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Abstract

Urban heat islands cause heat stress to urban residents and their severity is increasing
due to both climate change and ever-increasing urbanization. Investigation of the issue has a
storied past, but the methods used have all shared serious limitations. The goal of this study
was to document and analyze correlations between surface air temperature and the average
incomes of residents or the population density of areas affected. The study hypothesized that
a positive correlation would be found between surface air temperature and population
density, while a negative correlation would be found between surface air temperature and
average income. The study’s literature review gives readers an easily comprehensible primer
for this topic, covering both the nature of UHI and its methods of investigation. The issue of
environmental justice and vulnerability to heat amongst certain populations is also explored
as these ideas heavily informed the study’s purpose and hypothesis. This study used
crowdsourced point measurements of the surface air temperature taken via NETATMO
weather-recording devices in private homes. This data was used to investigate UHI and
surface temperatures in general in the state of Illinois, the city of Chicago, the continental
Netherlands, and the city of Amsterdam. This data was collected at four different times over
the course of August 20, 2021. The point data was then used to create continuous field
temperature maps of each study area, extrapolating temperature values between the points for
which data was recorded. Average temperatures were then found for each administrative unit
(county, municipality, or neighborhood) at each of the four times in each study area, resulting
in four air surface temperature maps for each study area that track values throughout the day.
Average income per household and population density data were collected for administrative
units in all study areas and then compared with the surface air temperature maps to find
trends, patterns, and possible correlations. Geographically weighted regression (GWR) and
bivariate analysis (BA) were used to analyze the resulting map data in order to better
understand how temperature values varied with distance between data points and across all
four study areas. The results are strongest and most clear for the Netherlands, where data
points are the most robust and widespread. Overall, the GWR results indicate a consistent
and moderately strong correlation between surface air temperature and both average income
values and population density. The BA results suggest that the correlation is negative for
average income values and positive for population density. The majority of the results at each
step of the investigative process are shown using maps created in ArcGIS Pro.
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1. Introduction

The 20™ century saw the highest rate of urbanization of humanity in the history of
planet Earth, and this trend continues in the 21 century. In the year 2009, urban residents
outnumbered rural residents globally for the first time in human history (Siu & Hart, 2013).
Current estimates project that urban residents will reach 60% of the global population by
2030 and 67% by 2050 (Chapman et al., 2013; Mirzaei & Haghighat, 2010). This means that
problems unique to or caused by urbanization will become increasingly pressing and in need
of amelioration. One of the more subtle examples of these problems is that of the urban heat
island (or UHI). Cities tend to have higher average surface air temperatures than non-urban
areas. The reasons for this are still not perfectly understood, but they all are tied to the
processes that humans engage in when transforming a non-urban area into an urban area as
well as the ongoing processes which occur due to human activities inside urban areas. Some
studies suggest that the severity of this phenomenon is increasing over time too (Levermore
etal., 2018).

The problem of urban heat islands becomes even more concerning when climate
change is considered. The last 100 years has seen a steady increase in average global
temperatures around the world, and models have sought to predict how severely this trend
might continue depending on the anthropogenic activities that seem to be driving it. For
cities, observed temperature increases within urban areas have actually exceeded those
predicted by many climate change models (Jeganathan et al., 2016). This means that climate
change is exacerbating the effects of urban heat islands, increasing the severity of the
problem and its many effects for an ever-increasing share of the human population.

1.1 Investigating UHI- Methods and limitations

Investigating UHI is not a simple or straightforward procedure. Studying the
atmospheric system of a city is inherently complicated due to the complexity of the energy
exchange occurring there, the range of space and time scales available, and the spatially
disordered nature of the sources and sinks therein. This is exacerbated by the significant
human factors involved as well as the expense and difficulty of gathering data within an
active, populous city. Not only is the city atmosphere subject to huge variability, but
investigators are restricted by the physical structure of cities (building blockage) as well as
municipal safety laws that restrict how, when, and where data can be gathered using certain
kinds of equipment. This requires significant expense, unorthodox methodologies, and/or
newer technologies to circumvent (Oke, 1982).

At present, there are two primary ways in which UHI is investigated, but many of the
methods used have either come into existence or been greatly improved in the last 20-30
years. The first involves measuring the canopy layer via air temperature detected by either in-
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situ fixed location sensors or traverses of vehicle-mounted sensors. The second is to measure
surface UHI via land surface temperature derived from airborne or satellite-based remote
sensing (Ngie et al., 2014; Sheng et al., 2017; D. R. Streutker, 2002; David R. Streutker,
2003).

