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• Health impacts from heat exposure re-
late to urban design and ambient
weather.

• A cart with 12 radiation sensors
(MaRTy) measures human exposure to
extreme heat.

• Heat exposure variability is from lateral
inputs of longwave and shortwave radi-
ation.

• Shade, ground vegetation and cool ver-
tical surfaces together create additive
cooling.

• Adaptation to future urban heat de-
pends on radiant cooling of pedestrian
spaces.
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We report the first set of urban micrometeorological measurements for assessment of pedestrian thermal expo-
sure during extreme heat in a dry climate. Hourly measurements of air temperature, humidity, wind speed and
six-directional shortwave and longwave radiation were recorded with a mobile human-biometeorological sta-
tion (MaRTy) from 10:00 to 21:00 local time, June 19, 2016, at 22 sites that include diverse microscale urban
land cover. Sky view factor (SVF) and 360° pervious and impervious view factors for each location were calcu-
lated from six-directional fisheye photographs. Mean radiant temperature (TMRT) was determined using the
six-directional method. Three-dimensional radiation budgets were decomposed into directional weighted short-
wave and longwave radiation components to create a distinct TMRT profile for each site and determine the main
drivers of TMRT and thermal exposure. Air temperature peaked locally at 48.5 °C, with a maximum TMRT of 76.4 °C
at 15:00MST in an east-west building canyon. Longwave radiationmeasured by laterally-oriented sensors dom-
inated the TMRT budget, suggesting the importance of cooling vertical surfaces adjacent to pedestrians. Lateral
shortwave radiation contributions were most spatially and temporally variable across TMRT profiles, reflecting
the diverse shade conditions. The largest radiation fluxes contributing to TMRT were particularly sensitive to
shade and secondarily to ground cover. Trees reduced afternoon TMRT up to 33.4 °C but exhibited a clear TMRT in-
crease of up to 5 °C after sunset; during daytime, trees generated ground cover-dependent longwave radiant
cooling or warming. Replacement of impervious with pervious ground cover cooled TMRT at all measurement
times, even under dense tree shade. While recent work has found that adaptation cannot offset projected
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List of symbols and acronyms

ak absorption coefficient for shortw
al absorption coefficient for longwa
BVF building view factor
Ki incident shortwave radiation fr
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Li incident longwave radiation from
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RH relative humidity, %
PET Physiologically Equivalent Tempe
SVF sky view factor
Ta air temperature, °C
TMRT mean radiant temperature, °C
Ts ground surface temperature, °C
UTCI Universal Thermal Climate Index
v wind speed, m s−1

VVF vegetation view factor
Wi Angular weighting factor for stan
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138 A. Middel, E.S. Krayenhoff / Science of the Total Environment 687 (2019) 137–151
urban air temperature increases, outdoor thermal exposure depends on additional micrometeorological vari-
ables, including shortwave and longwave radiation, indicating the need and the opportunity to create pedestrian
spaces that are radiantly cool within the context of future urban heat.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The world's climate is warming (IPCC, 2014), and extreme heat
events are projected to increase in frequency, duration, and intensity
(Meehl and Tebaldi, 2004). Concurrently, rapid urban development is
underway globally and is projected to continue (Bierwagen et al.,
2010), adding to urban heat (Oke, 1982; Argüeso et al., 2014;
Georgescu et al., 2014; Krayenhoff et al., 2018). These combined drivers
of urban warming (i.e., climate change and urbanization) are projected
to result in up to 40 (70) additional extreme heat afternoons (nights)
per year across much of the contiguous U.S. by the end of the 21st cen-
tury under Representative Concentration Pathway (RCP) 8.5, which as-
sumes continuous, heavy use of fossil fuels (Krayenhoff et al., 2018). At
the same time, the urban population is aging; by 2035, one in every five
Americanswill be retirement age, and older adults will outnumber chil-
dren (Vespa et al., 2018). This demographic change, combined with
urban migration and warming, will collectively lead to increased expo-
sure of vulnerable populations to greater extremes of heat with higher
frequency. Moreover, urban development is proceeding more rapidly
in most areas of the world relative to the U.S., much of it in dryland re-
gions whose future climates are also more likely to include more ex-
treme temperatures (Bucchignani et al., 2018; Lazzarini et al., 2015;
Seto et al., 2011).

Excessive heat has myriad impacts in the human realm. In Arizona,
extreme heat leads to nearly 2000 emergency room visits and N100
deaths every year (ADHS, 2018). Contemporary summer heat waves
in hot desert cities could soon become the new normal for those cities;
at the same time, theymay give insight into the extremes of future heat
wave conditions in more temperate climates and serve as testbeds to
evaluate potential heat mitigation strategies (Hondula et al., 2019).
Studies show that extreme heat leads to increased human morbidity
and mortality (Luber and McGeehin, 2008; Basu, 2009; Gosling et al.,
ave radiation
ve radiation

om direction i (150°

direction i (150° field
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, °C
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2009; USGCRP, 2018), larger energy and water demands for cooling
and irrigation (Miller et al., 2008; Zuo et al., 2015), reduced physical ac-
tivity (Tucker and Gilliland, 2007), and increased thermal stress (Harlan
et al., 2006; Parsons, 2014).

Although biometeorology in cities is a growing research field inter-
nationally (Hondula et al., 2017), little is known about the impact of
the built environment on human heat stress and outdoor thermal com-
fort under extreme heat conditions. Outdoor thermal comfort has been
assessed for a range of conditions, includingmoderate to high heat (Lee
et al., 2014; Middel et al., 2016), but more observational studies are
needed to examine conditions that induce extreme heat stress for
most of the day and to identify key drivers of outdoor thermal exposure
and associated opportunities for adaptation.

