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Shade is crucial for thermally comfortable cities that promote physical activity. City-wide shade and thermal
exposure data are essential for managing heat health risks but are difficult to obtain at fine scales due to limited
sensing and modeling capabilities. To address this gap and assist municipalities with "cool corridor" planning, we
generated 1-m resolution shade and mean radiant temperature (Tygrr) maps from LiDAR point clouds for the
Phoenix-Tempe metropolitan area using the SOLWEIG model. Tyrr estimates were validated using 763 obser-
vations with a mobile human-biometeorological 6-directional setup. SOLWEIG had an overall RMSE of 5.6°C
with an error of 6.2°C at open sites, 5.4°C under trees, and 4.4°C in building canyons. Hourly Tygt and shade
maps were generated from 7:00 h to 20:00 h for June 27, 2012, a typical clear, dry, calm summer day. We
assessed sidewalk shade coverage based on the Maricopa Association of Government’s Active Transportation
Plan. Only 8% of all sidewalks met the recommended minimum of 20% shade coverage at all times. Less than
50% of all sidewalks met the goal for parts of the day, indicating that the urban area is not walkable during
extreme heat. Results from this study will inform municipal cool corridor planning to optimize site selection for

heat mitigation.

1. Introduction

Cities worldwide are getting hotter due to anthropogenic changes
that impact climate locally and globally. Urban development contributes
to the Urban Heat Island effect (Oke, 1981), and extreme heat events are
projected to increase in frequency, duration, and intensity due to climate
change (Seneviratne et al., 2012). Urban overheating is a significant
challenge of the Anthropocene that increases the heat-health burden of
urban populations and will lead to an increase in heat-related illness and
death if no effective mitigation or adaptation strategies are implemented
(Nazarian et al., 2022).

An indispensable strategy to decrease the human heat burden out-
doors is to provide shade. Shade is a valuable commodity that reduces
UV exposure, thermal discomfort, and heat stress (Aleksandrowicz et al.,
2020; Middel et al., 2021; Tabatabaie et al., 2019). Tree shade also
enhances the aesthetic quality of streetscapes and influences people’s
physical activities (Handy et al., 2002). Many municipalities around the
globe have centered their heat mitigation plans around street trees to
improve thermal comfort for pedestrians and cyclists (Jamei & Raja-
gopalan, 2017; Speak et al., 2021; Wallenberg et al., 2022). For example,

the government of Victoria, Australia, set a goal to increase tree
coverage in the City North (Melbourne) from 14% to 40% by the year
2050 (Jamei & Rajagopalan, 2017). Similarly, Brisbane and Bendigo,
Australia, implemented the concept of shadeways, which includes street
trees as an integral part of making commuting comfortable for pedes-
trians (Butt et al., 2019; Deilami et al., 2020). The City of Phoenix in the
hot, dry Southwestern US aims to invest in street trees to reach a 25%
tree canopy coverage by 2030. In addition, the City has started a "Cool
Corridor" program as part of its Climate Action Plan Framework that
aims to establish a network of 100 cool corridors across its districts.
Phoenix also became the first city to pledge "Tree Equity," especially
increasing tree canopy in economically disadvantaged communities.
To implement shade-centered heat mitigation programs, detailed
information on the existing built environment and shade infrastructure
is required to estimate human thermal exposure and equitably place new
shade infrastructure. In hot, dry environments, the Mean Radiant
Temperature (Tygrr) has been reliably used as a thermal exposure
measure because it quantifies the heat load on the human body and is a
significant parameter in assessing outdoor thermal comfort (Hardy &
Stoll, 1954). Tyrr represents the sum of all short and longwave radiative
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fluxes absorbed by the human body (Hoppe, 1992; Lindberg et al.,
2008). It is a fundamental input parameter for many biometeorological
indices, such as the Physiologically Equivalent Temperature (PET) and
the Universal Thermal Climate Index (UTCI) (Crank et al., 2020; Kriiger
et al., 2014). Tygrr is measurable directly by using a set of three net
radiometers with sensors facing upward, downward, and the four car-
dinal directions; or with globe thermometers (Aviv et al., 2022; Guo
et al., 2020; Middel et al., 2016; Middel & Krayenhoff, 2019; Vanos
et al., 2021).

