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Abstract

There is wide consensus amongst climatologists that cities exhibit distinct climates and are
typically warmer than their surrounding rural areas. This phenomenon, known as the ur-
ban heat island effect, results from unintentional alterations to urban surface properties.
These modifications lead to increased absorption of solar radiation, reduced cooling due
to slower wind speeds, and lower evapotranspiration rates. Its occurrence presents adverse
consequences to the health and comfort of urban built environment occupants, while also
increasing energy consumption ensuing from the measures employed to seek relief. These
consequences are highlighted as likely to exacerbate further when combined with the ex-
isting trend of increasing temperatures from wider climate warming. Adverse heat-related
impacts are thus on an upward trend and are gaining wider attention, with the imperative
to develop and implement mitigation and adaptation strategies having already gained sig-
nificant political determination and investment in recent years.

Literature has been reviewed here from various knowledge domains, including public
health, urban climatology, potamology, limnology, climate change science, and urban
planning to provide a concise guide for architects and urban planners to consider when
designing and implementing climate-resilient built environments.

Keywords: Urban heat island mitigation; urban cooling; green space; blue space; evapo-
transpiration; evaporation.
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Abbreviations
ASC Adaptation Sub-Committee (of the Committee on Climate Change - UK)
CccC
to advise the UK Government)
CIBSE Chartered Institution of Building Services Engineers (UK)
DECC Department for Energy and Climate Change (UK)
EPSRC Engineering and Physical Sciences Research Council (UK)
HVAC Heating, ventilation, and air conditioning
LAI Leaf Area Index
LUCID
Nomenclature
Symbol Description
Qry, Flux generated by lighting, appliances, and HVAC (collectively)
Qrg, Subsurface conduction from buildings
Qrp Metabolic emissions of building occupants
Qrp, Shortwave and longwave radiation gained by buildings
Qrp Flux from buildings
Qry Flux from human metabolism
Qr, Flux from transportation
Q Net radiation
Qa Advection
Q¢ Evaporation (latent heating)
Qr Anthropogenic heat
Qe Conduction
Qu Convection (sensible heating)
Qs Heat Storage
T, Rural temperature
T, Urban temperature
ATy (max) Urban heat island maximum intensity
ATy Urban heat island intensity
K* Net shortwave radiation
L Net longwave radiation
KT Outgoing shortwave radiation
Kl Received shortwave radiation
LT Outgoing longwave radiation
Ll Received longwave radiation
C Heat capacity
VHC Volumetric heat capacity
k Thermal conductivity
K Thermal diffusivity
I Thermal inertia
a Albedo
18 Bowen ratio
£ Emissivity
n Porosity

Committee on Climate Change (independent body established under the Climate Change Act 2008

Local Urban Climate Model and its Application to the Intelligent Design of Cities - EPSRC project

Unit
W-m=
W-m=
W-m=
W-m?2
W-m-2
W-m-2
W-m=2
W-m-2
W-m=2
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W-m?2
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°C
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K
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W-m-2
W-m=2
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mZ.S-l
Jm2-K1-s12

Note: All city climate zones referred to in this paper correspond to the Képpen Climate Classification System.
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Definitions

Advection: The horizontal movement of a fluid (mass movement of molecules containing energy
and other variables) [1].

Aquifer: A body of porous rock capable of storing significant amounts of water, underlain by
impermeable material, and through which groundwater transports [2].

Boundary layer: Generally defined as a layer in a fluid where energy, mass, and momentum transfer
processes are influenced by properties of the underlying surface [3].

Climate: The average of weather events over a long period [4], typically discussed in relation to the
Koppen Climate Classification System.

Comfort: Described as a state of physical ease and freedom from pain or constraint [5].
Convection, forced: Fluid movement that results from external forces [4].

Convection, natural/free: The vertical movement of a parcel of air (mass movement of molecules
containing energy and other variables) being at a different density than the surrounding fluid
(buoyancy) [4].

Convection: Principally refers to vertical motion that results in the transport and mixing of fluid
properties [4].

Ecosystem services: Processes or materials that are naturally provided by ecosystems, such as clean
water, energy, climate regulation, phytoremediation, and nutrient cycling [6].

Health: The World Health Organisation (WHO) definition describes it as ‘a state of complete physical,
mental, and social wellbeing and not merely the absence of disease or infirmity’ [6].

Heatwave: The World Meteorological Organization (WMO) definition describes it as “when the daily
maximum temperature of more than five consecutive days exceeds the average maximum temperature by 5°C,
the normal period being 1961-1990" (ww.metoffice.gov.uk).

Lapse rate: Decrease of an atmospheric variable (typically temperature) with height [1].

Leaf Area Index (LAI): Dimensionless ratio between a single leaf’s surface area [m?] and per unit of
ground surface area [m?], that describes plant canopies [3].

Limnology: Scientific study of freshwater ecosystems, particularly lakes [2].
Mean radiant temperature (MRT): Mean temperature of all the surfaces that surround an object [7].

Operative temperature (T,,): Combines air temperature (T, ) with radiant effects (7. ) to provide a
more realistic representation of the temperature perceived by occupants within a space [8]. As air
velocity increases, (Ty,) tends towards (Tg), at air speeds of 0.1 m-s or less (typical in buildings) it
approximates to the following: T,, = (T, + T5)/2 [9].

Thermal alliesthesia: ‘The hedonic qualities of the thermal environment are determined as much by the
general thermal state of the subject as by the environment itself [10].

Thermal comfort: Described as ‘the condition of mind that expresses satisfaction with the thermal
environment’ [11].

Wellbeing: The Oxford dictionary defines it as a state of mental and physical health, as well as social
wellness, satisfaction with their lives, and experiencing a good quality of life [12].

Wet-bulb globe temperature (WBGT): An index, calculated for in-shade areas that is a function of
all four environmental factors affecting heat stress. It includes dry-bulb, naturally ventilated
wet-bulb, and black globe temperature. Since the index is concerned with extremes of heat stress,
CIBSE consider such conditions as beyond those required for thermal comfort, or acceptable levels
of overheating [9].
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URBAN HEAT RISKS

‘Heat’ describes a form of energy that is transferred from one object to another following a
temperature gradient by the processes of conduction, convection, and radiation. ‘Risk’ is
described as a measure of the probability that something of value such as life, health, prop-
erty, or ecosystems, experiencing harm or damage from a given hazard [6]. ‘Heat risk’
therefore refers to the harm or damage that may be experienced to things of value owing
to the distinct hazard presented by heat [13]. As the harm or damage suffered is relative to
the degree of exposure to the hazard, heat is considered in terms of excesses beyond thresh-
olds. In certain instances, these are absolute thresholds, while in others they are relative to
the adaptation mechanisms in place (see Table 1).

The principal risks from excess heat are:
= Direct adverse effects on health and mortality resulting from heat stress [14,15];

* Indirect effects on health and mortality resulting from reduced air quality [16,17]; and

* Increased energy consumption and associated carbon emissions, resulting from the ac-
tions taken to mitigate the adverse effects of excess heat [18,19].

Table 1. Key temperature thresholds affecting human physiological functions.

Physiological conditions Core body temperature

Death from heat stroke >42 °C
Cellular proteins are damaged, and cells die

Hyperthermia at upper limits 37.8-t0-40°C
Exercise and common fever at lower limits

Core body temperature (normal) 36.1-t0-37.8°C

Hypothermia 30-to-35°C
Impaired central nervous system function

Loss of consciousness 30°C

Death due to ventricular fibrillation <28°C

Skin temperatures

Human skin temperature 33°C (surface temp.)
Triggers pain receptors in the skin 46°C (surface temp.)
Tolerance from thermal insulation of the air layer 85°C+ (dry-air temp.)

around the skin (short duration, e.g., sauna)

Sources: ASHRAE [11] and Kuht & Farmery [20].

Urban health

In addition to population intrinsic factors such as age, gender, and health conditions (ex-
emplified by studies: [21,22]), as well as socioeconomic factors such as affordability of ad-
aptation measures (e.g., [23-27]), the geographical significance of urban areas has been re-
peatedly identified by epidemiological research to present greater heat vulnerability
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[22,28], (see Table 2). This sensitivity is principally attributed to the influence of the urban
heat island effect [21], the significance of which has been emphasised for several preceding
heat-related health events [29]. The dynamic nature of this phenomenon however makes it
difficult to quantify their precise spatial and temporal significance to specific heat events
and their adverse health consequences. Studies have nevertheless presented ample obser-
vations to highlight oppressive night-time temperatures as being of greater significance to
mortality than higher maximum daytime temperatures [30], which corresponds to the typ-
ically experienced nocturnal peak of heat islands [31]. The epidemiological evidence base
therefore presents reasonable consensus to suggest the adverse health impacts of excess
heat to be already common in urban areas, and stress that they are likely to exacerbate
further when combined with increasing temperatures from a warming climate.