Outdoor human thermal exposure is highly spatially variable and re-
quires microscale assessment, because air temperature alone does not
fully capture the variability of the thermal conditions experienced in
urban environments. Exposure to thermally uncomfortable conditions
depends on several micrometeorological factors in addition to air tem-
perature, including shortwave and longwave radiation, wind speed,
and humidity. Wind speed is typically low during extreme heat events,
reducing convective cooling, and radiation dominates thermal comfort,
especially in hot and dry environments (Mayer and Höppe, 1987;
Thorsson et al., 2007; Lindberg et al., 2008; Shashua-Bar et al., 2011;
Johansson et al., 2014; Middel et al., 2014; Middel et al., 2016). In this
context, mean radiant temperature (TMRT) has emerged as important
determinant of thermal comfort. TMRT is the “uniform temperature of
an imaginary enclosure in which the radiant heat transfer from the
human body equals the radiant heat transfer in the actual non-
uniform enclosure” (ISO, 1998) and can be measured using
pyranometers and pyrgeometers that are arranged in six directions or,
more conveniently but less accurately, with a globe thermometer
(Thorsson et al., 2007). TMRT is also a key component of thermo-
physiological stress indices, such as Physiologically Equivalent Temper-
ature (PET) (Höppe, 1999) and the Universal Thermal Climate Index
(UTCI) (Jendritzky et al., 2012; Bröde et al., 2012). As an integral mea-
sure of radiative flux densities, TMRT helps capture fine-scale thermal
variations between sites but cannot resolve the differentmicrometeoro-
logical contributions of urban surfaces and their relative importance.
Assessing the effects of specific urban form and design features on radi-
ative fluxes that pedestrians are exposed to is a requirement for under-
standing the drivers of TMRT variation. Only then can urban heatscapes
be efficiently transformed into more comfortable outdoor spaces
through climate-sensitive urban design.

Several studies have observed and modeled the directional compo-
nents of 3D flux radiation densities to understand the impact of individ-
ual urban form and design elements on human outdoor thermal
exposure and comfort (Ali-Toudert and Mayer, 2007; Holst and
Mayer, 2011; Lindberg and Grimmond, 2011; Lindberg et al., 2014;
Lee et al., 2014; Kántor et al., 2016, 2018; Lai et al., 2018). Here, for
the first time, we decompose six-directional TMRT observations of an ex-
treme heat day to isolate individual radiative contributions from sky
(sky view factor, SVF) as well as pervious and impervious land cover,
both sunlit and shaded, and quantitatively assess the relative magni-
tudes of each micrometeorological contribution to the pedestrian ther-
mal environment and associated exposure. Based on our analysis, we
recommendoptimalmicroscale heatmitigation design strategies for ex-
treme temperature conditions in hot, dry urban climates.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Methods

2.1. Study area

Tempe, Arizona (33.4294° N, 111.9431°W) is located in the East Val-
ley of the Phoenixmetropolitan area in the Southwestern U.S. Typical of
the Sonoran Desert, Tempe's climate is semi-arid with an average an-
nual rainfall of only 237-mm and average high temperature above
39.4 °C during the summer months (Western Regional Climate Center,
2018).

While the southern parts of the city are lower density residential
neighborhoods (Local Climate Zone 6, open lowrise), strip malls (Local
Climate Zone 8, large lowrise), and office parks (Local Climate Zone 5,
openmidrise), the northern parts are currently undergoing rapid densi-
fication. The growing skyline is transitioning from open lowrise/midrise
to open midrise/highrise, with several new apartment complexes and
hotels under construction. Our observational field campaign was con-
ducted on Arizona State University's main campus, which is in the
northern part of Tempe, just south-east of the Mill Avenue District, a
popular shopping and entertainment area. The campus is a 2.6-km2 ag-
glomeration of broad interconnected pedestrianmalls and can be classi-
fied as open midrise (Fig. 1).

2.2. Observations

We conducted hourly microclimate transects at ASU's Tempe cam-
pus on June 19, 2016, a clear, hot, pre-monsoon summer day. It was
Fig. 1. Study area and fisheye photos of study sites on Arizona State University's main campus in
combinations are represented.
the hottest day of the year for Tempe, with record-breaking 47.8 °C
maximum daily temperature at the local airport (see Section 3.1).
Hourly observations were collected between 09:00 MST and 21:00
MST using a custom-built mobile human-biometeorological platform
(MaRTy, Fig. 2). The cart recorded location (lat/lon [°]), air temperature
(Ta [°C]); relative humidity (RH [%]); wind speed (v [m s−1]); and
longwave (Li [Wm−2]) and shortwave (Ki [Wm−2]) radiant flux densi-
ties in a 6-directional setup (Höppe, 1992; Ali-Toudert and Mayer,
2007). Transects were 45-min in duration andwere conducted at walk-
ing speed along the 22 locations illustrated in Fig. 1, included a 45-s stop
at each location to account for sensor lag (Häb et al., 2015). Observa-
tions were logged at 2-s intervals. Sampled locations include a matrix
of combined surface ground cover (grass, concrete, asphalt, gravel),
site albedos (0.16–0.39), and shade types (artificial shade, natural
shade, partial shade) to cover a wide range of microclimatic environ-
ments (Table 1). To characterize the surroundings in the net radiome-
ters' field of view at each site, fisheye photos were taken at 1.1-m
height with a Canon EOS 6D and Canon EF 8–15-mm f/4 Fisheye USM
Ultra-Wide Zoom lens facing upwards (hemispherical view) and in
each cardinal direction (lateral view). Due to the manual intensity and
potential health risks of operating MaRTy during these extreme heat
conditions, the observational data set is limited to one 12-hour period.
For example, even with the majority of our time spent in air-
conditioned spaces during the experiment (1 h 10 min each out of
every 2 h period), it was not possible to maintain hydration with
water alone – substantial consumption of sports drinks for the added
electrolytes was required.
Tempe, AZ, USA. A variety ofmicroclimateswith different ground surface cover and shade



Fig. 2. Mean radiant temperature cartMaRTy with six-directional setup (left); sensor specifications (right).
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2.3. Data processing

Only the stationary MaRTy observations at the selected 22 locations
were considered in the analysis. The first 10 and last 5 records (20-s and
10-s, respectively) at each transect stop were discarded to account for
the sensors' response time and tominimize net radiometer interference
when the cart operator approached the instrumentation to continue the
transect. The remaining records for each stop were averaged and then
time-detrended to the turn of the hour for cross-site comparison using
a polynomial fit through all hourly measurements at the specific loca-
tion. TMRT [°C] was calculated from the processed 6-directional Ki and
Table 1
Summary of transect stop characteristics: ground cover, site albedo, shade type, transmis-
sivity of tree crowns (daytime average), sky view factor (SVF), and daily sun duration on
June 19, 2016.

