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Abstract: In summer, urban heat islands increase building cooling demands, aggravate air pollution,
and cause heat-related illnesses. As a mitigation strategy, reflective cool pavements have been
deemed an effective measure to decrease the temperature in urban areas. However, the reflection
of paved streets in an urban area will be different from that in an open area. It remains unknown
which fraction of paved streets needs to be cooled upmost, and if increasing the albedo of paved
streets can effectively reduce their temperature. This study measured the skin temperature of two
urban mockups, of which one contained white streets and the other, gray streets. The streets were
orientated at different strikes. It was found that in summer the East-West street was hotter than both
the cross street and the South-North street. At nighttime, the heat released from building blocks kept
the paved street about 0.2 °C hotter than paved areas in open spaces. It was also found that street
orientation controlled the skin temperature of an urban street while the sky view factor (or building
height and street width) acted in a secondary role only. Increasing the albedo of the paved street in
an urban canyon effectively reduced the skin temperature of the street. Reflective pavements should
be built preferentially on East-West streets and the cross streets.

Keywords: urban street; temperature; thermal comfort; sky view factor; cool pavements; street

orientation

1. Introduction

Urbanization alters the thermal environment from its natural conditions by replacing
natural evaporable soils and green coverings with paved streets and building blocks. Both
the buildings and the streets create a space that is similar to a canyon, which is termed
an urban canyon. Solar irradiance to an urban canyon is entirely different from solar
irradiance on natural ground in an open space. Photons reflected from paved streets can
be captured by the adjacent buildings [1-4]. Heat absorbed by the urban street cannot
discharge as it does in rural area because the radiant heat re-radiates between buildings
and because the sensible heat is retained in the canyon due to the reduction of air flow [5].
As a consequence, cities experience elevated air temperature, a phenomenon that is termed
an urban heat island. The urban heat island effect directly reduces the thermal comfort of
the cities” residences [6-10], reduces the urban environmental quality [11-13], increases the
urban energy usage [14,15], and causes other heat-related health problems [16-18].

As paved surfaces make up 20-40% of urban texture, the implementation of cool
pavements as a strategy for mitigating the urban heat island effect has recently gained
momentum [19-22]. Reflective pavement is a type of “cool pavement” that can reflect
more sunlight than convectional pavements. Due to this feature, reflective pavements are
expected to be built in places that have long isolation time, and that are exposed to strong
solar irradiance. As the solar irradiance to an urban street is different from that to a paved
surface in open area, whether a reflective pavement in an urban canyon can effectively
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reduce the skin temperature remains unknown. By studying the shady area of an urban
space, Takebayashi et al. [23] found that reflective cool pavements should be considered on
the north sides of East-West streets and the centers of North-South streets. It was also found
that the thermal comfort of an urban canyon is jointly influenced by the sky view factor,
the ratio of building height and street width, and the street orientation [24-27]. While the
skin temperature of an urban area has been widely modelled, the skin temperature of an
urban street is seldom measured, which is important to precisely decide which fraction of
urban texture needs reflective pavements most.

This study measures the skin temperature of two square urban mockups to understand
the temperature of paved streets. Gray concrete cubes were placed on a flat paved surface
to represent the building blocks in an urban area. The paved surface under the cubic
blocks was set as a gray substrate and a white substrate, respectively, for representing a
gray paved street and a white one. Adjacent to the square mockups, a gray paved square
and a white paved one were prepared to compare the paved skin temperature in a paved
street to a paved surface in open area. The skin temperature of the two mockups and the
two open squares were measured simultaneously on typical summer days to conclude
whether reflective pavements in urban area can effectively decrease the skin temperature
of paved streets.