As a secondary consequence of higher temperatures, air quality may worsen in cities to the
extent that it presents significant risk to public health. A notable example is presented by
the 2003 pan-European heatwave, where between 420-770 excess deaths were attributed to
poor air quality [17]. Air pollution manifests during warm weather as smog, generated by
the photochemical reactions of atmospheric pollutants. A study of the American city of Los
Angeles (warm and temperate) found that for every 1 K temperature rise above 22°C, the
occurrence of smog increased by 5% [16]. Smog results from higher concentrations of ni-
trogen dioxide and particulate matter (PM) building-up under stable atmospheric condi-
tions (i.e., minimal wind generated disturbances) [32]. The health effects of PM are more
significant than other smog pollutants, with prolonged exposure increasing the risk of car-
diovascular diseases and lung cancer. Another notable smog pollutant is ground-level
Ozone (O3), which is increased with higher temperatures as nitrogen oxides (NOx) and vol-
atile organic compounds (VOCs) react in the presence of solar radiation [33]. A study of
the United Kingdom has suggested that a 5 K increase in mean temperature could result
in 500 extra annual deaths attributable to Ozone exposure alone [34]. The risk to urban
inhabitants is heightened as the air polluted from the many anthropogenic activities such
as fossil fuel combustion and manufacturing, is then presented with an enhanced thermal
load from the heat island to intensify chemical reactions and generate such adverse by-
products. The excess of heat is therefore not only a direct stress on human health (ther-
moregulatory mechanisms), but also a secondary one as the resulting pollutant by-prod-
ucts affect biochemical processes to cause short-to-long-term health complications [13,35].

Table 2. Key building occupancy groups and their vulnerability to excess heat.

Groups Key considerations
Medical = Pre-existing physical conditions; cardiovascular; neurological; endocrine disor-
conditions ders (diabetes, hyperthyroidism, hyperpituitarism); skin disorders impairing

sweating; and infections (respiratory, gastrointestinal, septicaemia) [22].
= Influence of drugs and substances that compromise thermoregulatory pro-
cesses (e.g., phenothiazines, antidepressants, diuretics, alcohol, and narcotics).
= Obesity [36].
= Serious physical disabilities [37].

Mental health = Serious psychological disabilities [37].
conditions = Depression, dementia, Parkinson’s Disease, or other compromised cognitive
states [38].
= Perception of vulnerability [39].
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Groups Key considerations
Older = Ageing (senescence) resulting in reduced thermoregulatory capacity; begins from
people around 50-years of age [40].

= Increased levels of dependency and isolated living arrangements [24,41].

Children = Increased levels of dependency, limited ability to thermoregulate, and higher po-
tential for dehydration [21].
= Children under four years of age, who are obese, taking medication, with disa-
bilities, or complex health needs at increased risk.
= Vigorous physical activity during outdoor temperatures exceeding 30°C in-
creases vulnerability [32].

Gender = European studies suggest women to be more vulnerable than men, even after
accounting for age [22].
= Women aged >65 at higher risk due to the negative effect of the menopause on
thermoregulation and cardiovascular fitness [22].
= Men at greater risk of heatstroke due to higher physical activity and exposure
to outdoor warmer weather [22].

Socio- = Not fully understood and varies with context [42].
economic * Not commonly reported in European studies [43], while poverty or lower so-
status cio-economic status (i.e., inability to purchase air conditioning), and lower ed-

ucation levels reported in American studies [24].

Regional = Excess mortality with increasing temperature is apparent at higher thresholds
in warmer climates, compared to milder climates [22].
= In the United Kingdom, lower mortality thresholds are observed in the north
relative to the south, e.g., Northeast mortality threshold is 20.9°C, while for the
Southeast it is 23.5°C [44]. The Heatwave Plan for England accounts for these
variations by establishing region specific thresholds [32].

Urban = Increased urban sensitivity is largely attributed to the heat island effect, alt-
hough not easily quantifiable [21].

Occupancy * How building occupancy patterns relate to temperature peaks [45].

patterns = Isolated or communal occupation [42]; social networks [37]; and engagement

with social capital [25].

Urban energy use

In the wider European context, energy use has been largely discussed in relation to heating
loads required to safeguard health and maintain comfort during the cold winter months.
This focus is reflected in the available studies that have assessed climate-loading influence
on building energy demand, particularly in relation to those assessing urban areas. One of
the earliest of such studies examining London for example (maritime temperate), had con-
sidered data from 1951-60 to identify a beneficial 10% reduction in annual heating degree-
days in central London, relative to a rural site [46]. Recent studies of London have high-
lighted a relative annual heating load reduction of 22% for commercial buildings [47],
while an estimated 13% benefit is provided to residential buildings [48]. The heightened
environmental thermal load presented by the heat island has therefore been established to
contribute a beneficial reduction in urban energy usage during the colder winter months.
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The historical emphasis on adapting the built environment to colder winter climate loads
has led to considerable progress in achieving an energy efficient space-heating dominated
building stock [34,49-51]. This progress however is not evident when considering warmer
summertime climate loads, as until recently excess heat had not been the foremost concern
[52,53]. This lack of adaptation means that internal environments of many buildings have
already been found to overheat in the summer months to present significant risk to occu-
pant health from heat stress, as well as leading to loss of productivity resulting from ther-
mal discomfort [34]. If passive heat mitigation measures are not utilised to address these
adverse conditions, the alternative of using active mechanical systems is likely to increase
energy consumption, resultant waste heat, and carbon emissions [19,54,55]. The height-
ened environmental thermal load presented by the heat island may therefore contribute to
an increase in urban energy usage during the warmer summer months.

In the United States, mechanical cooling or air conditioning has long been considered as
the principal solution for mitigating heat-related health risks [22]. Heat vulnerability map-
ping has been used to justify this proliferation, with regions and cities with the highest air
conditioning prevalence demonstrated to have some of the lowest cumulative heat vulner-
ability [28]. The widespread use of mechanical cooling has also been influenced by a potent
sociocultural qualification that has associated its use with comfort and modernity. This has
aided in the proliferation of the technology from fewer than 2% of American households
in 1955, to reach 87% by 2009 [56]. The association is further amplified in warmer climate
cities where air conditioning is regarded as a necessity. Studies have demonstrated that for
every 1 K rise in daily maximum temperature (above 15-20°C), peak urban electricity de-
mand had increased by 2-4%, with mechanical cooling responsible for 5-10% of the overall
demand [16]. Several major American cities have thus repeatedly demonstrated higher ur-
ban temperatures to significantly enhance their summertime energy demands, which in
turn has contributed to net annual increases in urban energy consumption [18,57].

In the European context, the use of mechanical cooling is evident in certain warmer climate
cities in the south of the continent, although to a significantly lesser extent than in the
United States. Such cities have been aware of cooling demand implications resulting from
enhanced loads presented by their heat islands and wider climate warming. A study of
Athens (subtropical Mediterranean) for example, had demonstrated a heat island intensity
of 10 K to result in the doubling of the city’s building cooling loads [54]. In most northern
European cities, there is little use of air conditioning for the time being (e.g., ~3% of UK
residential stock, [58]), with concern for demand increases also having received less atten-
tion. This status quo however is expected to change as ever-worsening public health risks
may eventually compel its widespread introduction to reduce heat vulnerability [59]. For
the south of England for example, modelling studies have estimated continued climate
warming to result in 29-42% of households acquiring air conditioning by 2050 [60]. Recent
studies in the United Kingdom have as a result begun to analyse urban climate loading
influence on cooling demands with greater accuracy, particularly for commercial buildings
where substantial summertime demand increases are expected. For example, a study that
considered a prototypical office building in London had found its prevailing heat island to
already present an annual cooling load increase of 25% [47].

The working principle of air conditioning is heat rejection, which is to absorb heat from the
interiors of buildings and to release it to the surrounding outdoor environment as anthro-
pogenic heat [18,31]. Building heat rejection from air conditioning systems is considered as
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a growing source of urban anthropogenic emissions, particularly evident in American cit-
ies [61], and with anticipated growth in the United Kingdom [50,60,62]. In warmer climate
cities, increased reliance on such technologies has led to marked increases in summertime
building emissions [63]. A simulation study of Phoenix (semiarid) had demonstrated the
waste heat released from such systems to have negligible effect near the surface during the
day (although the maximum is released), while during the night they increased air tem-
perature by >1 K [64]. de Munck et al. [65] explained this nocturnal significance with refer-
ence to the greater depth of the boundary layer heat island during the day leading to re-
jected heat rising further up into the atmosphere to minimise the effect at the surface, while
at night the contracted canopy layer heat island traps the rejected heat much closer to the
surface. Another complication is presented by systems that use evaporative cooling to ex-
change heat with the external environment [63]. The rejected moisture and increase in hu-
midity that results impedes comfort, from which the population must then seek relief by
increasing the use of energy intensive air conditioning. The positive feedback loop that
results is likely to lead to the urban climate becoming an unpleasant setting, where conti-
nuity of comfort necessitates transition from one mechanically cooled space to another.
Such unhealthy urban surroundings in turn discourage inhabitants from engaging with
the outdoors (e.g., walking or using public transport), thereby encouraging air conditioned
vehicle use that leads to further energy consumption, heat rejection, and pollution [13,19].