ID Surface
type

Site
albedo

Shade type Tree
transmissivitya

SVF Sun
duration
6/19 [h]

1 Asphalt 0.16 – – 0.94 13.0
2 Concrete 0.25 Tunnel – 0.01 0.6
3 Concrete 0.25 Tree (Ulmus

parvifolia)
0.106 0.25 2.8

4 Concrete 0.23 – – 0.55 10.4
5 Concrete 0.30 – – 0.80 12.2
6 Concrete 0.38 Tree (Prosopis

glandulosa)
0.522 0.35 6.2

7 Concrete 0.20 – – 0.84 11.8
8 Concrete 0.23 Tree (Quercus

virginiana)
0.650 0.52 5.0

9 Grass 0.39 Tree (Pinus
canariensis)

0.024 0.06 0.6

10 Concrete 0.28 – – 0.86 11.0
11 Grass 0.26 – – 0.87 11.2
12 Concrete 0.23 – – 0.71 9.0
13 Concrete 0.23 Solar canopy – 0.14 2.0
14 Grass

(dry)
0.32 – – 0.82 11.2

15 Grass 0.26 Tree (Quercus
virginiana)

0.054 0.11 1.4

16 Concrete 0.26 – – 0.64 9.4
17 Concrete 0.23 Tree (Ficus nitida) 0.031 0.05 0.8
18 Concrete 0.23 Tree (Quercus

virginiana)
0.360 0.46 4.4

19 Concrete 0.23 – – 0.78 10.6
20 Concrete 0.22 – – 0.50 11.0
21 Concrete 0.23 N/S canyon – 0.29 5.2
22 Concrete 0.20 Tunnel – 0.01 0.6

a Transmissivity values derived based onmeasurements on June 19, 2016, and based on
cart radiationmeasurements intended for thermal exposure assessment as opposed to ra-
diation sensor placement in optimal location for transmissivity measurement (e.g., on
north side of tree trunk).
Li observations at each location applying angular factorsWi for a stand-
ing reference person (Höppe, 1992; VDI, 1998):

TMRT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑6

i¼1Wi akKi þ alLið Þ
al � σ

4

s
−273:15 K ð1Þ

where ak =0.70 and al=0.97 are the absorption coefficients for short-
wave and longwave radiant flux densities, σ is the Stefan-Boltzmann
constant, Wi = 0.06 for the up and down facing sensors, and Wi =
0.22 for the sensors pointing in each cardinal direction. Based on the
processed TMRT, Ta, RH, and v observations, we calculated the thermal
comfort indices PET (Höppe, 1999) and UTCI (Jendritzky et al., 2012)
for each location and hour. Indices were calculated for a 35-year old
1.7 m standing male with a clothing resistance of 0.5 clo. To assess the
directional contributions of radiant flux densities on thermal comfort,
we decomposed TMRT into its weighted shortwave and longwave radia-
tion components for the lateral, up, and down facing sensors, creating a
distinct profile of diurnally-varying contributions to TMRT for each loca-
tion. In other words, we assessweighted shortwave and longwave radi-
ation fluxes from the following three incoming directions separately:
upward (one pyranometer and one pyrgeometer), downward (one
pyranometer and one pyrgeometer), and laterally (four pyranometers
and four pyrgeometers).

Site-specific 360° urban environment characteristics were derived
throughmanual segmentation of fisheye photos into impervious, pervi-
ous, and sky pixels (Fig. 3). For the upper hemisphere photos, we calcu-
lated the sun duration for June 19, 2016, the 180° sky view factor (SVF),
building view factor (BVF), and vegetation view factor (VVF) using a
modified version of the Steyn (1980) method (Middel et al., 2017;
Middel et al., 2018). For the four lateral fisheye photos at each site, we
calculated average view factors of the sky, impervious, and pervious sur-
faces to determine the 360° SVF, BVF, and VVF. We then grouped the
sites into high SVF (0.66–1.00), medium SVF (0.33–0.65), low SVF
(0.00–0.32) mainly obstructed by vegetation, and low SVF mainly
obstructed by buildings (Fig. 4).

3. Results

3.1. Meteorological observations

Field observations were conducted in Tempe on the hottest day of
the year locally, June 19, 2016, with air temperature reaching record-
breaking 47.8 °C at nearby Phoenix Sky Harbor International Airport
(Table 2). At 7.3 °C above the June 19 daily mean, June 19, 2016 broke
the previous record of 46.1 °C, set in 1968, and became the day with
the fifth-highest temperature ever recorded at SkyHarbor. The National
Weather Service issued an excessive heatwarning for several days. High



Fig. 3.Upper hemisphere fisheye photo and correspondingmanual segmentation into sky,
building, and vegetation pixels.
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pressure meteorological conditions were stable for several days before
and after, albeit with lower maximum temperatures that still reached
44 °C.

During our transects on Arizona State University's main campus, Ta
peaked at 48.5 °C on an open (SVF=0.71), sun-exposed concretewalk-
way (location 12, Table 3). The lowest Ta peak (45.6 °C) occurred in a
concrete tunnel that cuts through a building. The tunnel also had the
lowest TMRT maximum with 39.7 °C, while TMRT reached a daily high of
76.4 °C in an E-Wbuilding canyonwith bright concrete and themajority
of walls sunlit (location 20). As expected, the lowest peak ground sur-
face temperature (Ts) across all sites was recorded on grass under
dense tree cover (36.7 °C, location 9), and the highest peak Ts was
found on an exposed asphalt parking lot (location 1) at 65.8 °C, which
had the lowest albedo (Table 1). Wind speed was generally low, with
peak gusts of up to 3.0 m s−1 inside building tunnels, but b1.0 m s−1

on average across all sites and times of day. After sunset, TMRT was
highest in a narrow north-south canyon framed by concrete walls
(41.4 °C, location 21) and lowest on an open grassfield (28.9 °C, location
11).

3.2. Thermal stress indices and comfort implications

TheUTCI and PET indices are chosen to characterize variation of ther-
mal exposure of a standing person as a function of measured microme-
teorology across themeasurement locations and over the observational
period (11:00–21:00 MST). Hourly UTCI peaked at 54.5 °C, whereas PET
Fig. 4. Segmentation of upper hemisphere (180°) and sphere (360°) into sky view factor (SVF),
(blue), medium SVF (brown), low SVF mainly obstructed by vegetation (green), and low SVF m
reached 66.0 °C, both in the E-W oriented canyon where TMRT peaked
(Section 3.1); this canyon had a concrete floor and walls and height-
to-width ratios of 1.2 (north) and 1.6 (south; location 20; Table 3). Me-
dian UTCI and PET across all sites during the measurement period were
44.2 °C and 49.9 °C, respectively. Although both equivalent temperature
indices, PETwas 4.3 °C higher than UTCI in themedian, and for concrete
locations in the afternoon sunlight, PET was ≈10 °C greater than UTCI,
probably due to the enhanced sensitivity to TMRT of PET relative to
UTCI for these conditions (Fig. 5b).