1.1.1- Surface air temperature

UHI is typically quantified by calculating the surface air or surface temperature
differences between an urban area and a nearby non-urban area with similar geographic
features simultaneously (Memon et al., 2009). However classifications for what constitutes
an “urban” location and a “non-urban” location are often vague or ill-defined. Particularly
when applied to metropolitan areas that exhibit urban sprawl or extensive surrounding
suburbs, the line between the two classifications becomes increasingly blurry (Ngie et al.,
2014; Siu & Hart, 2013). Many of these classification decisions are made implicitly by the
investigating scientists and/or are not comparable with other investigators’ delineations.
Many UHI studies also use outdated urban extent maps that often fail to account for more
recent urban boundary expansion. This may introduce significant bias into the data collection
that later results in UHI being underestimated by as much as 50% (Zhao et al., 2016).

The study of
UHI has also
struggled with a lack
of standardization in

Land cover type
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investigation
histories. This
includes information
on land cover,
materials, building
dimensions, and
occupation patterns (Hidalgo et al., 2019). This information is vital for finding correlations
between UHI and urban form in order to better understand what causes variations in UHI and
to inform mitigation efforts. Several classification systems have been put forward to address
this issue, but most have been unique to each study and city, limiting the ability to compare

Figure 1-1: A land cover classification system used to study
Berlin. It is non-standardized and unique to the city. (H. Li et al.,
2018)
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findings between different studies of UHI and land use (B. Bechtel et al., 2016). Figure 1-1
shows one such example of this sort of classification scheme.

Using air temperature to derive UHI is the older of the two primary methods and
typically involves fieldwork investigation. The in situ air temperature approach is a direct
measurement that often requires less in terms of correction/ adjustment. It also has the benefit
of measuring the living environment and recording what urban residents are actually
experiencing in the city, although this is less true when such measurements are taken from
building roofs or higher elevations in the cityscape. When these issues are properly
accounted for, direct measurement of urban temperature can prove useful for trying to
investigate the effects of heat on human health and/or measuring thermal comfort since this is
what people actually “feel” as they go about their day (Hu & Brunsell, 2015; Sheng et al.,
2017). Because field work is costly in terms of time and equipment, this approach has
inherent limits. Crowdsourcing the data collection process may address this limitation but the
quality of the data collected becomes questionable (Benjamin Bechtel et al., 2017).

Air temperatures taken in-situ often rely on meteorological stations for their data.
These stations are typically located outside their respective cities where buildings and smog
will not interfere with their ability to gather data. The advantage of these in-situ observations,
is that they have strong temporal resolution. But because only so many such stations can be
built or deployed in the field, they lack spatial resolution. The result is that much of the data
for areas in between the data collection points must be interpolated in order to produce
spatially continuous field data. Using vehicles to measure air temperature helps deal with the
spatial limitations of taking in-situ data. Cars or trucks are most often used for such field
measurements. In these cases, a vehicle-mounted sensor must be attached which will position
the sensor to avoid the engine and exhaust heat. Such sensors are typically housed in solar
radiation shields to protect from direct solar radiation as well (Yadav & Sharma, 2018). One
study conducted in Amsterdam, however, used sensors attached to bicycles- a distinctly
Dutch approach to data collection (Steeneveld et al., 2011). As for fixed locations, this
method generates a series of point data which then requires interpolation to fill in between
and around the traversal paths. Such processes can be completed using inverse distance
weighting (IDW) or Kriging for example (Yadav & Sharma, 2018).

1.1.2- Land surface temperate (remote sensing)

The alternative to measuring air temperature in-situ is to measure land surface
temperature (LST) via remote sensing. Remote sensing can be defined as “the science and art
of obtaining information about an object, area, or phenomenon through the analysis of data
acquired by a device that is not in contact with the [thing] under investigation.” Remote
sensing may be conducted by air or by satellite. Either one requires a keen understanding of
the sensor’s limitations and what/ how it “sees” the surface it is sensing. LST is typically
derived via measurement of the thermal infrared spectrum of light at 8-15 um, but
microwave is also sometimes used (Charlie J. Tomlinson et al., 2011). The sensor indirectly
estimates the apparent surface temperature based on the radiance received from the area of
the surface that lies within the instrument’s field of view (FOV) (Voogt & Oke, 1997). A

[7]



given FOV includes both sunlit and shaded surfaces, which will require some correction to
account for. The sensor itself is sensitive to its assigned location, orientation, FOV, and the
structure of the observed surface, requiring further corrections before temperature data can be
derived (Soux et al., 2004).