Public health experts have warned the dependency on the technology to be also affecting
the long-term adaptation of populations, with those who have frequented such environ-
ments finding their vulnerability to heat heightened in events of power outages, resulting
from excessive energy demand typically experienced during warmer weather events [15].
Avoiding or reducing air conditioning use should therefore be a primary objective, which
is particularly significant in urban areas where such climate conditioned buildings are in-
creasing in representation [19]. The extensive and convenient use of the technology could
be summarised to add to environmental, economic, and social burdens, while diverting
attention away from alternative low impact adaptive measures. Consideration of passive
cooling measures relating to morphology and materiality features, use of vegetation and
blue space features in the design of not only individual projects, but also urban develop-
ments is advocated as the sustainable approach to mitigating urban heat-related risks [15].

Urban climate and the built environment

Since amateur meteorologist Luke Howard’s earliest observations of London’s unique cli-
mate [66], the urban heat island effect has been investigated by numerous climate research-
ers, with notably greater interest from the 1950s onward (e.g., [1,18,46,57,67,68]). A sub-
stantial proportion of settlement-specific heat island observations have been presented by
Anglo-European (e.g., [46,67,69]) and North American researchers (e.g., [1,70,71]). Their
studies had notably considered atmospheric heat islands the most, with the surface mani-
festation addressed to modest extent (e.g., [72,73]), and the subsurface manifestation the
least considered (e.g., [74-76]). With the studies that have considered atmospheric mani-
festations, Grimmond et al. [77] had highlighted the deficit of boundary layer observations
relative to canopy layer observations. The reported heat island magnitudes are also not
always comparable due to the many parameters that vary with each location and climate
zone, as well as the varied methodologies utilised by different researchers to monitor, rec-
ord, and report observations. A systematic review of 190 canopy layer studies published
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between 1950 and 2007 had found that nearly half of the heat island magnitudes reported
to be scientifically inconsistent, with the two common areas of limitation being controlled
measurement and transparency of the methods used [78]. In general, the majority of post-
1960 studies have considered the assessment and/or the modelling and simulation of en-
ergy, mass, and momentum flux of urban climate domains as an essential task of their re-
search framework, predicated on Sundborg’s [67] formative definition of urban climate
interactions in relation to their surface energy balance.

The heat island phenomenon is said to result from the inadvertent modification of the
earth’s surface properties that alters this energy balance, which accounts for the urban cli-
mate system’s energy exchanges [1,67]. The partitioning and dynamics of this energy bal-
ance describes the distribution, intensity, and dynamic profile of the heat island experi-
enced. The earlier described adverse effects on health and productivity, pollution, and in-
creased energy consumption, combined with expected climate change is emphasised as a
significant risk to the habitability of many future urban environments. As global urbanisa-
tion is on an upward trend [79], the imperative to better understand its features and miti-
gate its adverse impacts has gained greater potency in recent times [80].

While the mutual relationship between the urban built environment and its climate was
first hypothesised by Howard [66], its specific aspects have taken many subsequent studies
to clarify. These include associations to built environment density, the surface-to-volume
ratio, height-to-width (aspect) ratio, and buildings-to-space ratio (i.e., sky-view factor)
[1,46,81]. Street geometry has been considered by studies to be the most common and sim-
plified representation of the urban built environment, the features of which have been
found to offer strong correlations with the heat island experienced [82-84]. As an aggre-
gated representation, the influence of urban ‘grain’ or ‘texture” has also been assessed, par-
ticularly in relation to influence on the radiation balance [85-87]. Furthermore, a few stud-
ies have found strong correlations with city size, represented by their physical built envi-
ronment extents as well as their population, with growth identified as having potential to
increase the heat island effect experienced [88,89].

The dominant materiality of a city has been found to contribute significantly by several
studies, mainly focusing on the material properties of albedo and heat storage, and their
influence on the energy balance [18,71,90]. Urban surface features such as green space (e.g.,
[91-93]), and blue space (e.g., [94,95]), have also received attention, with contributions
highlighted to present significant heat risk mitigation. A meta-analysis of urban green
space studies by Bowler et al. [92] however had highlighted the evidence presented to be
mostly based on observational studies of small numbers of green spaces, as well as the
impact of specific greening interventions on the wider city and whether such effects are
due to greening alone, as not sufficiently addressed. The Volker et al. [95] meta-analysis of
urban blue space studies had noted research on temperature effects to be significantly
fewer in comparison to green space studies, with those available focusing predominantly
on daytime influence and dominated by remote-sensing based surface temperature obser-
vations (that disregard sensible to latent heat conversion) as opposed to air temperature
observations, while the heterogeneity of types as also not well addressed.

10
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URBAN CLIMATES

This chapter presents a description of the structures represented in urban climates, and
how their interactions contribute to the formation and distribution of the heat island effect.

Mesoscale
1 T Night-time -
Night-time UBL Urban ‘plume’
| ~ treL
Y
1
Daytime
o Urban ‘plume’
Daytime Mixing layer
PBL UBL l "f/ _____
____________________________________________________________ l RBL
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Rural Urban ! Rural

¥

| T SyB Ak | 00 | |00 5

Figure 1. Boundary layer structures over an idealised city (at both day and night-time).

Climate structures (vertical)

The homosphere represents the lower atmosphere of the earth, where the weather varia-
bles and atmospheric gases are considered as mixed (extends to ~100 km in vertical eleva-
tion or altitude). Within this larger atmospheric region, four main subregions are distin-
guished and are identified in the descending vertical order as the lower part of the ther-
mosphere, mesosphere, stratosphere, and the troposphere. As the lowermost region (ex-
tends to ~10 km), the troposphere contains ~75-80% of the planet’s atmospheric mass, and
nearly all its water vapour [4]. This layer is further partitioned in descending vertical order
into the free troposphere and the planetary boundary layer. The latter planetary boundary
layer (PBL) is the part of the troposphere that is influenced by contact with the earth sur-
face, and its extents depend on the strength of the mixing generated by this surface (see

11
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Figure 1). Its depth typically demonstrates diurnal and seasonal cycles. During the day,
solar radiation generates strong thermal (convective) mixing that extends it to ~1-2 km in
elevation, while at night the radiative cooling of the surface relative to the atmosphere
causes the downward flux of heat, which suppresses mixing and contracts its depth to
<100 m in elevation [1]. The same thermal processes contribute to greater mean depth dur-
ing the summer, relative to winter. The increased surface roughness encountered in urban
areas partitions this planetary boundary layer further into the urban boundary layer (UBL)
and the canopy layer (UCL), in descending vertical order. The urban boundary layer is a
mesoscale concept referring to the upper part of the planetary boundary layer, with its
qualities influenced by the presence of an urban area at its lower boundary. The urban
canopy layer in contrast is a microscale concept that describes the lower part of the plane-
tary boundary layer consisting of the urban roughness elements (extends from the ground
surface to the tops of buildings and trees), where the climate is dominated by the morphol-
ogy and materiality of the immediate surroundings, and where people typically occupy.
The urban canopy layer as a result represents the part of the atmosphere that is vital for
ensuring good human health, comfort, and wellbeing in cities [70].

Climate scales (horizontal)

Although atmospheric phenomena exist as part of the earth continuum, meteorological
and climatological studies class them into discrete spatial scales for ease of analysis. Most
classification schemes use horizontal extents as the only measure, although little agreement
exists on their precise limits. Oke [1] for example had identified reasonable consensus to
describe the relevant scales in descending order as the planetary-scale (entire planet), large-
scale/macroscale/synoptic-scale (10° to 108 m), mesoscale (10 to 2x10° m), local-scale (102 to
5x10*m), and the microscale (102 to 10° m); while Jacobson [4] had added the molecular-
scale (<10~ m) to this spectrum to address the requirements of investigations such as those
involving pollutants, where molecular diffusion is significant. In the assessment of urban
built environments and their climates, these scales have been further modified and refined
by various studies to address the spatial and temporal distinctions of interest.

Urban energy balance

“...the temperature of the city is not to be considered as that of the climate; it partakes
too much of an artificial warmth, induced by its structure, by a crowded population,
and the consumption of great quantities of fuel in fires...”

