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ABSTRACT

The Urban Heat Island (UHI) phenomenon has been observed in hundreds of cities across the world, which have
been shown to be warmer than adjacent rural areas. Within a city however, the heterogeneity and large
number of variables acting simultaneously can make it difficult to understand how UHI develops at a microscale.
Urban roads can have different materials and layered structures (collectively called ‘pavement geometry’) in a
city and can also be positioned differently with respect to the urban form. A three-factorial analysis was
performed using an uncoupled pavement-3D urban canyon model to investigate how pavement geometry,
urban form, and meteorological conditions affect microscale UHI. Representative temperature data from
Chicago, USA was obtained and the UHI in a simulated urban area was evaluated for the warmest and coldest
hours of the year. During the warmest hour, urban form and pavement geometry could increase the microscale
UHI by an additional 3°C at distinct spatial locations. Whereas, during the coldest hour which included no
sunlight, urban form played a more significant role to locally increasing the UHI by 1 to 1.5°C. Additionally, in
closed urban canyons with constricted wind flows, pavement geometry has a particularly important role to play,
whereas in more open spaces, the wind flow pattern affects the UHI. Ultimately, multiple microscale UHI case
studies are recommended for individual cities to factor in the large number of site-specific variables.

INTRODUCTION

The continuing growth of cities across the world brings with it several environmental challenges. Among them is
the Urban Heat Island (UHI), a phenomenon in which urban areas sustain a higher temperature than adjacent
rural areas. UHI has been observed in several cities across the world (1,2,3,4) and has been found to be
increasing over time with increasing urbanization (5). The UHI in Chicago was one of the reasons attributed for
the death of over 500 people in the 1995 heat wave (6), and has been shown to increase average water
consumption in Phoenix, Arizona (7). The UHI intensity (AT,,.) is defined as the difference between the urban
and rural temperature, and can be measured at any height. Specifically, the UHI intensity at canopy height
(about 2 m above ground level) is most relevant, as it is at this height that most outdoor human activity takes
place. This intensity has been observed to vary from less than 1°C to over 10°C, and varies with time and
location, both geographically and within a city (8,9). Furthermore, UHI can be studied at a mesoscale, covering
entire cities, or at microscale, covering only some parts of a city. In this study, microscale UHI was of interest as
it allows pavement engineers to assess the impact of individual roads, including its layered structure,
construction materials, and geometry, on the surrounding urban environment.

UHI is caused by several factors, including anthropogenic heat, increased absorption of solar radiation by
construction materials, and the loss of natural vegetation and evapotranspiration (10,11). Man-made surfaces
made of construction materials can be broadly classified into three categories in cities: roads, roofs, and walls.
Several past studies have examined the role played by pavements in the UHI (12,13) and ways to mitigate those
effects using ‘cool pavements’ with a high surface albedo (14) as well as by modifying the pavement structure
(15). However, these studies consider only specific materials and pavement structures, and discuss only their
impact on a city when applied uniformly. Whereas, in practice, cities consist of many different types of
pavements — both in terms of structure and materials — whose aggregate impact on cities has not been
sufficiently examined. Furthermore, even pavements made of the same material have different thermal
properties depending on their age and exposure to the environment (16,17) and the varying impacts of new and
aged pavements have not been adequately studied. In this paper, the material, structure, and relative position
of pavements are collectively called ‘pavement geometry’ for brevity.




In addition to pavement geometry, the shape and size of the surrounding buildings with respect to the road
(collectively called the urban form) has also shown to affect UHI intensity (18,19,20,21,22,23) by altering wind
flow patterns and developing vortices in urban canyons, which in turn affects convective cooling and
temperature advection (24,11). Because these wind flow patterns tend to be highly non-linear, there is no
simple relationship between canopy temperature and surface temperature of roads in an urban environment.
Thus, it becomes necessary to use principles of Computational Fluid Dynamics (CFD) to examine the combined
impact of pavement geometry and urban form, as well as meteorological factors like wind speed and solar
radiation.