Once the radiance data is collected, several corrections must be applied. These
include applying for atmospheric effects, angular effects, and the spectral emissivity of the
surface being sensed (Ngie et al., 2014). All of these steps results in so much correction that
it may completely overshadow the differences caused by UHI if incorrectly estimated or
applied (Voogt & Oke, 2003). Because of the topography of the urban landscape, the same
sensor viewing an area from different points above may see a different mix of surface
elements because different parts may be obscured from view (Soux et al., 2004). In addition,
many definitions of the “surface” and measurements taken there either refer to ground level
or rooftop level and neglect the canopy between the two (Voogt & Oke, 1997). All of these
caveats conspire to muddy the data and obscure the actual surface temperature being sought.

Using remote sensing to track UHI comes with a more fundamental problem as well.
Air temperature cannot be remotely sensed; this is why LST is used as a substitute. The aim
is to use LST to estimate air temperatures at/or near the surface. However, the relationship
between air temperature and LST is still only partly understood and seems to vary depending
on many factors (Benjamin Bechtel et al., 2017; Hu & Brunsell, 2015; Liang et al., 2020).
Studies of the same area over the same time have compared LST and air temperature and
found significant differences between the two values. Three different studies that all used
MODIS data to derive LST discovered that their values differed from air temperature values
on the ground by 3-7 °C, 5-9 °C, and 6-10 °C respectively (Hu & Brunsell, 2015; Lai et al.,
2018; Voogt & Oke, 1997). The data shows that air temperature values are consistently
higher than LST values, whether derived from aerial or satellite-based sensors. Sensors
consistently undersample the surfaces they are measuring for reasons that will be explored
shortly (Schwarz et al., 2012; Voogt & Oke, 1997).

Much of the difficulty in using remotely sensed LST as a stand-in for air temperature
is due to the topography and verticality of urban areas. As mentioned above, street canyons
of various heights dominate significant portions of the urban landscape. Just as these areas
drastically change the way solar radiation is absorbed, reflected, and re-emitted, so do they
also complicate the ability of sensors to measure LST. This is because the sensor can only
estimate LST based on the solar radiation that reaches the sensor. Research has shown that
observed surface temperature can be significantly different from ambient air temperature
inside street canyons (Mirzaei & Haghighat, 2010). This is due to the high “roughness” of
urban topography. With its many height variations between different buildings, different
neighborhoods, and the much lower streets between them, urban areas provide a very rough
overall surface for remote sensing. This leads to radiance measurements that require
innumerable small-scale adjustments to account for. Instead, models are typically used to
make a global adjustment to the data or large-scale adjustments for certain types of
neighborhoods/ land use. The result is a loss of data and precision (Voogt & Oke, 2003).
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A similar problem is that of surface heterogeneity and emissivity. Because different
materials have different emissivity values, adjusting remotely sensed data to account for
these many small differences is difficult. The typical solution is to use an average emissivity
for the entire surface, resulting in a loss of precision here as well (Charlie J. Tomlinson et al.,
2011). A final issue is anisotropy. This is the tendency of objects to exhibit different values
when measured along different axes. For example, the LST derived for a building may
depend on whether the radiation strikes its roof on the horizontal plane or on its side in the
vertical place. This adds an additional complication to remotely sensed data because aerial
vehicles and satellites housing sensors are always in motion and cannot sense in a perfectly
vertical way. Modelers are attempting to address this issue, but it has not been fully resolved
(Lai et al., 2018; Voogt & Oke, 2003).

1.1.3- Variables which affect UHI

The ultimate goal of the various methods of UHI investigation are to determine what
factors cause or exacerbate UHI. Direct measurement of surface air temperature or remotely
sensed LST are determined, then an effort is to made to work backwards to derive what
factors may have affected the temperature data recorded. As will be addressed in detail in
section 2. Literature review, many different studies have made progress toward elucidating
which factors may contribute to UHI and to what extent they do so. The key factors seem to
be dependent on urban fabric and patterns of build-up. Because these factors are tied to
residents’ financial situation, this suggests that UHI may be experienced disproportionately
by residents of various means. Residents’ socioeconomic status may also determine the type
of neighborhood they dwell in and what that physically looks like in terms of building types,
contiguity of urban fabric, presence of green space, and how much room/ space each resident
can enjoy. With these things in mind, average income per household and population density
may act as suitable, quantifiable indicators of these factors. By measuring these variables,
UHI’s dependency upon them may be derived to some extent.

