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ARTICLE INFO ABSTRACT
Keywords: Many cities in the midlatitudes experience both extreme heat and cold, and pedestrians are exposed to thermal
Climate adaptation extremes that cause bodily stress. With growing urban populations, city design that contributes to mitigating

Heat and cold stress

Mean radiant temperature
Microclimate

Pedestrian thermal comfort
Urban design

summer heat while reducing winter cold exposure is increasingly important. Pedestrian thermal exposure de-
pends on several microclimatic factors, including shortwave and longwave radiation absorption, which can be
quantified by the mean radiant temperature (Tp). Limited research has been conducted on the radiative
components of thermal exposure in hot, humid summers and cold, snowy winters. We gathered micrometeo-
rological data from diverse urban sites and in multiple seasons in Guelph, Canada, using a mobile human-
biometeorological weather station (MaRTy cart) that applies the six-directional method to determine Ty, Sea-
sonal datasets were analysed and compared to examine the drivers of thermal exposure and recommend stra-
tegies for mitigating heat and cold stress. In summer, shade is the primary factor that reduces daytime heat
exposure and it slightly increases nighttime heat exposure. Enhanced pervious ground cover is a secondary factor
day and night. In winter, reduced shade alleviated daytime cold exposure, while snow cover provided daytime
benefits from increased solar reflections and post-sunset penalties associated with reduced longwave radiation
from low snow surface temperatures.

urbanization (Di Matteo, 2005; Government of Canada, 2019).
Exposure to extreme heat can lead to increased human morbidity and
mortality (Gosling et al., 2009; Hondula et al., 2015), especially in
growing urban areas (Wouters et al., 2017). However, research has
found that there is greater morbidity and mortality in winter than in the
summer (McGeehin & Mirabelli, 2001; Analitis et al., 2008), which is
relevant to a city such as Guelph, Ontario, where seven months of the
year have a daily air temperature average below 10 °C. The relationship
between morbidity/mortality and air temperature is U-shaped, with
increased health impacts at high and low temperatures. However,
mortality attributed to cold exposure has a greater temporal lag than
that attributed to heat exposure (Chen et al., 2016). Thus, increased
rates of illness associated with low ambient air temperatures occur days
or weeks after exposure, especially after prolonged cold spells (Chen
et al., 2016). While the studies mentioned above associate health im-
pacts with air temperature, actual thermal exposure or stress of in-
dividuals depends on several factors in addition to air temperature.
The term “thermal exposure” is used here to indicate the meteoro-
logical components of thermal comfort (which also includes

1. Introduction

Extreme heat is projected to increase in frequency, duration, and
intensity as Earth’s climate warms (IPCC, 2021, 2014). Moreover, urban
growth, which usually entails the replacement of greenery with imper-
vious surfaces, contributes to additional warming. Expanding and
densifying cities are associated with reduced transpiration by vegetation
and increasing surface area of materials that effectively absorb, retain,
and release heat. Impervious surfaces contribute to higher daytime
surface temperatures and elevate surface and air temperatures during
evening and nighttime (Argueso et al., 2014; Krayenhoff et al., 2018;
Stewart et al., 2021). By 2050, urban populations are expected to in-
crease substantially, with the majority of growth occurring in Africa and
Asia (United Nations, 2019). In Canada, more than 70 % of residents live
in urbanized areas, with this percentage expected to increase (Statistics
Canada, 2021). Furthermore, shifting Canadian demographics will
result in disproportionate levels of older residents, who will be more
sensitive and vulnerable to extreme heat from climate change and
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List of Symbols

ax Absorption coefficient for shortwave radiation

aq Absorption coefficient for longwave radiation

c Stephan-Boltzmann constant, 5.67 x 1078 W m~2 K™*

K; Incident shortwave radiation from direction i, W m2

L Incident longwave radiation from direction i, W m

RH Relative humidity, %

PET Physiologically Equivalent Temperature, °C

T, Air temperature, °C

Tore Mean radiant temperature, °C

Tsse Surface temperature, °C

UTCI Universal Thermal Climate Index, °C

v Wind speed, m s’

Ww; Angular weighting for a standing reference pedestrian
incident from direction i

¥y Upwards sky view factor

I360 Lateral impervious view factor (buildings + ground-
level impervious)

P30 Lateral pervious view factor (tree + grass)

Snaeo Lateral snow view factor

physiological, behavioural, and psychological factors). In contrast,
“thermal stress” includes some physiological and behavioural factors in
addition to thermal exposure. Therefore, thermal exposure is a compo-
nent of thermal stress, which is, in turn, a component of thermal comfort
(Guzman-Echavarria et al., 2023). In summer, thermal exposure to heat
results from the combination of local surface and air temperature, wind
speed, humidity, and shade availability. In winter, thermal exposure can
lead to cold stress and is driven by the same meteorological factors.
Differences in the relative and absolute importance of these factors occur
between seasons (e.g., wind and shade decrease heat exposure during
summer but increase cold exposure in winter; Givoni et al., 2003). In the
context of the projected increases in extreme heat episodes, it is ad-
vantageous to consider modification of several of these variables in
addition to commonly targeted factors such as air temperature and
shade. An opinion survey in Wuhan, China, a humid sub-tropical climate
similar to New York City, found that thermal comfort outranked other
factors contributing to the quality of outdoor spaces, including air
quality, the acoustic environment, convenience, and functionality (Lai
et al., 2014). Similar prioritization of environmental conditions was
found in an urban district in Italy (Piselli et al. 2018). To complement
subjective studies of thermal comfort, it is important to quantify all
meteorological factors that influence outdoor thermal comfort: solar and
thermal radiation, humidity, wind speed, and air temperature.

Human biometeorology, the study of the interactions between peo-
ple and the atmosphere, is a growing field, especially in urban envi-
ronments (Hondula et al., 2017). Urban thermal exposure research has
typically focused on summer, especially in hot, dry locations, and has
recently begun to focus on explicit three-dimensional measurement of
radiative effects (Ali-Toudert et al., 2005; Middel et al., 2020; Middel &
Krayenhoff, 2019). Conversely, the relative environmental contribu-
tions to summer discomfort and associated optimal design strategies
may differ between dry and humid cities. For example, recommenda-
tions from a study in Tempe, Arizona (Middel & Krayenhoff, 2019) may
not be relevant in Guelph, Ontario, which is situated in a different
climate zone. Studies should be conducted in cities in various climate
zones to make climatically relevant recommendations.

