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11.1 Introduction
For millions of people living in cities, increased temperatures
are a growing fact and concern. The urban heat island (UHI) is
a phenomenon whereby urban regions experience warmer temperatures than their rural, undeveloped surroundings. The UHI is
the most obvious atmospheric modification attributable to urbanization, the most studied of climate effects of cities and an iconic
phenomenon of urban climate. It can be found in settlements of
all sizes in all climatic regions and arises from the introduction
of artificial surfaces characteristic of those of a city that radically
alters the aerodynamic, radiative, thermal, and moisture properties in the urban region compared to the natural surroundings.
The heat island is defined on the basis of temperature differences
between urban and rural stations, and the isotherm patterns of
near-surface air temperatures resemble the contours of an island.
The evaluation of the influence of settlements on the local
climate has been an important task for a long time, and the
thermal environment in particular has received widespread
attention because it has practical implications for energy use,
human comfort and productivity, air pollution, and urban
ecology. During the winter, heat islands can be beneficial to
cities in colder climates by helping to reduce heating costs and
cold-related deaths. The negative impacts of summertime heat
islands, however, outweigh the benefits of wintertime warming in most cities because the largest population centers are
located in (sub)tropical climates. Summertime UHIs increase

heat-related illness and mortality, air pollution, energy demand
for air conditioning, and indirectly greenhouse gas emissions.
Heat waves, for example, which heat islands can exacerbate,
are the leading weather-related killer in the United States.
Urbanization and UHIs have impacts that range from local to
global scales, and cities are an important component of global
environmental change research.
Urban climatology has a rich and long history beginning with
Luke Howard’s pioneering work. Howard was a chemist and
amateur meteorologist and is most famous for his classification
of clouds. In 1815, he conducted the first ever systematic urban
climate study measuring what is now called the UHI effect based
on thermometers in the city of London and in the countryside
nearby (Howard 1818). It is also remarkable that Howard identified virtually all causes that are responsible for the development
of the UHI during this early study. Subsequent urban climate
research replicated Howard’s findings from urban-rural pairs
of thermometers at about 2 m height in many cities and a large
number of UHI maps generated from mobile traverses appeared
in the literature during the 1930s. Much of the research from this
period, with a focus on German work, was summarized by the
Benedictine Father Albert Kratzer in a monograph entitled “Das
Stadtklima” (The Urban Climate) (Kratzer 1937), which also provides the first systematic review of the influence of settlements
on air temperature. A comprehensive summary of UHI studies (maps and statistics) carried out in primarily European and
North American cities was subsequently published by Helmut
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Landsberg in his book entitled “The Urban Climate” (Landsberg
1981). During the 1970s and 1980s, focus shifted from the largely
descriptive early work toward exploring the processes responsible
for the urban effect with many fundamental contributions from
Tim Oke, laying the foundation for a modern treatment of this
topic, much of which will be referred to in the following. The present review also benefits from a recent, comprehensive summary
of current knowledge of urban climate to allow cities to become
more sustainable (Grimmond et al. 2010).

conceptual framework required to model each type. In applied
studies, the target may be human comfort, building energy use, or
city-wide mitigation which all occur at different scales (Oke 2009).
Three basic urban climate scales are usually recognized
(Figure 11.1). Individual buildings, trees, and the intervening spaces
create an urban “canopy” and define the microscale, found inside
the roughness sublayer (RSL), which itself is a manifestation of the
small-scale variability found close to the urban surface. Typical
microscales extend from one to hundreds of meters. Similar houses
in a district combine to produce the local scale, which is an integration of a mix of microclimatic effects. Typical local scales extend
from one to several kilometers. Plumes from individual local scale
systems extend vertically and merge to produce the total urban
boundary layer (UBL) over the entire city, which is a mesoscale phenomenon. During daytime, this layer is usually well mixed due to
the turbulence created by the rough and warm city surface, extending to a height of 1 km or more by day, shrinking to hundreds of
meters or less at night. The UBL has typical scales of tens of kilometers and can be advected as an urban “plume” downstream from
the city by the prevailing synoptic winds.

11.2 Principles
11.2.1 Urban Scales
Urban climates are characterized by a combination of processes
occurring at a variety of scales imposed by the biophysical
nature of cities and the layered structure of urban atmospheres.
Recognition of the impact of scale is key to understand the workings and phenomena of urban climates in general and heat islands
in particular. Scale is important when studying the form and
genesis and for the measurement and modeling of heat islands.
Scale sets the fact that there are not only one but several types of
heat islands. The size of the source area from where the thermal
influence originates and how it changes over time is determined
by scale. Scale also determines the controls and processes affecting and creating each heat island and therefore determines the

11.2.2 Conceptual Framework
The formation of the UHI is related to the energy balance of
the urban area. Urban structures and materials, land cover
change, and human activity alter the individual components of
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FIGURE 11.1 Idealized vertical structure of the urban atmosphere over (a) an urban region at the scale of the whole city (mesoscale), (b) a landuse zone (local scale), and (c) a street canyon (microscale). Gray-shaded areas (thick line following surface in (c)) show “locations” of the three UHI
types corresponding to each scale (see Section 11.2.3 and Table 11.1). (Modified after Oke, T.R., Initial guidance to obtain representative meteorological observations at urban sites, Instruments and Observing Methods Report No. 81, WMO/TD-No. 1250, World Meteorological Organization,
Geneva, Switzerland, 2006.)
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the energy balance in urban areas and subsequently the atmospheric state. The UHI must therefore be the result of urban/
rural energy balance differences. The urban energy balance is
defined as (Oke 1988)
Q * + QF = QH + QE + QS + ∆QA (Wm −2 )

(11.1)

where
Q* is the net all-wave radiation flux
QH and QE are the turbulent sensible and latent heat fluxes,
respectively
QS is the net uptake or release of energy by sensible heat
changes in the urban ground-canopy-air volume
ΔQA is the net horizontal advective heat flux
QF is the anthropogenic heat flux from heat released by combustion of fuels (e.g., traffic, building HVAC systems). It is
an additional term particular to cities and not present in
other ecosystems
The available energy at any location to heat the air or ground
or evaporate water depends on the radiation balance
Q * = K * + L* = K ↓ − K ↑ + L ↓ − L ↑ (Wm −2 )

(11.2)

where
K and L are the shortwave (from the sun) and longwave (or
terrestrial) radiation flux, respectively
arrows indicate whether the flow of energy is toward (↓) or
away (↑) from the surface
The presence of the city alters all individual components in
(11.1) and (11.2). The surface morphology results in a lower albedo
for an urban array because of multiple reflections of the incoming
solar radiation in street canyons. Street canyons also trap longwave
radiation resulting in a lower net longwave loss (L*) at street level.
The radiative properties of surface materials influence the albedo,
surface temperature and emissivity, and therefore the outgoing