Previous studies (20,18,21) have examined either the effect of uniform pavement geometries on different urban
forms, or varying pavement geometries for a single urban form (15). However, a more practical case would be to
vary both simultaneously. In this study, the authors extend a previous 2D study (21) to a 3D uncoupled
pavement-urban canyon model with varying urban form and pavement geometries. This analysis framework
allows researchers, transportation engineers, and urban planners to make project level decisions to mitigate
UHIL.

METHODOLOGY

Scope

This study was a three-factor analysis of the impact of pavement geometry, urban form, and time of day on the
average canopy-level temperature, defined as 2 m above ground level, in a simulated 3D urban environment in
Chicago, USA. Chicago has a northern, continental climate with cold winters and hot and humid summers.
Pavement geometry was varied by using three different types of pavements, with age of the pavements being a
factor in the analysis. Urban form was varied by considering two different building heights: 5 m and 20 m.
Finally, the time of day was varied by choosing the warmest and coldest hours from a statistically representative
Typical Meteorological Year (TMY) (25) following the approach in a previous work by the authors (21). Each of
these factors is discussed in detail in the following sub-sections.
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Figure 1: Domain of study in (a) Plan view and (b) Profile view

Urban Form

A small urban segment consisting of a 5 x 5 grid of buildings and roads was chosen to represent the urban form,
which is shown in plan and profile views in Figure 1. The width of the roads and buildings was fixed at 20 m,




which represents an average building surrounded by a road with 2 lanes and shoulders. This area, described as
‘the city,’ is the region of interest within which temperatures will be examined after they are computed for the
entire domain. Surrounding the city are wider roads that lead into the city (described in greater detail in the next
section). The assumption here is that the city is surrounded by roads connecting to other cities, beyond which is
vegetation, which is not explicitly modeled.

The size of these roads outside the city are selected based on the building height, H, to ensure that the inlet and
outlet for wind flow (also shown in Figure 1) are far away enough from the city so as not to affect the results.
These dimensions were chosen from best practice guidelines for urban modeling (26), with the inlet at a
distance of 5H from the city, the outlet at 15H, and side and top walls at 5H. Thus, for a higher building height
H, the size of the domain increases in both the horizontal and vertical directions, although the horizontal extent
of the city remains fixed at 100 x 100 m.

To examine the effect of different urban forms, two values of H were used: 5 m and 20 m. The former
represents an area with single story buildings, while the latter represents multi-story buildings. The former
represents suburban areas, with 5 m building heights, while the latter (20 m) represents a central business
district.

Pavement Geometry

Urban roads can typically be classified into three categories: arterials, collectors, and local streets. Arterials carry
the largest volume between major city districts or between cities; collectors channel traffic from local streets to
arterials and carry a volume of traffic in between the two; and local streets provide door-to-door connectivity
with lower traffic volumes. A typical city has all three types of roads with collectors and local streets being the
most common types inside the city. Furthermore, these pavements may be new or significantly aged, which
affects their thermal and optical properties such as albedo (27,16).

For this study, the assumed distribution of these roads is shown in Figure 2. Each of these was modeled as either
a new road, or an aged road. Arterial roads were assumed to surround the city segment, as would be the case
for a small segment of a city. Inside the city, West-East roads in the direction of wind flow were assumed to be
collectors for this analysis. The collectors further branch out into local streets in a North-South direction, and are
perpendicular to the direction of flow. A typical pavement structure for each type of road is as follows:

(a) Arterials were assumed to have a 200 mm layer of concrete over 100 mm cement stabilized base on top
of natural subgrade.

(b) Collectors were assumed to have a 200 mm layer of concrete over a 200 mm granular base on top of
natural subgrade.

(c) Local streets were assumed to have a 100 mm layer of HMA on top of a 200 mm granular base placed on
a natural subgrade.
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Figure 2: Distribution of roads in the domain

The thermal properties of each of these layers varies and are shown in Table 1. The albedo for new and aged
pavements is based on typical values for asphalt and concrete listed in literature (16,27), while other thermal
properties, which were assumed to not vary with age, were taken from the default values in the Mechanistic
Empirical Pavement Design Guide (MEPDG) (28). The thermal properties of granular layers and the subgrade are
a function of their moisture content and are calculated internally during the simulation.

