.133 -14.279 -1.804 -15.636 -2.133 -14.279 
Late summer -1.669 -15.089 -1.625 -16.637 -1.828 -16.008 

3.3.3 Effects of trees on pedestrian radiative fluxes 

 Pedestrian TMRT during the day peaks near 70 °C when there are no street trees, but TMRT 

drops below 60 °C when trees are added (Fig. 3.9). For sidewalks with 100% tree coverage, peak 

TMRT drops close to 50 °C. The cooling effect of the trees assessed here (canopies of 4 m width, 

6 m height, and leaf area density 0.5 m2 m-2) are capable of lowering TMRT by up to 

approximately 20 °C at particular times of day if trees cover the entire length of the sidewalk 

(Fig. 3.10). However, even with 50% sidewalk coverage, trees can reduce pedestrian TMRT by up 
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to 10-12 °C on average during the middle part of the day. It should be noted that trees are also 

best at reducing pedestrian TMRT during peak TMRT hours. 

 

Figure 3.9: TMRT over 24 hours for early and late summer for different sidewalk tree coverages. Results are 
shown for the S, SE, and SW scenarios. 
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Figure 3.10: Difference in TMRT from the case without trees in early and late summer for three different 
sidewalk tree coverages. Results are shown for the S, SE and SW street orientation cases.  

 TUF-Pedestrian also allows assessment of the directional radiative components 

contributing to TMRT (Figs. 3.11 for the S case, A4.5-A4.6 for the SE and SW cases, 

respectively). This makes it possible to examine which fluxes contribute most to pedestrian TMRT 

and which fluxes the trees modify most strongly in cooling the pedestrian. The lateral longwave 

fluxes (i.e., those incident on the sides of the pedestrian) are the largest fluxes and contribute 

most to TMRT (Fig. 3.11). However, the increase in TMRT during the day (Fig. 3.9) is mostly 
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attributable to the lateral shortwave fluxes on the side of the pedestrian facing the sun at a given 

time of day (Fig. 3.11). 

 

Figure 3.11: Weighted radiative fluxes absorbed by the pedestrian in the S scenario for different sidewalk 
tree coverages and seasons. Kd represents shortwave fluxes and Ld represents longwave fluxes. Top, Bot, N, 
S, E, and W represent the six directions: top, bottom, north, south, east, and west, respectively, and the 
building is directly north of the pedestrian. Weighting is according to pedestrian dimensions (see Sect. 2.1.2). 

 The difference in radiative fluxes resulting from each level of tree cover implementation 

is shown in Figs. 3.12-3.14 for the S, SE, and SW street orientations, respectively. Most of the 

cooling from trees is caused by reduction of shortwave radiative fluxes absorbed by the 

pedestrian, and in all cases the decreases in absorbed shortwave radiative fluxes due to tree 
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shading are mainly at the sides of the pedestrian facing towards the sun as well as at the top of 

the pedestrian. Whereas the pedestrian in S scenario is affected by direct shortwave radiation for 

the entire day, the pedestrian in the SE scenario becomes shaded by the building earlier in the 

afternoon (near 15 h), and the pedestrian in the SW scenario is shaded by the building through 

most of the morning (until near 10 h).  

 

Figure 3.12: Difference in weighted radiative fluxes absorbed by the pedestrian from the base case (i.e., no 
trees) for the S scenario with different sidewalk tree coverages and at two times of year. Kd represents 
shortwave fluxes and Ld represents longwave fluxes. Top, Bot, N, E, S, and W represent the six directions: 
top, bottom, north, east, south, and west, respectively, and the building is north of the pedestrian. 

 Not all street orientations are affected by trees the same way during the peak TMRT and 

peak Ta periods. Notably, the impact of trees on shortwave radiative fluxes drops drastically in 
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early afternoon for the SE case due to the street orientation and the placement of the pedestrian 

before the canyon reaches its peak air temperature.  

 Trees also cause a modest decrease in longwave fluxes absorbed by the pedestrian during 

the day. For each street orientation, the direction of the pedestrian facing the building (north side 

for the S pedestrians, north-west side for the SE pedestrians, and north-east side for the SW 

pedestrians) is most affected by the presence of trees, particularly during the late summer. The 

trees provide more shade to the building walls in late summer when the solar elevation angle is 

lower, and building walls facing the pedestrians therefore absorb less shortwave radiation. As a 

result, the building walls remain cooler and emit less longwave radiation towards the pedestrian. 