2. Experiments

Typically, an urban canyon consists of building blocks and urban streets. To make
the street high-reflective, we painted a 2.2 m x 2.2 m square on the flat roof white. After
the paint hardened, concrete cubes with an edge length of 0.15 m were arranged on the
white square such that the space between two adjacent blocks was set as 0.15 m. In this
setup, the cubes represented the building blocks and the area uncovered by the cubes stood
for high-reflective paved streets. Considering that urban buildings are usually gray, we
painted the hardened concrete cubes gray before placing them on the white square. At
1.5 m from the white square, a new square area was painted gray with the same color as
the paint on the concrete cubes. Upon the gray square, the same type of concrete cubes
were placed in order to mimic the urban area with a gray street. The morphology of
the two urban mockups was exactly the same. Parallel with the urban mockup with the
white paved street, another white square with the same length was painted to mimic a
high-reflective pavement in an open area. Similarly, parallel with the gray urban mockup,
a new gray open square with the same length was prepared. The geometry of the four
urban squares can be seen in Figure 1.
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Figure 1. Two urban mockups and two open squares with the same size side-by-side for determining
the temperature difference between pavements in urban areas and in open areas.
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The solar reflectance spectrum of the white paint and of the gray paint on concrete
surfaces was tested using a Lambda 900 with an integral sphere. Each paint was sprayed
onto six hardened concrete slices. Weighing the solar reflectance with the spectrum of
air-mass on global horizontal solar irradiance, it was found that the albedo of the white
paint was 0.55 + 0.03 and of the gray paint was 0.30 + 0.02, see Appendix A. To get the
temperature of the paved street in an urban area, thermocouples were anchored to the
paved street on the urban mockup to measure the local temperature. Considering the
thermal symmetry of the mockup, temperatures of the East-West street, South-North street
and cross street were measured. In addition, the skin temperature at the centers of the
white open square and of the gray open square were measured simultaneously. To get
the true temperature, the thermocouple was mounted on a copper plate, which was then
anchored to the designed place. The plates, thermocouple tips, and lines were then painted
unicolor to minimize the thermal disturbance caused by the measurement. Thermocouples
were deployed as indicated in the Figure 2.
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Figure 2. Schematic show of thermocouples that were installed to log the temperature of places
in the urban mockup with gray streets. While the thermocouples did not cover the entire street in
the representative area, the temperature of the entire street can be extrapolated due to the thermal
symmetry of the streets.

The experiment was conducted on the rooftop of a building in Guangxi University,
China (latitude, 22.84 and longitude 108.29). The temperature data were logged by three
Campbell CR3000s simultaneously at an interval of 60 s. The experiment began from 19
June 2018 to 24 June 2019, a period that was partially sunny.

3. Results
3.1. Skin Temperatures of an Urban Street

The skin temperatures at different places in the gray streets were different by less
than 2 °C at solar noon (Figure 3). As indicated in Figure 3, the temperature contour
was different place to place, but a closer look found that the highest temperature was
approximately 49 °C, while the lowest temperature was close to 47 °C. The maximum
difference was about 2 °C. As a result, there are some small difference at temperature
contours across the street, possibly because of the measurement error of the thermocouple
sensors. The small difference in the skin temperature is because at solar noon, the sun
is right above the urban street so the solar irradiance on the street is similar. While the
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temperature difference is small, one can find that the East-West street is hotter than both
the cross street and the South-North street.
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Figure 3. Skin temperature of the typical gray street of the mockup at the solar noon on 21 June.

The skin temperature of the gray street told a different story at 15:00 (Figure 4). At
this time, the skin temperature of the urban street peaked because the surface temperature
of an un-evaporable surface usually peaks three hours behind the solar noon [28]. At 15:00,
the sun stays at the West; as a result, the West side of the urban street is shaded by the
blocks and thus is the coolest place across the street. At this time, the cross street and the
East-West street is still insolated by the sun and thus is still hot. The difference of the skin
temperature in this study was magnified, with a maximum temperature approaching 49 °C
and a minimum close to 43 °C. This different temperature and temperature contour infers
that during daytime, the most effective way to reduce the skin temperature of an urban
street is to increase the shady area.
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Figure 4. Skin temperature of the typical gray street of the mockup at 15:00 on 21 June.