Table 1: Thermal and Optical Properties of Pavements

Property Arterials Collectors Local Streets
Albedo of new 0.40 0.40 0.05
pavements

Albedo of aged 0.20 0.20 0.20
pavements

Surface emissivity 0.93 0.93 0.93
Surface layer 2.16 2.16 1.16
conductivity (W/mK)

Surface layer specific 1.17 1.17 0.96
heat capacity (kl/kgK)

Surface layer density 2403 2403 2403
(kg/m?)

Base layer conductivity 2.16 IC IC
(W/mK)

Base layer specific heat 1.17 IC IC
capacity (kJ/kgK)

Base layer density 2403 IC IC
(kg/m?)




Properties of subgrade IC

IC = Internally Calculated
Weather Data

As discussed in (21), selecting weather data for a UHI study can be difficult. Most studies use an arbitrary ‘warm’
day of the year, which does not consider the representativeness of that day to average meteorological data.
Therefore, following reference (21), representative data from Chicago from the Typical Meteorological Year
(TMY) Series 3, covering the weather data from 1961-1990 (25) was used. The TMY weather files consist of
hourly data from months that show the least deviation in air temperature from the average over the 30-year
period. From this data, the warmest and coldest hours of the year were found to be July 19, 3:00 PM (air
temperature of 35°C) and January 7, 7:00 AM (air temperature of —22.8°C) respectively, and the analysis was
performed for these two hours. For the coldest hour, the sun has not risen at this time.

An important meteorological variable is the wind speed and direction. The TMY data is only built for air
temperature, and does not provide a way to obtain a representative wind speed. However, high wind speeds are
known to reduce the UHI intensity (20). Therefore, to focus on the effect of pavement geometry and urban
form, a low wind speed of 2 m/s at a height of 1.5 m (which is typically the height at which wind speed is
measured) is used. The wind is assumed to blow from the west parallel to the collectors and perpendicular to
the local streets.

Pavement and Building Thermal Modeling

For simulating the UHI, an uncoupled pavement-urban canyon model developed in a previous study (21) was
expanded to three dimensions. In this scheme, the surface temperature of the pavements was evaluated using a
1D heat transfer model, ILLI-THERM, developed previously by the authors (15). The ILLI-THERM program was
used to evaluate the hourly surface temperature for the TMY year. The pavement temperature at the hours of
maximum and minimum air temperature described in the previous sub-section were used as inputs to the urban
canyon CFD model discussed in the next sub-section.

Aside from pavements, buildings also contribute to the UHI. These were modeled in another separate 1D model.
It was assumed that the walls and roofs were each 100 mm thick concrete. The CFD solver, ANSYS FLUENT (29),
automatically traces the direction of sunlight and evaluates the surface temperature of walls and roofs,
considering convective and radiative heat transfer. The thermal properties were kept constant across all the
simulations so that any differences would be purely because of the differences in pavement geometry and urban
form.

3D CFD Analysis

The urban canyon was solved using the 3D CFD solver, ANSYS FLUENT (29). First, the domain in Figure 1 was
meshed to discretize the problem. Because of computational costs, a very fine mesh was not possible; instead, a
mesh size of 2 m was used in the city, with 10 m outside of it. A mesh convergence study showed that this
adequately resolved the solution of interest i.e., the wind and temperature fields at canopy height in the city.
Furthermore, with a road width of 20 m, the finer mesh ensured 10 x 10 grid points in the urban canyon, which
is sufficient to capture bulk properties, such as average wind speed and average temperature at the canopy
height.

The inlet wind direction was assumed to be from the west, with a magnitude of 2 m/s at 1.5 m height. The inlet
wind profile u(z) was modeled as a logarithmic profile, as shown in Equation 1 below, based on (30), which is a
semi-empirical representation of a fully developed atmospheric boundary layer. Here, z represents the height
above the ground, z, is the roughness length below which the wind speed was taken to be zero, u, is the friction
velocity, and k is the von Karman constant.
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Here, roughness length z, was taken to be 0.0002 m based on the Davenport Roughness Classification (31). This
is used to model the upstream surface conditions that are not explicitly modeled. Based on Equation 1, the inlet
wind speed at canopy height (z = 2 m) is about 2.06 m/s.