1.2- The present study (MSc thesis)

This MSc thesis was undertaken in order to contribute to the investigation of UHI as
well as how temperature variations correlate with the average incomes values of affected
residents and the population densities of the communities in which they live. This thesis
includes a broad literature review that looked at previous studies, their insights, their
successes, and their shortcomings. Given the many limitations of using remote sensing to
investigate surface air temperatures via LST, using in-situ surface air temperature data was
preferred for this thesis. The intention was to find ties between the UHI phenomenon and the
lives of those affected by it. The main research question was: How are surface temperatures
in urban areas tied to factors which may increase or decrease the intensity of UHI for urban
residents? Sub-questions included the following: (1) could in-situ surface air temperature
data from crowdsourcing provide reliable, accurate results, (2) in the absence of derived UHI
data, could surface air temperature alone be sufficient for highlighting where UHI occurred,
(3) could average income per household be used as a risk factor for an urban resident’s
vulnerability to UHI, (4) could population density be used to represent the extent of urban
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build-up, (5) could the previously mentioned variables be found to have a statistically
significant relationship to each other, (6) if so, what relationship would each have and to
what extent, (7) how might all of the aforementioned results and relationships vary between
different cities, different continents, and different scales? To answer these questions, this
MSc thesis used crowdsourced in-situ surface air temperature data, average income per
household data, and population density data for the state of Illinois, the city of Chicago, the
continental portion of the Netherlands, and the city of Amsterdam. For this investigation,
heavy use was made of ArcGIS Pro and Microsoft Excel to organize, process, produce, and
visualize the data and results.

2. Literature review
2.1 Defining UHI- Components and variability

The urban heat island effect, often shortened to “UHI”, refers to excess warmth in an
urban atmosphere compared to its non-urbanized surroundings. The phenomenon was first
discovered and subsequently investigated by Luke Howard as he carried out observations on
the weather of London in the 1810s, 1820s, and 1830s. It is fundamentally a thermal anomaly
with horizontal, vertical, and temporal dimensions (Oke, 1982; Voogt & Oke, 2003). It is
typically derived by finding the difference between a temperature taken inside the urban area
and one taken outside the urban area. This is typically near the urban point value’s location
but outside a carefully chosen urban buffer. Alternatively a similar operation can be done
using average temperatures inside the urban area versus average temperatures just outside the
buffer (Debbage & Shepherd, 2015). This temperature difference may be as small as .1 °C or
as large as 10 °C, depending on several factors (Azevedo et al., 2016).

The anomaly itself is made up of multiple layers with their division based on
elevation and city structure. The topmost layer is the urban boundary layer (UBL), which
begins at the level of the rooftops and extends upwards into the lower atmosphere to end at
the atmospheric boundary layer. Whereas the other layers are largely the result of local
conditions and microclimate, the UBL represents the integration of these other layers with
the surrounding macro- and mesoscale climate (Flores R. et al., 2016; Hu & Brunsell, 2015).
Below the UBL lies the

urban canopy layer (UCL), - = 'T— T T T T TLIIE EE Oy
which extends from the — £

. Planetary - Urban Canopy Layer
rOOftOpS to JUSt above the Boundary Pt “ " Urban Boundary Layer (local scale)

Layer s (meso scale)

surface or street level. The (macro soale) l N J’
urbansurfacelayer (USL) | | S @@ @ ' T
encompasses the surface/ Rural Urban Rural
?;ﬁ?; Iaéﬁggr;d ;?g a;: Itis Figure 2-1: A simple diagram of the atmospheric layers
. g yatop 1L that make up the urban heat island (Stewart, 2011)
important to note that USL

can be measured in the form
of air temperature or land surface temperature. One is a measurement of air at the surface
while the other is a measurement of the surface itself. Each of these layers exhibits the UHI
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effect differently and their interactions help to create the UHI (H. Kim et al., 2018; Voogt &
Oke, 2003; Yuan & Bauer, 2007). These layers are illustrated in Figure 2-1.