short- and longwave radiation and respective net fluxes. The urban
atmosphere is both polluted and warm, and the surface is warmer
compared to the countryside, which also affects the net longwave
radiation balance. Overall the urban effects tend to offset, and
Q* in cities is close to that in nearby rural settings. Sometimes
the lower albedo of the city can result in positive urban-rural Q*
daytime differences, and negative nocturnal differences are often
observed as a consequence of extra longwave emissions from the
warmer urban surface temperatures (Figure 11.2).
The warm and rough nature of the urban surface promotes
turbulent mixing, and unstable conditions prevail during
daytime and mildly unstable or neutral conditions at night,
especially in summertime and in densely built-up areas. The
convective fluxes are therefore usually directed away from the
surface at most hours of the day. Reduction of QE in the city is
common during daytime but evapotranspiration can remain
an important energy sink outside densely built urban centers
depending on the amount of greenspace, surface wetness, precipitation, or irrigation. Because of lower QE in the city, heat
during daytime is preferentially channeled into sensible forms
(QH and QS), which results in a warming of the environment.
Key characteristics that influence the size of QS are the surface
materials and the urban structure. The mass of the building fabric presents a large reservoir for heat storage because urban surface materials have good ability to accept, conduct, and diffuse
heat. QS is therefore significant and often considerably larger in
an urban area than its rural surroundings (Figure 11.2). The partitioning of Q* into QH is relatively constant across a wide range
of cities, geographic locations, and climatic regions during dry
and clear daytime conditions (0.35 < QH/Q* < 0.45) but is more
variable for QS (0.2 < QS/Q* < 0.55) (Roth 2007). QS is usually
transported into the building volume in the morning, and by
mid to late afternoon heat is transferred back to the surface and
released into the atmosphere. This helps to maintain a positive
QH flux in cities in the evening and at night, contributing to the
heat island in the air. At night, the additional radiative drain is
entirely supplied from the extra heat stored in the urban fabric
during daytime (Figure 11.2).
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11.2.3 Heat Island Types, Characteristics,
and Underlying Processes
The UHI commonly refers to the temperature increase
measured in the air close to the surface inside a settlement
compared to its undeveloped surroundings. Heat islands,
however, may be measured as either surface or atmospheric
phenomena, and a further distinction is sometimes introduced according to the observation method. Fixed station
networks produce different heat islands compared to those
measured using car traverses or by the thermal response from
true 3-D surface compared to the bird’s eye view for surface temperature (Oke 1995). Although they are related, it is
essential to distinguish between the different types because
the respective processes, observations, and models will differ. Table 11.1 lists the main heat island types (also shown in
Figure 11.1) together with their defining characteristics and
some of the known impacts.
11.2.3.1 Surface UHI
The surface UHI is defined by the temperature of the surface
that extends over the entire 3-D envelope of the surface. It is
a surface energy balance phenomenon and involves all urban
facets (street, vertical walls, roofs, trees, etc.). Urban surface
TABLE 11.1

temperatures contain strong microscale patterns that are sensitive to the relative orientation of the surface components to
the sun by day and the sky at night, as well as to their thermal
(e.g., heat capacity, thermal admittance) and radiative (e.g.,
reflectivity or albedo) properties. The magnitude and temporal variation of the surface heat island are well known. It
is strongest during daytime when solar heating creates large
differences between dry/wet and vegetated surfaces and the
response is dominated by exposed, horizontal surfaces such
as roofs and pavements. During daytime, the warmest surfaces are measured in industrial–commercial zones, especially
those with large, flat-topped buildings or extensive open areas
of pavement (e.g., airport, shopping malls, and major highway intersections) rather than in the CBD where buildings
are tall and roofs are not the principal surface (Figure 11.3).
At night, some of the processes are reduced, and urban-rural
differences and intra-urban variability of surface temperature
are smaller than during the day (Roth et al. 1989). The surface
heat island has been less studied compared to its atmospheric
counterpart.
The remotely sensed heat island is a surface phenomenon that
should not be set equal to its atmospheric counterpart whose magnitude is lower and largest during nighttime, which is the reverse
of the surface temperature pattern (Figure 11.3). Also, in daytime,

Classification of Urban Heat Island Types, Their Scales, Underlying Processes, Timing and Magnitude, and Likely Impacts

UHI Type; Spatial Scale

Processes

Timing: Magnitude

Subsurface; Micro (1–100s m)

Subsurface energy balance; heat diffusion into
ground

Day/night: small; follows surface
heat island

Surface; Micro (1–100s m)

Day: surface energy balance; strong radiation
absorption and heating by exposed dry and
dark surfaces
Night: surface energy balance; roofs—large
cooling (large sky view); canyon facets—less
cooling (restricted sky view)
Day: strong positive sensible heat flux at
surface; sensible heat flux convergence in
canyon
Night: often positive sensible heat flux
supported by release of heat from storage in
ground and buildings, longwave radiative
flux convergence, and anthropogenic heat
Day: bottom-up sensible heat flux through top
of RSL, top-down heat entrainment into
UBL, and radiative flux divergence due to
polluted air
Night: Similar to day, but intensity of
processes is reduced
Anthropogenic heat under special conditions

Day: very large and positive

UCL; Local (1– <10 km)

UBL; local-meso (10s km)

Night: large and positive

Day: small, sometimes negative if
shading is extensive
Night: large and positive, increases
with time from sunset, maximum
between a few hours after sunset
to predawn hours
Day/night: small and positive,
decreasing with height in UBL

Impacts
Engineering design for water
pipes, road construction,
permafrost, groundwater
characteristics, and carbon
exchange between soil and
atmosphere
Thermal comfort, planning and
mitigation measures, temperature
of storm water runoff, and health
of aquatic ecosystems

Thermal comfort, building energy
use, water use (irrigation),
thermal circulation if winds are
light, air quality, urban ecology,
and ice and snow

Air quality, photochemical
pollutants, local circulation,
precipitation and thunderstorm
activity downwind, and plant
growing season

Sources: Modified from Oke, T.R., The heat island of the urban boundary layer: Characteristics, causes and effects, in Wind Climate in Cities, ed. J.E. Cermak
et al., Kluwer Academic Publishers, Dordrecht, the Netherlands, pp. 81–107, 1995; Oke, T.R., The need to establish protocols in urban heat island work. Preprints
T.R. Oke Symposium and Eighth Symposium on Urban Environment, January 11–15, Phoenix, AZ, 2009.
UCL, Urban canopy layer; UBL, urban boundary layer; RSL, roughness sublayer.
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the correlation between surface temperature and land use is much
stronger than that for air temperature, and the daytime urbanrural surface temperature differences are considerably larger
than those measured in the air in the canopy layer (Figure 11.3).
Relating surface and air temperatures is complicated and no simple general relation is available. Without considering the differing
source areas for the two measurements and atmospheric effects
(radiative divergence in the UCL and horizontal heat advection)
that affect air temperatures, it is easy to misinterpret canopy-layer
UHIs using measurements of surface temperatures.
11.2.3.2 Canopy-Layer UHI
The canopy-layer UHI is found within the atmosphere below
the tops of buildings and trees (i.e., in the urban canopy). It is
an expression of the surface energy balance that influences the
air volume inside the canyon, primarily through sensible heat
transfer from the surface into the canyon to change the temperature. Some exchange of air between the canyon volume and the
air above is also possible during the day. At night, some cold
air coming off the roofs may contribute to cooling. The canopylayer UHI is a local (neighborhood)-scale phenomenon. Given
its accessibility and relevance to human activities, it is the most
studied of all heat island types.
Urban-rural air temperature differences measured in the
canopy-layer show significant spatial and temporal variability
within a city but generally form isotherms in an island-shaped
pattern resembling height contours of an island on a topographic
map, which closely follows the built form of the city. The form