Luke Howard (1833, p. 2)

Luke Howard was the first climatologist to theorise that urban climates are governed by
their surface energy exchanges [66]. Geographer Ake Sundborg [67] later explained the
uniqueness of the urban climate and the heat island phenomenon in relation to the ‘urban
energy balance’, which accounts for the incoming and outgoing energy flows from the ur-
ban surface system. Considering the First Law of Thermodynamics, which asserts that en-
ergy is always conserved, Sundborg [67] deduced that the energy absorbed by the urban
surface system from solar radiation and the energy generated by human activity must be
physically balanced. This equilibrium occurs through several processes that include the
warming of air above the surface; evaporation of moisture; and heat storage in surface ma-
terials (see Equation 1). This complex interplay ensures that energy remains conserved
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within the urban environment, while the partitioning of this balance has consequence on
how cities function (i.e., energy is used), and how their inhabitants flourish (i.e., ensuring
good population health, thermal comfort, and wellbeing).

Net radiation (Q*) + Anthropogenic heat (Qr) = Equation 1
Convection (Qy) + Evaporation (Qg) + Heat Storage (Qs)
The radiation balance defines the energy availability within the climate system, Q*.

For the daytime this radiation balance may be expressed as:

Q=K -KD+ LI -=-LD Equation 2
Q* — K* + L*
While for the night-time it may be expressed as:
Q*= (LIl -LT Equation 3
Q* = L*
where,
Q" Net all-wave radiation L Net longwave radiation
K" Net shortwave radiation Ll Received longwave radiation
Kl Received shortwave radiation LT Outgoing longwave radiation
KT Outgoing shortwave radiation

The spatial variability of received shortwave (K|) and longwave radiation (L|) is deter-
mined by synoptic/large-scale atmospheric or earth-to-sun geometric relationships [4]. Lat-
itude affects shortwave radiation, with greater received nearer to the equator than towards
the poles. Higher surface elevation leads to lower atmospheric absorption, which translates
to higher shortwave radiation and reduced longwave radiation received. Annual variation
resulting from the earth-to-sun geometric relationship, facilitates greater shortwave radia-
tion received in the summer than in winter. Diurnal variation resulting from the earth’s
rotation provides all shortwave radiation during the day, while none is available at night.
For any similar latitude city, the difference in received shortwave and longwave radiation
values are likely to be modest. Outgoing shortwave (K1) and longwave (L1) radiation how-
ever are modified by city-specific features such as the albedo (), temperature, and emis-
sivity (¢) of its atmosphere and surfaces, which contributes to greater variation [1].

Within the earth-atmosphere system, the annual radiation flows are balanced when all ra-
diative processes are accounted. The surface subsystem however will be in surplus and the
atmosphere in equal deficit [1]. This surplus of the surface is offset to the atmosphere by
the transfer of energy by convection processes as sensible (Qy) and latent (Qg) heat, and
conducted to or from the surface (Q;). The relative capabilities of the surface and atmos-
phere to transport heat governs the exact partitioning of the radiative surplus or deficit,
which demonstrates diurnal variation. Daytime heat dissipation from the surface is princi-
pally achieved by sensible and latent convection (Qy + Qf); while at night the radiation loss
is principally replaced by conduction as an upward flux from the surface (Q;), with the
least contribution provided by sensible convection (Qy). Although the conductive ex-
change (Q;) is a significant short-term energy source or sink, when aggregated over the
entire day its net contribution is typically minimal [1], and as a result is not included in the
simplified form of the urban energy balance represented in Equation 1.
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As the energy balance is applied to a scaled volume of the surface and atmosphere, the
capability of this volume to either absorb or release energy must be acknowledged as an
energy storage change (AQs). Accounting for this modifies the energy balance as follows:

Q"+ Qr = Qg +Qy + Q¢ +AQs Equation 4

If the energy storage AQ; is positive, the surface system warms, while a negative value
describes cooling. If the energy storage AQs = 0, the volume exhibits no energy change
(Qin = Qout), and thus no temperature change is observed. When the volume scale consid-
ered is not extensive, there is increased possibility of heat exchange occurring horizontally
between adjoining surfaces with dissimilar energy partitioning. This net horizontal con-
vective heat (Qy + Qf) exchange is represented by an advection term (AQ,, see Equation 5),
and its increased significance in such instances necessitates the consideration of a three-
dimensional energy balance [1].

Q"+ Qr = Qg+ Qu + Qg + AQs + AQ, Equation 5

Urban heat island effect
UHIAT, =T, - T, Equation 6

The urban heat island (UHI) effect is described as the relative difference between urban
(T,) and rural (T;) temperatures [1,89]. The phenomenon is best evident and most potent
under synoptic-to-mesoscale anticyclonic conditions (i.e., large-scale atmospheric circula-
tion analogous to a high-pressure system), when reduced wind velocities and cloud cover
are typical. Its intensity (UHI AT,_,) is observed to be greatest in the summertime when
increased solar radiation received increases the energy available within the urban system,
and at night-time when heat storage release from urban form becomes the dominant heat
source [1]. During the daytime however, lower, or even negative intensities may be expe-
rienced to present ‘cool island” conditions.

The formation of an urban heat island is dependent on several climatic processes and may
be described as a boundary layer or canopy layer occurrence. The former is governed by
processes relevant at the local or mesoscale, while the latter by those at the microscale [70].

Heat island formation

During the daytime, solar radiation warms the land surface and the adjacent surface layer
of the atmosphere to induce convective instability that results in air parcels or ‘thermals’
rising to the urban boundary layer, the process by which it expands to extend up to
1.5-2 km off the urban surface. As thermals rise, they mix with the atmosphere to form a
boundary layer with constant temperature and almost neutral stability. The buoyancy-
driven mixing process however drives warmer air to the top of the layer to form a stable
capping inversion layer (i.e., warmer fluid above a relatively cooler fluid). This stable cap-
ping layer then becomes an almost impenetrable layer to thermals rising from below. The
near impenetrability of this capping inversion layer is significant as it traps heat, water
vapour, and pollutants released at the surface within the atmospheric domain of the
boundary layer [1]. The difference between urban and rural conditions is characterised by
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the intensity and depth of the capping inversion layer. As the modification of surface prop-
erties in cities aid the release of more heat during the daytime, this causes its stable capping
inversion layer to be warmer and thicker than in rural areas. This is referred to as the
‘boundary layer heat island’, and is the result of the relative difference in rural-to-urban
‘warming’. It is mildly intense both day and night-time, displays no notable temporal fea-
tures, and is mostly significant from a meteorological perspective [1,70].

At night-time, the land surface purges the heat absorbed from daytime solar irradiation.
When the surface has achieved this radiative purging, this causes a downward flux of heat
that cools the nocturnal atmosphere and in turn causes it to contract and attain a more
stable temperature structure. The surface properties of rural areas enable them to purge
heat rapidly, which presents little opportunity to generate substantially warm thermals.
This results in the purged heat to settle into a near ground-level stable inversion. Urban
surfaces however continue to emit stored heat to generate surface thermals, although at
lesser intensity than during the daytime. The urban stable capping layer inversion there-
fore occurs at an altitude between the rural inversion layer and the urban boundary layer,
typically at the top of the urban canopy layer (UCL). This difference in inversion altitudes
is therefore attributed to the relative difference in rural-to-urban cooling, rather than heat-
ing [31]. The resulting urban inversion altitude is significant because it traps any subse-
quent rising thermals, water vapour, and pollutants rising from below to form the ‘canopy
layer heat island’ [1,70]. Since the canopy layer represents the stratum of the urban climate
that includes human habitation, this nocturnal canopy layer heat island is regarded as the
most significant feature of the urban climate relevant to public health, thermal comfort,
and built environment research.

Heat island categories

Although heat islands are discussed mostly in relation to atmospheric manifestations as
above, they may be distinguished further based on the stratum of the urban surface studied
to include surface and subsurface manifestations (see Figure 3). While all three are gov-
erned by urban surface-to-atmosphere energy exchanges, their interrelatedness in terms of
spatial distribution, temporal variation, and intensities are not explicitly understood.