Other studies that have assessed the contributions of the three-
dimensional radiative environment to urban thermal exposure in rela-
tively humid locations using the six-directional method (consisting of six
pyranometers and six pyrgeometers oriented to capture radiation inci-
dent from above, below, and the four cardinal directions) have been
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limited to summertime measurements (Ali-Toudert & Mayer, 2007; Du
et al., 2020a; Holst & Mayer, 2011; Kantor et al., 2018, 2016; Mayer
et al., 2008). A study in Harbin, China (Du et al., 2020Db) is the only one
examining winter cold exposure. However, the impacts of snow on
thermal exposure were minimally studied. Fresh snow has a high albedo,
potentially increasing reflected shortwave radiation to pedestrians. The
surface temperature of snow can also fall well below air temperature,
limiting the amount of longwave radiation emitted compared to other
surfaces (Oke et al., 2017).

The mean radiant temperature (Tp,) is a crucial determinant of
thermal exposure for many conditions and is often a major cause of
microscale variability in thermal exposure. Ty is the “uniform tem-
perature 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). It can be understood as the effective
temperature felt by a body considering the impact of radiation emitted
and reflected from surrounding surfaces, in addition to sky-derived
shortwave and longwave irradiance. Ty is a component of several
thermal stress indices, such as the Physiologically Equivalent Temper-
ature (PET) (Hoppe, 1999) and the Universal Thermal Climate Index
(UTCD (Jendritzky et al., 2012). Indices such as PET and UTCI combine
micrometeorological conditions for a particular location with assump-
tions related to individual physiology and clothing to quantify the net
thermal stress a “typical” pedestrian would experience.

Unlike a globe thermometer (Thorsson et al. 2007; Vanos et al.
2021), the six-directional method for measurement of Ty, permits
directional attribution of radiative heat incident on the pedestrian. This
approach enables better quantification of how individual or groupings of
urban facets impact thermal exposure, a critical step in designing
comfortable spaces. Many studies have observed and modeled the im-
pacts of urban design elements on three-dimensional radiation fluxes
(Ali-Toudert & Mayer, 2007; Du et al., 2020a; Holst & Mayer, 2011;
Kantor et al., 2018, 2016; Lai et al., 2018; Middel et al., 2021; Middel
et al. 2023; Middel & Krayenhoff, 2019). For the first time, Middel and
Krayenhoff (2019) decomposed six-directional Ty, measurements in an
extreme heat area while isolating the radiative contributions from the
sky, vegetation, and impervious surfaces. Tp,+ was also decomposed into
its constituents for a wintertime case by Du et al. (2020b). Du et al.
(2020b) measured six-directional radiation fluxes and other microme-
teorological variables of relevance to thermal exposure at six urban lo-
cations during winter, with sky view factors (¥s,) ranging from 0.333 to
0.763, and with snow either present at or adjacent to each site. Only
building-induced shade was considered since the sites did not include
trees. Observation at a more diverse collection of sites with a larger
range of ¥, values and a greater range of visible snow amounts should
be considered to extend cold-climate wintertime measurements.

This project extends research by Middel and Krayenhoff (2019),
using a human-biometeorological weather station (MaRTy) in a
mid-latitude city with a large seasonal variation in climate. It also ad-
vances initial research by Du et al. (2020b) by examining a larger set of
measurement sites in a cold climate and emphasizing the radiative im-
pacts of snow. Ultimately, these measurements provide insights that
may assist with the minimization of extreme outdoor thermal exposures
in urban areas. While wintertime thermal exposures are often linked to
wind and air temperature (Yao et al. 2018), recent evidence suggests
that the radiative environment, which MaRTy is ideally suited to assess,
can frequently be the most important factor (Xiong & He, 2022; Xu et al.
2018).

This study aims to measure all micrometeorological variables that
influence human thermal exposure (relative humidity [RH], wind speed
[v], air temperature [T,], shortwave radiation [K], and longwave radi-
ation [L]) in an urban area situated in a humid continental climate
during clear sky conditions in three seasons. Collected micrometeoro-
logical data will contribute to the growing literature on urban thermal
exposure measurements, especially those that apply the 6-directional
method (e.g., with MaRTy), with the potential to inform urban
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Sensor Variable(s) Range Accuracy ¥'csp0nsc Height
me

{ HygroVUEIOT/RH  Temperature  -40°C to +70°C % 0.2°C > 130
Probe o seconds 1.6 m

: Humidity 0% to 100% +1.5% 8 seconds
R.M Young 3101 * see note
Wind Sentry Cup Wind Speed 0 to 50m s™! +0.5ms’! below 1.8 m
Anemometer

" Type T Thermocouple  Temperature  -45°C to +75°C £ 0.5°C < 1 second 1.5m
Garmin GPS16X GPS  Location - <3m <2seconds 1.45m

5 o <18
Kipp & Zonen CNR4 K/ FIuX 002000 Wars < 3% seconds  L3mio
Net Radiometers (3) L Flux =250 l? 250 <10% <18 1.4m
W m 2 (net) seconds

* Wind Sentry cup anemometer has a measurement threshold of 0.5 m s, independent of response

Fig. 1. The mobile human-biometeorological platform (MaRTy cart) designed to gather pedestrian thermal exposure data in Guelph, Canada during summer and

winter (left). Sensors used on MaRTy for each variable, associated specifications, and the height each sensor is mounted (right).

planning and provide valuable data for evaluation of numerical models
(e.g., Lachapelle et al. 2022; Jiang et al. 2023). The specific objectives of
this study are:

1. Collect high-resolution micrometeorological data relevant to urban
outdoor thermal exposure in a humid continental climate, including
directional radiation flux data, wusing a mobile human-
biometeorological station (MaRTy).

2. Aggregate measured data into thermal stress indices to assess and
compare the spatio-temporal variation of pedestrian thermal expo-
sure in hot humid and cold snowy weather.

3. Determine and recommend facets of urban design that minimize
pedestrian exposure to excess heat and cold in multiple seasons and
during both day and night.

Fig. 2. Measurement sites on the University of Guelph campus as captured with an upwards-facing fisheye lens on a cloudy day (September 20, 2020).