of the pattern varies from city to city, but a peak associated with
the city center, a large gradient at the city periphery (“cliff”),
and lower values associated with more open areas, parks, and
water surfaces are some of the common characteristics found
across settlements of different sizes (Figure 11.4). Microscale
variations within individual street canyons or courtyards are
complex, with large temperature differences possible at small
scales.
The diurnal variation of the canopy-layer UHI is very pronounced and its physical basis is understood theoretically and
has been confirmed by numerous studies (Figure 11.5). During
daytime, the urban-rural difference is relatively small or even
negative (i.e., cool island) in city centers or other developments
with dense and tall buildings that promote shading at the surface. The heat island intensity increases after sunset and reaches a
maximum sometime between a few hours after sunset and before
sunrise. The canopy-layer UHI is therefore primarily a nocturnal
phenomenon and arises from reduced cooling rates observed in
the city in the late afternoon and evening compared to the nonbuilt-up areas resulting in higher urban minimum temperatures.
After sunrise, the urban area also warms up more slowly and
the heat island is rapidly disappearing. Under ideal conditions
for heat island development (calm and clear) and measured in
city centers with deep canyons, maximum heat island intensities of up to 12°C have been recorded. On an annual mean basis,
including the dampening effects of wind and clouds, a city of
about one million inhabitants may have a heat island of about
1°C–2°C (Oke 1997).
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the first study of the heat island by Howard (1818) (Table 11.2).
The heat island magnitude is related to the size and morphology of the city. It correlates positively with the number
of inhabitants and the geometry of the street canyons in the
downtown area. Although a positive correlation between population and UHI intensity has been demonstrated in many
studies, population should only be considered a surrogate
for city size, and the use of canyon geometry is preferred as
a more physical parameter that exerts control over radiation
access. At night, the amount of surface cooling is related to
the net longwave radiation loss. The addition of an urban canyon restricts the ability of the surface to lose heat by radiation
because the open sky is replaced by walls that intercept part of
the outgoing longwave radiation. The exposure to the sky can
be represented by the sky view factor (Ψs) and is sometimes
approximated by the more readily available canyon heightto-width ratio (H/W). The strong relation between street canyon geometry and nocturnal maximum heat island intensity
observed across many cities confirms that urban geometry is a
basic physical control (Figure 11.7a).
Another category of surface controls relates to material properties. Urbanization not only changes the 3-D structure of the
surface but also introduces radically different materials in terms
of their radiative and thermal properties when compared to natural land cover. For example, dark surfaces such as asphalt roads
have a low reflectivity to solar radiation and therefore efficiently
absorb solar energy during the day. Many urban materials, such
as those used for the construction of buildings or roads and
parking lots, are dense and have a relatively high heat capacity
and large surface thermal admittance. They have the ability to
efficiently accept and retain heat during daytime for periods longer than that of natural surfaces and release it at night. In addition, urbanization replaces the natural impervious surfaces with

11.2.3.3 Boundary-Layer UHI
The urban warmth extends into the UBL (above the RSL) through
convergence of sensible heat plumes from local scale areas (bottom-up) and the entrainment of warmer air from above the UBL
(top-down) to create the boundary-layer UHI. Radiative interactions through the polluted boundary layer may also be important. Because of experimental difficulties to probe the air at large
heights, the UBL heat island has not received as much attention as
its canopy-layer counterpart, but a few airplane, helicopter, remote
sensing, balloon, and tower studies have been conducted since the
1960s in a wide range of cities. They provide insight into the vertical structure of the nocturnal UBL and confirm that the UHI
extends upward to a depth of several 100 m with magnitudes that
decrease almost linearly with height that often become negative
near the top of the UBL (so-called crossover effect) (Figure 11.6).
The heat island is largest under light winds and when strong rural
surface inversions exist, and weaker for strong winds when the
vertical temperature distribution is more uniform. The vertical
extent of the UBL heat island is limited by the height of the UBL,
which during daytime increases in depth with time in accordance
with the growth of the mixed layer. At night, the city retains a
shallow surface mixed layer because of the canopy-layer heat
island. A cross section trough the air above the city shows a simple dome (calm conditions) or plume of warm air advected downwind of the city (more windy conditions), often extending for tens
of kilometers (Figure 11.1a). The boundary-layer heat island is a
local to mesoscale phenomenon and its intensity is less compared
to that measured in the canopy layer (∼1.5°C–2°C).

11.2.4 Heat Island Controls
The physical mechanisms through which the UHI effect is
driven are well established, and most have been known since
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TABLE 11.2 Commonly Hypothesized Causes of the Urban Canopy
and Boundary-Layer Heat Islands (Not Rank Ordered)
Altered Energy Balance Terms
Leading to Positive Thermal
Anomaly
A. Canopy layer
1. Increased absorption of
shortwave radiation
2. Increased longwave radiation
from the sky
3. Decreased longwave radiation
loss
4. Anthropogenic heat source
5. Increased sensible heat storage
6. Decreased evapotranspiration
7. Decreased total turbulent heat
transport
B. Boundary layer
1. Increased absorption of
shortwave radiation
2. Anthropogenic heat source
3. Increased sensible heat
input—entrainment from
below
4. I ncreased sensible heat
input—entrainment from above

Features of Urbanization Underlying
Energy Balance Changes
Canopy geometry—increased
surface area and multiple reflection
Air pollution—greater absorption
and reemission
Canyon geometry—reduction of sky
view factor
Building and traffic heat losses
Construction materials—increased
thermal admittance
Construction materials—increased
“waterproofing”
Canyon geometry—reduction of
wind speed
Air pollution—increased aerosol
absorption
Chimney and stack heat losses
Canopy heat island—increased heat
flux from canopy layer and roofs
Heat island, roughness—increased
turbulent entrainment

Source: Oke, T.R., Q. J. R. Meteorol. Soc. 108, 1, 1982.

waterproof materials, which results in a drier urban area where
less water is available for evaporation and hence cooling. The
remaining vegetation cover imparts substantial spatial variability to the magnitude of the urban temperature. Because the heat
island intensity is a difference measure, the surface values of the
respective rural surface against which the city is compared are
also important. Heat island development is maximized when the
city is characterized by dense building materials but surrounded
by dry rural areas with low thermal admittance and hence good
ability to release heat.
The effects of thermal properties (promoting heat storage)
and of street canyon geometry (reducing longwave radiation
loss) are almost equally capable of creating a heat island under
conditions that maximize UHI generation. This simplified picture is modified by a number of atmospheric factors that contribute to the presence and magnitude of heat islands. Synoptic
weather in particular exerts a strong control on the heat island
magnitude, which has been observed to be largest during clear
(cloudless) and calm (weak wind) conditions (Figure 11.7b).
The heat island intensity is most sensitive to wind speed,
showing an inverse relationship under cloudless conditions,
pointing to the effect of turbulence mixing and advection.
Clouds affect the longwave radiation exchange and therefore
the potential for the surface to cool. Low, thick clouds (e.g.,
Stratus) have a larger effect than a similar amount of high, thin
ones (e.g., Cirrus).
The specific spatial and temporal form of the canopylayer UHI is also sensitive to the climate, topography, rural
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conditions, time of day, season, latitude (length of day and
nighttime, which controls the amount of heat storage and cooling), and metabolism of the city. Multiple controls need to be
considered when making comparison between observations
from different cities. Temporal variability in the moisture content of the rural surrounding, for example, may be responsible
for seasonal variations in heat island intensity. Dry-season UHI
magnitudes are often higher than those observed during the wet
season (Figure 11.8). This variability can be explained by the
variability of surface moisture content of the undeveloped rural
reference site, which is largely influenced by the seasonal variation of precipitation. Higher (lower) rural thermal admittance
during the wet season results in lower (higher) rural cooling
rates and hence lower (higher) UHI intensities assuming that
the urban surface does not experience a corresponding change
in surface moisture.
Seasonal variability is also observed in mid- and highlatitude cities without much seasonal moisture variability.
Here, cities often reach their maximum heat island intensities
during the cold season in winter, which suggests that spaceheating plays a major role. QF can be an important term in
(11.1) and even exceeds Q* under these special circumstances
when heating demands are large and incoming solar radiation
is reduced or where the concentration of sources is large, such
as in industrial areas or the center of a large city. Addition
of anthropogenic heat may also be important in summer or
all seasons in hot climates when air-conditioning use contributes waste heat to the urban canyon air. In these conditions,
human activity contributes substantially to the heat balance
and can be a main factor in the development of the heat island
in the air.
Finally, cities are often located in complex geographic locations (coastal, bottom of valley, confluence of rivers, etc.) where

differences in regional land cover and/or topography generate
advection and thermal wind systems at scales larger than the
city (land/sea breeze or valley/slope flows), which interact with
the urban atmosphere and have the potential to modulate the
UHI (Fernando 2010).