Unlike wind speed, there is no suitable temperature profile for the inlet. Instead, the far field air temperature
from the TMY data for the corresponding hour of analysis was imposed as a uniform profile on the inlet; this
would be the air temperature if the localized effects of the buildings and pavements were not present. The
outlet was modeled as a pressure-outlet with the same temperature profile as the inlet, while the lateral and
top walls were set to symmetry conditions, like the previous study (21) where the model was developed. The
temperature of the roads was fixed to those evaluated by the ILLI-THERM model, while those of the building
walls and roofs were calculated in a separate model by the solver, as discussed previously.

The CFD solver solved the complete Navier-Stokes Equations as well as the Energy Equation with a Realizable

k — € turbulence model and standard wall functions (29). As the wind speeds were much lower than the speed
of sound, a pressure-based solver was used, while buoyancy was ignored to lower computational costs. In all
cases, the model was run to 2,000 iterations, at the end of which scaled residuals were found to be in the range
of 1072 — 1074, except for temperature, which was of the order of 107°.

From the 3D wind speed and temperature fields, the 2D fields at canopy height were extracted. Canyons were
evaluated in two directions: parallel and perpendicular to the wind. In each direction, two axes were chosen
along which the data was extracted, as shown in Figure 3. Along each axis, results within five distinct canyons (A,
B, C, D, and E in Figure 3(a) parallel to the wind, and F, G, H, |, and J in Figure 3(b) perpendicular to the wind)
were averaged to obtain the average wind speed and temperature at canopy height for each canyon. These axes
were chosen to be such that the canyons would be equidistant from the bounding walls and thus be affected by
them equally. Canyons B and D along axes 1 and 2, and canyons G and | along axes 3 and 4 are intersections.
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Figure 3 Axes (1 to 4) and canyons (A to E) along which temperature and wind fields were averaged (a) parallel to wind and (b)
perpendicular to wind.

RESULTS AND DISCUSSION
Surface Temperatures

The surface temperatures of each of the pavement geometries was evaluated using ILLI-THERM and the results
shown in Figure 4(a) and (b) for new and aged pavements, respectively. As expected, the surface temperatures
were found to be higher than the air temperature during the warmest as well as coldest hours of the typical year




for all cases. For new pavements in the warmest hour, local streets were found to have a higher temperature
than collectors because of their lower albedo, while arterials had a lower temperature than collectors because
of heat energy transmitted and stored in the stabilized base layer of the arterials relative to the granular base of
the collectors (15). The trend was the opposite during the coldest hour, with arterials having a higher
temperature than collectors, which had a higher temperature than local streets. This behavior is because the
heat stored in the stabilized base of the arterials is gradually released to the surface during the night, keeping it
warmer than the cases with granular bases, which quickly release the heat because of their lower thermal
inertia (15). For aged pavements, the albedo was the same for all the roads, but the surface temperature still
followed the same pattern during both the warmest and coldest hours, although the magnitude of the
differences was lower. The differences in surface temperature was again attributed to the thermal properties of
the pavement structure.
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Figure 4: Surface temperatures for (a) new pavements and (b) aged pavements, as well as inlet air temperatures at warmest and coldest
hours.