Table 1
Summary of measurement site metadata and average MaRTy cart data observations for: the duration of measurements (12:00 to 22:00 EDT; mid-afternoon (15:00 EDT); and post-sunset (22:00 EDT) on June 6th, 2021.

12:00 EDT - 22:00 EDT average Solar maximum (15:00 EDT) Night (22:00 EDT)

| e e Type Lateral  Lateral [ ¢ vyt Tair Tsic RH v PET UTCI|Tmrt Tair Tdc RH v PET UTCI|Tmrt Tair Tsic RH v PET UTCI
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NW/SE canyon 011 092 003 38| 354
003 098 001 oo 342
028 0.64 024 87| 373
049 073 0.00[ 65| 385
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080 048 0.10[ 12.0] 419
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Table 2

Summary of measurement site metadata and forecasted MaRTy cart observations for: the total day (11:00 EST to 18:30 EST); solar maximum (12:00 EST); and post-sunset on February 3rd, 2021.

11:00 EST - 18:30 EST average Solar maximum (12:00 EST) Night (18:30 EST)

10| Surface Tvoe  Shade Tvoe  SVE l;l“':::l'“ L::::'l Sun |Tmrt Tair Tsfe RH v UTCI|Tmrt Tair Tsfe RH v UTCI|Tmrt Tair Tsfe RH v UTCI

* * P o |Hours| (€] (€] [€] [%] sl [C] | [C] (€] (€] (%] [ws] [C] | (€] (€] (€] [%] M5l [C]
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2. Methodology
2.1. Measurement platform

Hourly measurement transects were conducted using a mobile
human-biometeorological platform (MaRTy; Middel & Krayenhoff,
2019; Fig. 1). The MaRTy cart was constructed in Guelph before data
collection, mainly following the design of Middel and Krayenhoff (2019)
but with select differences in instruments (Fig. 1; also see detailed
description of differences in Aiello, 2022).

The cart recorded air temperature (T, [ °C]); relative humidity (RH
[%]); wind speed (v [m s'l]); location (lat/lon [°]); and shortwave (K; [W
m™]) and longwave radiation (L; [W m2]) in a three-dimensional, six-
directional format (Ali-Toudert & Mayer, 2007; Hoppe, 1992). Ground
surface temperature (Tys) is also reported as the radiative surface tem-
perature based on measurements from a handheld FLIR infrared scan-
ner, assuming an emissivity of 0.95. Fig. 1 contains the specifications of
the meteorological instruments used. Greater detail regarding in-
struments and justification for their use are found in Aiello (2022).

2.2. Study area

Guelph, Ontario (43°33'N 80°15'W) is a city with a population of
approximately 130,000 located about 100 km west of Toronto, in the
regional vicinity of several Great Lakes. Guelph has a Koppen climate
classification of Dfb, with cold winters and warm, humid summers, and
high amounts of precipitation throughout the year (Ahrens & Henson,
2013). Guelph averages 931 mm of yearly precipitation (rain and snow),
and monthly temperature averages range from -6.9 °C in January to 19.7
°C in July, with a yearly average of 1.6 °C (Government of Canada,
2020).

Observations were collected on the University of Guelph’s main
campus (43° 32' 0" N, 80° 13' 25" W), which is laid out on a NW/SE-NE/
SW orthogonal grid. The campus has 412 hectares of open midrise
buildings and forest, including 165 hectares of arboretum land and a 12-
hectare research park (University of Guelph, 2013).

2.3. Measurement protocols

Microclimate data were collected during measurement loops at the
University of Guelph’s main campus on September 15, 2020, November
28, 2020, February 3, 2021, and June 6 and 10, 2021 (note that select
measurements were also conducted on June 10, 2021 to supplement the
June 6 measurements; see Supplementary Sect. 1). These measurement
days were selected to capture a substantial fraction of the seasonal
variation in key climate variables during clear skies, such as air tem-
perature, solar angle and snow cover, in a southern Ontario city.

Measurement loops were completed in approximately 40 minutes at
a walking pace with stops at each of 23 locations around campus (Fig. 2)
in summer and autumn, with observations logged every 2 seconds. Only
21 locations were sampled during winter loops; locations 6 and 7 were
bypassed during this season because the entryway to the courtyard in
which they were located was blocked by construction equipment. Ta-
bles 1 and 2 contain details of each site, and additional details related to
shade (e.g., tree species) are found in Aiello (2022). Hourly measure-
ment loops began in the late morning and ended approximately two
hours after sunset, with select hours as designated breaks. Thus, 6-9
loops were completed on each measurement day. Stop locations and
associated cart orientation were indicated by chalk markings to ensure
measurement consistency. The cart was stopped for 45 s to account for
sensor response time (specifically the radiometers) and ensure that
several measurements were taken after sensor adjustment to the new
conditions at each location and time (Hab et al., 2015). All observations
were linearly interpolated to a fixed time based on measurements con-
ducted during the hour immediately prior and after the fixed time, for
temporal consistency across sites (Aiello, 2022; Middel & Krayenhoff,
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2019).

Sensor views were visualized and quantified using fisheye photo-
graphs taken with a Nikon Coolpix 880 and a Nikon FC-E8 Fisheye
Converter 8mm lens in each cardinal direction (lateral) and facing up-
wards (hemispherical). These images were used to quantify each loca-
tion’s directional view factors of various urban elements and features
(impervious, pervious, sky, snow).

Site locations measured in June, September, and November were
chosen based on their combined surface type (asphalt, brick, concrete,
grass) and shade type (artificial/natural, complete/partial) to capture
diverse urban micro-environments. In February, snow and ice accumu-
lation and the lack of deciduous tree foliage exemplified key seasonal
changes to urban spaces in continental climates. Some sites previously
located on grass or concrete surfaces became classified as snow surfaces.
Frequently used walkway surfaces made of asphalt and brick had been
cleared of snow before the measurement day. Additional details are
available in Aiello (2022).

2.4. Mean radiant temperature and thermal stress indices

Only stationary observations were analyzed. The GPS sensor recor-
ded movement speed, and any records containing motion were removed
from the analysis. Subsequently, the first 10 and last 5 data points (20
and 10 seconds, respectively) of each 45-60 s stationary observation
period were removed to account for sensor response time as well as any
instances where the operator may have influenced a sensor reading as
they approached the cart to move it to the following observation loca-
tion. Finally, observations were linearly interpolated to selected hours
based on measurements conducted immediately before and immediately
after the time stamp for temporal consistency across sites (Middel &
Krayenhoff, 2019). For additional details on interpolation methods, see
Aiello (2022).