The skin temperature of the gray street at 24:00 was different from that at other times
(Figure 5). The magnitude of the difference of the skin temperature at different places
decreased to a range of 0-1.0 °C. At this time, the cross street was the coolest place because
the sky view factor of the cross street was greatest compared to that of both the East-West
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street and South-North street. The influence of the sky view factor on the skin temperature
of the paved street could be seen from the skin temperature of the place that was closest
to the building wall, which was 0.1-0.3 °C hotter than the skin temperature at the middle
of the street. Similarly, the East-West street was about 0.1-0.2 °C cooler than that the
South-North one. This difference was due to a marginal measurement error. The difference
may also be because turbulence convection at the measurement time was different. This
experiment reveals that the sky view factor has a limited effect on the skin temperature of
paved streets.
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Figure 5. Skin temperature of the typical gray street of the mockup at 24:00 on 21 June.

The mean daily skin temperature across the street on 21 June is shown in Figure 6. It
was found that the South-North street was the coolest place on the urban street. This is
reasonable, because some parts of the South-North street were shaded, except for at the
solar noon. This further substantiates that increasing the shady area is the most effective
strategy for reducing the temperature of urban streets. The hottest place was the East-West
street. The reason for this was that the East-West street received greater solar irradiance
than the South-North street, but had a lower sky view factor than the cross street. The
hottest place on the East-West street was the middle of the street for the reason that the
places closer to the building blocks were shaded for some time due to the variation of
the solar position during the course of the day. The cross street had the greatest sky view
factor to dissipate heat at nighttime, but it received the greatest solar irradiance at daytime;
the mean daily temperature of the cross street was thus somewhere between that of the
South-North and East-West street.

It is a surprise that the East side of a South-North street was cooler than the West
side. This thermal asymmetry may be caused by the different solar irradiance during
the measured day, at which the solar irradiance at the afternoon is smaller than that
at the morning. To better understand the cause for this thermal asymmetry, the mean
skin temperature of the urban street during four continual measured days are plotted in
Figure 7. It was found that the four-day mean skin temperature of the street, in pattern and
in distribution, was highly similar to the mean skin temperature of the street on 21 June.
This similar temperature contour further confirms the phenomenon that the East site of the
South-North street was cooler than the West site. The difference was 0.3-0.6 °C, but the
reason behind this difference needs further study.
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Figure 6. Mean daily skin temperature of typical gray streets of the urban mockup on 21 June 2019.
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Figure 7. Four-day mean skin temperature of the typical paved street in the urban street mockup
from 19-23 June 2019.

3.2. Reducing Skin Temperature by Increasing the Street Albedo

It is well-known that increasing the albedo of a paved area in an open space reduces the
skin temperature effectively. The temperature reduction is compromised somewhat when
the paved area in an urban area is made high-reflective. This study measures temperatures
at the centers of a gray urban mockup, of a white urban mockup, of a gray open square, and
of a white open square simultaneously. As shown in Figure 8, the center of the gray urban
mockup was 5-10 °C cooler than that of the gray open square. This difference is reasonable,
because compared to the gray streets at the center of an urban area, the center of the gray
open square receives more sunlight and is exposed to longer isolation. It is interesting that
at daytime, the temperature at the center of the white urban mockup was almost equal to
the temperature at the center of the white open square. This equality of temperature means
that if the urban street was made high-reflective, the solar trapping effect of an urban area
would play a secondary role in the skin temperature variation. Another interesting result in
Figure 8 is that at nighttime, the paved areas in the open squares were always about 1-2 °C
cooler than those in the urban mockup. One reason for this difference is that concrete cubes
reduce the sky view of the paved areas in the urban canyon. Another reason is that in the
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urban mockup, the heat emitted from the concrete cubes was absorbed by the paved area,
making the paved area in the urban canyon hotter.
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Figure 8. Daily temperature series at the center of the gray unban mockup, of the white urban
mockup, of the gray open square and of the white open square. Noted: subscripts o = open square,
m = mockup, ¢ = center, g = gray, and w = white