While Tygrr observations provide valuable insight into a person’s
heat load at a specific time and location, there is a need for spatially
explicit, continuous, city-wide Tygrr and shade maps to optimize site
selection for municipal heat mitigation efforts. The SOlar LongWave
Environmental Irradiance Geometry (SOLWEIG) model proposed by
Lindberg et al. (2008) simulates high-resolution, spatially explicit shade
distributions, radiative fluxes, and Tygr for large areas following the
concepts presented in Hoppe (1992). SOLWEIG is suitable for estimating
Twmrr in complex urban settings and has been employed in many
geographic contexts (Acero & Arrizabalaga, 2018; Aleksandrowicz et al.,
2020; Crank et al., 2020; Gal & Kantor, 2020; Kong et al., 2022). Pre-
vious studies have shown that SOLWEIG outperforms other radiation
flux models (Chen et al., 2014; Gal & Kantor, 2020; Szucs et al., 2014),
but model validation was usually restricted to observational data
collected on a single day or several days with only a few sites (Amini-
pouri et al., 2019; Chen et al., 2014; Gal & Kantor, 2020). Furthermore,
no validation study has critically examined the model’s accuracy with
regard to exposure type and urban forms.

This research aims to produce high-resolution thermal comfort and
shade maps for municipal cool corridor planning. First, we evaluate the
SOLWEIG model for different exposure types (sun-exposed, shaded by
trees, shaded by buildings) and urban forms under hot, dry conditions
using extensive field measurements collected over three years in various
urban settings. Second, we produce high-resolution hourly Tyrr maps
for a hot, dry, calm summer day to inform the City of Phoenix Cool
Corridor program. Third, we quantify the shade coverage on sidewalks
in the Cities of Phoenix and Tempe (the urban core of the Phoenix
metropolitan area) on a hot summer day to identify neighborhoods that
do not meet the minimum shade coverage recommendation of 20% as
outlined in the Maricopa Association of Government’s Active Trans-
portation Plan. The study’s novelty is three-fold: 1) We perform an un-
precedented, extensive validation of the SOLWEIG model using the "gold
standard" 6-directional setup for 763 observations collected over three
summers at 60 unique sites; 2) We produce hourly Tyrr maps for one of
the largest areas (1.9 billion 1-m grid cells) the SOLWEIG model has
been applied to, and 3) We are the first to separate tree shade from
building shade in an analysis of sidewalk shade coverage to identify
neighborhoods that do not meet a minimum shade coverage threshold.
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2. Study Site

The Phoenix metropolitan area (33°25'00.8" N 111°58'41.5" W) is an
amalgamation of 24 cities in Maricopa County, Arizona, USA (Fig. 1).
This study focuses on the City of Phoenix and Tempe, two cities in the
urban core with an area of 1051 km? and 442 census tracts (population
of 4,837,000), which account for about 29 % of all census tracts in
Arizona. The metropolitan area is in the Sonoran Desert and has a
subtropical desert climate (Koppen Climate Classification subtype Bwh).
Summers in the area are hot, with maximum air temperature reaching or
exceeding 38°C between June and August. Tyrr can be as high as 76.2
°C at sun-exposed sites (Middel et al., 2021). Phoenix is predominantly
an open low-rise Local Climate Zone (LCZ) with an open high-rise
downtown area. Tempe is mostly open low-rise with an open mid to
high-rise LCZ (Wang et al., 2018).

3. Materials and Methods

This study adopted a two-part approach. First, we modeled Tyrt and
shade distribution with SOLWEIG (version 2021a) and validated results
using in-situ observations for hot summer days. The second part focused
on assessing the summertime diurnal shade distribution on sidewalks in
the study area based on shade goals set by the Maricopa Association of
Government’s Active Transportation Plan to improve pedestrian ther-
mal comfort (Fig. 2).

3.1. Mean Radiant Temperature Modeling

To estimate Tyrr, SOLWEIG requires a surface model of buildings, a
Digital Elevation Model (DEM), and a vegetation canopy height model.
In addition, meteorological forcing parameters (air temperature, wind
speed, relative humidity, and global solar radiation) are required.
SOLWEIG allows users to include direct and diffuse shortwave radiation
forcing if available; otherwise, shortwave radiation can be estimated on
the-fly using global solar radiation. For this research, both direct and
diffuse shortwave radiation components were estimated using
SOLWEIG.