Tmre [ °C] was calculated from three-dimensional shortwave (K;) and
longwave (L;) observations at each location with weightings W; applied
to represent a standing reference pedestrian (VDI 1998):

Ty = {‘/—Ziﬁzl"V"(“"K"+ al) _ 57315 ¢
a- o ’

where ax = 0.70 and q; = 0.97 are the short- and longwave radiant flux
density absorption coefficients of the pedestrian, respectively, o is the
Stephan-Boltzmann constant (5.67 x 10°8 W-m=2.K~*), W; = 0.06 for
the up and down sensors, and W; = 0.22 for the sensors pointing in each
cardinal direction (VDI, 1998).

Once Tp: was calculated, the thermal comfort indices Physiologi-
cally Equivalent Temperature (PET) (Hoppe, 1999) and Universal
Thermal Climate Index (UTCI) (Jendritzky et al., 2012) were computed.
PET was calculated by inputting To, RH, v, Tryy, and physical attributes
representing the conditions of each season into RayMan Pro (Matzarakis
etal., 2007, 2010), where a walking 1.7 m tall 35-year-old male was set
as the default reference pedestrian. UTCI was calculated in R (Crisci &
Morabito, 2016). Surface level wind speed (1.8m) measured by the
MaRTy cart was converted into a wind speed height required by the
UTCI calculation using Eq. 2, defined by Brode et al. (2012) as a
component in the optimal procedure for UTCI:

log(10 / 0.01)
Va = Yam < log(x / 0.01) ) : 2
where v, represents the 10m wind speed required to calculate UTCL, vy,
represents wind speed measured at x [m] height, and 0.01 represents the
roughness length. This approach gives the UTCI algorithm the 10 m
wind speed that will yield the actual measured wind speed at the
pedestrian level within its calculations.
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Fig. 3. Directionally-weighted radiation fluxes absorbed by a pedestrian during June 6th, 2021 at a selection of sites, illustrating the magnitude of longwave (L) and
shortwave (K) fluxes that contribute to mean radiant temperature (Tp,). Associated microscale site characteristics are identified at the top and bottom of each plot.
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2.5. View factors of environmental components

Sky view factor (¥s,), lateral impervious view factor (I340), lateral
pervious view factor (Ps3sp), and lateral snow view factor (Snsgp) were
determined by manually processing the upward-facing and four lateral
hemispherical fisheye photos. In summer, each fisheye photo was
segmented into sky, impervious, and vegetation, and ¥y, I360, and P3so
(upward sky, lateral sky, lateral impervious, and lateral pervious view
factors, respectively) were estimated using RayMan (Matzarakis et al.,
2007, 2010), which analyzed each segmented fisheye photo. Sites were
then further classified based on their view factor values. In winter, ¥y,
I360, and Psgp were found with the same method using an additional set
of fisheye photographs taken in late January 2021 to account for the
presence of snow and the loss of leaves from trees. For this season, snow
cover is assessed based on photo segmentation, allowing for the esti-
mation of Snzgp using RayMan. Snssp quantifies the view factor of snow

from the lateral fisheye photos and cannot account for the depth of
accumulated snow. For a detailed description of image processing, see
Aiello (2022). The analysis of upward-facing fisheye photographs in
RayMan (Matzarakis et al., 2010, 2007) was also used to obtain sunlight
hours experienced by each site and solar elevation and azimuth angles
associated with the time of day and year when measurements were
gathered.

3. Results
3.1. Heat exposure during an extreme heat day (June 6, 2021)
3.1.1. Meteorological observations
June 6, 2021 was the warmest day of the month and was the highest

observed air temperature at the Guelph Turfgrass Weather Station June
6 since 1925. During the 1500 EDT measurements at the University of
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Guelph’s main campus, T, peaked at 31.9 °C (site 23, ¥, = 0.57) over
dry grass and under partial tree cover adjacent to an asphalt parking lot
(Table 1). The minimum T, at 1500 EDT was 30.7 °C at site 4 (¥, =
0.19), over brick and under dense tree shade.

At 1500 EDT, the highest recorded surface temperature (Ts) was
53.5 °C (site 21, ¥y, = 0.80) over asphalt, and the lowest recorded Ty
was 22.1 °C, in a concrete tunnel (site 15, ¥, = 0.03; Table 1). Ty
peaked at site 19 (¥, = 0.79) with an observed value of 68.4 °C over
concrete and adjacent to a short building with a glass facade. This
measurement was 41.3 °C higher than the lowest Ty, reading at 1500
EDT: 27.1 °C at site 15, an enclosed concrete tunnel (¥, = 0.03).

Variability between relative humidity (RH) measurements at each
site was low (+1.6%) throughout the day due to atmospheric mixing and
the small study area (0.10 km?). Wind speed (v) measurements for all
sites during daytime (1200-2200 EDT) ranged from 0.07 m s to 2.26 m

st

3.1.2. Thermal stress and comfort indices

During the June 6 measurement period, UTCI reached a maximum
value of 40.2 °C at site 19, corresponding to the highest T;,,+ observation
(68.4 °C; Table 1). The largest PET observed was 49.3 °C at site 5, an
asphalt road surface in an NE/SW building canyon. Differences between
UTCI and PET were as high as 10.9 °C, with an average difference of 5.3
°C during the daytime peak, likely resulting from the adaptive clothing
model included in the UTCI model (Havenith et al., 2012) but not in the
RayMan version of the PET model, which assumes a constant clothing
factor (clo) of 0.8.

3.1.3. Controls on Ty, and directional radiation

Tmnre largely controls the spatial variation of UTCI and PET for warm
sunny conditions. Thus, the variation of Ty is further investigated.
Fig. 3 presents directionally weighted radiation fluxes that would be
absorbed by a pedestrian (i.e., their magnitude represents their contri-
bution to Tpyp) at 11 sites. Measured radiation fluxes unweighted by the
relative exposure of the pedestrian to the environment (i.e., larger in
lateral directions) are found in Aiello (2022). Most longwave radiation
arrives from lateral directions, and absorption of longwave radiation
was approximately five to ten times the magnitude of absorbed short-
wave radiation in full tree shade, decreasing to approximately twice the
magnitude in direct sun (Fig. 3). Shortwave radiation data fluctuated
spatially and temporally, dependent on the presence and location of the
sun in the sky, with longwave radiation fluxes remaining more constant
over time and varying primarily with differences in ground cover and
shade provision.