Wind Speeds

The wind speed for each case was evaluated by the CFD solver and the average wind speed at canopy height in
each canyon (A to E parallel to the wind, and F to J perpendicular), as described in Figure 3, are shown in Figure
5 and Figure 6, respectively, for new pavements. The corresponding results for aged pavements are shown in
Figure 7 and Figure 8, respectively.
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Figure 5: Average canopy height wind speed in each canyon parallel to the direction of flow for (a) 5 m building height in the warmest
hour (b) 20 m building height in the warmest hour (c) 5 m building height in the coldest hour and (d) 20 m building height in the coldest
hour with new pavements.
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Figure 6: Average canopy height wind speed in each canyon perpendicular to the direction of flow (a) 5 m building height in the warmest
hour (b) 20 m building height in the warmest hour (c) 5 m building height in the coldest hour and (d) 20 m building height in the coldest
hour with new pavements.
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Figure 7: Average canopy height wind speed in each canyon parallel to the direction of flow (a) 5 m building height in the warmest hour
(b) 20 m building height in the warmest hour (c) 5 m building height in the coldest hour and (d) 20 m building height in the coldest hour
with aged pavements.
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Figure 8: Average canopy height wind speed in each canyon perpendicular to the direction of flow (a) 5 m building height in the warmest
hour (b) 20 m building height in the warmest hour (c) 5 m building height in the coldest hour and (d) 20 m building height in the coldest
hour with aged pavements.

In the microscale domain analyzed, wind speed is not affected by the inlet temperature or pavement geometry
(including pavement structure, geometry, and age), but is strongly affected by the urban form. Thus, for a given
inlet temperature and urban form in Figure 5 or Figure 6 (new pavements), the corresponding wind speed for
the same inlet temperature and urban form in Figure 7 or Figure 8 (aged pavements), respectively, is




approximately same. Whereas, for a fixed pavement geometry and inlet temperature, the wind speed decreases
in the direction of flow with increasing building height, e.g., see Figure 5(a) and (b).

For the cases with 5 m building height parallel to the wind flow (Figure 5 and Figure 7), the wind speed does not
vary significantly from the far field value set at the inlet, indicating that low buildings do not change the wind
flow pattern much. Whereas for the cases with 20 m building height, wind speed decreases significantly from
being a little higher than the inlet value in Canyon A to only about half of that in Canyon E, indicating that the
taller buildings constrict the wind flow. The results for corresponding canyons between axes 1 and 2 are slightly
different from each other and are expected to be the same because of the domain symmetry assumption. This
difference comes from numerical error, which can be minimized by using a finer mesh. However, as this requires
more computational resources, these results with small errors were accepted for this study.

The results are quite different perpendicular to the wind flow (Figure 6 and Figure 8). Here, two distinct patterns
can be seen: Canyons F, H, and J show a lower wind speed, while G and | show a higher speed. This can be
explained by considering Figure 3(b). Canyons F, H, and J are constricted by buildings on two sides, whereas G
and | are part of an intersection and are not constricted. In other words, G and | are directly in the path of the
incoming wind, where F, H, and J are shielded by the buildings. Consequently, G and | show a higher wind speed
than F, H, and J; the wind speed in F, H, and J are a result of the formation of local vortices within the canyons
(24), while it is due to the wind flowing from the inlet for G and I. The difference between these two patterns is
higher for cases with 5 m building height and lower for the 20 m cases, once again indicating that the taller
buildings constrict the wind flow. Furthermore, axes 3 and 4 show different results for the corresponding
canyons, but this is expected as the wind speed dissipates from upstream (axis 3) to downstream (axis 4).

Temperatures

Similar to wind speed, the average temperature at canopy height parallel and perpendicular to the wind flow is
shown in Figure 9 and Figure 10, respectively, for new pavements, and Figure 11 and Figure 12, respectively, for
aged pavements. These can be analyzed in several ways, keeping in mind that both wind field and pavement
surface temperatures affect the result. As discussed previously in Figure 4 at the warmest hour for both new and
aged pavements, the arterials upstream and downstream of the city have a lower surface temperature than the
collectors and local streets; and at the coldest hour, arterials have a higher surface temperature than the
collectors/local streets. This will become important in understanding the calculated air temperatures in the
canyons.
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Figure 9: Average canopy height temperature in each canyon parallel to the direction of flow for (a) 5 m building height in the warmest
hour (b) 20 m building height in the warmest hour (c) 5 m building height in the coldest hour and (d) 20 m building height in the coldest
hour with new pavements.