The indices suggest afternoon thermal comfortwas best in grassy lo-
cations with trees providing shade (locations 9 and 15; Table 3). During
evening hours an extensive open grassy areawasmost comfortable (lo-
cation 11), and areas proximate to trees and grassy areas were cooler
than average (locations 8–10, 14–16). Locations directly under trees,
exhibiting low SVF and large VVF, had evening UTCI and PET that were
1–2 °C higher than adjacent locations with larger sky views (locations
9 vs. 11, 17 vs. 16). Notably, grass lowered UTCI and PET relative to con-
crete at all measurement times, even when completely shaded (loca-
tions 9 vs. 17). Concrete canyons and open asphalt yielded the least
comfortable daytime conditions, and asphalt remained warmest into
the evening. Tunnels under buildings were among the best locations
for daytime thermal comfort and among the worst for evening thermal
comfort (locations 2 and 22). They also exhibited higher wind speeds
than most other locations. UTCI and PET varied by a maximum of 12.9
°C and 23.2 °C betweenmeasurement locations (at 15:00MST), respec-
tively, whereas they ranged by 17.0 °C and 27.8 °C over the course of the
measurement period at the most variable site (location 10, concrete
sidewalk amidst an open grass field).

For these hot and dry conditions, both indicesweremost sensitive to
Ta (Fig. 5). PET exhibited a similarly strong sensitivity to TMRT, whereas
UTCI was about half as sensitive to TMRT as Ta (Fig. 5a, b). Both indices
had negligible sensitivity to relative humidity andwind speed, suggest-
ing that thermal comfort during extreme heat conditions in Phoenix is
dominated by Ta, Ts, and exposure to direct solar radiation. TMRT ex-
plained 70% of UTCI variation and 90% of PET variation, spanning the
measurement sites and observation period (Fig. 5e). TMRT varied by
35–40 °C between measurement locations during mid-afternoon, and
by a similarmagnitude over the 11:00–21:00MSTmeasurement period
at locations with direct solar exposure. Ta, by contrast, varied no more
than 4.4 °C across the measurement locations at any given hour, and
varied by b9 °C over the measurement period in any given location.
Hence, though UTCI and PET are more sensitive to Ta than TMRT, the
higher spatial and temporal variation of TMRT in our measurements
building view factor (BVF), and vegetation view factor (VVF); sites grouped into high SVF
ainly obstructed by buildings (grey).



Table 2
Comparison of daily and monthly climate normals (Western Regional Climate Center, 2018) to MaRTy cart observations.

Tempe Arizona State University Station Phoenix Sky Harbor Station MaRTy Cart

June (monthly
average)

June 19 (daily
average)

June 19,
2016

June (monthly
average)

June 19 (daily
average)

June 19,
2016

June 19,
2016

Maximum temperature [°C] 39.3 39.7 47.2 39.9 40.5 47.8 48.5
Record high daily temperature [°C] 48.3° (1970) 47.2° (1968) – 50.0° (1990) 46.1° (1968) – –
Minimum temperature [°C] 19.8 22.3 28.3 25.4 25.9 29.4 –
Precipitation [mm] 0.762 0.051 0.000 0.508 0.051 0.000 0.000
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rendered it a better predictor of the spatio-temporal variability of the
thermal exposure of a standing reference person in these outdoor
spaces.

3.3. Controls on TMRT variation

The dominant influence of TMRT on the spatio-temporal variability of
UTCI and PET for the observed conditions invites further analysis of this
compound variable. The 6-directional shortwave and longwave
radiation measurements are separated into six constituents: upward
shortwave/longwave, downward shortwave/longwave, and lateral
shortwave/longwave, where the lateral components are means of the
four lateral-facing sensors. Moreover, lateral components are weighted
more heavily compared to up- and down-facing components to account
for realistic geometrical exposure of the standing human body
(Section 2.3).

Apart from select morning hours, lateral components of the
longwave flux are the largest contribution to pedestrian TMRT for all
measurement locations and times (Figs. 6 & 7). The lateral longwave
flux depends on vertical surfaces (walls) and tall vegetation (trees) in
addition to ground cover and sky exposure, suggesting that addition of
cool surfaces (e.g., evaporating, shaded or thermally conservative sur-
faces) in sun-exposed areas adjacent to pedestrianwalkwaysmay result
in strong reductions in TMRT and consequently UTCI and PET. Lateral
shortwave radiation flux is primarily unidirectional in origin (for clear
sky conditions) and as a consequence it is typically smaller than lateral
longwave radiation. It is alsomore variable spatially and temporally and
is responsible for the largest variations in TMRT (Fig. 6) – in accordance
with evidence that shade is key to thermal comfort amelioration during
hot daytime conditions (Middel et al., 2016). Notably, lateral
Table 3
Summary of site descriptors andMaRTy cart observations for selected times of day: 11:00–21:
(downward) shortwave flux drops (increases) around midday due to
low solar zenith angle (≈10°), leading to a dip in overall TMRT.

Myriad clues to the influence of microscale urban design on TMRT ap-
pear in Fig. 6.While a solar photovoltaic canopy (location 13) and dense
trees (location 17) both provide near-complete shade, total TMRT is 3 °C
higher with the former near noon, 1 °C greater in the late afternoon and
indistinguishable after sunset; increased downwelling and lateral
longwave radiation components are the cause, probably due to the
higher temperature of the photovoltaic panels compared to tree foliage.
Presumably this difference would be larger for a solar canopy located
closer to pedestrians (the location 13 solar canopy is at approximately
7.5-m).

Open areas with concrete and asphalt ground cover (locations 1 and
7) have a 44.3 °C contribution to TMRT from upwelling and lateral
longwave flux at 14:00 MST, a contribution that is 4.6 °C lower for dry
grass (location 14) and 11.5 °C lower for irrigated grass (location 11;
Table 3; Fig. 6). This discrepancy persists to 21:00 MST with about half
the magnitude, partially explaining why location 11 exhibits the lowest
evening UTCI/PET. Furthermore, the effect of ground cover remains ap-
parent directly under dense tree cover, where the TMRT contribution of
upwelling and lateral longwave radiation over grass (location 9) is 3.9
°C lower than concrete (location 17) at 14:00 MST and 3.2 °C lower at
21:00 MST. Trees increase the longwave contribution to TMRT at all
times of day over grass (location 9 vs. 11; Fig. 6), and in the evening
over concrete, but they reduce it over concrete during the day (locations
7 or 16 vs. 17; Figs. 6 and 7). Trees exert both a warming impact on the
longwave component of TMRT by blocking the cool sky (Krayenhoff et al.,
2014) as well as a cooling effect by shading and therefore cooling the
ground surface; because unshaded concrete is much warmer than un-
shaded grass, the longwave warming impact of trees is smaller than
00 average, peak values, and after sunset (21:00 MST).