The surface models were created using a high-resolution pre-classi-
fied LiDAR Point Cloud (LPC) from the United States Geological Survey
(USGS). The USGS collected the LPC in 1 km x 1 km overlapping tiles. All
points classified as noise were eliminated for each tile, and a 1-m reso-
lution surface model, which we term the Full DSM (FDSM), was created
using triangulated irregular networks (Franklin et al., 2006). The FDSM
represents the height of the ground and above-ground features. In
addition, a DEM for each tile was created using ground points only. A
Building Surface Model (BSM) for each tile was generated by extracting
pixels in the FDSM masked by buildings using building footprint data
from the ASU library for the study site. After the extraction, the BSM was
completed by filling the no-data areas (areas outside the building

Phoenix-Tempe, Arizona
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Fig. 1. Map of the study area in the Southwestern US: The City of Phoenix and Tempe in the Phoenix metropolitan area. Maricopa County, Arizona.
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Fig. 2. Workflow of the study, including input data (yellow), GIS operations (grey), validation with MaRTy observations (green), and output data (blue).

footprint) with corresponding data from the DEM. Finally, the Canopy
Digital Surface Models (CDSM) for all tiles were created by subtracting
the DEM from the FDSM for pixels that were not masked by the building
footprints; pixels that were covered by building footprints were set to
zero. Furthermore, all pixels with heights less or equal to 1.3 m were set
to 0 in the CDSM because we do not consider them high enough to
provide shade for the average person standing outdoors.

To estimate Tygrr at a location, SOLWEIG determines the mean
radiant flux (Rg) using Eq. (1), which is a function of short and long-
wave radiation in six directions, angular factors, and a representation of
human posture as suggested by Hoppe (1992). The model utilizes sur-
face models (BSM, CDSM, and DEM) to calculate view factors that
control the radiation exchange.

6 6
Ry =8 KiFi+¢e, ) LFi m
i=1 i=1

K; and L; are the directional short and longwave radiation fluxes,
respectively, and F; are the angular factors between a person and the
surrounding surfaces. ¢, is the absorption coefficient for shortwave ra-
diation, ¢, is the emissivity of the human body. The necessary equations
to calculate directional radiation fluxes are given in Lindberg et al.
(2008) and Lindberg and Grimmond (2011). The posture of a standing
person was adopted for this research, i.e. F; was set as 0.22 for the
cardinal directions and 0.06 for the upward and downward directions. ¢,
and ¢, were set as 0.70 and 0.97, respectively (Lindberg et al., 2008;

a ASU campus, Tempe b

Kiwanis park. Tempe C

VDI, 1998). Tygr is estimated in degrees Celsius from Ry using the
Stefan-Boltzmann law (2):

Turr = \/ (Rur/ (€,0)) +273.15 %)

o is the Stefan-Boltzmann constant (5.67 x 1078 Wm_zK_4).

3.2. Model validation

We used field measurements observed with MaRTy — a mobile
human-biometeorological station that measures radiative fluxes in six
directions (Middel & Krayenhoff, 2019) to validate Tyt estimates. The
observations were made between 07:00 h and 21:00 h Local Standard
Time (LST) over 9 hot summer days in 2016, 2018, and 2019 (Middel
et al., 2021). In total, 763 observations were collected at 60 unique sites
distributed across the Arizona State University (ASU) Tempe campus
and in Kiwanis Park, Tempe (Fig. 3). Biometeorological data were ac-
quired under trees, in building canyons, and at open sites. The campus
covers 2.6 km? and can be classified as an open midrise Local Climate
Zone- LCZ (Middel et al., 2016). Kiwanis public park, classified as a
scattered trees LCZ (Fig. 3c), covers an area of 0.5 km? with a lake,
sports fields, picnic spots, and playgrounds.

Twmrr for the campus and park was calculated using SOLWEIG for the
acquisition days and times of the validation data. The model was forced
with meteorological data from the Arizona Meteorological Network

Fig. 3. a) Model validation sites on Arizona State University’s Tempe campus; b) model validation sites in Kiwanis Park; ¢) MaRTy the biometeorological cart

(Middel and Krayenhoff, 2019).
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Encanto Park weather station (AZMET, 2022). The model’s performance
was evaluated based on exposure (sun-exposed or shaded; this classifi-
cation can vary by time of day for each site) and exposure type (open,
shaded by trees, shaded by building). For both analyses, we compared
Ty estimates from SOLWEIG with MaRTy-observed Tygt to identify
linear relationships by calculating the coefficients of correlation (R) and
the coefficients of determination (R?). Furthermore, Willmott’s index of
agreement (d) between the modeled and the observed measurements
was calculated. The index is a bounded and non-dimensional metric
(Willmott, 1982). In addition, the root mean square error (RMSE), its
systematic and unsystematic components, the mean absolute error
(MAE), and the mean bias error (MBE) were calculated and compared
with thermal stress standards set by the International Organization for
Standards (ISO 7726, 1998). After the validation, hourly (07:00 h to
20:00 h) Tyrr maps over the Phoenix-Tempe metropolitan area were
generated for June 27, 2012, a typical clear, dry, calm summer day.