Similarly, the ground immediately surrounding the pedestrian is also cooled by tree shade and 

therefore emits less longwave radiation, decreasing longwave radiative fluxes to all sides of the 

pedestrian during the day. 

 At night, longwave radiative fluxes are also affected by trees, although the difference in 

fluxes relative to the base case is small. For the S street orientation case (Fig. 3.12), the north 

side of the pedestrian receives less longwave radiation at night, while the south side of the 

pedestrian receives an increased amount. The building has been cooled by tree shade during the 

day, resulting in less heat storage and release toward the north side of the pedestrian in the form 

of longwave emissions at night. In contrast, the south side of the pedestrian, which faces the 

street and the tree cover, sees less cool sky due to the tree cover, and therefore absorbs more 

longwave radiation from the trees. 
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Figure 3.13: Difference in weighted radiative fluxes absorbed by the pedestrian from the base case without 
trees in the SE scenario for different sidewalk tree coverages and times of year. Kd represents shortwave 
fluxes and Ld represents longwave fluxes. Top, Bot, NE, SE, SW, and NW represent the six directions: top, 
bottom, north-east, south-east, south-west, and north-west, respectively, and the building is north-west of the 
pedestrian. The increase in shortwave fluxes on the south-west side of the pedestrian for the early summer 
with a tree coverage of 67% and 50% is due to a small difference in output times resulting in different 
shading from the building on the pedestrian at that time of day. 
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Figure 3.14: Difference in weighted radiative fluxes absorbed by the pedestrian from the base case without 
trees in the SW scenario for different sidewalk tree coverages and times of year. Kd represents shortwave 
fluxes and Ld represents longwave fluxes. Top, Bot, NE, SE, SW, and NW represent the six directions as in 
Fig. 3.10, and the building is north-east of the pedestrian. 
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3.4 Discussion of results 

 TUF-Pedestrian experiments demonstrate that small differences in the relative placement 

of pedestrian walkways and trees have the potential to modulate TMRT reductions. Model results 

show that TMRT impacts of relative pedestrian walkway and tree placement vary based on street 

orientation and the time of year. The relatively sparse tree canopies (LAD = 0.5 m2 m-3) are 

shown to decrease TMRT by up to 20 °C (Fig. 3.10), which suggests that denser trees could 

substantively decrease overall thermal exposure as measured by PET or UTCI, likely by as much 

as 20 °C, similar to decreases found by Gulyás et al. (2006), Ali-Toudert and Mayer (2007) 

Kántor et al. (2018), and Middel and Krayenhoff (2019). 

 By quantifying directional shortwave and longwave fluxes incident on pedestrians, TUF-

Pedestrian indicates the surfaces that most strongly modulate TMRT. For the current midlatitude 

summer scenario, TUF-Pedestrian finds that longwave lateral fluxes dominate pedestrian TMRT, 

and that cooling nearby building walls could substantively lower TMRT, in agreement with 

Middel and Krayenhoff (2019). However, trees primarily reduce TMRT by reducing the shortwave 

fluxes incident on a pedestrian, particularly the lateral shortwave fluxes. TUF-Pedestrian shows a 

small effect on longwave radiative fluxes, especially at night. This small effect on longwave 

emissions at night is smaller compared to the 5 °C increase of TMRT found by Middel and 

Krayenhoff (2019), which may be due in part to the relatively low LAD used in TUF-Pedestrian 

simulations. It is likely beneficial to use cooling methods other than trees to lower longwave 

radiative fluxes on pedestrians during the day, which could include altering material radiative 

and/or thermal properties. However, as surface temperatures during the day tend to stay above air 
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temperature in cities (Cao et al. 2021), the longwave radiative fluxes are difficult to reduce in hot 

weather, which may limit the utility of altering material properties. As such, reducing shortwave 

fluxes (i.e., shade provision) is the main way to reduce TMRT. 

 Street trees are an effective method for reducing pedestrian TMRT; however, it is 

important to remember that cities have limited space and funding for planting and maintaining 

street trees (Salmond et al. 2016). It is therefore important to understand how many trees need to 

be planted to best cool pedestrians, and to account for limitations and costs associated with street 

tree planting and maintenance, in order to optimize their impacts in city streets. Even if space 

and funding for street trees were not of concern, high tree cover in streets reduces ventilation and 

has potentially negative consequences for air quality at the pedestrian level (Vos et al. 2013; 

Norton et al. 2015; Karttunen et al. 2020). Therefore, there are multiple reasons to better 

understand the effects of tree coverage on reducing pedestrian TMRT, and whether a sufficient 

cooling effect can be achieved with less tree cover.  