Fig. 5. Sensitivity of PET and UTCI to each individual meteorological variable composing both stress indices, over their range of variation during themeasurement period, holding all other
variables constant at their mean values over the measurement period. (a) Air temperature; (b) mean radiant temperature; (c) wind speed; and (d) relative humidity; (e) relationship
between observed mean radiant temperature and both stress indices.
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their longwave cooling impact over concrete during daytime. Tunnels
(locations 2 and 22) receive negligible shortwave radiation and exhibit
among the lowest longwave contributions to TMRT; moreover, the diur-
nal cycle of TMRT in tunnels is shifted approximately 4 h later than the
other sites contributing to the relatively good afternoon UTCI/PET and
relatively poor evening UTCI/PET.

3.4. Microscale cover and structure controls on directional radiation

Microscale characteristics of the measurement locations modu-
late the local micrometeorology and resulting contributions to pe-
destrian thermal exposure (Section 3.2). TMRT dominates the
spatio-temporal variation of biometeorological stress indices PET
and UTCI, and the largest components of TMRT are particularly sensi-
tive to shade and secondarily to ground cover (Section 3.3). There-
fore, we link TMRT components to basic descriptors of the land cover
and radiation geometry of the measurement locations – including
360° view factors of sky (Fig. 8), pervious (vegetated), and impervi-
ous surfaces constructed from four orthogonal, horizontally-aimed
fish-eye photographs, as well as SVF (Figs. 9–11) – to assess potential
microscale design strategies for improved pedestrian thermal com-
fort in hot, dry conditions.

Least-squared regression analysis incorporating all sites (excluding
tunnels) is performed for 12:00MST, 15:00MST, and 21:00MST. During
daytime, the degree of solar radiation attenuation plays a dominant
role: TMRT and its contribution from shortwave radiation measured by
laterally-aimed sensors correlate strongly with SVF at 12:00 MST
(Fig. 9a, g), and strong relations persist until 15:00 MST (Fig. 10a, g).
For these same times, lateral longwave radiation increases with imper-
vious cover in the lateral field of view, and decreases with correspond-
ing pervious cover (Figs. 9e, f, 10e, f), relations that strengthen further
by 21:00 MST and come to dominate TMRT (Fig. 11b, c, e, f). At 21:00
MST, TMRT and the associated lateral longwave contribution are
additionally negatively related to sky fraction within the same lateral
view (Fig. 8). These results correspond to the nocturnal surface urban
heat island due to increased heat release from impervious surfaces com-
pared to pervious surfaces, and to obstructed sky viewby buildings (and
trees). Overall, access to solar radiation dominates during the day, and
the consistent positive effect of impervious surfaces on longwave con-
tributions to TMRT suggests a microscale surface urban heat island exists
throughout the afternoon and in the evening (i.e., impervious surfaces
are warmer than pervious surfaces).

Trees count toward the 360° pervious fraction but behave differently
compared to grass and other low vegetation in terms ofmicroscale radi-
ation exchange because they intercept shortwave radiation (i.e., provide
shade) and impact longwave radiation exchange via reduction of the
SVF. Therefore, we assess sites situated at some distance from trees or
solar canopies (locations 1, 4, 5, 7, 10–12, 14, 16, 19–21) separately
from sites located directly under trees (3, 6, 8, 9, 15, 17, 18). At noon
and mid-afternoon, TMRT and its lateral components at sites without
trees or artificial shade are only weakly related to SVF. Instead, lateral
longwave contributions vary with fractions of pervious vs. impervious
in the lateral view of the sensors (Figs. 9e, f, 10e, f); in other words,
ground cover, not SVF, dominates daytime TMRT in locations without di-
rect shade. Strong radiative warming related to impervious fraction and
radiative cooling related to pervious fraction persist into the evening,
and SVF becomes important during this cooling portion of the diurnal
cycle (Fig. 11a–f). At locations under trees, conversely, SVF dominates
during the day, with larger SVF increasing TMRT via enhanced lateral
(and downward) shortwave, and to a lesser degree, lateral longwave
(Figs. 9a, g, 10a, d, g). SVF in this case is an inverse proxy for shade; fur-
thermore, smaller daytime SVF (i.e., more direct shade from trees) also
leads to cooler ground surface temperatures and smaller longwave con-
tributions to TMRT. Notably, increased impervious fraction in the lateral
view enhances lateral longwave and TMRT even under tree cover, and
pervious fraction has the opposite effect, particularly at 21:00 MST



Fig. 6. Decomposed mean radiant temperature (TMRT) for select sites, illustrating the contributions of directional longwave (L) and shortwave (K) radiation to the mean radiant
temperature profile (for other locations see Fig. 7).

144 A. Middel, E.S. Krayenhoff / Science of the Total Environment 687 (2019) 137–151
(Fig. 11b, c, e, f), meaning that impervious surfaces are warmer relative
to grass even in locations with substantial tree shade and remain com-
paratively warm into the evening at these locations. This effect is
about half as large as it is in locations without trees.

From the regression slopes in Figs. 9–11 themagnitudes of impervi-
ous, pervious and sky view fraction impacts on TMRT can be derived for
extreme heat conditions in Phoenix (note, however, that these relations
are not independent). As expected, sky obstruction (shading) from trees
is demonstrably impactful on TMRT and its lateral shortwave component,
decreasing TMRT by 4 °C per tenth of the sky view obstructed, on average
(see slopes in Figs. 9a and 10a). This effect is larger as the afternoon pro-
gresses (15:00 MST vs. 12:00 MST), and trees reduce lateral longwave
contributions to TMRT by about 1 °C per tenth of sky view obstructed as
well by mid-afternoon, by keeping ground and vertical surfaces cooler
(Fig. 10d). At this time of day, in other words, about three quarters of
the TMRT reductions from tree shade derive directly from shading, and
approximately one quarter arise indirectly from reduced longwave
emission from the cooler, shaded ground.

Irrespective of shade from trees, an increase of pervious fraction
(and corresponding decrease of impervious fraction) that is equivalent



Fig. 7. Decomposed mean radiant temperature for select sites, illustrating the contributions of directional longwave (L) and shortwave (K) radiation to the mean radiant temperature
profile (for other locations see Fig. 6).
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to 10% of the field of view of the four lateral sensors (360° field of view)
yields a ca.1 °C reduction of TMRT at 12:00MST for these conditions. This
cooling increases by approximately 30% by mid-afternoon and is non-
negligible even at sites with substantial shading (e.g., from trees). By
evening, impervious view fraction clearly increases TMRT (ca. 1.4 °C in-
crease of TMRT per 10% of lateral view factor for sites without trees),
while pervious view fraction and SVF decrease TMRT by a similar magni-
tude; sites with sky obstruction by trees show muted versions of the
same effects.