During the day (1500 EDT), shaded sites received limited shortwave
radiation, while at night, these same locations increased longwave ra-
diation absorption after sunset (Fig. 3). During the day, shaded Ty
values were up to 16 °C lower under building cover (over asphalt)
compared to unshaded locations (Fig. 3a,c; sites 14 and 21 in Table 1),
and 9 °C less under tree shade (over grass) relative to unshaded locations
(Fig. 3f,g; sites 11 and 22 in Table 1). Trees permitted diffuse infiltration
of shortwave radiation to the surface, providing less complete shade
than buildings. The effects of extreme impervious cover and shade occur
at site 15 (tunnel), where absorbed longwave radiation and Ty, are
relatively unchanged over the measurement period (Table 1, Fig. 3k).
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Impervious surfaces, particularly asphalt (sites 14 and 21; Fig. 3a,c),
exhibited elevated emissions of longwave radiative fluxes relative to
open grass surfaces (sites 11 and 22, respectively; Fig. 3f,g), even when
shaded during the day. At night (2200 EDT), Ty over concrete and
asphalt sites remained 3—-4 °C warmer than grass due to higher longwave
emission from the surface (Table 1; Fig. 3).

3.1.4. Impacts of surface structure and cover on Ty

Simple and multiple linear regression models are developed to
explain Ty and its primary drivers, absorbed lateral longwave radiation
(Liqp) and absorbed lateral shortwave radiation (K4, as a function of sky
(¥sky), lateral impervious (I360) and lateral pervious (P3¢0) view factors.
View factors of thermally distinct radiative emitters are chosen as
explanatory variables. Information on the development of these statis-
tical models can be found in Aiello (2022).

During midday (1200 EDT) and mid-afternoon (1500 EDT), the sky
view factor (¥sy) best explained Ty and Kiqr, because ¥y is inversely
related to shade (Supplementary Fig. 2; Fig. 4). By 1500 EDT, ¥, also
had a significant positive relationship with L;,; because open surfaces
absorb more direct solar radiation and therefore emit more longwave
radiation. Ty and Kj,r were negatively correlated with Isgp since the
latter comprised buildings that provided shade. Multiple regression of
Ly against both ¥, and I36p yields a much stronger signal (Fig. 5b)
since ¥y serves to discriminate between sites with substantive imper-
vious structure, such as buildings, which provide shade and cooler
daytime surface temperatures, versus areas with higher impervious
cover at ground level, such as roads and parking lots, which heat up in
the mid-afternoon sun.

After sunset, Lo explained the majority of variability in Ty, (Fig. 6).
I360 was the best single predictor of Ty, and Lyq, indicating that vertical
and horizontal impervious surfaces emit more longwave radiation than

10

pervious surfaces and the sky, contributing to a higher Ty ¥y was
negatively correlated with both Ty, and Ly, as expected. P3¢ also had
negative correlations in Ty and Lj, due to the relative coolness of
pervious grass surfaces. The warming effect of Issp was clearer when
included as a predictor with ¥y in multiple linear regression. These two
variables explained most of the variability in Ty, (Fig. 5a), with the
majority of this explanatory power stemming from the corresponding
relation for L (Fig. 5¢).

3.2. Winter cold exposure during a clear sky day (Feb. 3, 2021)

3.2.1. Meteorological observations

The diurnal maximum and minimum air temperatures observed at
the University of Guelph Turfgrass weather station on February 3, 2021,
were -0.2 °Cand -9.6 °C, respectively. During the measurement period at
the University of Guelph’s main campus, the MaRTy cart recorded T,
reaching 0.0 °C at 1500 EST (site 22) and dropping as low as -3.3 °C after
sunset (site 4; Table 2). Despite much lower moisture content in the air,
RH in February was greater than in June. The average measurement for
all sites combined ranged from 51.5% at midday to 60.3% after sunset
(Table 2).

The warmest T observation was 5.4 °C at site 20 (¥, = 0.42)
above a concrete sidewalk at 1500 EST. Sites with snow surfaces expe-
rienced the coldest T readings after sunset and reached minimum
observed temperatures of -10.5 °C, -10.3 °C, and -7.9 °C (sites 22, 10,
and 23, respectively) (Table 2). T, peaked at 46.8 °C at a site over snow
and under a partial coniferous tree canopy (site 11, ¥, = 0.41) at 1200
EST. Ty varied by 51.2 °C between the warmest and coldest sites (sites
11 and 15, respectively) at this time, where site 15 was the concrete
tunnel that received negligible sunlight throughout the day. After sun-
set, site 15 had the highest Tp,+ (0.1 °C), while the lowest Ty (-11.6 °C)
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was an open, snow-covered location (site 22; ¥, = 0.80; Table 2).

In winter, wind speed often plays a critical role in determining
thermal exposure, though not always (Xiong & He, 2022; Xu et al. 2018);
thus, Tp,re alone is often less effective for determining pedestrian thermal
exposure variability than in the summer. Wind speed varied between
sites during the measurement period. The highest v was 3.6 m s in a
narrow sidewalk canyon (site 3) at 1500 EST. Early afternoon and night
measurements fell below 1 m s (Table 2).

3.2.2. Thermal stress and comfort indices

During the February 3rd measurements, UTCI reached a maximum
value of 18.0 °C during 1500 EDT at site 11, a snow-covered site with
modest tree cover and good southern exposure (Table 2 and Fig. 2). The
lowest UTCI value was observed at site 8 during midday (-13.0 °C) due
to shady and windy conditions (v = 2.8 m s'D in that canyon (Table 2).

13

3.2.3. Controls on Ty and directional radiation

While wind speed, air temperature, and humidity are important
controls on wintertime cold stress, we focus here on Ty, during condi-
tions where it is likely a substantial contributor to the spatial variation of
thermal stress: clear skies and light winds. Snow cover decreased T at
site 22 by 2.5-7.0 °C during the daytime radiative peak (1200 EST)
relative to comparable but snowless sites 19 and 21, resulting in a lower
Ljq (Table 2, Fig. 7a,d,g). At this time, the high albedo of the snow at site
22 (a ~ 0.50) yielded increased contributions to K, and Kj, exceeding
the decrease in absorbed longwave radiation due to the lower surface
temperature of snow, contributing to a relatively high T+ of ~45 °C at
this site, as well at three other sites with different ground covers that also
received full sun exposure (12, 19, 21; Fig. 7a,d,g,j).