11.3 Methods of Analysis
Observational and modeling approaches are used to investigate
the urban thermal environment. Field observations provide
descriptive information about the UHI and the processes causing it, and methods differ for each UHI type. Observations are
also essential to evaluate the full range of physical (scale), statistical, or numerical models used to research these processes and
predict UHI behavior.

11.3.1 Observations
Observations are supposed to represent the urban effect on the climate; however, determination of the “true” effect is in most cases
not possible, because observations from prior to the urban settlement do not exist. Lowry (1977) has investigated to what extent
estimates of urban effects can be accepted with confidence unless
preurban values are used. He evaluates four surrogate approximations, which are (1) urban-rural differences stratified according to synoptic conditions, (2) upwind-downwind differences
(sometimes used to assess precipitation processes), (3) urbanrural ratios, and (4) weekday-weekend differences (measuring the
particular weekly anthropogenic cycle that is uniquely related to
urbanization). Most UHI studies are based on (1), i.e., the comparison between “urban” and “rural” locations, although it cannot
be assumed that the rural observations taken in the vicinity of an
urban area represent preurban conditions. This places a particular
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emphasis on the selection and proper description of the rural reference site during the planning and design of a study to ensure
that it is free from urban influences.
11.3.1.1 Surface Temperatures
The spatial and temporal variability of surface temperature in
urban areas has been investigated using thermal infrared measurements of upwelling thermal radiance (most often directional radiometric temperatures or directional brightness temperatures) from
instruments based at ground level (e.g., pyrgeometer and thermal
scanner), on aircrafts (e.g., thermal scanner), and on satellites (e.g.,
GOES, AVHRR, MODIS, Landsat, and Aster). The capability of
remote sensors to provide high spatial resolution thermal imagery
is very attractive and valuable to study the spatial and temporal
patterns of the UHI across entire urban regions over time.
Temporal coverage and interpretation of remotely sensed
data, however, are often restricted to specific times (prescribed
by time of satellite overpass), atmospheric conditions (clear or
mostly clear skies only), and the viewing geometry of the sensors.
Uncritical acceptance of these data can also lead to erroneous
conclusions. Recognition of the 3-D surface, possible variations
in emissivity across different surface materials, and an appropriate definition and/or control for what defines the “rural” area are
important issues (Roth et al. 1989). A representative surface temperature requires averaging an adequate sample of the many surfaces, vertical as well as horizontal, comprising an urban area. In
most cases, remote sensors only sample a subset of the complete
urban surface or have a nadir view (bird’s or plan view), which
prefers horizontal surfaces and results in temperatures that are
different compared to off-nadir views (especially those close to
the horizon), which includes some proportion of the vertical
surfaces. The proportion of surfaces that are not included, but
are part of the active area, as part of the total 3-D area increases
with increasing density of the built area.
The error introduced by oversampling the flat surfaces is likely
to be largest near midday in the warm season and at low latitudes, i.e., during conditions when solar zenith angles are high.
The 3-D nature of urban surfaces, together with solar and sensor
geometric considerations, therefore implies that sensors with a
narrow field of view see a biased sample of the microscale temperature patterns of the urban surface, and the upwelling longwave radiation received by the sensor shows directional variation
as a function of the surface structure, also termed “effective
thermal anisotropy” (Voogt and Oke 1998). Observations show
that urban areas have strong thermal anisotropy, complicating
the interpretation of measurements. Applications need to consider the importance of this effect, and the sum of corrections
needed to be applied to the “raw” remotely sensed urban surface
temperatures (e.g., directional brightness) can be significant,
especially during daytime (Figure 11.3).
11.3.1.2 Air Temperature
Air temperature measurements using direct techniques (thermocouples and thermistors) are relatively simple. The UHI has
been well documented using observations from fixed sensor
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networks and mobile surveys using automobiles. Often simple
urban-rural station pairs are used to assess the UHI effect, but
they may miss the location of the UHI peak as opposed to car
traverses that provide a more complete sample of the full diversity of urban morphologies and land uses. More recently, networks with a large number of stations to provide better spatial
resolution have been employed, benefiting from advances made
in sensor miniaturization and data transmission technology.
Careful siting and exposure are essential to obtain meaningful observations. The characteristics of the surface and atmosphere within the source determine the measured temperature.
The specific requirements on instrument exposure, siting, and
metadata requirements for urban temperature measurements
are described in Oke (2006). If the objective is to monitor the
thermal environment of the canopy layer, the sensors must be
exposed so that their microscale surroundings are representative of the local-scale environment representative of the selected
neighborhood. The sensor location must be surrounded by
“typical” conditions for urban terrain. Ideally, the site should be
located in an open space, where the surrounding H/W ratio is
representative of the local environment, away from trees buildings or other obstructions. Care should be taken to standardize
practice across all sites used in a network regarding radiation
shields, ventilation, height (2–5 m is acceptable given that the air
in canyons is usually well mixed) and to ensure that sensors are
properly calibrated against each other. Locations in urban parks,
over open grass areas, or on rooftops should be avoided since
they are not representative of the urban canopy.
Much less work is available on the boundary-layer UHI compared to that in the canopy layer. Within the UBL, air temperatures may be measured in situ by sensors on tall towers, tethered
or free-flying balloons, aircraft, helicopters, and remote observation methods. Known challenges are the determination of
the exact footprint of the measurement, which increases with
increasing height and the possibility of large-scale advection of
air with different thermal characteristics.
In the absence of a standard methodology to calculate the
UHI intensity from urban to nonurban differences, it is necessary to apply strict experimental control to be able to separate
the confounding effects of time, weather, relief, and soil moisture
on UHI magnitude and obtain meaningful results that can be
compared across studies. Basic requirements include the proper
classification and reporting of field sites (urban and rural), e.g.,
using the recently proposed local climate zones by Stewart and
Oke (2009). This system replaces the traditional and simple
descriptors “rural” and “urban” with a more sophisticated one,
which takes into account the diversity of real cities and their surroundings. The suggested local climate zones are differentiated
according to surface cover (built fraction, soil moisture, albedo),
surface structure (sky view factor, roughness height), and cultural activity (anthropogenic heat flux). It is further necessary
to ensure that sensor locations are not affected by local thermal
gradients (produced by, e.g., coastal areas or mountain-valley
effects), synoptic weather is controlled for (in particular wind
and clouds), moisture effects on the rural thermal admittance
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are considered, and to normalize daylength (which controls the
amount of daytime heat storage and nocturnal cooling).