In summary, TMRT at sites without sky obstruction from trees or arti-
ficial canopies is principally modulated by its lateral (and upward)
longwave contributions during the afternoon and evening, and by the
relation of these longwave contributions to pervious, impervious and
sky fractions. At these sites, TMRT can most effectively be reduced by ad-
dition of shade, and secondarily by replacement of imperviouswith per-
vious surfaces. In addition to replacement of impervious with pervious
cover, evening TMRT can effectively be reduced by increasing exposure
to the sky, suggesting that devices designed to block shortwave radia-
tion but facilitate longwave exchange with the cool sky would be opti-
mal solutions. Tree planting represents a tradeoff for these hot, dry
conditions: trees yield large daytime TMRT reductions, but demonstrate
a smaller, but clear, radiant warming effect at night. At sites that already



Fig. 8. Relationship between 360° sky fraction and mean radiant temperature (a), and lateral longwave contribution to TMRT (b), at 21:00 MST.

Fig. 9. Scatter plots and least-square regression of TMRT and associated contributions from lateral longwave and lateral shortwave against characterizations of the microscale three-
dimensional environment of relevance to radiation exchange (12:00 MST). Blue circles denote all sampled locations; green triangles are a subset of locations that are shaded by trees;
grey diamonds are a subset of locations that are not shaded by trees or tunnels.
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Fig. 10. Scatter plots and least-square regression of TMRT and associated contributions from lateral longwave and lateral shortwave against characterizations of the microscale three-
dimensional environment of relevance to radiation exchange (15:00 MST). Symbols are as in Fig. 9.
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have substantial tree cover, both shortwave and longwave contribu-
tions play a role in the spatial variability of TMRT, and SVF is important.
Thus, increasing tree coverage and/or density reduces daytime TMRT

and increases evening (and nighttime) TMRT; for most conditions, this
tradeoff is advantageous, except for extremely hot days. Replacement
of impervious ground surfaces under trees with pervious cover can con-
tribute to both daytime and nighttime reductions of TMRT and represents
an ideal adaptation option for extreme heat during both daytime and
evening periods.

4. Discussion

Spatial variation of pedestrian thermal exposure is dominated by
TMRT for the hot, dry, low wind conditions investigated in this contribu-
tion. The subsequent discussion therefore focuses on TMRT. We pre-
sented 3-dimensional shortwave and longwave radiant flux
contributions to themean radiant temperature under themost extreme
heat conditions that have been recordedwith the six-directional net ra-
diometer setup. On a dry June day with record-breaking temperatures
in Tempe, AZ, Ta peaked locally at 48.5 °C with a maximum TMRT of
76.4 °C at 15:00 MST in an east-west building canyon. Comparative
studies in more temperate climates observed maxima of Ta = 35.0 °C
and TMRT = 66 °C in Freiburg, Germany (Ali-Toudert and Mayer, 2007)
and Ta = 31.0 °C and TMRT = 65 °C in Szeged, Hungary (Kántor et al.,
2016). In agreement with other observational studies, TMRT was most
variable between shaded and sun-exposed sites (max ΔTMRT ≈ 40 °C),
followed by Ts (maxΔTS ≈ 30 °C) and Ta (max ΔTa =4.4 °C), highlight-
ing the importance of the radiant flux densities for characterization of
spatial variability of human thermal exposure and comfort.

To most accurately capture thermal conditions during the transects,
we time-detrended the observations and discarded records that were
subject to sensor lag or human interference. As the Hukseflux NR-01 ra-
diometers have a field-of-view of 150°, the orientation of the sensors
matters. For example, the shortwave radiation received by the east,
west, and south facing pyranometers is slightly underestimated be-
tween 1220 and 1250 MST when the sun altitude is above 75°. We
used a pre-defined, consistent cart orientation at each transect stop
that aligned with one of the four cardinal directions to minimize errors
caused by orientation inconsistencies. The field-of-view limitation of
the lateral sensors affected six observations during the noon transect



Fig. 11. Scatter plots and least-square regression of TMRT and associated contributions from lateral longwave and lateral shortwave against characterizations of the microscale three-
dimensional environment of relevance to radiation exchange (21:00 MST). Symbols are as in Fig. 9.
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(locations 12, 14, 16, 19–21) and is noticeable in Figs. 6 and 7 but did not
significantly affect the results. Smallmeasurement errors are potentially
introduced through the cart itself, which is in the field of view of the
downward and lateral facing radiometers.MaRTy's design carefully bal-
ances degree of self-obstruction,maneuverability, and radiometer offset
from the center.

To describe the human energy balance under extreme heat condi-
tions more holistically, we calculated the thermal comfort indices UTCI
and PET for a 35-year old 1.7-m standing male. UTCI and PET peaked at
54.5 °C and 66.0 °C, respectively, in an E-W building canyon with light
colored concrete (location 20). Results are consistent with findings
from Lee and Mayer (2018) who showed in a modeling study that in-
creased albedo of building walls in E-W canyons raises TMRT and PET.
While high albedo surfaces exhibit lower Ts during the day, they in-
crease the amount of reflected shortwave radiation, which reduces out-
door thermal comfort (Erell et al., 2014) and can also increase building
internal heat loading (Yaghoobian et al., 2010).

In a sensitivity analysis of UTCI and PET to meteorological input var-
iables, both indices weremore sensitive to a change in Ta than TMRT. Yet,
since TMRT observations were more variable than the corresponding in-
dices, TMRT was a better predictor of the spatio-temporal variability of
pedestrian thermal experience. This is in line with Lee et al. (2014)
who found TMRT to be a better predictor for PET than Ta. In a comfort
index comparison study, Blazejczyk et al. (2012) also found that Ta is
relatively well correlated with UTCI, while weaker relationships were
discovered for TMRT.