 Park et al. (2019) addressed the relationship between tree coverage and pedestrian TMRT 

reduction. Using a 2-D model that does not explicitly represent tree spacing and associated 

interactions in the along-canyon direction, they suggest that TMRT drops exponentially with 

increasing tree coverage. TUF-Pedestrian, a 3-D model that explicitly represents tree spacing 

finds that the TMRT reduction effect of trees is a slightly non-linear (logarithmic) function of tree 

coverage and that there are diminishing returns as tree cover increase. However, a linear function 

still represents the relationship well and provides good predictive power, especially when the 

sidewalk tree coverage is greater than 50%. Both TUF-Pedestrian results and Park et al. (2019) 

show the intuitive result that more trees give more radiative cooling, yet unlike the Park et al. 
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(2019) study, TUF-Pedestrian indicates that tree planting in streets that already have substantial 

tree cover is almost as effective as tree planting in streets with few trees. As such, having a 

higher percentage of tree cover will help further reduce pedestrian TMRT in hot weather. 

Ultimately, street tree planting decisions will need to consider funding, available space, street 

ventilation, and related factors. 

 TUF-Pedestrian simulations in Sect. 3.3 are conducted for both early (~solstice) and late 

summer (~equinox), each of which have different diurnal progressions of solar angle. Results 

from the early and late summer likely indicate how trees impact TMRT differently at lower and 

higher latitudes at a consistent time of year. Lee and Mayer (2020) show that solar angle impacts 

pedestrian TMRT, where TMRT is more strongly reduced at higher solar elevation angles. TUF-

Pedestrian simulations tend to show little difference in TMRT reduction with solar angle for an E-

W canyon (Fig. 3.10). However, for the SE and SW cases, the different seasonal time periods 

(and therefore solar angles) yield larger differences in the shape and timing of the TMRT reduction 

resulting from trees (Fig. 3.10). TUF-Pedestrian shows that solar angle is important to consider 

in terms of the placement of pedestrian walkways with respect to trees. 

 Results from the Pedestrian Placement experiment demonstrate the importance of relative 

walkway and tree placement, which has the potential to affect pedestrian TMRT by 10 °C (Fig. 

3.5). To our knowledge, this is the first study to examine and identify how to best place 

pedestrian walkways with respect to tree cover. It is evident that the cooling effect of trees for 

any pedestrian placement changes with street orientation and solar angle (Fig. 3.5). For example, 

the pedestrians on the north side of an E-W canyon during peak heat times are cooler when 

directly under the tree cover in early summer, but in late summer, pedestrians beside (i.e., north 
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of) the tree cover are cooler. This is due to the different locations of peak tree shading with 

different solar angles. This suggests that, on average, pedestrians may be cooler directly under 

trees at lower latitudes where the sun is generally higher in the sky, but cooler when beside tree 

cover at higher latitudes where the sun has, on average, lower elevation angles. These results 

however are dependent on the specific urban and tree geometry used in the experiments, and thus 

larger trees and larger canyon H/W ratios may provide different insights. The results in Sect. 3.3 

are valid for a detached residential neighbourhood during midlatitude summer. 

 The effect of trees on a particular pedestrian location can vary greatly throughout the 

course of the day, which renders complex the placement of pedestrian walkways relative to the 

tree cover for optimal cooling of pedestrians. Cooling pedestrians during peak heat hours, when 

both TMRT and Ta peak, is likely the most important since both TMRT and air temperature have a 

large impact on thermal indices such as PET and UTCI that can be interpreted as indicators of 

overall heat exposure (Middel and Krayenhoff 2019). The coolest pedestrians during peak heat 

hours in the early summer (i.e., approximately summer solstice) are the pedestrian directly under 

tree cover in the S case, and the pedestrian at the edge of the tree cover in the SW case. These 

relationships are inverted in the late summer. For the SE case, the placement of pedestrians is 

less important during peak heat hours because the pedestrian is shaded by the building during 

most of that time. In contrast, trees will have a greater cooling effect on pedestrians located south 

of a building in an E-W canyon, or on pedestrians located south west of a building in a NW-SE 

canyon.  