11.3.2 Models
11.3.2.1 Physical Scale Models
Physical scale (or hardware) models are not appropriate to
study the thermal environment directly but have been useful
tools to examine some of the heat island controlling parameters under simplified conditions (e.g., nighttime, negligible
turbulent transfer). Nocturnal cooling and heat island intensity have been studied by Oke (1981). Under clear and calm
conditions, the nighttime energy balance can be approximated
by L* = QS , and the resulting cooling is a function of L* and
thermal admittance only (according to the Brunt framework).
Using a simple indoor hardware model, Oke (1981) confirmed that thermal admittance and geometry (e.g., expressed
through Ψs or H/W) are important controls under these ideal
conditions, a result that supported the development of the simple empirical models in (11.4) and (11.5) as follows. Another
scale modeling study confirmed the influence of geometry
and thermal admittance on nocturnal cooling for calm conditions in the case of an urban park (Spronken-Smith and Oke
1999). Parks with significantly lower thermal admittance than
their surroundings, and those with large openings to the sky,
showed strongest cooling potential. View factor influences also
create an edge effect of reduced cooling near the park perimeter within a zone of about 2.2–3.5 times the height of the park
border. Other hardware models have investigated the longwave
radiation exchange in simple canyon geometries, and outdoor
scale models demonstrate that 2-D and 3-D urban geometries
can substantially decrease the surface albedo.
11.3.2.2 Statistical Models
Many statistical UHI models have been developed because of
their simplicity and ease to use. They generally work well for the
city and the limited range of atmospheric conditions for which
they were created. Most of these models are simple (multiple)
linear regressions of maximum UHI intensity (ΔTu−r(max)) measured during ideal conditions (calm and clear weather) related to
population (P), geometric (e.g., H/W ratio) and meteorological
variables (wind speed, clouds, rural lapse rate or solar radiation),
or use land cover information to model intra-urban temperature
variation. One of the best-known models relates maximum heat
island magnitude to the population according to a log-linear
relation (Oke 1973)
∆Tu − r (max) = a ⋅ log(P ) + b

(11.3)

The regression parameters differ for North American,
European, and Asian cities and probably for different climatic
regions because of diversity in city morphology and rural
surroundings (where the reference temperature is measured)
across different geographic locations. Equation (11.3) is purely

empirical and dimensionally incorrect, and the use of canyon
geometry instead of population is preferred as a more physical
parameter that exerts control over the local wind and radiation
access. The strong relation between the street canyon geometry
and nocturnal maximum heat island intensity measured under
ideal conditions is expressed by the following empirical relationships (Oke 1981):
H
∆Tu − r (max ) = 7.45 + 3.97 ⋅ ln  
W

(11.4)

∆Tu − r (max ) = 15.27 − 13.88 ⋅ ψ s

(11.5)

or

which are valid for the specific conditions under which the data
have been collected (clear, calm, and dry) (Figure 11.7a).
UHI intensity strongly depends on weather conditions, time
of observation, and daylength and more advanced models try
to predict the canopy-layer UHI intensity for any city for all
time periods and weather conditions. Combining alreadyknown, physically based empirical relationships between maximum UHI intensity and known weather controls in a common
scheme, Runnalls and Oke (2000) define a weather factor
φw = U −1/2 (1 − k ⋅ N 2 )

(11.6)

where
U is mean wind speed
N is cloudiness, which allows the prediction of a weatherdependent UHI intensity as
∆Tu -r = ∆Tu − r (max )φw

(11.7)

Equations (11.6) and (11.7) indicate an inverse proportionality
of nocturnal ΔTu−r with U−1/2 and a linear decrease with N2 as was
first shown by Sundborg (1950). Further refinement of these statistical models is possible, e.g., by applying control to normalize
the amplitude of the UHI and length of daytime and nighttime
across cities from different latitudes (Oke 1998).
11.3.2.3 Numerical Models
Numerical models offer increased capabilities to simulate the
full complexity and diversity of cities and the way they interact with the atmosphere when compared to scale and statistical models. Historically, numerical urban climate models were
adapted from vegetation models by modifying surface parameters to better represent particular aspects of the urban surface
(e.g., surface albedo, roughness length, displacement height,
surface emissivity, heat capacity, and thermal conductivity).
They vary substantially according to their physical basis and
their spatial and temporal resolution and have been developed
to assess impacts of urbanization on the environment and, more
recently, provide accurate meteorological information for planning mitigation and adaptation strategies in a changing climate.
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Given its central role in understanding and predicting the
urban climate, including the UHI, the urban energy balance has
received much attention of the modeling community. Because
of the complexity of the full surface-atmosphere system and
energy processes, such models are often simplified by assuming
several parameterizations and simplified geometries. An early
example of an energy balance model that has been used to assess
UHI causation is the SHIM surface heat island model (Oke et al.
1991). It is a simple energy balance model that can be used to
calculate the surface radiation budget and surface temperature
of street canyon surfaces on calm and cloudless nights (i.e., during conditions when turbulent exchange can be neglected and
radiative transfer is restricted to longwave only). One of the first
models to include many of the climate processes typical of the
complex building-atmosphere volume to simulate the smallscale interactions between individual buildings, ground surfaces, and vegetation is ENVI-met (Bruse and Fleer 1998). It is
a nonhydrostatic model designed for the microscale with very
high temporal and spatial (0.5–10 m) resolution and a typical
time frame of 24–48 h, capable of simulating the diurnal cycle of
temperature, thermal comfort, and many standard atmospheric
variables across a realistic building array.
Early models were treating individual building facets or one
individual canyon only or were restricted to small domain sizes.
Mesoscale meteorological models, on the other hand, are able
to simulate the spatial structure and temporal dynamics of the
UHI intensity across entire cities. One of the first such studies
used CSUMM (CSU mesoscale model), which was modified by
incorporating a semiempirical formulation for storage heat flux in
urban areas to predict the daytime UHI in Atlanta (United States)
(Taha 1999). Masson (2000) further extended the individual canyon approach to larger scales using simplified real city geometry,
introducing individual energy budgets for roofs, roads, and walls;
refining the radiation budget; and adding anthropogenic heat
flux. His town energy balance scheme could be used in a prognostic way in mesoscale models and was successful in simulating
many of the observed urban energetics, including the net longwave fluxes and surface temperatures. Extension to larger scales
and coupling the urban surface to the atmosphere was an important step forward and demonstrated that mesoscale models that
aim to predict weather at the city scale need to include a realistic
representation of the urban surface.
Over the last decade, research in urban meteorology has
focused on the development of parameterizations for urban
canopy models. A number of schemes incorporating urban
features have appeared since Masson’s pioneering work for a
variety of applications that include the assessment of human
thermal comfort, prediction of UHI form and magnitude, heat
island circulation, numerical weather prediction (NWP), which
improves the operational forecasts of screen-level temperatures, or global climate modeling. An example is the new urban
scheme MORUSES. The urban geometry is described as a 2-D
street canyon and takes into account varying building geometry at the grid scale over the model domain. A complete urban
surface energy balance is parameterized for the 2-D geometry,
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including multiple reflections within street canyons, transporting heat out of the canyon via a resistance network, and differentiating between the energy balance of canyon and roof facets.
This scheme is implemented in the UK Met Office Unified Model
(UM) and is capable of producing many of the observed features
of the diurnal surface energy balance variation such as reduced
QE , increased QS , increased QH, and higher temperature in the
city (Bohnenstengel et al. 2009).
To bridge the gap between traditional mesoscale modeling
and microscale modeling, the National Center for Atmospheric
Research (NCAR), in collaboration with other agencies and
research groups, has developed an integrated urban modeling
system coupled to the Weather Research and Forecasting (WRF)
model (e.g., Chen et al. 2011). This urban modeling community
tool includes three methods to parameterize urban surface processes, ranging from a simple bulk parameterization to a sophisticated multilayer urban canopy model with an indoor–outdoor
exchange model that directly interacts with the atmospheric
boundary layer and procedures to incorporate high-resolution
urban land use, building morphology, and anthropogenic heating data. The WRF/urban model has been used, for example, as a
high-resolution regional climate model to simulate the summer
UHI of Tokyo, demonstrating the improved performance when
using an urban canopy model (WRF/Noah/SLUCM) compared
to a simple slab (WRF/Slab) approach to parameterize the surface processes (Figure 11.9).
Urbanization is also an important aspect of land-use/land
cover change in climate science. Given the increasing resolution of global climate models, it is necessary to properly represent large metropolitan areas in the land-use component of
global climate models. Oleson et al. (2008) presented a formulation of an urban parameterization designed to represent the
urban energy balance in the Community Land Model (CLM3),
which is the land surface component of the Community Climate
System Model (CCSM). The model includes urban canyons to
simulate the effect of the 3-D geometry on the radiative fluxes,
distinguishes between pervious and impervious surfaces, and
has separate energy balances and surface temperatures for each
canyon facet, and heat conduction into and out of the canyon
surfaces. Results indicate that the model does a reasonable job
of simulating the observed energy balance of cities and general
characteristics of UHIs in a qualitative sense (e.g., importance
of Q S increases with increasing H/W, positive QH into the night,
and decreased diurnal temperature range in the city).