3.3. Sidewalk shade analysis

The shadow function in SOLWEIG was used to generate hourly shade
distribution maps for the Cities of Phoenix and Tempe for June 21, 2019,
from 07:00 h to 19:00 h. The shadow function in SOLWEIG is based on
the shadow-casting algorithm for DEMs developed by Ratti et al.
(1999). Lindberg and Grimmond (2011) improved the algorithm to ac-
count for the influence of vegetation. The shadow-casting algorithm
involves an iterative process in which a surface model continuously
shifts with a height reduction at each step based on the Sun’s altitude to
get a shadow volume. The surface model is subtracted from the total
shadow volume, and the result is reduced to a binary map where 0 in-
dicates the presence of shade and 1 otherwise. The total shade is a
function (Eq. 3) of the transmissivity of foliated vegetation for short-
wave radiation (z, here 0.03) and shadows from buildings and tree
canopy (Lindberg & Grimmond, 2011):

- Shcanopy) * (1 - T) (3)

For each timestep, the total shade provided by buildings and trees
was calculated. To further identify what fraction of the shade was pro-
vided by buildings and vegetation, shade maps of buildings and vege-
tation were generated separately.

Walkable areas were identified based on street network data to es-
timate shade coverage for pedestrian routes. Sidewalk locations were
determined by creating buffers around arterials and local streets using
street width information provided in the City of Phoenix’s guidelines for
street design (City of Phoenix, 2009). Sidewalk polygons were then
generated by creating buffers around the sidewalk centerlines using half
of their respective width as the buffer sizes. The sidewalk polygons were
intersected with the hourly shade maps to determine the total shade
coverage on each sidewalk and the contribution of shade from buildings
and vegetation at a 1-m spatial scale. The Maricopa Association of
Government’s Active Transportation Plan recommends that a 20-minute
pedestrian route should have a minimum acceptable shade coverage of
20% (Maricopa Association of Governments, 2020).

Sh; = Shbuilding - (1

4. Results
4.1. Evaluation of the SOLWEIG model

The model validation reveals a strong linear relationship between
the modeled and observed Tygrr. The R-value of 0.91 indicates a high
positive correlation between the two sets, with 83% (0.83) of the vari-
ance in all MaRTy observations being explained by the model. The high
index of agreement (0.95) supports this as well. Considering all obser-
vations, the RMSE and MAE were 5.59°C and 4.60°C, respectively. The
MBE of 1.59°C suggests that the model overestimates Tyt in general.

Under shaded and sun-exposed conditions, irrespective of the urban
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form or exposure type, modeled and observed values positively correlate
with R values of 0.75 and 0.70, respectively (Table 1). However, the
percentages of variance in the observed data explained by the model for
shaded (56%) and sun-exposed (49%) locations are relatively low. At
shaded and sun-exposed locations, the RMSEs are 5.12°C and 6.60°C,
and the MAEs are 4.47°C and 4.93°C, respectively. The results suggest
that the model performs better under shaded conditions than under sun-
exposed. The MBE values from Table 1 show that under shade (MBE=
3.21°C), the model is likely to overestimate Tyt and underestimate
(MBE= -2.28°C) under sun-exposed conditions.

The evaluation of the model for different urban forms and exposure
types reveals that the model’s performance under trees is the worst
among the three categories considered. Under trees, the model shows a
positive correlation with the observed data (R = 0.75) and an RMSE of
5.44°C, the percentage of variance explained (R? = 0.56) is moderate.
The model tends to overestimate Tyrr under trees, as the MBE of 4.16°C
indicates (Table 1). Under trees, most of the errors lie in the range of -
4°C to 11°C with half of the errors in the range of 2°C to 7°C (Fig. 4).
Outliers were as high as -10°C for trees (Fig. 4). At open sites, estimates
show a much stronger positive correlation with the observations (R =
0.92, 85% of the variance explained), but the RMSE (6.23°C) is higher
than for shaded locations. The model slightly underestimates at these
sites, as the MBE of -1.78°C indicates. The error range (-15°C to 10°C) for
open sites is the largest, with half of the sites yielding an error of -5°C to
3°C (Fig. 4). The model performs best for building canyons with an
RMSE of 4.38°C. The linear relationship between the estimated and
observed values is the highest, with 88% of the variance explained and a
correlation coefficient of 0.94. For building canyons, the model un-
derestimates Tyrr with an MBE of -0.24°C. The errors in building can-
yons are in the range of -9°C to 10°C with half of the errors ranging from
-3°C to 2°C (Fig. 4).