 The differences in results over the two different times of year suggest that it is important 

for city street planners and policy makers to plan for the time of year when pedestrians are most 
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likely to experience heat stress. However, pedestrians can also move freely along the width of a 

walkway and will likely move to positions where they feel more thermally comfortable. As such, 

the results from the Pedestrian Placement experiment only give an indication of where pedestrian 

walkways should be centered relative to tree cover. If the pedestrian is warmest when directly 

under the tree, then planners could use the area under the trees for purposes other than pedestrian 

walkways.  

 Pedestrian placement relative to tree cover is important, but so is the placement of trees 

relative to the building. Millward et al. (2014) found that large trees planted closely to buildings 

are the best way to cool building surface temperatures. Cooler building temperatures also result 

in less longwave radiation emissions towards a pedestrian, and will help keep the building 

interior cool. The Tree Placement experiment here finds that the optimal distance between trees 

and the building to cool pedestrians is dependent on the street orientation. Whereas the distance 

is less important in the case of the north side of E-W canyons, trees closer to the buildings are 

better at cooling pedestrians located south-east of a building in a NE-SW canyon (SE case), 

while trees located farther from buildings better cool pedestrians located south-west of a building 

in a NW-SE canyon (SW case) during peak heat hours. 

 The current analysis of the Pedestrian and Tree Placement experiments uses specific 

dimensions and diurnal sequences of solar angles, which may not be generalizable to different 

canyon or tree dimensions or latitude-seasonal combinations. As such, results from this study 

should be non-dimensionalized to be more widely applicable. To give the best indication of 

where to place a pedestrian under the shade of any tree for any time of year and street 

orientation, the non-dimensionalization will need to account for the solar elevation angle relative 
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to the elevation angle of the trees as seen from the pedestrian. This proposed non-

dimensionalization will be addressed in future work. 
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4 Summary and conclusions 

 TUF-Pedestrian is a new, three-dimensional microscale model for simulating pedestrian 

thermal exposure in city streets. It is a development of the TUF-3D model (Krayenhoff and 

Voogt 2007). TUF-Pedestrian includes trees and their radiative effects on the surrounding urban 

environment, including tree shading, as well as interception of diffuse shortwave and longwave 

radiation, and longwave emission, by trees. In addition, the model includes a vertically explicit 

pedestrian that absorbs incoming radiation on each of its faces to calculate a summary metric of 

radiation exposure, the mean radiant temperature, or TMRT. Because the radiation incident on the 

pedestrian from each direction is explicitly calculated, TUF-Pedestrian provides insight 

regarding which radiative components are most influential to overall pedestrian TMRT. As such, 

TUF-Pedestrian allows investigation into the microscale variation of radiation impacting 

pedestrians in city streets. 

 To evaluate the model, data measured by the MaRTy biometeorological platform, 

including incoming shortwave and longwave radiation from six directions (north, south, east, 

west, up, and down; Middel and Krayenhoff 2019) is used. The MaRTy data consists of a 24-

hour period with high temporal resolution in an urban canyon with partial tree cover in Tempe, 

Arizona. The model evaluation approach includes tests of the model’s capability to simulate both 

TMRT and its 12 radiative components. The model evaluation demonstrates that TUF-Pedestrian 

can accurately simulate both overall pedestrian TMRT and its constituent radiative components, 

and that it is a powerful tool to study pedestrian radiative exposure in city streets. 
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 TUF-Pedestrian has the ability to capture the radiative environment of simplified urban 

areas at high spatial and temporal resolution, which enables an in-depth understanding of the 

effects of street tree and sidewalk placement on pedestrian radiation exposure. Street trees lower 

pedestrian TMRT during the day mainly by reducing shortwave radiative fluxes (i.e., shading), but 

with some reduction attributable to reduction of longwave fluxes resulting from shading of 

nearby surfaces as well. Simulations show that lateral longwave fluxes contribute most to a 

pedestrian’s TMRT magnitude, and that lateral shortwave fluxes contribute most to the variability 

of pedestrian TMRT.  