11.4 Impacts and Applications
Because of the increasingly obvious urban impacts on the environment and society, accurate information about the urban
climate is needed for a wide range of users. In terms of consequences for humans, the canopy layer is of greatest interest with
the UHI as the predominant phenomenon. Whether this unintended impact is desirable or not depends on the background
climate. For cities in cold climates, the UHI may produce positive effects such as less snowfall and frost events, longer growing
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FIGURE 11.9 Monthly mean surface air temperature at 2 m in the Tokyo area at 0500 JST in August averaged for 2004–2007. (a) AMeDAS
observations, (b) using WRF/Slab model, and (c) WRF/Noah//SLUCM. When the simple slab model is used, the model is unable to reproduce the
observed heat island of Tokyo and the urban areas in the inland northwestern part of the Kanto plain located just to the northwest of Tokyo Bay,
which is located in the center of the map. (From Chen, F. et al., Int. J. Climatol., 31, 273, 2011. With permission.)

season, and reduced energy demand because of less domestic
heating. In warm/hot climates or temperate climates in summertime, higher temperatures increase the use of energy use for
cooling, degrade the air quality (e.g., ozone formation increases
with increasing temperature), and may produce stressful conditions and increase in mortality as temperatures rise outside
an optimum range. The UHI intensity can be as large as 12°C
under certain conditions, posing a threat to the sustainability of
an area and calling for the implementation of heat island mitigation strategies from city managers and planners. Strategies have
therefore been developed to manage the urban thermal effects
that can help to mitigation the UHI, reduce energy demand,
and, at the same time, contribute to the reduction of climate
change emissions.

TABLE 11.3 Basis of Selected Mitigation Measures to Control
the Urban Heat Island
Scale
Building

Roughness
Trees, overhangs,
narrow spaces
Impervious surface
fraction

Porous pavement

Vegetated roofs

11.4.1 Solutions to Mitigate Urban Heat Islands
The UHI effect is a result of urban/rural energy balance differences. A useful starting point is therefore the consideration of
the individual terms in (11.1) and (11.2) and their dependence
on the urban fabric and geometry (Table 11.2) to decide which
terms could be readily altered to have the desired mitigation outcome. Interventions and applications depend on scale, can occur
via city function and form (Table 11.3), and have to consider the
climate setting of a location.
Many recent building development and design options have
concentrated on reducing building energy use and the UHI to
improve human comfort in summer in temperate climates or for
all seasons in hot, (sub)tropical regions. The scope for change
is often limited as the basic morphology (building dimensions
and placement, street width, and green areas) is already in place.
Consequently, efforts have focused on changing the properties
of the urban surface to modify its radiative (by replacing materials with new surface cover to reduce the radiative heat gain

Intervention

High albedo, light
surfaces
Sky view factor
Thermal admittance

Neighborhood

Thick walls, roof
insulation
Morphology, building
and pavement
materials, amount of
vegetation, and
transport

Control
Airflow, ventilation
Provide shade and shelter
Energy partitioning
between sensible (heating)
and latent, evaporative
(cooling) exchanges
Increase surface wetness,
evaporative cooling,
reduce runoff
Cool rooftop through
shading and evaporative
cooling and provide
additional insulation to
improve building energy
performance
Influences surface heat
absorption and ensures
high reflection of radiation
Influences solar access and
radiative cooling
Modulates heating and
cooling cycles of materials
Modulates heat storage
Influence airflow,
ventilation, energy use,
anthropogenic heat
emissions, pollution and
water use via city form and
function
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in the material) and evaporative properties. Vegetation has been
found to be a versatile tool to mitigate the local thermal environment. It can be used to provide shade, thermal insulation to keep
the interior cool, and evaporative cooling, and manage noise and
air pollution.
Much research has been conducted to evaluate options to mitigate urban heat in low-latitude regions. Given high sun zenith
angles in (sub)tropical regions, roofs, and other open surfaces
such as large pavements are the most thermally active parts of the
urban geometry and prime areas of energy absorption and conduction into the ground calls for high-albedo materials to moderate the conductive heat transfer. Especially in hot, arid areas,
protection from solar radiation, which is received in high quantities given the absence of clouds, dry atmosphere, and relative
proximity to the equator, is paramount. Compact urban forms
with narrow street canyons provide deep shading but promote
trapping of shortwave radiation and reduce nighttime longwave
cooling. Together with reduced ventilation by the narrow geometry, this may result in elevated canyon air temperatures. Model
results show that access to solar radiation and thermal stress can
be reduced by high H/W ratios in N-S streets, provided that the
building and paving materials have sufficiently high heat capacity
to store excess heat and radiate it away during the cooler nighttime hours (Pearlmutter et al. 2007). Where water is available,
evaporative cooling from strategically placed vegetation can further mitigate the thermal environment. Urban populations in the
warm-humid regions of the tropics are exposed to the negative
effects of the UHI on an annual basis given the high-incident
solar radiation, generally low wind speed, and lack of cool winters. Here, mitigation options need to promote ventilation, e.g.,
through the manipulation of geometry or street orientation to
take advantage of preferential wind patterns (e.g., monsoonal), or
provide shade, e.g., through the use of artificial means (overhangs
or canopies) or by taking advantage of the abundant natural vegetation, which can also provide evaporative cooling.