First, consider only the new pavements. Parallel to the wind flow (Figure 9a), for the warmest hour under the 5
m building height case, canyons B, C, and D have approximately the same temperature, about 1°C higher than
the inlet value, while A and E have a slightly lower temperature (about 0.5 to 0.75°C greater than the inlet
value) because of the influence of the cooler arterials near them, as well as the higher wind speed upstream of
canyon A. At the same hour with 20 m building height (Figure 9b), there is a clearly increasing temperature
trend along the two axes, from canyon A to canyon E, with the temperature increasing from 0.5°C to 2.5°C
above the inlet value, which correlates with the decreasing wind speed observed for the same case in Figure
5(b). Since all the canyons along axes 1 and 2 are of the pavement geometry (arterials), wind speed and urban
form have the most influence on the canopy height air temperature. Furthermore, between axes 1 and 2 for
corresponding canyons, the results are slightly different because of numerical errors as discussed previously.

For the coldest hour, there is no sunlight and the surface temperature depends on the amount of heat stored in
the pavement structure and released from the previous day. In Figure 9(c) and (d), the case with 5 m building
height has, in general, a lower temperature than the 20 m case, of an average magnitude of 0.5°C, due to the
higher wind speed in the former. Interestingly, in both cases, canyons A and E have a slightly lower temperature
than canyons B, C, and D, despite the influence of the warmer arterials (Figure 4). The most likely reason for this
is the heat emitted from the buildings, which affects the inner canyons (B, C, and D) more than the outer ones (A
and E), as well as the higher wind speed upstream of A.

11
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Figure 10: Average canopy height temperature in each canyon perpendicular to the direction of flow for (a) 5 m building height in the
warmest hour (b) 20 m building height in the warmest hour (c) 5 m building height in the coldest hour and (d) 20 m building height in the
coldest hour with new pavements.
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Figure 11: Average canopy height temperature in each canyon parallel to the direction of flow for (a) 5 m building height in the warmest
hour (b) 20 m building height in the warmest hour (c) 5 m building height in the coldest hour and (d) 20 m building height in the coldest
hour with aged pavements.

Still considering only new pavements, but this time perpendicular to the wind flow in Figure 10(a) and (b), during
the warmest hour, two distinct temperature patterns can be observed: canyons F, H, and J have a higher
temperature than G and |. Once again, this correlates with the two patterns seen in the wind flow for the same
case in Figure 6(a) and (b). Furthermore, canyons F, H, and J correspond to the low-albedo local streets that
have a higher surface temperature, whereas G and | correspond to the collectors with a low surface
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temperature. This further increases the air temperature to about 3°C above the inlet value for the canyons
above the local streets and about 1°C above the collectors.

During the coldest hour, however, in Figure 10(c) and (d), for the 5 m building height case, there is not much
difference in the temperatures despite the significant difference in wind speed and pavement structure, with
the temperatures being about 1 to 1.5°C warmer than the inlet. A similar trend is observed in the 20 m case.
Parallel to the wind flow, canyons of higher wind speed show a lower average air temperature at canopy height
as the warmer air is simply advected downstream faster, but perpendicular to it, that is the not case as the local
air flow is restricted to within the canyon itself due to the formation of vortices in them (24,21). In this study, a
West-East wind was considered; however, the direction and speed of the wind changes continuously because of
changes in the atmosphere, and those changes directly impact the UHI, as canyons that were previously either
parallel or perpendicular to the wind, can have both parallel and perpendicular components when the wind
direction changes. This illustrates the need for further modeling taking wind speed and direction into account.

Taller Building Height
H=5m H=20m

10
EL]
38
37 I
L
13
F G H I 1 G H 1 )

Canyon Canyon

Average Temperature (€)

— i ] m—xjs 4 == e nlet — s 3 w— s et

(a) (b)

Decreasing Inlet Temperature

Average Temperature (C
ge Temperature (C)

Average Temperature

Figure 12: Average canyon height temperature in each canyon perpendicular to the direction of flow for (a) 5 m building height in the
warmest hour (b) 20 m building height in the warmest hour (c) 5 m building height in the coldest hour and (d) 20 m building height in the
coldest hour with aged pavements.