 TUF-Pedestrian simulations indicate that more tree cover is better at radiatively cooling 

pedestrians in a detached residential area with a low canyon H/W ratio. However, there are some 

important considerations related to the relative location of trees and sidewalks. The afternoon 

period when TMRT and/or air temperature peak is likely the most important period to provide 

cooling to pedestrians. However, trees exhibit larger or smaller cooling effects at these times of 

day depending on the street orientation and the pedestrian location relative to the buildings and 

trees. Trees have little cooling effect on pedestrians located south east of a building in a NE-SW 

canyon during the afternoon period because the proximity of the pedestrian to the building 

provides ample shade at that time. In contrast, trees will have a greater cooling effect on 

pedestrians located south of a building in an E-W canyon, or on pedestrians located south west of 

a building in a NW-SE canyon. Therefore, it is expected that pedestrians located on the west side 

of a N-S canyon, will also be less effectively cooled by trees due to the building shade in the 

afternoon. Conversely, trees will have a greater cooling effect on a pedestrian on the east side of 

a N-S canyon in the afternoon. Therefore, ceteris paribus, the planting of trees should be focused 
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on locations where trees have a greater effect during the hot afternoon period. These locations 

would be the ones that are most exposed to the sun and have little shade from buildings: i.e., the 

north side of an E-W canyon with relatively short buildings. Additionally, neighbourhoods where 

sidewalks are not directly adjacent to buildings (i.e., there are setbacks) would also benefit from 

more tree cover to decrease pedestrian TMRT. 

 Optimal placement of pedestrian walkways relative to the tree cover for TMRT reduction 

depends on street orientation. A city’s latitude and the associated periods of the year requiring 

pedestrian-level cooling are important context because they determine the diurnal progression of 

solar angle. TUF-Pedestrian experiments suggest that for higher latitudes and/or times of year 

farther removed from the summer solstice, pedestrian walkways are best placed beside the tree 

cover so that trees more effectively shade pedestrians. Conversely, it is best to center pedestrian 

walkways as close to tree trunks as possible and directly under tree cover at lower latitudes 

and/or at times of year closer to the summer solstice since the trees will provide better shading to 

the pedestrian. Because walkways and trees cannot be moved seasonally, an optimal compromise 

that targets the hottest period of the year is ideal. Therefore, trees should likely be placed as close 

to sidewalks as possible, so their cover is directly over sidewalks at low latitudes. Conversely, 

for high latitudes, trees should be placed further from the sidewalks, but it may be beneficial for 

the edge of the trees to cover the sidewalks depending on latitude and tree dimensions. 

 Future work with TUF-Pedestrian could add to the model to study more processes of 

relevance to thermal exposure through inclusion of wind drag, leaf energy balances and 

associated sensible and latent heat fluxes from trees. These additions would account for tree 

impacts on all meteorological variables that impact thermal indices such as PET or UTCI. 
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However, these additions would have little impact on the microscale variation of PET or UTCI, 

which is largely controlled by the variation of TMRT for calm, hot conditions (Middel and 

Krayenhoff 2019). Therefore, it may be sufficient to focus on the radiative effects of trees only 

for optimization of street tree configuration. Another potential addition to TUF-Pedestrian is 

inclusion of shortwave reflections from trees. Shortwave reflections from trees have the potential 

to alter TMRT. However, all other radiative effects of trees are accounted for in TUF-Pedestrian, 

and adding shortwave reflections will likely only have a small impact on TMRT. Although 

relevant additions to TUF-Pedestrian exist, it is already a powerful tool to simulate pedestrian 

radiation exposure and to understand the associated variation of TMRT across different existing 

and potential urban environments. 

 TUF-Pedestrian simulations provide important insight into the effects of street tree 

configuration on pedestrian heat exposure, but there is still room for further work that optimizes 

these configurations for pedestrian cooling. For one, the current results depend on the particular 

set of dimensions of buildings and trees as well as the particular latitude and times of year 

studied, and it is expected that a more generalized understanding can be obtained. For one the 

results showed here should be non-dimensionalized to be applicable to more cities and seasons 

(Section 3.4 for more details). The experiments performed here could also be expanded to 

include simulations with other canyon H/W ratios and different street tree dimensions to increase 

the range of neighbourhoods captured in the analysis. Doing so can help optimize street design 

with trees to minimize heat exposure in hot weather. 
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APPENDICES 

A1: Model development components and testing 

A1.1: View factor calculations with the impact of trees 

To determine patch to patch view factors, the model first determines if two patches are 

able to see each other. This is done through a ray tracing algorithm that tests if there are other 

buildings in the way of the two patches. Added to this ray tracing algorithm is a test that 

determines whether the ray is travelling through tree cells. As a ray travels through tree cells, the 

length of the ray path is saved and used in the Bouguer-Lambert-Beer Law to determine the 

reduction in the view factor due to trees. 