Due to the shading effect of the urban canyon, the reflective paved street in the urban
mockup could not be cooled in the same way as those pavements in an open area. To
estimate this difference, Figure 9 compares the time serials of Tocg — Tocw and Tmcg — Tmew
(subscripts o = open square, ¢ = center, g = gray, and w = white). It was found that making
the pavement high-reflective reduces the skin temperature up to 20 °C in an open area and
up to 10 °C in an urban canyon, substantiating the claim that increasing the pavement in an
urban area effectively cools the pavement. At nighttime, the influence of albedo on the skin
temperature of paved streets vanishes. To further demonstrate this effectiveness, the ratio
8 = (Tmcg — Tmiw)/(Tocg — Tocw) Was calculated to illustrate the effect of using reflective
streets in urban areas. The value of 6 was set from 0 to 1.0, with 0 for full discount and 1.0
for no discount. It was found that & varied somewhere between 0 and 1.0. The average of &
was 0.786; the discount was 0.214. That is, if increasing the albedo of a paved surface in an
open area decreases the skin temperature by 10 °C, the same albedo increment for a paved
street in an urban area would be 7.86 °C. One can conclude that increasing the albedo of
paved streets effectively reduces the skin temperature of the street in an urban morphology
such as the mockup.
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Figure 9. Time serials of Tocg — Tocw and Tmeg — Tmew (subscripts o = open square, m = mockup ¢ = center, g = gray, and

w = white).
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4. Discussion

The results in the above section show similarities and differences to the studies on the
H/W (H = building height, W = street width) aspect ratio, street orientation, and sky view
factor on urban microclimates (Table 1). Theoretically, the H/W ratio is proportional to
the sky view factor of the street. As indicated in some studies [27,29-31], pedestrians feel
thermally comfortable in cases of H/W > 1.0, while the region and the local climate act
in a secondary role. For instance, Harbich et al. [29] found that a H/W ratio up to 2.0 is
enough to improve the thermal comfort in urban area, and that this ratio can be lowered
to about 0.5 in cases of shading. This finding is actually coincident with the findings in
this study, which indicate that the cross street is not the hottest place, although the solar
irradiance on this street is the largest. However, the difference between temperatures
in the cross street and the East-West street was very small, except for the time close to
the solar noon. This infers that the orientation of the urban street is more important to
determining the thermal comfort of an urban canyon than the sky view factor or the H/W
ratio. According to Toudert et al. [32] and Kruger et al. [26], street orientation dominates
the microclimate in an urban area, while the sky view factor plays a secondary role. As
shown by the temperature measurements in this study (Figures 4, 6 and 7), pedestrians on
South-North streets would be more thermal comfortable than those on East-West streets.
While the skin temperature cannot equate to the thermal comfort, which is determined
jointly by air temperature, wind, humidity and insolation, thermal comfort decreases with
the increase of the skin temperature of the streets. Therefore, the findings in this study are
coincident with published articles [33-36].

The findings in this study also confirm the importance of increasing the shady areas
in an urban space to improve the thermal comfort of the urban area. As indicated by the
temperature contours in the above section, daily solar radiation on a paved street controls
the skin temperature. In published articles [35-39], mean radiant temperature is scalar
to determine the thermal comfort in an urban area. Without shading, pedestrians will be
exposed to sunlight directly, reducing their thermal comfort [40]. When thermal comfort is
considered, the shading factor can dilute the importance of other variables such as urban
albedo, green ratio, and orientation [23,41]. According to Yuan et al. [38], the optional
shading ratio in an urban area is 40%, while a high ratio could suffocate air convection. A
summary on the influence of shady areas on the thermal comfort of an urban area can be
found in Table 1.

Keeping in mind that this study reports the skin temperature of urban streets while
others focus on thermal comfort, one can find that the urban geometry used in this study is
very limited and cannot fully represent the cases of other urban morphologies. The building
blocks are concrete cubes that do not have hollow spaces. Further works are expected to
explore the impact of different canyon geometries, concrete block sizes, and pavement
colors (i.e., albedo of paved streets) on the pavement surface temperature. Further studies
are also expected to understand the temperature of paved streets over a long time and
in different regions. In this study, the experiment time ranged from June 19-24. Within
this time spell, the sun was almost right above the experiment location. As a result, the
East-West street was exposed to long and strong sunlight during the daytime. At other
dates, the solar position would have been different, so the sunlight falling on the paved
street would have been different. The temperature of a paved street in an urban canyon
would be different accordingly. In addition, this experiment was conducted in a city near
the Tropic of Cancer. At other locations (different latitudes), the sunlight falling on the
street would be different. However, as the skin temperature is closely correlated to the
solar irradiance on the surface, it is believed that the skin temperature shown in this study
is similar to the surface temperature of paved streets in real urban areas.
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Table 1. Studies on the H/W aspect ratio, street orientation, and sky view factor on urban microclimates.