Atmospheric heat islands

There is strong association between sur-
face and air temperatures, which is partic-
ularly evident in canopy layer observa-
tions immediately adjacent to the surface.
Beyond this adjacency however, air tem-
peratures are modified by convective mix-
ing, and radiation absorption qualities en-
hanced by humidity and pollutants. At-
mospheric heat islands as a result vary
greater throughout the diurnal cycle than
surface temperatures, with the timing of
peak intensities dependent on the proper-
ties of urban and rural surfaces, season,

Figure 2. Weather tower over Thetford Forest. and prevailing weather conditions [1].
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Atmospheric heat islands are typically observed using fixed weather stations, mobile
traverses, vertical sensing, or heat balance calculations (see Figure 3). Studies with fixed
stations range from a single pair of urban and rural stations to multiple points distributed
to a spatial grid. Single pair studies are subject to the characteristics of the selected sites,
which may not always be representative of typical conditions [78]. Multiple stations offer
better representation, with areas with established fixed stations enabling longitudinal anal-
yses. Relative to fixed station approaches, mobile traverses are more economical and in-
volve traversing on a predetermined route with readings taken at planned stops. Care must
however be taken to avoid contamination from anthropogenic heat from transport infra-
structure. Vertical sensing is utilised to record observations beyond the canopy layer and
include boundary layer structures. Stationary towers with multiple vertical sensors, or in-
strumented vertical lift crafts such as balloons, helicopters, or drones may be utilised.
While data obtained from latter vertical lift crafts could be used for cross-sectional studies,
stationary tower data is of greater use for identifying longitudinal variations (e.g., Figure
2). Such studies however are uncommon owing to their high infrastructural cost, with re-
cent approaches favouring drone usage given their rapid advancement and relative in-
crease in affordability. Recent studies also avoid the need for collecting all data parameters
by using energy balance calculations to determine residuals [1,96].

Urban heat island
observations
Atmospheric Surface Subsurface
\ | \
Urban Boundary Urban Canopy
Layer (UBL) Layer (UCL)
Remote data Groun‘d data Remote data Subsurface data
collection collection collection collection

Fixed sensor

Fixed sensor | Mobile sensor | Fixed sensor

| Mobile sensor | Fixed sensor |

Longitudinal &

|
Longitudinal & | | |
| | Cross-sectional |
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Figure 3. The study of urban heat islands.

Surface heat islands

Surface heat islands describe surface temperature differences between rural and urban ar-
eas. They are evident day and night-time, although warmer during the daytime (particu-
larly in summer) as solar radiation heats surfaces, and relatively cooler at night-time as
heat is purged back to the atmosphere [31,73]. Rural surroundings with shaded or moist
surfaces typically remain closer to air temperatures, while exposed urban surfaces in dry
summer conditions can reach up to 27-50 K warmer than the air [33]. The magnitudes of
surface temperature differences are influenced by factors affecting radiation intensity and
incidence (mainly shortwave radiation, K|), ground cover material properties, and weather
patterns affecting the convective (Qy) and evaporative (Qg) cooling of surfaces.
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Surface heat islands are typically measured using remote-sensing imagery that calculates
the energy reflected and emitted from surfaces (see Figure 3). Images are taken from either
satellite or aircraft (including drones), representing five different wavelengths of the visible
and invisible energy spectrum. Satellite imaging typically presents the opportunity for two
passes to provide cross-sectional comparison between day and night-time conditions.
Low-altitude flight imagery in contrast provides flexibility to consider daily variation, with
cross-sectional resolution dependent on the number of flights made. Both methods how-
ever require calmer weather with little to no cloud cover to produce clear images, which is
generally satisfied by anticyclonic weather that is typical during strong heat island condi-
tions. The findings of remote-sensing studies however should be treated with caution, as
such images capture only cross-sectional data [95,97]. Furthermore, they disregard the sen-
sible to latent heating conversion, while also neglecting the significance of vertical surfaces
such as building facades and shaded areas [98].

Subsurface heat islands

Subsurface heat islands refer to belowground temperature differences between rural and
urban areas. Principally affected by conduction heat flows, subsurface temperature differ-
entials of up to 5 K have been reported [99]. This heat island manifestation is attributed to
the cumulative effect of the mesoscale climate (i.e., surface and atmospheric heat islands),
land-use modifications affecting conduction heat flows (Q;), and natural and anthropo-
genic geothermal processes [74,75]. The adverse effects of it include modifications to
groundwater chemical properties such as reduction-oxidation reactions that affect water
quality, as well as modifying the diversity of aquifer bacteria and fauna to alter water pu-
rification and filtration processes. The manifestation may also present beneficial effects
such as geothermal potential, while promoting biological decontamination in urban or in-
dustrial areas. It is typically studied by gathering subsurface temperatures from vertical
boreholes, or groundwater observation wells used for monitoring water table quality and
levels (see Figure 3). Vertical boreholes are typically used for cross-sectional studies, while
pre-existing observation well networks facilitate longitudinal studies [99]. It must be noted
that in terms of the research material available at present, this heat island manifestation
has received the least attention in comparison to the other two.

Weather influence

Weather patterns significantly modify heat transfer processes between surfaces and the
atmosphere, with wind velocity followed by cloud cover the main variables to consider
[57,67,100]. Wind is generated when differential radiation balances across the earth-atmos-
phere system result in horizontal temperature variations that generate pressure differences
and resulting atmospheric motion. Thermal energy from the sun is thus converted to ki-
netic energy of wind systems that transfer this energy into increasingly smaller scales of
turbulent motion. Heat is eventually dissipated when the cascading scale of this kinetic
energy reaches the molecular scale. For urban climates, both local-to-microscale and
mesoscale wind systems are significant. The former wind systems are influenced by hori-
zontal temperature variations resulting from contrasting surfaces across boundaries such
as at the rural-to-urban interface, while the latter are influenced by the surface roughness
of the urban built environment that alters both wind velocities with altitude and flow pat-
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terns. Increased wind velocity is the most sensitive variable in reducing heat island inten-
sity, which highlights the significance of turbulent and advective activity (i.e., dynamic
instability), in homogenising temperature structures [1].

Cloud cover is the second most significant weather variable to influence radiation ex-
changes and the heat island. Incoming shortwave radiation (K|) is affected by absorption
and reflection from cloud tops, while net longwave radiation (L¥) is affected by their high
absorption and emitting efficiency attributed to their effective status as black bodies. In-
creased cover reduces both shortwave penetration (heating), and net longwave radiation
losses (cooling). Cloud type and the degree of cover is significant, with lower-altitude and
thick ‘stratus’ more influential than a comparable extent of higher-altitude and thin ‘cirrus’
clouds. With complete overcast skies including low altitude thick cover, shortwave radia-
tion may be reduced to 10% of the cloudless value, while partly cloudy skies add to short-
term variability that aids the development of horizontal temperature stratification [1]. The
overall influence of cloud cover is to moderate the variation of the surface radiation bal-
ance, which in turn moderates the diurnal temperature range experienced [89].

Both wind and cloud cover are implied in the term ‘atmospheric stability’, a measure of
the relative tendency for air to transport vertically. General atmospheric stability has
strong correlation with heat island intensity [100]. High wind velocity and cloud cover are
observed to increase general atmospheric stability, and thereby reduce vertical transport.
High wind velocities achieve this by introducing advection and turbulence (i.e., dynamic
instability), while high cloud cover reduces the potency of convective thermals to result in
reduced vertical transport. In contrasting calmer weather with low wind velocity and
cloud cover, it is common for the planetary boundary layer to be considered (overall) as
unstable during the daytime, and stable by night-time. However, this overall atmospheric
stability must be considered as being made-up of several layers of differing stabilities. As
discussed earlier, the formation of a heat island includes convective rise from an unstable
surface layer, followed by an almost neutral mixed layer, which is then capped by the sta-
ble inversion layer that is the heat island [1].

Macro/large-scale high-pressure/anticyclonic systems affect temperatures in the planetary
boundary layer, by permitting air to subside and warm on top of cooler surface air to create
a subsidence inversion [4]. This descending warmer air evaporates clouds to increase
shortwave (K|) penetration, which in turn generates the instability and vertical transport
ideal for heat island formation. Conversely, low-pressure systems of similar scale cause air
to rise and cool to generate clouds and hinder shortwave radiation penetration. The for-
mation frequency of macro/large-scale high-pressure/anticyclonic systems is significant for
assessing climate change influence on future heat island growth. A global trend of endur-
ing and higher frequency of such systems could result in the increase of heat island mag-
nitude in the future [101]. The exact association between the two phenomena however re-
main uncertain. This is due to the difference in resolution considered in climate change
scenario analyses that typically disregard urban areas [69,102], given the applied surface
energy balance schemes having been developed to capture rural land use contributions
than building generated influences [103]. Notwithstanding this typical shortcoming, recent
regional climate model simulation results of the United Kingdom that had explicitly ac-
counted for urban grid cell influences, had suggested heat island intensities as likely to
plateau with projected climate change [101].
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Geographic influences

Heat island formation is significantly influenced by the geographic location and the surface
topography and climate structures that describe a given city. Coastal or inland locality,
altitude, presence of large green and blue spaces, and surrounding orography are all fea-
tures that could present modifications to the energy balance and thereby influence the in-
tensity and spatial and temporal variations of the heat island experienced. In coastal loca-
tions, coastal breeze systems of converging horizontal wind fronts that generate forced
convection and humidity alterations, may contribute specific variations to differentiate
their heat islands [104,105]. Similarly, cities in high altitudes have reduced atmospheric
radiation absorption [1]; those in valleys with surrounding topographical barriers are af-
fected by forced convection from airflow rising along such features [4]; while those with
large areas of green and blue space features are affected by a pronounced latent flux [18].
Identifying the relevance of such geographical influences and their associated processes
should thus be accounted in any attempt to characterise a given city’s climate interactions.
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BUILT ENVIRONMENT INFLUENCE

Although natural phenomena affect the energy balance of all types of landcover, anthro-
pogenic modifications and activities present the predominant influence in cities. The fea-
tures that characterise an urban built environment, the increased surface area and rough-
ness from its morphology (mechanical influences); and use of engineered materials, im-
proved drainage, and increased heat emissions from energy-use (collectively thermal in-
fluences), affect all components of the energy balance (Equation 1, p. 13). The formation of
a heat island is the result of the net positive thermal balance of such alterations [1].