For aged pavements, the trends in the results are the same as for the new pavements, but the magnitude is
slightly different due to the lower albedo for the arterials and collectors, and higher for the local streets. In
general, albedo does not have much of an effect for the coldest hour due to the absence of sunlight, and
pavement structure and urban form have the greatest effect.

Design Implications

From the preceding results, it becomes clear that predicting the microscale UHI in parts of a city can be quite
complicated. Pavement geometry (including age of the pavements), urban form, and meteorological conditions
each contribute to the development of the local microscale UHI, which can be less than 0.5°C to over 3°C higher
than the far field value set at the inlet during the warmest hour of the year, and 1 to 1.5°C higher during the
coldest hour.

During the warmest hour of the typical meteorological year, when the aim is to lower the canopy layer air
temperature, urban form has been shown to mitigate UHI. Low and more open urban forms allow for higher
wind flows and lower temperatures, while tall and narrow canyons constrict the wind flow and increase the air
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temperature. Low albedo pavements that do not store much heat in the sub-surface layers further exacerbate
the problem during the day. In contrast, during the coldest hour of the year, urban form primarily controls the
temperature by altering the wind flow, with pavement geometry having only a limited effect. Aside from these
extremes, it may be desirable to mitigate the average air temperature rather than the extreme values, in which
case a full 24-hour analysis must be performed for various cases, which would be very computationally
expensive. In addition, the results also depend on wind speed and direction. Furthermore, policymakers may
also be interested in modifying the local microclimate to mitigate building energy use, which adds another layer
of computational complexity and may provide different results. Thus, for mitigating UHI, civil engineers and city
planners need to consider not just building and pavement geometry but also the relative position of the
pavement with respect to specific buildings, as well as the wind direction. This is best done through case by case
simulations for individual areas in a city, as opposed to general recommendations.

CONCLUSION

Studying UHI at a microscale can be complex given the many variables involved and their heterogeneous
distribution in a city. Pavement geometry, urban form, and meteorological conditions all affect UHI
simultaneously. Furthermore, results during the warmest hours when UHI is the strongest do not coincide with
simulation results during the coldest hours. In this study, a three-factorial test varying pavement geometry,
urban form, and meteorological conditions was conducted through an uncoupled pavement-3D urban canyon
model using statistically representative weather data from Chicago, USA for the warmest and coldest hour of
the year.

Using an uncoupled pavement-urban canyon model, the surface temperature of the pavement depends on its
thermal and optical properties as well as the geometry of the sub-surface layers. During the warmest hour of a
typical meteorological year, both pavement geometry and urban form increased air temperature in urban
canyons, thus further increasing the local, microscale UHI by as much as 3°C. Parallel to the direction of wind
flow, this was primarily affected by the urban form, whereas perpendicular to it, both urban form and pavement
geometry had an effect. The increase was highest when the wind flow was restricted by tall buildings (in this
case, of 20 m height), and when the canyon was perpendicular to the direction of wind flow. Furthermore, wind
speed decreased downstream, leading to higher downstream temperatures. Shorter buildings (in this case, of 5
m height) with a more open urban form showed lower increases in UHI due to a smaller decrease in wind speed
downstream, although canyons perpendicular to the wind flow still had a higher air temperature than those
parallel. Simulation results were similar, though of slightly different magnitude, between new and aged
pavements. During the coldest hour, pavement geometry played only a minor role (mainly in the form of heat
stored and released by the pavement structure), while urban form played the dominant role by modifying the
wind flow patterns. The UHI at the coldest hour increased only 1 to 1.5°C as compared to the corresponding
inlet temperature.

Because of the inherent complexity and variability in the problem, it is recommended that case by case
simulations are performed, with an initial focus on prevailing wind direction and speed, and also thermal and
optical properties of pavements, factors that are typically not considered by transportation engineers.
Ultimately, any decision must be based on a clear objective, such as decreasing the peak or average canopy air
temperature, or building energy use, and the type of analysis required would follow. Such analyses would
provide local solutions to the UHI problem suitable for the unique city conditions.
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