Although UHI has been studied for nearly two centuries, much of that study focused
on identifying and isolating the observable effects of UHI. True understanding of this
phenomenon began in the 1970s. At that time, scientific inquiry into urban effects on weather
and environmental factors had progressed to the point where the underlying causes behind
the UHI phenomenon could finally be elucidated (Oke, 1982). Since that time, studies have
found that UHI intensity for both air temperature and land surface temperature varies
depending on the time of day and the season of the year (Chen et al., 2006; Doick et al.,
2014). Furthermore, it seems that these fluctuations even vary depending on where in the
world the city in question is located (Mirzaei & Haghighat, 2010). For most of the cities
studied in the Upper Hemisphere in North America and Europe, UHI is most intense in the
summer (Cheval & Dumitrescu, 2015). However many cities in China experience an equally
intense UHI in winter, while cities in tropical or subtropical areas experience the most
intense UHI during winter alone (Flores R. et al., 2016; Lai et al., 2018; Yadav & Sharma,
2018). This suggests that the behavior and nature of UHIs depends heavily on regional
climate patterns.

When it comes to daily or diurnal temporal patterns, UHI also varies from city to city
but shows some consistent regional tendencies. Many studies in mid-Ilatitude cities have
shown that UHI intensity is up to three times higher at night than during the daytime. The
highest recorded UHIs often occur between midnight and 3:00 AM. Similarly, UHIs are
often negative (urban temperatures are lower than non-urban) during early morning hours
and cities may experience a relative “urban cooling” between 10:00 AM and noon (Ketterer
& Matzarakis, 2015; Memon et al., 2009). To understand some of these variations, it is vital
to understand the fundamental causes of the UHI effect.

2.2 Causes of UHI
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2.2.1- Impervious surfaces and street canyons

Figure 2-2
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overview of the Trereasing
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UHI are due to how Figure 2-2: A simple diagram of the many causes of UHI and how
humans alter the land | they interact. (Mohajerani et al., 2017)

when they urbanize
an area, regardless of the area’s size. The most notable of these is the replacement of
vegetated areas with impervious surfaces, fundamentally altering the area’s land use and land
cover (Azevedo et al., 2016; Chen et al., 2006; Huang et al., 2011; H. Li et al., 2018).
Examples of the impervious surfaces ubiquitous in urban areas include concrete, tiles, bricks,
and roof sheeting for buildings as well as concrete, bitumen, and asphalt for roads and
parking lots (Mathew et al., 2018). Pavements cover about 40% of cities on average, while
man-made materials in general cover about 60% of city surfaces. This is problematic because
these materials all have significantly lower albedos and greater heat storage capacities than
the vegetation they replace. For example, asphalt concrete has an albedo of 5 — 15%
depending on its age (Mohajerani et al., 2017). This means that a huge amount of light is
being absorbed and converted into heat at the surface rather than being reflected back up into
the atmosphere.

These man-made materials also have higher thermal admittance that can capture,
store, and then release higher quantities of heat compared to natural surfaces. (Memon et al.,
2009) This is problematic because those same materials will re-emit this stored energy later,
especially at night, resulting in slower cooling rates for urban areas and higher UHI at night.
(Yadav & Sharma, 2018) In terms of physics, cities receive just as much shortwave radiation
as their non-urban surroundings but have higher longwave radiation inputs and outputs
because of these man-made materials (Oke, 1982). This same effect occurs to a lesser extent
when land is cleared of vegetation and left bare. Bare land and land undergoing construction
make the greatest contributions to UHI after fully developed urban areas due to increased
albedo and lack of vegetation (W. Li et al., 2017).
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An additional
cause of UHI is the
physical structure of cities,
particularly the
phenomenon of “street
canyons.” A street canyon
consists of a sharp,
vertically inclined space
surrounded by two or
more tall buildings, often
along a street (Debbage &
Shepherd, 2015; Oke,
1982). These street
canyons are more common
in more built-up areas with
taller buildings, where
they suffer from reduced
sky view factor. This
factor is proportional to
the area of overlying
hemisphere that is open to
the sky (Oke, 1982).
Unfortunately reduced sky
view factor causes urban
surfaces within street Figure 2-3: A map of the sky view factor (SVF) across the
canyons to emit less of the | city of Amsterdam. (Rafiee et al., 2016)
long-wave radiation that
they have stored over the course of the day, resulting in more stored heat. The severity of this
depends on the height to width ratio of the buildings forming the street canyon (Hart &
Sailor, 2009). Figure 2-3 gives a glimpse of how SVF varies across a densely populated city.