4.2. Hourly mean radiant temperature and shade maps

Tumrr peaked at 83°C for sun-exposed locations (Fig. 5a). In the
shade, Tyrr was as low as 41°C during the hottest time of the day, i.e.,
close to air temperature. Tygrr was generally lower in downtown
Phoenix and Tempe, especially in the morning and afternoon, due to
mid- and high-rise buildings. After sunset, Tyrr Was close to air tem-
perature across the study area.

Fig. 5b shows an example of an hourly shade distribution map (16:00
h, combining shade from trees and buildings) used to calculate shade
coverage on sidewalks. Similar to Tygr, shade coverage is higher in
downtown areas. Shade coverage is maximized after sunrise and before
sunset due to the low Sun elevation angle. Note that the dark patches of
shade in the southwest and north area result from no data coverage.

Table 1

Summary of the model’s overall performance under evaluated conditions:
Overall, under shade, at sun-exposed locations, under trees, open sites, and
building canyons.

Metric Overall Shade Sun- Trees Open Building
n=763 n=>538 exposed n=407 sites canyons
n=225 n=257 n=99
R 0.91 0.75 0.70 0.75 0.92 0.94
R? 0.83 0.56 0.49 0.56 0.85 0.88
d 0.95 0.90 0.97 0.86 0.97 0.97
RMSE 5.59 5.12 6.60 5.44 6.23 4.38
(9]
RMSEs 2.86 3.30 2.72 4.30 1.84 1.71
[§9)
RMSEu 4.81 3.91 6.01 3.33 5.95 4.03
(]
MAE 4.60 4.47 4.93 4.90 4.61 3.45
(9]
MBE 1.59 3.21 -2.28 4.16 -1.78 -0.24
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MRT error by urban form/exposure types
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Fig. 4. Distribution of modeling errors for different exposure types.
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Fig. 5. a) Mean radiant temperature map of the Phoenix-Tempe area estimated
for June 27, 2012, at 16:00 h; b) Shade distribution map of Phoenix-Tempe area at
16:00 h local time on July 21, 2019, base map source: Open Street Maps.

4.3. Assessment of sidewalk shade coverage

Fig. 6 shows the total shade coverage for selected sidewalks in Tempe
Downtown for key times of the day: 07:00 h and 18:00 h (people
commute to and from work or school), 16:00 h (maximum air temper-
ature), and 12:00 h (Sun reaches the highest altitude). In the morning
(Fig. 6a), sidewalks along the North-South direction are more shaded
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than sidewalks with other orientations. During mid-day, shade coverage
is low for all sidewalks, with most coverage at less than 20%. Sidewalks
that meet the required coverage when the Sun is at its highest altitude
are mostly shaded by trees with large crowns. At the hottest time of the
day, the shade coverage of all sidewalks increases because of low Sun
elevation and long shadows from buildings and vegetation. In the eve-
ning, the shade coverage increases significantly for most sidewalks, even
at locations with little vegetation. This shade mostly comes from
buildings.

Only 8% of all sidewalks in the study area meet the 20% shade goal
all day. Most sidewalks reach the 20% shade coverage target just before
sunset at 19:00 h (Fig. 7). Between 08:00 h and 17:00 h, less than half of
the sidewalks meet the minimum requirement. 13:00 h is when the
lowest number of sidewalk corridors meet the 20 % goal.