Mechanical effects of built form

Convection is the principal process by which the daytime energy surplus of the surface is
transported to the atmosphere. It transports sensible and latent heat, other variables such
as carbon dioxide and pollutants, and extracts momentum from mean atmospheric flow
[1]. Convective instability of the atmosphere arises when natural convection is dominant,
while dynamic instability arises when mechanical turbulence is dominant in the planetary
boundary layer. With the former, the heating of the surface from solar radiation produces
rising buoyancy-driven thermals, and when the generated vertical motion is dominated by
this form of thermal turbulence, the boundary layer is said to be in a state of natural con-
vection. In contrast, when wind flow passes over surface roughness elements such as build-
ings, mechanical turbulence is generated. This turbulence mixes mass, energy, momentum,
and other variables vertically and horizontally, and if it principally dominates vertical mo-
tion, the boundary layer is said to be in a state of forced convection. Mechanical turbulence
resulting from surface roughness represents only one form of forced convection. Specific
conditions such as when airflow rises along a topographical barrier, or when horizontal
wind fronts converge and rise (as discussed earlier), also generates forced convection [4].
Typical atmospheric convection profiles however are not so distinctly experienced, given
the dynamics of varied wind velocity and direction; wake production from obstructing
bodies; the distribution diversity of sources and sinks of mass, energy, momentum, and
other variables; and surface movement, all contributing to both natural and forced convec-
tion coexisting as a ‘mixed’ regime [1,3].

Mechanical turbulence is induced by built environment surface roughness when wind
drag and shearing stresses generated at the tops of surface objects produce groups of ed-
dies of different scales [1]. This process blurs the simplified representation of the urban
climate that includes the urban canopy layer and boundary layer discussed earlier, to pre-
sent a roughness sublayer that describes the distinct spatial diversity of mean flow gener-
ated by individual roughness elements (Figure 1, p. 11). This roughness sublayer is identi-
fied by studies to extend up to ~2.5-3 times the height of built environment structures and
includes the canopy layer depth [106]. Atmospheric stability affects its vertical extent, with
generally higher depth evident for unstable conditions when convective instability con-
tributes to the turbulence structure. Atmospheric flow in this layer is affected by factors
such as differential mass, energy, and momentum flux generated from various sources and
sinks (e.g., green, or blue space), and wake diffusion generated by turbulent wakes evident

20



Fundamentals of Urban Heat Islands
Concise guide for architects and urban planners

behind individual roughness features such as buildings. The magnitude of these wake dif-
fusion eddies are associated to the dimensional parameters of roughness features, and is
particularly significant for dispersed (low density) urban arrangements [106].

Dense urban built environment arrangements act as windbreakers to decrease mean wind
velocity, with some studies highlighting up to 60% reductions [57]. This reduction occurs
when the mean kinetic energy of wind flow is transformed by the interaction with in-
creased surface roughness, into turbulent kinetic energy. Greater roughness of built-up ar-
eas and vegetation exerts greater flow transformation, which also increases turbulent dif-
fusivities to enhance the sensible and latent flux regardless of temperature and vapour
gradients [1]. Strong winds therefore promote turbulent mixing (i.e., dynamic instability)
that inhibits the development of strong temperature stratification, while reduced velocities
have the opposing effect and less heat as a result is transferred from the surface to the
atmosphere [106]. Surface roughness generated forced convection influences however de-
crease more rapidly with altitude than the effects of thermal turbulence. Mechanical effects
are therefore mostly dominant near the surface, and at greater altitudes thermal turbulence
effects are of greater significance. This is reflected in the diurnal wind profiles of the at-
mosphere. During the daytime, most of the upper boundary layer is dominated by free
convection, with typically large eddy structures resulting from thermals. While at night-
time, the stability of the atmosphere and lack of thermal turbulence from thermals mean
that the convective mixing evident in this shallower boundary layer is entirely mechanical
in source, including relatively smaller eddy structures [1].

Thermal influences of built form

Thermal effects that influence the urban climate are generated by geometrical and material
features, as well as activities (i.e., energy use) that occur in the built environment.

Geometry and arrangement

Geometry influences the energy partitioning in the energy balance by modifying the net
radiation balance. The key processes involved are obstructing incidence (shading) and en-
abling reflections (trapping). An arrangement that achieves a high aspect ratio (i.e., height-
to-width ratio) can enable both these processes in opposing terms, with the net result de-
termining the canopy layer temperatures experienced. In street canyons, the most simpli-
fied representation of urban geometry, buildings on either side shade their lower levels
and the street surface during the day to limit direct shortwave (K|) and longwave (L])
radiation penetration and absorption. This canyon ‘shading effect’ can lower daytime tem-
peratures experienced at the street level, at times to the extent that they may be significantly
lower than surrounding urban and even rural areas. The relatively higher thermal inertia
of urban materials means that lower daytime heat absorption translates to lower levels of
longwave energy purged back to the atmosphere. This in turn serves to reduce the intensity
of the nocturnal heat island [84]. Oke (1988) highlighted the significance of this shading
effect to increase with latitude, and to be pronounced greater in winter when solar angles
are lower. Furthermore, it is observed to increase with canyon aspect ratio and when ori-
ented on the east-west rather than north-south axis, all of which determine the degree of
shortwave and longwave radiation penetration [83].
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High aspect ratio canyons and areas with tall building clusters tend to trap radiation by
reflecting net shortwave (K*) and net longwave (L*) radiation flows (surfaces, atmosphere,
and clouds) from surface to surface, leading to higher proportions of absorption [87]. This
trapping influence has been assessed in the broader context of the city with reference to its
general grain or texture (i.e., variation in urban arrangements). Complex urban grain with
cavities or voids such as courtyards have been found to trap greater radiation than an open
city with large blocks. An experiment utilising hypothetical street canyon models had iden-
tified a 20% radiation absorption increase attributed to enhanced surface heterogeneity, in
comparison to a reference level surface [85]. Another modelling study had revealed that
accounting for albedo, urban geometry could absorb up to 40% more shortwave radiation
(K|) than a comparative smooth reference surface (Steemers et al., 1998). The complexity
of this urban grain affects the degree of radiation absorbed [83]. The same study considered
sample urban fabrics from Toulouse (humid subtropical) and Berlin (maritime temperate)
to find that the reduction in reflectance between the models varied, with 40% for Toulouse
with its narrow streets and buildings, in contrast to 15% for Berlin with its wider open
spaces [87]. The trapping effect of geometry is also significant for obstructing the release of
longwave (L1) infrared radiation back to the atmosphere (particularly purged by urban
form at night), thereby contributing to a net longwave radiation (L*) increase. Urban areas
with building clusters and deep canyons have as a result been shown to cool significantly
slower, thereby contributing to an increase in the nocturnal heat island experienced [82].

Whether the shading or trapping effect becomes dominant depends on both the availability
of shortwave radiation received (K|; which is dependent on season, latitude, cloud cover,
etc.), and the timing of the nocturnal heat island formation. A modelling study had found
the shading effect to be significant at the beginning of the night, while the trapping of
longwave radiation (L1) later on in the night had presented a moderating influence on the
heat island [84]. In addition to geometry considerations, materiality is highlighted as a key
factor in determining the net effect of radiation flows. The relative daytime cooling effect
of canyons for example can be further encouraged by increasing the albedo of surfaces
(discussed below), with a recent study measuring potential reductions in air temperatures
of up to 3-4 K with the use of lighter coloured surfaces [107].

Materiality

The materiality of the built environment influences the surface energy balance by affecting
both net radiation and heat storage terms. The radiative properties of materials are consid-
ered as emissivity and albedo, while storage properties are affected by heat capacity (C)
and thermal conductivity (k). A surface’s ability to reject heat or emit longwave (L1) infra-
red radiation is measured as thermal emissivity (¢). As materials with high emittance val-
ues release heat more readily, the faster their surface cools [4]. Excluding metals, most other
materials in urban environments tend to have high thermal emittance values (>0.70).