Even the radiation that is emitted from man-made surfaces may never reach the
atmosphere because of the geometry of the street canyon, which ensures that the surfaces of
the structures forming the canyon will endure extensive reflections as the radiation bounces
back and forth between them during emission, absorption, and re-emission (Mohajerani et al.,
2017). Considering that many of these surfaces have emissivities of .87 to .97, this repeating
cycle can form an extensive form of radiative flux in urban areas (Huang et al., 2011; VVoogt
& Oke, 2003). The end result is that the heat loss rate in a street canyon can be up to four
times slower than it would be in a more open setting given the same materials (Rafiee et al.,
2016).

2.2.2- Anthropogenic heating, clouds and wind, and urban geometry
Anthropogenic heating, or heat produced by man-made activities, is another
contributor to UHI. This includes heat released from the engines and exhaust of vehicles,
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waste heat produced by heating, ventilation, and air-conditioning of buildings, and heat
produced by human metabolic processes (Huang et al., 2011; Mirzaei & Haghighat, 2010).
The high population density of many cities ensures that this last value is not negligible within
urban areas. Because most cities are high traffic areas due to commuting, and because large
buildings dominate the setting, total anthropogenic heating in a given city can really add up
(Oke, 1982).

Meteorological conditions can also contribute to UHI. Cloud coverage and wind
speed, which act as indicators of atmospheric stability, can have an adverse effect on UHI
intensity (Oke, 1982). These two factors are negatively correlated with maximum UHI,
meaning that ideal conditions for the highest UHI intensity are a clear sky and still winds
(Azevedo et al., 2016; Y. H. Kim & Baik, 2002). Conversely, UHI intensity will steadily
diminish as cloud cover and wind speed increase. This is because higher wind speeds lead to
more turbulent mixing, which reduces the temperature differences in the near surface air
(Yadav et al., 2017). Relative humidity also plays a role in boosting UHI, though this
relationship is less linear than for cloud cover and wind speed (Lai et al., 2021).

The shape and layout of urban spaces also contributes heavily to UHI. These are often
referred to as urban form indicators (UFIs) and include factors like land use, density of build-
up/ urban density, area of the city, city population, population density, and contiguity
(connectedness) of built-up areas. There are well-established positive relationships between
UHI intensity and both city size and urban density. The heat diffusion rates of high-density
urban buildings is lower than for low-density buildings, which results in more heat storage
and slower release. (Liang et al., 2020) This would suggest that less dense, more spaced out
urban areas would be less prone to UHI. However, cities exhibiting this urban form, often
referred to as “urban sprawl”, have been found to exhibit high UHI as well (Debbage &
Shepherd, 2015; Kamruzzaman et al., 2018). Instead, contiguity (the degree of connectedness
and lack of gaps in said connectivity) of built-up areas may be the dominant factor that
determines intensity of UHI. Some studies have indicated that increasing the spatial
contiguity of urban development enhances UHI regardless of its urban density (Debbage &
Shepherd, 2015; Liang et al., 2020).

Studies also show that population density correlates more strongly with UHI than
population alone, which is likely tied to both density of build-up and building type (Debbage
& Shepherd, 2015; Steeneveld et al., 2011). Other studies support the theory that building
type has a strong effect on UHI. Buildings that are both compact and mid-rise exhibit the
highest UHI when compared with low-rise and high-rise buildings as well as open or spare
plan buildings (Yang et al., 2020). Perhaps because cities that grow rapidly often do so with
less planning, they often exhibit higher urban density and therefore higher UHI. Rapidly
industrializing cities in China and India, as well as rapidly growing cities in South Korea
have been shown to exhibit some of the most marked increases in UHI over multiple years
(Liang et al., 2020; Zhao et al., 2016). Figure 2-4 shows how UHI varies over the summer
season in a densely populated European city.
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2.2.3- Vegetation and the role of evaporative cooling

One of the most significant causes of UHI is the loss of vegetation in urban areas.
Studies have repeatedly shown that areas with higher vegetation cover have lower
temperatures and lower seasonal thermal amplitudes (Flores R. et al., 2016). One study in
New York City found that air temperatures were highest in the most densely urbanized areas
of the city while the lowest temperatures were found in the most highly vegetated areas
(Susca et al., 2011). By their nature, such vegetated areas are more open than street canyons,
allowing for more efficient ventilation and cooling via changes to the local heat flux (Hart &
Sailor, 2009; Liang et al., 2020). But the primary reason they are so much cooler is due to

evaporative cooling.