11.4.2 Human Comfort and Health
Increasing temperatures decrease human comfort in hot climates and raise mortality rates at temperatures outside an optimum range. People living in urban areas exposed to the UHI are
at greater risk than those in nonurban regions. In many parts
of the world, heat already has a devastating impact on human
health, and excessive heat events (heat waves) have led to a large
number of deaths in many large, midlatitude cities (e.g., Athens,
Chicago, New York, Paris, Philadelphia, Rome, Shanghai, and
Seoul), making it the most important weather-related killer.
Higher minimum temperatures due to the UHI and subsequent
lack of nighttime relief exacerbate the heat wave process and
likely increase heat stress and mortality. Air conditioning seems
to have a positive effect in reducing heat-related deaths, but it
is possible that waste heat emitted by air conditioning may be
actually contributing to the UHI. Other solutions come from the
various cooling initiatives to improve indoor climate and mitigate the UHI effect (Section 11.4.1).
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11.4.3 Forecasting Urban Weather
and Climate and Developing
UHI Mitigation Strategies
It is clear that urban planning and architectural design have
an important role in regulating thermal comfort, reducing
heat-related mortality, and the development of more sustainable cities.
However, before policies can be developed to avoid or adapt to
potentially dangerous overheating conditions, tools are required
to identify and quantify the effectiveness to mitigation and
adaptation strategies. Most operational global weather and climate models still fail to resolve cities and are unable to provide
accurate forecasts for large metropolitan areas. Given advances
in computer resources, however, it is now possible to resolve
urban areas, and several urban models of different complexity
are currently available for use in operational NWP models (see
also Section 11.3.2.3). Research shows that even a basic representation of urban areas can lead to significant improvement in
urban temperature forecasts (Best 2005).
A number of studies are currently in progress to develop climate-sensitive development strategies at the city scale. Using a
modified version of the MM5 regional climate model, the UHI
and heat island mitigation scenarios, included planting trees
in open spaces and along trees, green roofs, high-albedo roofs
and surfaces, and a combination thereof, have been simulated
for New York City (Rosenzweig et al. 2009). Results from this
study indicate that the influence of vegetation (using a combination of tree planting and vegetated roofs) on urban climate is
more important than the influence of the albedo of built surfaces
for the case of New York City. Applying this strategy reduced
simulated city-wide urban air temperature by 0.4°C on average.
Because of the relatively large amount of built surfaces and the
relative lack of area available for interventions, the temperature
reduction is at the lower end of similar mitigation studies carried out in other cities with strongly differing urban geometries
that show mitigation potential of up to 3.6°C for average air temperature. UHI mitigation strategies involving vegetation tend to
be more expensive per unit area than strategies involving highalbedo surfaces. However, incorporating other benefits, including air quality and public health improvements, and reductions
in the city’s stormwater runoff and contribution to greenhouse
gas emissions might improve the cost effectiveness of strategies
involving vegetation (Rosenzweig et al. 2009).
Another application is the use of the new urban scheme
MORUSES as part of the UK Met Office UM to perform longterm climate simulations over London. These two nested models are used as part of the LUCID project (the development of a
local urban climate model and its application to the intelligent
design of cities; http://www.lucid-project.org.uk/), which brings
together meteorologists, building scientists, urban modelers,
and epidemiologists in order to investigate the physical processes responsible for the UHI of London and to derive planning
strategies for future energy use and green space (Bohnenstengel
et al. 2009).
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11.4.4 The Urban Heat Island and Global
Climate Warming
Urban areas cover less than 3% of the global land area, and the
area of extra heat is local and too small to have a direct impact
on global climates. However, the UHI has relevance for the study
of global climate change because it makes it difficult to detect
the influence of human activity on the global mean temperature.
Many of the earliest established observation stations used to construct the globally averaged surface temperature record have initially been located near urban areas and their readings may have
become contaminated by the UHI as settlements have grown over
time. Some of the research on historical data indicates that global
temperature trends are not significantly affected by the UHI and
the effect on the global temperature trend is no more than 0.05°C
through 1990 and not considered significant (e.g., Parker 2006).
Others contend that attempts to adequately remove the urban
effect, e.g., by using empirical relations between city size and UHI
magnitude from urban-rural pairs together with population data
or satellite measurements of night light used to classify urban and
rural stations, may be inadequate and underestimate the urban
effect (e.g., Kalnay and Cai 2003).
Cities, however, have an indirect responsibility for the
observed global warming as the major contributor of greenhouse gases. More than half of the world’s population currently
lives in cities and, thanks to their intensive metabolism, they
release more than 70% of the total emissions of carbon dioxide (CO2) of anthropogenic origin and a substantial proportion
of other known greenhouse gases. In urbanized areas, these
emissions have three main causes, which are transport, energy
use in households and public buildings, and manufacturing
and industry, with each sector contributing about one-third
of the total. Energy use is sensitive to temperature, and there
is a strong interdependence between the UHI and electricity
demand where fossil fuels are used to generate the electricity
that is driving air conditioning. Electricity demand for cooling increases 3%–5% for every 1°C increase in air temperature
above approximately 23°C ± 1°C (Sailor 2002). This implies
that a 5°C UHI can increase the rate of urban electric power
consumption for cooling by 15%–25% above that used in surrounding rural areas during hot summer months and for cities
located in (sub)tropical regions.
UHIs have impacts that range from local to global scales,
which emphasize the importance of urbanization to environmental and climate change. Magnitude and rate of urban
warming are comparable to that considered possible at the
global scale, and any global warming will raise the base temperature on top of which the UHI effect is imposed. Cities are
also considered important agents in mitigating global climate
change but at the same time their inhabitants and infrastructure are exposed to the effects of climate change. Many of the
proposed mitigation and adaptation methods to increase the
environmental sustainability of cities and make them more
resilient to climate change are related to the urban thermal
environment.

11.5 Major Challenges
Cities and their populations will continue to grow, increase
stress on local environments, and remain important drivers
of global environmental change. A good understanding of the
nature of urban warming is important to (1) inform the construction of models to provide predictions to assess impacts on
human comfort and mortality, (2) provide sound planning tools
to assess the net impact of climate-based interventions for the
design of more sustainable cities, and (3) explore the intimate
relationship between the UHI and energy use and demand in
cities and, hence, GHG emissions, which contribute to anthropogenic climate change. Moreover, much of past urban climate
research has focused on developed cities located in midlatitude
climates in the Northern Hemisphere. In contrast, only a rudimentary understanding of the physical processes operating in
the atmosphere of (sub)tropical climates is available. This is
unfortunate because much of the future urban growth will take
place in cities located in low latitudes where there is an urgent
need to incorporate climatological concerns in their design to
provide a better living and working environment for a large
segment of the world’s inhabitants (Roth 2007). Future research
should address the following areas where knowledge gaps exist.

11.5.1 Science
Despite much research, there is still a lack of quantitative
analysis on the relative impact of specific contributions from
the important controls on the UHI. There is a need to explore
the linkages between the different UHI types. For example, the
understanding of the coupling of surface and air temperatures
and the relationship between the UHI in the canopy layer
and the one in the boundary-layer are insufficient. Satellitederived UHI data are very valuable, but more research is
needed to better assess urban surface emissivity and devise
methods to correct for thermal anisotropy to be able to accurately determine surface temperatures in cities. Modeling and
prediction of the UHI depend on the ability to properly simulate the surface energy balance of the 3-D urban surface and
the transport processes in the UCL and UBL. Realistic geometries and buoyancy effects in microscale models, proper subgrid parameterization of aggregate effects of urban elements
in mesoscale models, and the nesting of multiscale models all
need more attention.

11.5.2 Observations
There is a growing need for meteorological observations conducted in urban areas, especially in the less developed regions,
to support basic research, evaluate the increasing number of
urban climate models being developed, building, and urban
design or energy conservation measures. Guidelines on how to
obtain representative measurements in urban areas are available
(Oke 2006). However, no standardized observation protocols
exist to estimate the heat island intensity, which has obstructed
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comparison among studies. A recent review concluded that
almost half of 190 primary studies conducted between 1950
and 2007 reported UHI magnitudes that were methodologically
unsound or unreliable (Stewart 2011). Weaknesses identified
include a lack of experimental control, e.g., weather or relief,
inappropriate choice of sites that are not representative of their
local surroundings, definition of UHI magnitude is not given,
inadequate exposure of sensors, sample sizes are insufficiently
large to make statistical interferences, or failure to adequately
document the sites. There is an urgent need for the adoption of
common protocols in UHI research and its use in applied climatology and to document urban station metadata to improve
the present situation and allow assessment of results across cities
and weather conditions (see also Section 11.3.1.2).