UTCI and PET, despite considering the complete heat budget of the
human body, have limitations. Both indices have not been validated
for the extreme conditions present in this study. Ta = 48.5 °C is at the
upper limit of the recommended range for UTCI, and the parameteriza-
tions might not be valid under extreme heat, for example with respect
to clothing. Insulation is modeled as a function of ambient temperature
based on observed seasonal clothing adaptation habits of Europeans
(Havenith et al., 2012), which may not apply to an Arizona population
that moves between air-conditioned spaces. In addition, the scales for
UTCI and PET have not been calibrated for extreme hot and dry environ-
ments using survey data. In temperate climates, PET N 35 °C suggests
“strong heat stress” and PET N 41 °C means “extreme heat stress”, but
these grades of physiological stress will be different in hot, dry environ-
ments. Unfortunately, a calibrated scale for PET and UTCI does not exist
for Phoenix. We hypothesize that the thresholds will be shifted
upwards, i.e. extreme heat stress in Phoenix starts at higher tempera-
tures. Using the scale for temperate climates yields “extreme heat
stress” for all locations and times of day except at the two tunnel loca-
tions before noon. Ultimately, no conclusions can be made about how
the indices translate into thermal sensation votes, although it is very
likely that most of our observations fall into the “extreme heat stress”
category.

We investigated themicroscale controls on TMRT through assessment
of theweighted directional shortwave and longwave radiative flux den-
sity contributions as they are absorbed by the human body. Incident lat-
eral longwave radiation was found to be the dominant factor in the
radiation budget, while incident lateral shortwave radiation was most
variable across all TMRT profiles, reflecting the various shade conditions
and SVFs. Although measured longwave flux densities are smaller
than shortwave flux densities, the latter derive principally from the di-
rection associated with the solar azimuth and zenith angles—that is,
only two of the four lateral shortwave sensors receive direct shortwave
radiation. Similarly, only one side of the standing human body is illumi-
nated by direct shortwave radiation, whereas all sides of the body (and
all sensors) receive longwave radiation. This explains why TMRT (and
therefore overall pedestrian thermal exposure, for thesemeteorological
conditions) is typically dominated by the longwave radiation flux and
generally confirms findings by Ali-Toudert and Mayer (2007) and Lee
et al. (2014) in Freiburg, Germany. However, notable exceptions in
Tempe are sunlit locations in the morning, when longwave contribu-
tions to TMRT are modest because surface temperatures have yet to ap-
proach the diurnal maximum, and larger solar zenith angles lead to
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substantial shortwave flux densities on the lateral sensors (vertical sur-
faces of a standing person). Transect stops on exposed grass, asphalt,
and concrete surfaces exhibited higher absorbed shortwave than
longwave flux densities at 09:00 MST.

Further examination of the directional flux densities showed that
the largest contributors to TMRT are particularly sensitive to shade
(with peak discomfort in the afternoon at sun-exposed locations), and
secondarily to ground cover. Lindberg et al. (2016) conducted integral
six-directional measurements at King's College, London and found that
the influence of ground cover materials on TMRT was small compared
to the impact of shade. Our results suggest that during extreme heat,
the ground surface type has a small but non-negligible impact on TMRT,
even in the shade. Grass with sufficient irrigation reduced TMRT and im-
proved comfort both day and night relative to concrete, even under
dense tree cover. This is possibly due to a micro-oasis effect which
leads to reduced ground surface temperature with grass cover relative
to impervious surface covers, and in turn lowers lateral and upwelling
longwave fluxes. Impervious surfaces were warmer than pervious sur-
faces at all measurement times and are significant predictors of lateral
and upward longwave and therefore TMRT. Increased lateral longwave
contributions from impervious surfaces indicates that a microscale sur-
face urban heat island exists throughout the afternoon and evening
(i.e., impervious surfaces are always warmer than pervious surfaces).

To determine the impact of urban form and composition on the radi-
ation budget, we calculated view factors for sky (SVF), buildings (BVF),
and vegetation (VVF, includes trees, shrubs, and grass). Afternoon TMRT

was best explained by the traditional upper hemisphere SVF (R2 =
0.71) and sun duration (R2= 0.76), further underlining that shortwave
radiation is the driving factor for TMRT variation between sites. On aver-
age, TMRT decreased by 4 °C per tenth of the sky view obstructed. Holst
and Mayer (2011) investigated the impact of street design parameters
on human biometeorological variables in Freiburg, Germany and
found a relationship of similar magnitude between SVF90–270 (the SVF
of the lower half of the upper hemisphere), and TMRT (R2 = 0.764).
They also found that street tree coverage is important for explanation
of TMRT variation (R2 = 0.763).

Tree planting constitutes a tradeoff for extremely hot, dry condi-
tions. During the day, we observed large daytime TMRT reductions
under trees (up to 33.4 °C), but measurements after sunset demon-
strated a smaller, yet clear warming effect at night of up to 5 °C. This
warming effect can likely be attributed to the tree canopy emitting
more longwave than the cold sky, and has been documented in previous
observational studies (Golden et al., 2007; Coutts et al., 2016; Middel
et al., 2016). While the value of tree planting for reduction of urban
heat islands is commonly extolled, our results suggest that biometeoro-
logical stress may be exacerbated by urban trees at night, when heat
islands are typically maximized. Additional six-directional longwave
and shortwave radiation measurements across the diurnal cycle in
range of cities would help assess the impacts of urban trees across the
diurnal cycle for a range of conditions. Irrespective of the urban heat is-
land, our results suggest that urban trees have an important role in bio-
meteorological stress reduction during daytime via provision of shade.

View factors in this study were calculated based on manually classi-
fied fisheye photos. Recent developments in artificial intelligence offer
the unprecedented opportunity to use algorithms that automatically
detect urban surface types using machine learning, as demonstrated
by Middel et al. (2019).

5. Conclusions

All biometeorologically-relevant variables, including six-direction
longwave and shortwave radiation, were measured on a record-
breaking extreme heat day in Tempe, Arizona, using a unique, mobile
biometeorological instrument platform (MaRTy). Measurements were
conducted hourly for 12 h during the hottest half of the day, and at 22
distinct locations in an Open Midrise neighborhood, sampling a range
of sky cover (building heights, tree density, photovoltaic panels) and
ground cover (asphalt, concrete, dry and irrigated grass). Peak mea-
sured air temperature (Ta), surface temperature (Ts), mean radiant tem-
perature (TMRT) were 48.5 °C, 65.8 °C, and 76.4 °C, respectively.

5.1. Summary of findings

Primary conclusions with regards to pedestrian thermal exposure
and its modulation via urban design for these very hot and dry condi-
tions, near the summer solstice, are as follows.