Evaporative cooling
occurs when water is
converted from liquid to
vapor state using thermal
energy in the surrounding
area. This reduces the
temperature of the air in that
area, effectively cooling it.
A key component for this to
take place is the ability of a
surface to retain water,
which can then be converted
to vapor (Oke, 1982). Bare
soil retains water much
more effectively than the
impervious surfaces that
dominate most cities, of
course. But the vegetation
atop this soil strongly
reinforces the effect. Plants
and trees transpire water in
steady volumes throughout
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Figure 2-4: A map illustrating the daytime UHI intensity of
the city of Birmingham over the months of June, July, and
August. (Azevedo et al., 2016)

the day, making more water available to drive evaporative cooling, promoting an ongoing

cycle (Doick et al., 2014).

This cooling effect is really just an instance of less warming occurring since solar
energy is intercepted and used to convert the state of water instead of warming the urban
fabric. In the absence of additional warming, the surface is cooler than it would otherwise be
(Doick et al., 2014). This further illustrates why land use changes due to urbanization are the
underlying cause of many other factors which combine to create the UHI effect (H. Li et al.,

2018).
2.3 Effects of UHI

[15]



2.3.1- Climate change and energy infrastructure

UHI has consequences that go far beyond simply a higher local temperature. Higher
temperatures directly contribute to global climate change as well as exacerbating other urban
environmental problems (Kamruzzaman et al., 2018; Lowe, 2016). For example, higher
temperatures enable the basic chemical reactions that create ground level ozone while
emissions from automobiles and motorcycles supply the oxides of nitrogen and volatile
organic compounds needed to fuel the reactions. The result is that higher temperatures
throughout the day generate more ozone at ground level which then absorbs pollutants and
lingers over cities as smog which further concentrates the pollutants (Mirzaei & Haghighat,
2010; Yadav et al., 2017). Unfortunately higher temperatures also encourage people living in
cities to use more energy to cool their homes and businesses via fans and air conditioning.
The American EPA has recognized that this leads to increased energy consumption, which
further augments climate change since producing more energy results in the release of more
greenhouse gases. At the same time, air conditioners release excess heat into the outdoor
portions of the city, reinforcing the original problem of higher exterior temperatures
(Kamruzzaman et al., 2018; Lowe, 2016; Mohajerani et al., 2017).

The higher temperatures caused by UHI also affect vital urban infrastructure,
especially the energy grid. Transformers can generally cope with internal temperatures of up
to 98 °C without affecting their life expectancy and day-to-day operation. However, going
above this internal temperature by as little as 6 °C can reduce a typical transformer’s life
expectancy by 50%. During several recent heat waves in Europe, this soft limit has been
surpassed for urban transformers in the affected cities over multiple days (Chapman et al.,
2013; C. J. Tomlinson et al., 2013). Unfortunately higher temperatures put more pressure on
the energy grid even as the transformers it depends on are themselves taxed ever more
intensely, leading to an increasingly precarious and costly situation.

UHI affects the environment in and around a city beyond simply increasing the
temperature too. UHI has been shown to increase the frequency of storms and precipitation
events in many cities (Kamruzzaman et al., 2018). In Bangkok, research showed that UHI led
to many other more subtle ecological problems. This included a decrease in groundwater
levels, widespread subsidence, and changes to local wind and rainfall patterns (Pakarnseree
et al., 2018). In addition to harming the environment, these examples provide further
evidence of how UHI, which is caused by man-made activities, makes urban life increasingly
difficult for the people whose activities are causing UHI.

2.3.2- Effects on extreme temperatures and excess heat on health

The most obvious and noticeable effect UHI has on regular denizens of cities is in the
way it augments heat waves. A heat wave can be defined as a prolonged period of hot
weather with temperature substantially higher than the seasonal average value for several
days (Zinzi et al., 2020). Several studies have shown that UHI increases both the frequency
and longevity of heat waves around the world (Lowe, 2016). Considering that heat/ drought
is amongst the top 10 fatal natural hazards in the U.S., the danger of heat waves augmented
by UHI becomes more clear (Huang et al., 2011). North American cities are not alone in their
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suffering, however. The 2003 European heat wave led to thousands of deaths or l