After sunset (18:30 EST), Ty of the snow at site 22 was 5 °C colder
than the Ty of asphalt, concrete, and brick surfaces (Table 2). Site 22
had the lowest Ty, 1.5 °C to 6 °C lower than other open, impervious
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sites. It was the most thermally uncomfortable site with snow on the
ground (UTCI is 5 °C lower than at site 10, which is also snow-covered
but with lower ¥y, due to the proximity of buildings and trees;
Table 2). After sunset, sites with large Is5o values exhibited relatively
high Ly, values (Fig. 7). For example, sites 14 and 15 (Fig. 7f,i), whose
lateral impervious view factors were 94% and 99%, respectively, had
higher UTCI values (-4.8 °C and -3.3 °C, respectively) compared to the
average across sites (-6.6 °C).

Overall, sites that received direct sunlight during the day and
effectively reflected it back up toward the pedestrian (e.g., sites with
snow cover) were the most thermally comfortable. However, these sites
also resulted in the greatest cold exposure after sunset. Sites with direct
sunlight exposure and partial canopy cover better moderated thermal
exposure day and night (e.g., site 13).

3.2.4. Impacts of surface structure and cover on Tyt

Simple and multiple linear regression models were created to asso-
ciate variables quantifying thermal exposure (T, UTCL Ligr, and Kjqe)
with relevant exposures to sky and infrastructure as quantified by ¥y,
Is60, P360, and lateral snow (Snsep) view factors. See Aiello (2022) for
more information on development of the statistical models used in
February. These models exhibit moderate predictive value, with clearer
patterns observed after sunset (Figs. 8-11). Over the measurement
period, significance was not observed in simple linear regression models
that used Snsgp.

During midday and mid-afternoon, building shade as quantified by
I360, or conversely solar exposure as captured by ¥g,, were strong
predictors of Ty (Supplementary Fig. 3; Fig. 8). Thermal exposure was
again driven shade, especially during midday, as expressed by the
variation of Kj,s with impervious (i.e. building) fraction (Supplementary
Fig. 3; Fig. 8). A more minor effect is the increase of L, as a function of
impervious surface view factor during the afternoon (Fig. 8).
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After sunset, I35 became the strongest predictor of Ty, driven by an
increase in lateral longwave emitted from buildings and impervious
ground cover (Fig. 9). The magnitude of cooling was also strongly
associated with ¥y, resulting in reduced Ly, which contributed to
lower Ty and UTCI values (Fig. 9). Moreover, the combination of ¥,
and Snsep significantly explained nighttime T, reduction, largely due to
their impact on lateral longwave radiation, demonstrating that open
snowy sites emit less longwave radiation toward the pedestrian at night
(Fig. 10). These sites are the coldest sites measured in the current
sample.

3.2.5. Snow subsets

A subset of snow-only sites was created by omitting any site with an
I36p value ten times greater (or more) than its respective value of Snzgp.
Additional information regarding the snow subset of sites is found in
Aiello (2022). Within this subsample, Snzsp was a significant predictor of
spatial variation of several biometeorological variables between sites at
midday (1200 EST), including Ty, Kiat, and UTCI (Fig. 11), all of which
increased with higher snow cover. These relationships likely result from
the relatively high snow albedo (@ ~ 0.50), which transforms Koy, into
Kjq via reflection, and/or from the fact that sites with greater snow cover
typically have greater ¥, and, therefore, greater sun exposure.

3.2.6. Comparison between cold (Feb. 3) and hot (June 6) day
measurements

Solar radiation fluxes in February had a greater absolute and relative
impact on pedestrian thermal exposure despite longer daylight hours
and higher solar elevation angles in June (15.3h) compared to February
(10h), as seen by comparing Figs. 3 and 7. Select sites in February had
higher lateral shortwave radiation due to at least two potential factors.
First, sites containing snow had a higher surface albedo than any sur-
faces in June, allowing for the efficient transformation of shortwave
radiation incident on nearby snow-covered ground surfaces into Kj,; via
reflection. Second, a lower peak solar elevation in February (27°)
compared to June (63°) resulted in a greater contribution to Kjq,
increasing the solar energy felt by a standing pedestrian whose surface
area is mostly vertically oriented. Moreover, colder surface tempera-
tures in February resulted in a reduced magnitude of L; flux, increasing
the relative impact of K; flux on the reduction of cold exposure.

4. Discussion

We measured three-dimensional shortwave and longwave radiant
flux contributions to Ty, for different weather conditions in an urban
environment on the main campus of the University of Guelph, Canada
(43.53°N, 80.23°W), located in a humid continental zone (Dfb). Warm
weather observations were consistent with radiation fluxes on pedes-
trians in other summertime temperate climates at similar latitudes.
During July in Freiburg, Germany (48°N), Ty, peaked at 66 °C, and T,
reached a maximum of 35 °C (Ali-Toudert & Mayer, 2007). In August
and September in Pécs, Hungary (46.07°N), Ty, reached a maximum of
60 °C (Kantor et al., 2018). Lastly, during July in the high latitude city of
Goteborg, Sweden (57.70°N), T, peaked near 58 °C, a somewhat
smaller value than the observations in temperate climates (Lindberg
et al.,, 2008). In the extreme summertime heat of Tempe, Arizona
(33.43°N), T, reached 48.5 °C while Ty,+ peaked at 75 °C (Middel &
Krayenhoff, 2019). The current measurements found that Ty, displayed
the most variation between shaded and sunlit sites in the afternoon
(ATyye = 41 °C), followed by surface temperature (AT, = 31 °C) and air
temperature (AT, = 1.2 °C). Middel and Krayenhoff (2019) found
similar results except for larger AT, (4.4 °C). Our results highlight the
importance of radiative fluxes to the spatial variation of pedestrian
thermal exposure and comfort during hot weather in midlatitude sum-
mer climates, in line with previous work, and indicate that spatial
variation of warm weather (June and September) pedestrian thermal
exposure was largely controlled by T, especially in low wind
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radiation (Ki,), and the Universal Thermal Comfort Index (UTCI) for a subset of measurement sites during solar maximum (12:00 EST) on February 3rd, 2021. p <

0.05 for all regressions.

conditions.