To facilitate a neighborhood-level shade availability analysis, we
calculated the total sidewalk shade coverage and shade contributions
from trees versus buildings per census tract for the times of interest
detailed above (Fig. 7). Census tracts with good shade coverage are
mainly in the central parts of Phoenix and Tempe. Only two tracts (<
1%) have over 20% total shade coverage at all hours of the day, but all
tracts meet the minimum shade goal for at least one hour. The number of
tracts with a median total shade coverage of 20% or above is 84, rep-
resenting 23% of the tracts. Shade coverage peaks at 19:00 h for most
tracts, with a minimum at either 12:00 h or 13:00 h. Shade from vege-
tation accounts for the more significant part of the total shade in tracts
(Fig. 8). During the day, tree shade accounts for more than 50% of the
total shade in most tracts, especially at noon. The share of building shade
across the study area is more significant in the mornings and evenings
when the Sun elevation angle is low.

5. Discussion
5.1. SOLWEIG model validation

Tmrr estimates should be within + 5 °C of observations according to
the International Organization for Standardization ISO7726 standard
(ISO, 1988). Following this standard, our model results can be consid-
ered adequate with an overall RMSE of 5.59°C and MAE of 4.60°C.
Although the RMSE is above the standard by 0.59°C, we consider the
model estimates reasonable as the effect of outliers could have influ-
enced this value. Previous studies obtained similar results, e.g., Gal and
Kéantor (2020), RMSE= 5.02°C, and Lindberg et al. (2008), RMSE =
4.80°C. In addition, the high index of agreement shows that the pre-
dictions fit the observed values well (Table 1). Systematic errors (all <5
°C) were less than unsystematic errors except for trees, which shows that
the model is biased.

The model tends to overestimate Tygt for shaded locations. This
shortcoming is also reported by Szucs et al. (2014) and Gal and Kantor
(2020). The use of domain-wide surface temperature in determining the
longwave radiation and the theoretical approach with which the model
estimates the fluxes from sun-exposed and shaded walls were noted as
reasons for overestimations in the shade (Gal and Kantor, 2020). An
imbalance in the dataset (greater number of shade/tree observations)
causes our model to overestimate in general. Further analysis would be
required to validate this hypothesis with a balanced observational
dataset.

For sun-exposed locations, our validation shows that SOLWEIG un-
derestimates Tyry with an RMSE of 1.6 °C above the ISO standard.
Underestimated downwelling radiation is the main reason for the model
bias in Tygy (for a detailed breakdown of up and downwelling fluxes, see
supp. Fig. 1a-e). Gal and Kantor (2020) noted that lateral shortwave and
longwave estimates are underestimated for sun-exposed sites.

Shade mismatch under trees, due to canopy shape errors, is a chal-
lenge in estimating Tyrr under trees, as the model relies on the shade
distribution to estimate radiative fluxes. Shade mismatch accounts for
most large errors and can be as high as 10 °C at high solar altitudes.



1. Buo et al. Sustainable Cities and Society 93 (2023) 104499

e
H

]
e
=~
-
¢
s
=
—_

Solar altltude 7797 °
Solar azimuth : 142.99 °

Solar altltude 1833 °
Solar azimuth : 73.49 °

Solar altitude : 18 91 °
Solar azimuth : 286.17 °

Solar altitude : 43 57 °
Solar azimuth : 271.84 °

Shade coverage (%) []0-10 [[]10-20 [[]20-30 [E30-40 [H40-50 MS0-60 M60-70 MH70-80 ME80-90 M9 - 100

Fig. 6. Total shade coverage for selected sidewalk polygons in Tempe on June 21, 2019, a) coverage at 07:00 h; b)12:00 h; ¢) 16:00 h; d) 18:00 h; Sidewalk widths
are enlarged in the figure for clarity.
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Generating an accurate tree geometry in the CDSM is challenging as it
depends on the density of the point cloud. The correct shape of tree
crowns is not always obtained, which results in an inaccurate depiction
of shadows. We recommend the usage of LiDAR data with high point
density, especially in cities with lots of trees, to ensure the geometries of
the tree crowns are adequately represented in the CDSM.

In this research, observations were made under different tree species
with varying characteristics (leaf area density, canopy size, height, etc.).
Azcarate et al. (2021) also indicate that transmissivity varies with the
foliation density of trees. While several transmissivity values were
explored to minimize RMSE, a single transmissivity value is not valid for
all trees. Therefore, the Tyrt estimates do not match observations well
under some trees.

The model performs well for building canyons, given the limited
information on wall properties and the assumption of a uniform albedo
for all sites. The building canyon RMSE is well in range according to the
ISO standards, giving the model more credence. Again, shortwave ra-
diation is underestimated, which was also reported by Lau et al. (2016).