Overall pedestrian thermal exposure (PET and UTCI):

- PET and UTCI thermal exposure indices peak during the afternoon
between 16:00 and 17:00 MST at 66.0 °C and 54.5 °C, respectively,
in an E-W oriented canyon with concrete floors and walls;

- Afternoon thermal exposure is least in locationswith grass and with
trees providing shade, and in tunnels under buildings; evening ther-
mal exposure is least in open grassy areas;

- Tree cover yields large daytime PET and UTCI reductions, but small
evening increases of 1–2 °C;

- Grass reduces thermal exposure during afternoon and evening rela-
tive to engineered surfaces – even under dense tree cover, probably
due to a micro-oasis effect;

- PET and UTCI are driven principally by Ta and TMRT (i.e., Ts and solar
radiation) for these conditions. Both indices are more sensitive to
Ta than TMRT per degree K variation. However, TMRT is an order of
magnitude more variable spatially (and also more variable tempo-
rally) compared to Ta, rendering TMRT a better predictor of the
spatio-temporal variation of thermal exposure in the neighborhood.

Radiant pedestrian thermal exposure (TMRT):

- Except for morning hours, longwave radiation fluxes contribute
more to TMRTmagnitude than shortwave radiation fluxes, even in di-
rect sunlight; however, shortwave radiation fluxes exhibit greater
spatial (and temporal) variation;

- Lateral radiant exposure, particularly lateral longwave exposure,
contributes the majority of TMRT magnitude at all times and sites,
suggesting that cool vertically-oriented surfaces adjacent to pedes-
trian walkways may effectively reduce pedestrian thermal expo-
sure;

- Trees increase TMRT by up to 5 °C (3 °C) in the eveningwhen situated
above grass (concrete); trees exert a daytime longwave radiant in-
crease above grass, but daytime longwave radiant cooling over con-
crete.

- Because photovoltaic panels emit more downward longwave to-
ward pedestrians, daytime shade from a 7.5m elevated solar photo-
voltaic canopy yields a TMRT reduction that is 3 °C smaller than
daytime shade from a tree canopy with the same SVF;

- In the absence of shade, irrigated grass lowers TMRT by N10 °C during
afternoon relative to asphalt or concrete, and by about half as much
after sunset – dry grass provides about half as much TMRT reduction
as irrigated grass at both times of day;

- Even under near-complete shade from trees, irrigated grass provides
a 3–4 °C reduction of TMRT relative to concrete during both afternoon
and evening.

Microscale design for cool pedestrian spaces:

- Shade (reduction of shortwave from increased sky cover) is themost
important consideration for daytime TMRT reduction – TMRT is re-
duced by about 4 °C per 0.1 SVF decrease due to tree cover;

- Replacement of impervious ground cover (asphalt, concrete) with
pervious cover (grass) reduces TMRT at all times of day, by approxi-
mately 1.0–1.5 °C per tenth of the local land cover converted from
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impervious to pervious; along with increased SVF, this is the most
important consideration to lower TMRT after sunset;

- At sites with little or no direct shade from trees or buildings, ground
cover controls TMRT during daytime; SVF and ground cover control
TMRT in the evening;

- Under trees, SVF (i.e., density and position of tree cover) correlates
positively with daytime TMRT via both shortwave and longwave radi-
ation – about 75% of the TMRT reduction as SVF is reduced by tree
cover is attributable to direct reduction of shortwave incident on
the pedestrian, and the remaining 25% is attributable to reduction
of longwave radiation from the cooler ground.

- Trees have a greater radiant cooling impact, particularly during day-
time, when planted over concrete compared to grass

5.2. Context and significance

A recent study concluded that reductions of air temperature from
‘full adaptation’, that is, uniform, high-intensity and joint implementa-
tion of street trees, green and cool (reflective) roofs, was insufficient
to offset end-of-21st century climate change warming in all U.S. cities
during nighttime, as well as during daytime for the RCP 8.5 greenhouse
gas emissions scenario (Krayenhoff et al., 2018). These results suggest
that, barring substantive climate change mitigation, urban heat expo-
sure is likely to increase dramatically, even with extensive urban heat
adaptation. Outdoor pedestrian thermal exposure represents one com-
ponent of overall human heat exposure in cities, which also includes ex-
posure in vehicles and indoors (relating to building design and indoor
temperature regulation). Outdoor thermal comfort depends on several
factors, including exposure towind, humidity and radiant loads, in addi-
tion to air temperature. Therefore,while urban air temperaturesmay in-
crease under climate change irrespective of large-scale adaptation,
strategies that target other biometeorologically-relevant variables may
provide additional opportunities for cooling sidewalks and other pedes-
trian corridors andmay have the potential to fully offset climate change
warming from a biometeorological perspective.

Wind and radiant loads on a pedestrian exhibit large spatiotemporal
variation atmicroscales and provide opportunity for microscale adapta-
tion strategies. Air temperature and humidity, conversely, tend to be
more homogenous at these scales, varying more substantively at local
scales (100 m – 5 km) in cities (e.g., Stewart et al., 2014). Our results
suggest, for the hot dry climates common during summer in many
areas of the U.S. Southwest (albeit for temperatures that are currently
rare, but may become increasingly less so), several design options that
decrease radiant loading on pedestrians.

Our results demonstrate that shade is the most important design
tool for outdoor pedestrian spaces during very hot, lowwind conditions
in these dry climates. Secondarily, replacement of imperviousmaterials
with pervious cover, especially when irrigated, provides radiant cooling
to pedestrians throughout the afternoon and evening, even when
shaded, whereas trees slightly worsen thermal conditions by mid-
evening. There is evidence that trees can increase nocturnal air temper-
ature (Gillner et al., 2015), and our results suggest that they also in-
crease nighttime longwave radiation exposure of pedestrians. While
trees have smaller longwave radiant warming impacts when planted
over concrete (e.g. sidewalks) compared to grass (e.g., a park), they ef-
fectively reduce pedestrian radiant exposure during daytime clear sky
conditions above all ground covers assessed here, due to the large short-
wave reductions they produce. More rigorous assessment of day-night
thermal comfort tradeoffs of urban tree planting across a range of cli-
mates, ground covers, and neighborhood configurations would be
helpful.

Our results also suggest that cooling vertical surfaces adjacent to pe-
destrianwalkways (e.g., the lower portions of buildingwalls located ad-
jacent to sidewalks) may have substantive benefits for pedestrians for
these conditions. This could be achieved, for example, by greening or
irrigating lower building walls, or increasing their thermal admittance
(which, conversely, would increase evening and nocturnal air tempera-
tures). Trees, grass, and irrigationmore generally often depend on avail-
ability of water resources, which are uncertain in many hot, dry regions
under future climate scenarios. In this light, some combination of grass
under drought-tolerant trees, photovoltaic panels or other shading de-
vices (which are ideally retracted during evening and night), and high
thermal admittance building wall bases, deployed in key pedestrian
areas, may substantively reduce thermal exposure and associated ill ef-
fects for many pedestrians while minimizing water use.
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