Solar reflectance or albedo («) is regarded as the principal determinant of built environ-
ment surface temperatures, and is defined as the percentage of solar energy reflected by a
surface. Higher the albedo of a material, the greater the solar energy that is reflected from
its surface [1,4,18,90]. Material colour is correlated with albedo given that 43% of solar en-
ergy is in the visible wavelengths (400-700 nm), with lighter coloured surfaces presenting
higher values (a >0.7) than darker surfaces (a <0.2) [71]. Albedo affects urban energy use

22



Fundamentals of Urban Heat Islands
Concise guide for architects and urban planners

both directly and indirectly. As for building specific energy use, the modification of radia-
tion absorption directly affects heat transfer into occupied areas, thereby affecting indoor
cooling loads. Indirectly the same process affects surface temperatures by reducing the
convective heat flux and downwind ambient air temperatures. Reduced surface absorption
from higher albedo eventually translates to reduced intensity of longwave radiation
purged back to the atmosphere. This aids to reduce canopy layer temperatures particularly
at night, which in turn reduces the thermal climate load on buildings and their resulting
energy demands [18]. Albedo significance to surfaces vary with orientation and latitude.
In tropical climates, the roof is the critical surface in sensible heat exchanges, while moving
towards the poles increases the significance of vertical surfaces facing the equator [71].

Table 3. Typical albedo values and ranges for selected land-uses, from Taha ef al. (1988).

Land use Albedo Land use Albedo (approx.)
(approx.)

Low-density residential 0.20 Park or green area 0.16

Medium-density residential 0.23  Urban areas 0.10-0.27

High density residential 0.25 Motorway or streets 0.30

Office buildings 0.22  Open green surfaces 0.35

Industrial 0.26  Seasonal parks 0.15

Heat storage in urban developments is influenced by the material properties of heat capac-
ity and thermal conductivity. Heat capacity (C), commonly referred to as thermal mass, is
the materials ability to store heat. The ease by which heat penetrates a material is addressed
by thermal diffusivity (K), which is a function of thermal conductivity (k) and volumetric
heat capacity (VHC). A higher value of diffusivity indicates that heat reaches deeper into
the material with the temperature remaining constant [4]. Thermal inertia (/) is the measure
of the responsiveness of a material to temperature variations. Materials with a high heat
capacity also have high thermal inertia, meaning that their temperature fluctuations
throughout the diurnal cycle are minimal [2]. Many urban materials tend to have higher
heat capacities, thermal diffusivity, and thermal inertia than those found in rural contexts.
In any urban development, the applied materials and their properties of emissivity and
albedo, together with heat capacity and thermal conductivity, determine how solar energy
is reflected, absorbed, and emitted by surfaces. The properties of the dominant material
within an urban setting may therefore affect the intensity and timing of when the heat is-
land peak is likely to be observed. Cities made of predominantly timber or earth (i.e., lower
diffusivity values), are thus likely to reach their heat island peak intensity soon after sunset,
while stone or concrete dominant cities (higher diffusivity values), are unlikely to reach
their heat island peaks until sunrise [13,108-110].

A material structural property significant for heat dissipation from surfaces is porosity (n),
defined as the ratio between void spaces to its total bulk volume. Higher porosity materials
contain more air when dry, which results in lower thermal diffusivity. Subject to their al-
bedo, this typically makes the thin surface layer warmer than the subsurface material bulk.
Differential warming of this nature results in relatively higher surface temperatures, which
under low wind velocities and convective instability contributes to the formation of strong
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thermals. Adding water to such surfaces marginally increases diffusivity, as the water sig-
nificantly increases their heat capacity [1]. The principal cooling effect is achieved when
the voids absorb water at the surface layer and cools by evaporation. Surfaces common to
urban areas however are generally impervious (i.e., have lower porosity) and encourage
faster water runoff that not only hinders this evaporative cooling contribution, but also
adversely influence other subsurface processes [18].

The selection of materials for constructing urban developments is influenced by many
other factors in addition to thermal properties [111]. Buildability and assembly detailing,
economic cost and affordability, supply chains and availability, regulatory requirements,
cultural and historic context considerations, and aesthetic demands, can all influence the
materiality of a development or even the character of entire cities, subject to which consid-
eration attains primacy. It is worth noting that materiality is an aspect of existing built en-
vironments that can be reasonably altered to enhance heat mitigation, undoubtedly to a
greater degree of practicability than substantial alterations to existing urban geometries.

Human activity

A significant proportion of the energy consumed by the many activities in cities is eventu-
ally released to its climate as thermal waste. This waste thermal energy is referred to as
‘anthropogenic heat” and is expressed as a flux for a given area (Qr). It typically includes
the three main contributing energy flux from, buildings (Qf,), transportation (Q,), and
human metabolism (Qr,,), (see Equation 7). For large cities in industrialised nations, con-
servative urban anthropogenic emissions estimates range between 5-100 W-m-. The value
varies given the complexity of the city, season, and diurnal cycles of activity. The complex-
ity of London for example provides for a range of flux values across the different densities
of human activity. A study had identified that over 50% of this city experiences annual heat
flux of less than 8.0 W-m?2, while only 2.5% experiences values greater than 50 W-m2; and
where the density of activity is greatest as in the City of London, anomalous extreme values
of greater than 210 W-m?2 could be expected [112].

Qr = QFB + QFT + QFM Equation 7

The influence of season is significant in cold climate cities, where gains are generally larger
in the winter due to intensive heating loads than in the summer. A study of American city
cores for example, found anthropogenic heat emissions to range between 70-210 W-m2 in
winter, while in the summer the range was only between 20-40 W-m? [18]. Generic daily
emission profiles tend to present local peaks in the morning and afternoon corresponding
to peaks in building energy use and transportation. Weekday usage is also higher than
weekends and holidays, when reduced activity is expected [63]. Such temporal variability
is particularly significant when assessing microclimates, as the diurnal cycle for some ac-
tivities may highlight short-term peaks in localised areas. A study of London for example
had identified such extreme peaks of up to 550 W-m2 [113].

Anthropogenic heat emissions influence the urban energy balance and contribute to the
formation of heat islands by adding thermal energy to the urban system. Several studies
have highlighted emissions to make significant contribution to the heat island magnitudes
experienced. As examples:
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> A study of Tokyo (humid subtropical) spatially mapped and numerically modelled
thermal interactions to estimate that most of its nocturnal summertime heat island
(2-3 K) was due to anthropogenic emissions [114];

» A simulation study of California (Mediterranean-to-semi-arid) had demonstrated
that in a large city core, anthropogenic emissions could contribute to heat islands of
up to 2-3 K [18]; and

» A study of London (temperate oceanic) had found that from the city’s rejected
anthropogenic emissions, around two thirds contributed to increasing the sensible
heat flux that adds to its heat island [113].

Thermal energy produced and rejected by human activity can be partitioned as sensible
and latent emissions. Sensible anthropogenic heat emissions can be directly released to the
urban climate by exhaust chimneys and heating, ventilation, and air conditioning (HVAC)
equipment. The indirect transfer of sensible heat however is more complex and only rep-
resented in the energy released from the building component (Qr,). Several processes are
involved in this heat transfer. Heat within buildings is generated by lighting, appliances,
and HVAC loads (collectively represented by Q Fg) and by the metabolic emissions of their
occupants (Qpy ,, )- These loads are influenced by environmental thermal loads that include
shortwave and longwave radiation gained by the buildings (Q, ).

Qrp = Qrg, + Qrp,, + Qrg, + Crp, Equation 8

The materiality and assembly of components of buildings, and how they interact with the
surrounding climate, determine the degree of resistance (i.e., thermal inertia) that they of-
fer to the transfer of generated heat energy through to the outdoor environment. Subject to
this thermal inertia, the generated energy is indirectly transferred by conduction through
the building envelope, followed by convection and radiation to the urban atmosphere,
while a proportion of energy is also dissipated to the subsurface through substructure con-
duction (QFB’g) [112]. This collective indirect transfer of heat has a time lag and varies in
magnitude between actual energy consumed in buildings (Qr, ), and the thermal energy
rejected (Qp,). The energy transfer to the atmosphere may also be larger than the energy
consumed, as it includes a proportion of the energy absorbed by the envelope that is
purged back to the atmosphere (Qp,,). The assumption that consumed energy (Q,,) is
equal to energy released (Qr,), neglects the time lag and variance in magnitude of indirect
sensible heat transfers, which in turn may lead to an over or underestimation of the rejected
building component (Qr,). Furthermore, if anthropogenic latent emissions from evapora-
tive cooling mechanisms (air conditioning), and the chemical reaction of hydrocarbon com-
bustion from relevant sources are neglected, the rejected building component (Q,) could
be underestimated [63]. The significance of accurate quantification was stressed by a study
of London, which had estimated QF, to represent 80% of the ~150 terawatt-hours of waste
energy that is annually rejected across the city [112].
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GREEN AND BLUE SPACE INFLUENCE

The previous chapter discussed the influence of built environment morphology and mate-
riality in modifying the urban energy balance and the resulting heat island. This section
discusses the remaining features of green and blue space distribution and their contribu-
tion to the evaporative partitioning of the urban energy balance [115,116].