Radiative flux observations taken between November 2017 and
January 2018 in Harbin, China present the only other cold-weather
study with explicit six-directional radiation measurement (Du et al.,
2020b), with daily average values of T, ranging from -16 °C to -10.5 °C
between sites, and Ty, measurements ranging between -7 °C and 52 °C,
similar to the range obtained from Guelph on February 3, 2021 (-11.6 °C
to 46.8 °C). A drawback to using Tp to assess wintertime thermal
exposure derives from the high relative importance of wind speed (v). v
is an important component of UTCI and cold exposure more generally.
For example, metrics such as the wind chill temperature rely only on the
combination of T, and v (Osczevski & Bluestein, 2005). Because Ty
only captures pedestrian radiation exposure, other metrics should be
considered in wintertime thermal comfort research. Limitations in the
temporal sampling of v in this study may have caused some lack of
representativeness in resulting UTCI values, with our short measurement
periods at each site probably unable to account for the mean impacts of
wind fluctuations.

Studies during summer heat wave periods have shown how the use of
high-albedo materials decreases air and surface temperature but addi-
tionally increases the reflection of shortwave radiation toward the
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pedestrian, elevating heat exposure (Erell et al., 2014; Lee & Mayer,
2018; Middel et al., 2020; Schneider et al., 2023). In winter, snow sur-
faces can mimic the reflective effects of high-albedo materials,
depending on the age and cleanliness of the snow. Thus, snow surfaces
may be beneficial in the reduction of daytime pedestrian cold exposure.
The current measurements in February demonstrate that near the day-
time peak of solar radiation (1200 EST), four of the top five most
comfortable locations, as classified with UTCI, were over snow, with the
final location being over a light concrete surface. After sunset, sites over
snow became more uncomfortable than other sites on average, depen-
dent on ¥y, and proximity to building cover, largely because of the low
nighttime surface temperature of snow relative to different surfaces with
higher thermal admittance.

The sensitivity of PET and UTCI to their constituent meteorological
variables for the June and February measurement days revealed that
both indices were more sensitive to T, than to T+ (Supplementary
Figs. 9 and 10; Aiello, 2022), consistent with the hot, dry conditions
examined by Middel and Krayenhoff (2019). However, in June, T
effectively captured the large spatial variation of pedestrian thermal
exposure, unlike T,. Moreover, PET and UTCI were not used to analyze
warm weather days because T+ could explain most of the spatial
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variation in each index (R? = 0.953; Aiello, 2022). For analysis of winter
(e.g., February) measurements, UTCI was preferred over PET due to its
dynamic clothing model, and it was used instead of T, because it
captures the impacts of other meteorological variables, especially wind.
UTCI was deemed a strong predictor of cold weather thermal sensation,
outperforming PET and Standard Effective Temperature (SET), modelled
during winter in Harbin, China (Chen et al., 2020). There are few, if any,
cold weather studies that have gathered detailed radiative flux mea-
surements to determine pedestrian thermal comfort using UTCI, and
future research should expand upon this gap to gather accurate thermal
comfort measurements for cities that experience cold winters.

This study investigated microscale controls on Ty, during warm and
cold weather conditions by evaluating directional shortwave and long-
wave radiation fluxes, weighted to represent the radiative exchanges
experienced by a pedestrian. Summertime radiation flux results were
consistent with studies in Tempe, Arizona (Middel & Krayenhoff, 2019)
and Freiburg, Germany (Ali-Toudert & Mayer, 2007; Lee et al., 2014):
Ljqe provided the majority of the radiative heat exposure on a pedestrian,
with K; determining where maximum heat exposure occurred, depend-
ing primarily on shade during daytime. Cold weather relationships were
consistent with a study in Harbin, China (Du et al., 2020b), with K;
having a proportionally higher impact on mitigating cold exposure since
cold surfaces emitted less longwave.

For the clear sky cases examined here, shade was the most important
factor determining daytime radiative exposure during all seasons, with
surface ground cover having a secondary effect, particularly during
summer (Figs. 3 and 4), consistent with the findings of Lindberg et al.
(2016) for London, England. Influences on Tpyy, including sky, imper-
vious and pervious view factors, were consistent with Middel and
Krayenhoff (2019) in summer and Du et al. (2020b) in winter. In the
current measurements, the increase in longwave radiation incident on a
pedestrian as a function of the increased impervious surface view factor
was more evident in the summer than during winter. June measure-
ments of Ty over grass were up to 10 °C cooler than over impervious
surfaces, independent of sunlight hours received per site, affecting Ty
as a result. This relationship was also present during February, but
replacing pervious grass with cold snow surfaces resulted in a unique
outcome during daylight hours: decreased longwave radiation from the
colder snow was more than balanced by increases in reflected shortwave
radiation. When not sunlit, snow can become much colder than imper-
vious surfaces due to its insulating properties. This effect can be
particularly strong with sufficient sky exposure and, therefore, reduced
incoming longwave radiation.

Impacts of surface structure and cover on T, are quantifiable from
the results. At 1500 EDT on June 6, a ¥, reduction of 0.1 decreased Ty
by 3.6 °C on average, driven by the lower magnitudes of shortwave and
longwave radiation at sites with smaller ¥, (R2 = 0.63). When un-
shaded, Ty, over grass was 4 °C lower than that over asphalt and 8 °C
lower than that over concrete in part because the Ty of grass was 14 °C
and 21 °C lower than the T of concrete and asphalt, respectively. At
night (2200 EDT), the combination of sky view factor ¥, (cooling) and
lateral impervious view factor Issp (warming) best explained T, vari-
ation (R? = 0.85).