In this research, additional information on the land cover was not
included in the modeling processes. Previous studies found that ground
surface characteristics have less influence on Tyrr than shading but are
still relevant (Lindberg et al., 2016; Middel & Krayenhoff, 2019).
Therefore, including ground surface characteristics will reduce errors in
the upwelling longwave radiation and reflected shortwave radiation.

5.2. Assessment of sidewalk shade coverage

The share of sidewalks that attain the required shade coverage
throughout the day indicates that most parts of the Phoenix-Tempe area
are not walkable in the summer. Tracts in Phoenix and Tempe down-
town have good shade coverage due to a mix of trees and tall buildings
that improves shade distribution in cities (Sabrin et al., 2021). Jamei
and Rajagopalan (2017) suggest that tall buildings could provide more
shade and reduce Tygr in downtown areas compared to trees. Outside
the downtown areas, sidewalk shade coverage is poor. The share of tree
shade is far greater than that of buildings because residential areas in the
Phoenix area have low-rise buildings, wide roads, and high sky view
factors (LCZ 6). Thermal comfort could be significantly improved in
these tracts by street tree planting (Aminipouri et al., 2019; Sabrin et al.,
2021; Tan et al., 2016). Studies have shown that increasing the number
of street trees could reduce Ty by as much as 7 °C and reduce PET
significantly (Aminipouri et al., 2019; Gdl & Kantor, 2020; Lachapelle
et al., 2023; Sabrin et al., 2021). A study conducted in a residential
neighborhood in Freiburg found trees reduce Ty by 6.6 °C, which
translates into a 3.0 °C reduction in PET (Lee et al., 2016). A similar
effect can be achieved in residential areas; however, the trees would
have to be mature (Sabrin et al., 2021) and may be water-use intensive,
which is a trade-off in hot, dry environments (Middel et al., 2021). With
advancements in computational tools, scenarios involving these tree
species and other conditions could be simulated beforehand to optimize
tree-planting campaigns to improve pedestrian thermal comfort (Azca-
rate et al., 2021; Tan et al., 2016; Wallenberg et al., 2022). Metrics such
as the Shade Index used by Aleksandrowicz et al. (2020) could also be
used in the planning and optimizing phase. Other urban shade sources
have proven to provide similar Ty reductions, especially during the
day (Middel et al., 2021), and could be employed as stopgaps while trees
are growing. The shade assessments performed for sidewalks can be
replicated for public spaces such as parks and playgrounds for children
using the data to assess the thermal comfort at these places, as seen in
Backlin et al. (2021).

A challenge that could be encountered in adopting our approach for
other parts of the world would be the unavailability of ready-to-use
sidewalk polygon data. This can be resolved by following the buffer
analysis employed in this research, given the street width information.
Alternatively, machine learning could be employed to extract sidewalk
polygons from high-resolution aerial images.
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6. Conclusions

Urban overheating is a significant challenge of the 21st century.
Heat-related illness and death are preventable if the location of
vulnerable populations and hyper-local biometeorological conditions
are known to target heat mitigation interventions. This study advances
human thermal exposure research by modeling the heat load on the
human body at 1-m resolution for different exposure types (sun-exposed,
shaded by trees, shaded by buildings) and urban forms under hot, dry
conditions. Tyt estimates from SOLWEIG were validated using exten-
sive 6-directional field observations, yielding errors close to the 4+ 5°C
acceptable criteria required for ISO7726. To assist local municipalities
with Cool Corridor Planning, we calculated hourly shade coverage on
sidewalks for a hot summer day in the Phoenix-Tempe area to identify
neighborhoods that do not meet the minimum shade coverage recom-
mendation of 20% as outlined in the Maricopa Association of Govern-
ment’s Active Transportation Plan. Our approach provides essential
information on current shade coverage that was previously unavailable
to local governments to make better-informed decisions on human-
centric cooling strategies. Results will inform municipal plans to opti-
mize shade presence, use, and effectiveness. Combined with socio-
economic and demographic data, our shade and Tygrr maps will
inform heat action plans to make cities in the metropolitan area and
elsewhere more walkable, liveable, and heat-equitable. In the future,
fine-scale Tyrr will also help assess pedestrian thermal sensation in
transient environments when combined with individual travel data
(Dzyuban et al., 2022; Lau et al., 2019; Li et al., 2023). Future works in
this field should focus on the travel behavior of pedestrians and resulting
heat exposure integrating fine-scale Tygrr data into travel simulation
models.
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