References
Best, M. J. 2005. Representing urban areas within operational
numerical weather prediction models. Bound. Layer
Meteorol. 114: 91–109.
Bohnenstengel, S. I., Porson, A., Davies, M., and Belcher, S. 2009.
Simulations of the London urban climate: The LUCID project. T. R. Oke Symposium and Eighth Symposium on Urban
Environment, January 11–15, Phoenix, AZ.
Bruse, M. and Fleer, H. 1998. Simulating surface-plant-air interactions inside urban environments with a three dimensional
numerical model. Environ. Model. Software 13: 373–384.
Chen, F., Kusaka, H., Bornstein, R. et al. 2011. The integrated
WRF/urban modeling system: Development, evaluation,
and applications to urban environmental problems. Int. J.
Climatol. 31: 273–288.
Chow, W. T. L. and Roth, M. 2006. Temporal dynamics of
the urban heat island of Singapore. Int. J. Climatol. 26:
2243–2260.
Cleugh, H. and Oke, T. R. 1986. Suburban-rural energy balance
comparisons in summer for Vancouver, B.C. Bound. Layer
Meteorol. 36: 351–369.
Fernando, H. J. S. 2010. Fluid dynamics of urban atmospheres in
complex terrain. Annu. Rev. Fluid Mech. 42: 365–389.
Grimmond, C. S. B., Roth, M., Oke, T. R. et al. 2010. Climate and
more sustainable cities: Climate information for improved
planning and management of cities (Producers/capabilities perspective). Procedia Environmental Sciences
1: 247–274.
Howard, L. 1818. The Climate of London Deduced from
Meteorological Observations. London, U.K.: W. Phillips.
Jauregui, E. 1986. The urban climate of Mexico city. In Urban
Climatology and Its Applications with Special Regard to
Tropical Areas, ed. T. R. Oke, pp. 63–86. Geneva, Switzerland:
World Climate Programme, Publication No. 652, WMO.
Kalnay, E. and Cai, M. 2003. Impact of urbanization and land-use
change on climate. Nature 423: 528–531.
Kratzer, P. A. 1937. Das Stadtklima (in German). Die Wissenschaft,
Vol. 90. Braunschweig, Germany : Friedr. Vieweg and Sohn
(2nd edn. and English version, 1956).

Handbook of Environmental Fluid Dynamics, Volume Two

Landsberg, H. E. 1981. The Urban Climate. London, U.K.:
Academic Press, Inc.
Lowry, W. P. 1977. Empirical estimation of urban effects on climate: A problem analysis. J. Appl. Meteorol. 16: 129–135.
Masson, V. 2000. A physically-based scheme for the urban energy
budget in atmospheric models. Bound. Layer Meteorol. 94:
357–397.
Oke, T. R. 1973. City size and the urban heat island. Atmos.
Environ. 7: 769–779.
Oke, T. R. 1981. Canyon geometry and the nocturnal urban heat
island: Comparison of scale model and field observations.
J. Climatol. 1: 237–254.
Oke, T. R. 1982. The energetic basis of the urban heat island. Q. J.
R. Meteorol. Soc. 108: 1–23.
Oke, T. R. 1987. Boundary-Layer Climates (2nd edn.). London,
U.K.: Methuen.
Oke, T. R. 1988. The urban energy balance. Prog. Phys. Geogr. 12:
471–508.
Oke, T. R. 1995. The heat island of the urban boundary layer:
Characteristics, causes and effects. In Wind Climate in
Cities, ed. J. E. Cermak et al., pp. 81–107. Dordrecht, the
Netherlands: Kluwer Academic Publishers.
Oke, T. R. 1997. Urban environments. In Surface Climates of
Canada, ed. J. Bailey et al., pp. 303–327. Montreal, Quebec,
Canada: McGill-Queens University Press.
Oke T. R. 1998. An algorithmic scheme to estimate hourly heat
island magnitude, Proceedings of 2nd Symposium Urban
Environment, November 1998, Albuquerque, NM, pp.
80–83.
Oke, T. R. 2006. Initial guidance to obtain representative meteorological observations at urban sites. Instruments and
Observing Methods Report No. 81, Geneva, Switzerland:
World Meteoreological Organization, WMO/TD-No.
1250.
Oke, T. R. 2009. The need to establish protocols in urban heat island
work. Preprints T.R. Oke Symposium and Eighth Symposium
on Urban Environment, January 11–15, Phoenix, AZ.
Oke, T. R. and East, C. 1971. The urban boundary layer in
Montreal, Bound. Layer Meteorol. 1: 411–437.
Oke, T. R., Johnson, G. T., Steyn, D. G., and Watson, I. D. 1991.
Simulation of surface urban heat islands under ‘ideal’ conditions at night. Part 2: Diagnosis of causation, Bound.
Layer Meteorol. 56: 339–358.
Oleson, K. W., Bonan, G. B., Feddema, J., Vertenstein, and M.,
Grimmond, C. S. B. 2008. An urban parameterization for
a global climate model. Part 1: Formulation, evaluation for
two cities, J. Appl. Meteorol. Climatol. 47: 1038–1060.
Parker, D. E. 2006. A demonstration that large-scale warming is
not urban. J. Clim. 19: 2882–2895.
Pearlmutter, D., Berliner, P., and Shaviv, E. 2007. Integrated modeling of pedestrian energy exchange and thermal comfort
in urban street canyons. Build. Environ. 42: 2396–2409.
Rosenzweig, C., Solecki, W. D., Parshall Lily et al. 2009. Mitigating
New York city’s heat island. Bull. Am. Meteorol. Soc. 90:
1297–1312.

Urban Heat Islands

Roth, M. 2007. Review of urban climate research in (sub)tropical
regions. Int. J. Climatol. 27: 1859–1873.
Roth, M., Oke, T. R., and Emery, W. J. 1989. Satellite-derived urban
heat island from three coastal cities and the utilization of such
data in urban climatology. Int. J. Remote Sens. 10: 1699–1720.
Runnalls, K. E. and Oke, T. R. 2000. Dynamics and controls of the
near-surface heat island of Vancouver, British Columbia.
Phys. Geogr. 21: 283–304.
Sailor, D. J. 2002. Urban heat islands: Opportunities and challenges
for mitigation and adaptation. Sample electric load data for
New Orleans, LA (NOPSI, 1995). North American Urban
Heat Island Summit. Toronto, Ontario, Canada, pp. 1–4.
Spronken-Smith, R. A. and Oke, T. R. 1999. Scale modelling of nocturnal cooling in urban parks. Bound. Layer Meteorol. 93: 287–312.
Stewart, I. D. 2011. A systematic review and scientific critique of
methodology in modern urban heat island literature. Int. J.
Climatol. 31: 200–217.

159

Stewart, I. D. and Oke, T. R. 2009. Newly developed “thermal
climate zones” for defining and measuring urban heat
island magnitude in the canopy layer. Preprints T. R. Oke
Symposium and Eighth Symposium on Urban Environment,
January 11–15, Phoenix, AZ.
Sundborg, A. 1950. Local climatological studies of the temperature condition in an urban area. Tellus 2: 222–232.
Taha, H. 1999. Modifying a mesoscale meteorological model to
better incorporate urban heat storage: A bulk-parameterization approach. J. Appl. Meteorol. 38: 466–473.
Voogt, J. A. and Oke, T. R. 1998. Effects of urban surface geometry on remotely-sensed surface temperature. Int. J. Remote
Sens. 19: 895–920.
Voogt, J. A. and Oke, T. R. 2003. Thermal remote sensing of urban
climates. Remote Sens. Environ. 86: 370–384.
Yow, D. M. 2007. Urban heat islands: Observations, impacts, and
adaptation. Geogr. Compass 1/6: 1227–1251.