The sky view factor of a patch without considering the impact of trees (𝜓𝜓𝑆𝑆 𝑛𝑛𝑛𝑛) would be 

calculated as: 

 Ψ𝑆𝑆 𝑛𝑛𝑛𝑛 = 1 −  Ψ𝐵𝐵 𝑛𝑛𝑛𝑛 (A1.1) 

where 𝜓𝜓𝐵𝐵 𝑛𝑛𝑛𝑛 is the view factor of the whole built environment, without consideration for the 

impacts of trees. Working from this equation, the sky view factor when considering the impact of 

trees is calculated through a weighting factor. 

First, for each patch, the model sends two rays above the model domain to each “sky 

cell”, where the “sky” is represented here, for this purpose, as a layer of cells covering the whole 

top of the model domain. Each of these two rays checks whether the patch can see each sky cell, 

however one of these rays is attenuated by trees according to the Bouguer-Lambert-Beer Law as 
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it travels to each sky patch, while the other ray is not affected by the presence of trees. A ray that 

cannot see a sky cell is considered to have a value of 0, while a ray that sees a sky cell without 

the impact of trees is considered to have a value of 1. A ray that can see a sky cell and includes 

the impact of trees has a value between 0 and 1, according to the attenuation of the tree foliage 

on its path. Each ray is then cosine-weighted twice according to the angle from the patch to the 

sky cell; one cosine weighting accounts for Lambert’s cosine Law while the other cosine 

weighting accounts for the smaller area of sky cell that is seen as the angle of ray travel becomes 

more horizontal and less vertical (or, in other words, sky cells that are at a large horizontal 

distance from the patch where the ray originates will be seen at a large oblique angle). This 

second cosine weighting would not be necessary if the sky cells were arranged in a hemisphere 

rather than a flat plane. The values of the weighted rays associated with each sky cell without the 

impact of trees are then added together (𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛 𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡), and the same is done for the values of the 

weighted rays that are attenuated by trees (𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡). These two calculated ray values for each 

patch are then included as a weighting factor for the sky view factor calculation as: 

 Ψ𝑆𝑆 = [1 −  Ψ𝐵𝐵 𝑛𝑛𝑛𝑛] ∗ �
𝑅𝑅𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
� (A1.2) 

This allows the sky view factor to be attenuated by the presence of trees, which therefore allows 

calculation of the tree view factor (Eq. 2.3).  

A1.2: Tests on the functioning of trees 

Each radiative process associated with trees was added individually in TUF-Pedestrian. 

Small tests were performed after each addition to verify that each modification to the TUF-
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Pedestrian code was functioning properly. This sub-section includes tests of the shading of direct 

solar radiation, and the altered view factors due to addition of trees. 

A1.2.1: Shading of direct solar radiation by trees 

The first addition tested is the shading of direct shortwave radiation. The road surface 

temperature when trees covered the domain with differing LAD is compared to a case with no 

trees present (Fig. A1.1). The domain used was represented with a λp = 0.34 and a H/W ratio = 

1.4 where two layers of tree canopy were added above each street patch, where each layer of tree 

canopy has its own LAD. 

 
Figure A1.1: Tree shading effect in TUF-Pedestrian on road surface temperatures for different LAD, where a 
LAD of 0 m2 m-3 means there are no trees. 
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The test shows that trees in the model are intercepting direct shortwave radiation 

according to the Bouguer-Lambert-Beer Law. The reduction in road surface temperature with 

LAD = 0.5 m2 m-3 is slightly more than 50% of the reduction in road surface temperature with 

LAD is 1.0 m2 m-3, as expected. 

A1.2.2: Change in view factors due to addition of trees 

To test the view factor calculations that account for trees, simulations were run for a 

simple domain with a λp = 0.25 and a H/W ratio = 0.3 with each street patch covered by one 

layer of tree cells. For each simulation, the LAD of trees increased from 0 m2 m-3 (no trees) to 1 

m2 m-3 at 0.2 m2 m-3 intervals, which corresponded to a neighbourhood-averaged Leaf Area Index 

(nLAI) ranging from 0 to 1.38 at intervals of 0.277. The average sky view factors and tree view 

factors were computed for all ground patches. Figure A1.2 shows an increase in tree view factors 

and a decrease in sky view factor as the nLAI is increased. The view factors change more rapidly 

at low nLAIs (and low LADs) and level off as the nLAI grows. This non-linear relationship 

shows that the view factor calculations are working as expected based on the use of the Bouguer-

Lambert-Beer Law. 
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Figure A1.2: The average sky and tree view factors (𝜳𝜳𝑺𝑺 and 𝜳𝜳𝑻𝑻 respectively) from the ground at different 
neighbourhood-averaged LAIs.  