On Feb. 3, increasing access to the sun (i.e., a 0.1 increase in ¥,)
increased Tpr and UTCI by 6.1 °C and 2.3 °C, respectively, for the lo-
cations and times studied here (R?> = 0.34 in each model). At night
(18:30 EST), this effect was opposite and smaller, lowering Ty, and
UTCI by 1.1 °C and 0.63 °C, respectively, per 0.1 increase in ¥g.
Combining ¥y, and Snzep explained most variation in Ty (R?=0.72) at
night, with higher pedestrian exposure to sky and snow yielding lower
Trrt

It is worth noting that pedestrians can choose different locations
within the built environment to reduce thermal stress, for example by
walking on the shaded side of the street during hot afternoon conditions
(i.e., thermal adaptive behavior). However, our objective here is to
examine the pedestrian exposure that would occur in a variety of
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locations with differing local ground cover and built/tree geometry, in
order to better understand the physics of what makes for low compared
to high thermal stress conditions. This knowledge can then be applied to
design streets and urban spaces that have a greater spatial coverage of
thermally comfortable spaces.

There are a number of helpful extensions to the research undertaken
herein. In each season of data collection, combined lateral tree and grass
cover (Ps3gp) did not effectively explain the variation in Ty, or UTCI,
highlighting the need for a greater diversity of sites containing trees,
grass, and green walls to explain their impact on thermal exposure. The
use of separate vertical (e.g., tree) and horizontal (e.g., grass) pervious
view factors would assist. Similarly, impervious view factors should be
separated into vertical and horizontal components to disentangle their
radiative (e.g., building shade) and heat storage (e.g., warm asphalt)
impacts. Future research into cold weather pedestrian thermal exposure
and comfort using UTCI should focus on alternative methods to collect
wind speed data to better represent the hourly average wind experi-
enced at a site. Intra-hourly wind speed measurements would capture
the variation introduced by gusting conditions, resulting in a better
characterization of wind speeds at each site.

Finally, the six-directional method permits evaluation of the direc-
tional loading of shortwave and longwave radiation on pedestrians, thus
enabling refined assessment of the impacts of different surface struc-
tures, covers, and materials, as well as their spatial configuration, on
pedestrian thermal exposure. This additional radiative flux information
can be used to evaluate advanced models of pedestrian thermal exposure
that capture detailed spatio-temporal variation of surface temperature
and directional longwave (and shortwave) loading on pedestrians (e.g.,
TUF-Pedestrian; Lachapelle et al. 2022). Recently, Jiang et al. (2023)
used the dataset presented here to further evaluate TUF-Pedestrian.

5. Summary and conclusions

Six-directional shortwave and longwave radiation, air temperature,
humidity, and wind speed were collected on September 15, 2020,
November 28, 2020, February 1st and 3rd, 2021, and June 6, 2021, in
Guelph, Canada, using a mobile human-biometeorological weather
station (MaRTy). Measurements were gathered during hourly transects
at 23 unique locations (21 in February) at the University of Guelph main
campus, with shade at each location provided by buildings and trees and
surface ground covers consisting of asphalt, concrete, brick, grass, or
snow in winter. It was one of the hottest June 6 days on record, with
peak measured air temperature (T,) of 31.9 °C. On February 3, measured
air temperature (T,) dropped as low as -3.3 °C.

5.1. Summary of findings

5.1.1. June 6, 2021 (extreme heatt day)

At 1500 EDT, the thermal index UTCI reached a spatial maximum of
40.2 °C at site 19 (new concrete) in direct sunlight. At this time, the most
thermally comfortable locations exhibited a low sky view factor (¥,)
and were shaded by trees or buildings, with UTCI 6 °C-10 °C lower than
the spatial maximum. At all times of day, longwave fluxes contributed
more to overall Ty, than shortwave fluxes, providing a baseline level of
thermal exposure. Shortwave radiation fluxes provided most of the
spatio-temporal variation of Ty, with sites in direct sunlight experi-
encing the highest levels of outdoor thermal exposure. During the day-
time, Ty varied by as much as 41.3 °C between fully shaded and
unshaded sites. Results indicate that daytime pedestrian T, is reduced
during hot, humid weather in Guelph with increased shade and
secondarily by replacing impervious surface cover with pervious mate-
rials. At night, increased sky view factor and decreased lateral imper-
vious view factor were similarly predictive of Ty, reduction.

5.1.2. February 3, 2021 (cold day with snow cover)
During daytime, the spatial variation of UTCI reached 31 °C, ranging
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from -13 °C (shaded) to 18 °C (unshaded). At night, open sites became
coldest, with UTCI ranging from -12.7 °C to -1.8 °C. Similar to June,
UTCI was more sensitive to changes in T, than Ty, per degree Celsius
(Aiello, 2022); however, Ty better captured the spatio-temporal vari-
ation of thermal exposure experienced between sites with high and low
¥sky- After sunset (18:30 EST), the thermal index UTCI averaged -6.5 °C
across all sites and reached a minimum of -12.7 °C at site 21 (asphalt
under open skies).

During the day, shortwave radiation was the largest component of
both Tp,r and UTCI at partially or fully unshaded sites. Shortwave ra-
diation proportionally had a much stronger impact on outdoor thermal
exposure than in June, since colder surface temperatures meant long-
wave radiation was smaller in magnitude. Moreover, the presence of
snow during daytime increased shortwave radiation fluxes (as evidenced
by greater values of Ky, over snow) by means of reflection, alleviating
cold exposure. The thermal drawback related to snow occurred after
sunset, when sites with more snow cover had the coldest surface tem-
peratures, by up to 8 °C relative to sites surrounded by impervious
surface covers. The relatively low snow surface temperature resulted in
smaller magnitudes of upwelling longwave radiation and lower average
Tmre and UTCI (8.7 °C and 3.3 °C lower, respectively) at these sites.

5.1.3. Year-round pedestrian thermal comfort

In June, recommendations involve adding shade and replacing
impervious surface cover with pervious cover to alleviate heat exposure.
In February, shade amplifies the impacts of daytime cold exposure,
creating thermally uncomfortable pedestrian environments. Daytime
cold exposure was alleviated with access to open, sunlit areas in winter.
Deciduous tree cover could present a dual benefit in alleviating heat and
cold exposure in each season by providing canopy shade in summer and
allowing sunlight to reach pedestrian areas in winter when leaves drop
in the autumn months. Alternatively, artificial shade in summer could
provide benefits similar to trees without watering, leaf collection, and
maintenance, provided it is removed in winter to allow greater solar
irradiance at the pedestrian level. In winter, snow increased reflected
shortwave radiation, improving pedestrian thermal comfort, suggesting
that leaving fresh snow adjacent to pedestrian areas may be helpful
(albeit not so after sunset).
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