Reference and Location

Results

[34]

Camaguey, Caba
[35]

De Bilt, Netherlands

[33]
Stuttgart, Germany

[29]
Campinas, Brazil

[42]

Rome, Italy

[30]

Tunis, Tunisia

[31]

Island of Tinos, Greece
[36]

Freiburg, Germany
[37]

Colombo, Sri Lanka
[25]

Putrajaya Boulevard,
Malaysia

[26]

Curitiba, Brazil

[32]

Ghardaia, Algeria
[38]

Osaka, Japan

[41]

Shanghai, China

[23]

Osaka, Japan

[27]

Constantine, Algeria

Thermal comfort of a street is dictated by aspect ratio and street orientation; South-North streets
provide better thermal comfort than East-West ones.

Urban form determines duration of direct sun and mean radiant temperature, with the hottest
situation on the East-West street.

The sky view factor of urban streets in the Northern hemisphere is decisive to the heat stress of the
urban canyon. A street canyon with an H/W-ratio of at least 1.5 seems to be the best option to reduce
heat stress.

An H/W ratio up to 2 increases shade and improves thermal comfort during the daytime more than
other ratios. Forestry management and green areas increase the shade on facades and pedestrian
routes and enhance the microclimate, particularly for H/W less than 0.5.

Shaded areas are directly correlated to thermal comfort values, which are depicted by the
physiologically equivalent temperature.

For all configurations, a South-North street exhibits the best thermal comfort, while the thermal
comfort of an East-West street is the worst.

South-North streets exhibit good thermal comfort in cases of H/W < 1.3, but in case of H/W > 2.0
show similar thermal conditions to other streets.

North-South and East-West streets are the two extrema, with the highest mean radiant temperature
for North-South and the lowest values for East-West.

The temperature differences between sunlit and shaded urban surfaces reached 20 °C, highlighting
shade as the main strategy for lowering air and radiant temperatures.

The sky view factor of an urban street is not the decisive factor influencing urban canyon
microclimates or heat islands, unless the orientation of the urban street is considered.

The sky view factor correlates strongly to the nocturnal heat island but weakly to the daytime
temperature, which is dominated by solar irradiance.

South-North streets cause less heat stress in its duration and intensity, whereas East-West streets are
thermally uncomfortable for a much longer time.

Increasing the urban green covering around a city up to 40% improves the urban microclimate, but
further increments are compromised of the air convection.

At daytime the shading factor overwhelms the green ratio and surface albedo; at nighttime,
anthropogenic heat and sky view factors control thermal comfort.

Aspect ratio W/H dominates daily net solar-irradiance gains on roads. Reflective cool pavements
should be considered on the North sides of East-West streets and at the centers of North-South
streets.

H/W ratio and the sky view factor are decisive factors for the observed air temperature in urban
areas.

Note: H = building height, W = street width.

5. Conclusions

This study measured the skin temperature across an urban mockup as an attempt
to understand the surface temperature distribution in a real urban canyon. It was found
that in summer the East-West street was hotter than the cross street and the South-North
street, with a difference of about 3-5 °C at daytime, and 0.1-1.0 °C at nighttime, and with
0.1-0.3 °C daily mean skin temperature. At nighttime, the heat release from buildings can
keep the paved street at about 0.2 °C hotter than paved areas in open spaces. It is also found
that a paved street in an open square is hotter than a paved street in an urban mockup due
to the shading effect. Our findings substantiate the claim that street orientation controls the
skin temperature of an urban street while the sky view factor (or building height and street
width) acts only in a secondary role. Increasing the albedo of a paved street in an urban
canyon can effectively reduce the skin temperature of the street, although there is some
discount (about 0.124). Further studies are also expected to understand the temperature of
paved streets over a long time and in different regions.
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Appendix A

Figure A1 shows the global horizontal solar irradiation during the experiment, which
lasted for four days. Days are attributed to partially sunny days.
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Figure A1. The global horizontal solar irradiance during the experiment.
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