A1.3: View factor calculations of pedestrians 

Although the purpose of the model is to quantify the effects of the environment on a 

pedestrian, view factors from built and tree patches to pedestrian sub-patches are calculated 

based on the view factor from each pedestrian sub-patch to other domain patches. The model 

then uses the view factor reciprocity theorem which relates two view factors and their areas (Eq. 

2.4) in order to obtain the area-weighted view factors from domain patches to pedestrian sub-

patches. 

It is important to note that the pedestrian sub-patches are smaller than the domain 

patches, so there will always be some domain patches the pedestrian will not completely see. The 
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best example is the patch on which the pedestrian is standing, only part of which can be seen by 

the pedestrian. The model recalculates the area seen by a pedestrian sub-patch to provide 

accurate view-factor calculations (E.g., Fig. A1.3). 

 
Figure A1.3: Example of the smaller area of patches seen by pedestrian sub-patches. 

  

A 
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A2: Model evaluation forcings and parameters 

A2.1: Meteorological forcings 

 Meteorological forcings used for simulations were obtained from the Durango Complex 

weather station, found at 322m of elevation, at a latitude of 33.4269 degrees and longitude of -

112.1198 degrees. The weather station measures precipitation, air temperature, relative humidity, 

dewpoint temp, wind speed and direction, shortwave radiation, and barometric pressure at 2 m 

above the ground. 

 The meteorological forcings needed to run TUF-Pedestrian are solar and longwave 

radiation, air temperature, wind speed and direction, and water vapour pressure above the urban 

canopy, as well as the barometric pressure at the surface. The experimental site where MaRTy is 

used is at 351 m elevation, at a latitude of 33.41986 degrees and a longitude of -111.9311 

degrees. To obtain the barometric pressure at the experimental site, the hydrostatic equation was 

used to change the pressure at 322 m to the pressure at 353 m. Air temperature at the 

meteorological forcing height above the urban canopy, at twice the building height or 71 m, was 

calculated by using the adiabatic lapse rate. Water vapour pressure is calculated using Tetens 

equation and the relative humidity at the surface, as humidity is unlikely to change substantially 

between the surface and 71 m above the surface for the dry conditions during the experiment; 

moreover, since trees do not transpire in the model, highly accurate humidity forcing is not 

required. Wind speed was converted to a wind speed above the urban canyon using Wieringa, 

1986 (their Eq. 2). Incoming longwave radiation was calculated using Prata (1996) using the 

measured air temperature and water vapour pressure. Solar radiation measured at Durango was 
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found to be much lower than the radiation measured by MaRTy in an open area, so the incoming 

solar radiation from Durango was multiplied by 1.25 such that it accorded with MaRTy 

measurements. Thus, the comparison of TUF-Pedestrian with MaRTy measurements tests the 

conversion of shortwave forcing (and other meteorological forcing) into 3-D radiation exposure 

of pedestrians using shortwave forcing that is calibrated with the MaRTy pyranometers (as 

opposed to the Durango pyranometer). Finally, all meteorological forcings were time corrected 

from MST to a local solar time (LST). 

 

A2.2: Parameters for model evaluation simulations 

Table A2.1: Additional parameters used for evaluation of TUF-Pedestrian against MaRTy observations. 

Parameter Units Taller buildings Average buildings Shorter buildings 
Geometric     
Zref  m 71 71 71 
Town Z0 a m 1.69 1.03 0.39 
Roof Z0 m m 0.05 0.05 0.05 
Road Z0 m m 0.05 0.05 0.05 
     
Radiative     
roof albedo - 0.5 0.5 0.5 
road albedo - 0.15 0.15 0.15 
wall albedo - 0.2 0.2 0.2 
East-facing wall    
albedo b - 0.35 0.35 0.35 

roof emissivity - 0.9 0.9 0.9 
road emissivity - 0.9 0.9 0.9 
wall emissivity - 0.9 0.9 0.9 
East-facing wall 
emissivity b - 0.9 0.9 0.9 
     
Thermal parameters     

roof layer thicknesses c m 0.008, 0.013, 
0.02, 0.04 

0.008, 0.013, 
0.02, 0.04 

0.008, 0.013, 
0.02, 0.04 
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Parameter Units Taller buildings Average buildings Shorter buildings 
roof layer heat 
capacities c MJ m-3 K-1 1.76, 0.11, 

0.03, 0.03 
1.76, 0.11, 
0.03, 0.03 

1.76, 0.11, 
0.03, 0.03 

roof layer thermal 
conductivities c W m-1 K-1 0.01, 0.06, 

0.26, 0.26 
0.01, 0.06, 
0.26, 0.26 

0.01, 0.06, 
0.26, 0.26 

road layer thicknesses c m 0.02, 0.04, 
0.06, 0.08 

0.02, 0.04, 
0.06, 0.08 

0.02, 0.04, 
0.06, 0.08 

road layer heat 
capacities c MJ m-3 K-1 2.11, 2.11, 

1.35, 1.35 
2.11, 2.11, 
1.35, 1.35 

2.11, 2.11, 
1.35, 1.35 

road layer thermal 
conductivities c W m-1 K-1 1.51, 1.51, 

0.27, 0.27 
1.51, 1.51, 
0.27, 0.27 

1.51, 1.51, 
0.27, 0.27 

wall layer thicknesses c m 0.02, 0.06, 
0.18, 0.06 

0.02, 0.06, 
0.18, 0.06 

0.02, 0.06, 
0.18, 0.06 

wall layer heat 
capacities c MJ m-3 K-1 1.15, 1.15, 

1.15, 1.68 
1.15, 1.15, 
1.15, 1.68 

1.15, 1.15, 
1.15, 1.68 

wall layer thermal 
conductivities c W m-1 K-1 0.69, 0.69, 

0.69, 1.40 
0.69, 0.69, 
0.69, 1.40 

0.69, 0.69, 
0.69, 1.40 

East-facing wall layer 
thicknesses c m 0.02, 0.06, 

0.18, 0.18 
0.02, 0.06, 
0.18, 0.18 

0.02, 0.06, 
0.18, 0.18 

East-facing wall layer 
heat capacities c MJ m-3 K-1 2.11, 2.11, 

2.11, 1.15 
2.11, 2.11, 
2.11, 1.15 

2.11, 2.11, 
2.11, 1.15 

East-facing wall layer 
thermal conductivities c W m-1 K-1 1.51, 1.51, 

1.51, 0.69 
1.51, 1.51,  
1.51, 0.69 

1.51, 1.51,  
1.51, 0.69 

Sources: Campbell and Norman 1998, Oke et al. 2017, Meltzer et al. 2019 
a: Overall roughness length 
b: East-facing wall is a concrete wall instead of a brick wall like all others 
c: Ordered from surface layer to the deepest layer 
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A3: Model Evaluation Results 

 
Figure A3.4: TMRT results using the non-weighted method (Eq. 2.9) and the weighted method (Eq. 2.8) 
compared with MaRTy observations over a diurnal cycle. 
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A4: Model Application 

 

Figure A4.5: Air temperature (Ta) and TMRT for a pedestrian in the for each street orientation without trees 
over the diurnal period. Results are shown for the early and late summer and allow visualization of the times 
of peak Ta and peak TMRT. 
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Figure A4.6 Change in TMRT from the base case (i.e., no trees) as a function of sidewalk tree coverage at three 
different times of day in early summer for the S case. Lines of best-fit and associated equations are shown for 
each case to indicate that a linear fit for this range works well, where R2 > 0.97. 
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Figure A4.7 Change in TMRT from the base case (i.e., no trees) as a function of sidewalk tree coverage 
(including no tree coverage) at three different times of day in early summer for the S case. Lines of best-fit 
and associated equations are shown for each case to indicate that a linear fit works well, where R2 > 0.96. 
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Figure A4.8: Change in TMRT from the base case as a function of sidewalk tree coverage for late and early 
summer, in S, SE and SW cases, with best fit lines through each set of three data points. 
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Figure A4.9: Weighted radiative fluxes absorbed by the pedestrian in the SE scenario for different sidewalk 
tree coverages and seasons. Kd represents shortwave fluxes and Ld represents longwave fluxes. Top, Bot, NE, 
SW, SE, and NW represent the six directions: top, bottom, north-east, south-west, south-east and north-west, 
respectively, and the building is north-west of the pedestrian. 
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Figure A4.10: Weighted radiative fluxes absorbed by the pedestrian in the SW scenario for different sidewalk 
tree coverages and seasons. Kd represents shortwave fluxes and Ld represents longwave fluxes. Top, Bot, NE, 
SW, SE, and NW represent the six directions: top, bottom, north-east, south-west, south-east and north-west, 
respectively, and the building is north-east of the pedestrian. 
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