Evaporative cooling of the urban surface

The hydrological cycle is related to the surface energy balance by the evaporation of water
that transfers energy from the surface to the atmosphere [86]. The combined evaporation
from surface water, soil moisture, and transpiration from vegetation is described as ‘evap-
otranspiration’. Annual global evapotranspiration is estimated to convert around 22% of
the total solar energy received at the top of the earth’s atmosphere [117]. A reduction in
this contribution therefore affects the partitioning of the surface energy balance, as heat
that would have otherwise been converted by this process instead contributes to the warm-
ing of the atmosphere and climate.

8=0Q4/Q Equation 9

To mitigate the adverse effects of excess heat, evapotranspiration can be increased by the
addition of vegetation and significant waterbodies to an urban surface. The addition of
such green and blue features enhances the conversion of sensible heating (Qy) of the sur-
face to latent heating (Qg). The ratio of this flux is defined as the Bowen ratio (3, see Equa-
tion 8), with average values ranging from ~0.1 for tropical oceans, ~0.4 to 0.8 for temperate
forests and grasslands, ~2.0 to 6.0 for semi-arid areas, and greater than 10.0 for arid deserts
[1]. Evaporative cooling of a surface occurs when this Bowen ratio is reduced, as the latent
heat flux is increased (8 < 1). When the ratio presents a negative value as in certain arid
climate green and blue space areas, the latent heat flux from the surface dominates to the
extent that it generates a sensible flux inward to create a ‘heat sink’, which is commonly
referred to as the ‘oasis effect’ [18].

Green space

Green spaces are represented by forests, parks, street trees and verges, private gardens,
green roofs and walls, or any vegetated area that provides multiple ecosystem services to
the urban environment (Figure 4). In addition to providing benefits that include reducing
surface water run-off, enabling sustainable drainage, flood alleviation, increasing biodiver-
sity, and general aesthetic and wellbeing enhancements, green space has been found to
contribute to cooler microclimates [34]. They are as a result regarded as essential environ-
mental capital that can be utilised to mitigate the adverse effects of heat islands, extreme
heat events, and climate change [118]. A study of Glasgow (maritime temperate) for exam-
ple, had estimated that an increase in green space of around 20% could serve to eliminate
between one-third to half of the city’s expected heat island effect in 2050 [119]. The intro-
duction of such strategically planned interconnected networks of green space offering so-
cial, economic, ecological, and climate resilience benefits is therefore promoted in city-
planning discourse as ‘green infrastructure (GI) enhancements’ [120].
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Figure 4. Examples of urban green infrastructure or greenspace features.

Properties of vegetation

Vegetation differs from other materials found in urban areas in terms of moisture content,
thermal properties, and aerodynamics [93]. These unique properties allow vegetation to
modify temperatures through different yet complementing processes that prevent their
immediate surroundings from being warmed (relative cooling), and in certain conditions
offer as enhanced cooling effect (heat sink). The processes directly influencing the urban
energy balance relate to transpiration, shading, and surface roughness modification, along
with the indirect influence from pollution filtering and surface runoff reduction [115].

Transpiration

Transpiration describes the most discussed cooling process, whereby water is transported
through the plant and evaporated at their aerial foliage (stomatal apertures), by absorbing
solar radiation that increases latent rather than sensible heat to keep the foliage and the
surrounding atmosphere relatively cooler [71,121]. For most vegetated systems, 99% of the
water absorbed and over half the energy absorbed is typically used for transpiration [1].
Vegetation type influences the cooling potential offered. While most C3 photosynthesising
plants in cool and wet climates transpire significant volumes of water, relatively less is
transpired by the less common C4 photosynthesising plants that are adapted to warmer
climates. Drought-tolerant plants (with high stomatal resistance) typically found in arid
climates that utilise Crassulacean Acid Metabolism (CAM) photosynthesis, minimise wa-
ter loss by keeping their stomata closed during the day (open at night), which in turn pro-
vides reduced cooling as a result of their near negligible transpiration rates [91]. In most
abundantly found plant types (C3 and C4), leaf stomatal apertures are typically closed in
the absence of solar radiation. Latent cooling from transpiration is therefore principally
relevant for daytime rather than night-time energy exchanges [3,122]. The rates of transpi-
ration achieved during the day however depend on the vegetation properties of crown
area, leaf area index (LAI), height of the canopy, stomatal resistance, and hydraulic re-
sistance of the shoot and root; as well as soil conditions described by dryness, compaction,
and hydraulic conductivity [123]. Transpiration effectiveness is also influenced by the
background climate, with rates regulated by reducing or closing stomatal openings to pre-
vent excessive water loss (reduction in moisture content affects guard cell turgidity, com-
pelling them to become flaccid and close) [3]. Reduction in cooling effectiveness of plants
subsequent to protracted heatwaves or drought conditions is therefore expected [124].
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Shading

Shading from vegetation keeps the surroundings cooler by acting as a solar radiation in-
terceptor that reflects and absorbs radiant energy, which limits shortwave (K| ) absorption
by other urban surfaces, and their eventual longwave (L?1) purging to the canopy layer
atmosphere [93]. The reflection of radiation reduces shortwave absorption, with rural
vegetated areas said to reflect the incoming input back to the atmosphere by ~20-25% for
grass -cover dominant areas and ~15% for tree-cover dominant areas [123]. A significant
proportion of the absorbed shortwave energy is utilised by the vegetation for biological
photosynthesis, while the residual is held in storage. The effectiveness of this shading
effect is determined by leaf size, crown area, and leaf area index of the vegetation canopy
[125]. Trees, and to lesser extent shrubs, present higher shading effectiveness in compar-
ison to grass types. A large tree canopy can therefore create a distinct microclimate be-
neath it to present a localised trunk-space cool pockets [92].

Surface roughness

Surface roughness modifications are presented when the diversity and dynamics of veg-
etation canopies transform background wind flow to vary convective heat exchange. Can-
opy density and foliage features are again significant here, with grass cover offering a
barrier of stagnant air nearer to the ground, while dense forests impede background wind
flow to retain warmer insulated air beneath the canopy. Dispersed groves with canopy
heterogeneity present much higher surface roughness that generates increased mechani-
cal turbulence and in turn convective heat loss [1,126]. Isolated trees however present the
best convective heat loss efficiency as they protrude into the boundary layer to present
greater surface area exposure, and increased opportunity for contact with drier air flow-
ing from non-vegetated areas to increase evapotranspiration. The three-dimensional mor-
phology of a plant canopy and its exposure to the background climate are therefore sig-
nificant determinants of the effective heat flux presented by a plant community [123].

In addition to the above three principal processes, pollution filtering and ground surface
water runoff reduction by vegetation indirectly assists the cooling of the climate.

Pollution filtering is achieved by dry deposition, a process where the pollutant molecules
or particles impact upon and stick to vegetation surfaces such as canopy leaves [127]. The
removal of such pollutants reduces atmospheric scatter and the absorption of shortwave
radiation and longwave infrared radiation emitted by urban surfaces, the atmosphere,
and the sun. This in turn has influence on the net radiation balance and the rates of at-
mospheric warming or cooling experienced. The filtering contribution of urban vegeta-
tion is substantial, and higher for larger canopy trees than other types of vegetation. A
modelling study for example had estimated the mature tree cover of the West Midlands
in England to contribute a reduction in background particulate matter (PMio <10 microns)
concentration levels by as much as 4% [128].

Ground surface water runoff reduction is mainly achieved by the interception of rainfall
by vegetation canopies. While at the surface, the root spread, and typical softer landscap-
ing context aid in the reduction of runoff rates to encourage greater absorption. Although
small-scale experiments have indeed verified the latter claim (e.g., [127]), recent studies
have highlighted the permeability of wider urban surfaces to contribute greater [123].
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Background climate influence

The effectiveness of the cooling contributed is determined by the background climate of
the considered vegetated area:

Soil and atmospheric moisture content is particularly significant, with precipitation and
irrigation providing greater soil water potential for transpiration, while high atmospheric
humidity suppresses transpiration as the water potential gradient is reduced [125]. The
availability of moisture also characterises the typical vegetation growth that results, with
greater availability resulting in denser growth that generates greater surface roughness
relative to drier climates [126].

Ambient temperature is a variable that determines the rate of sensible heat released from
the vegetated surface. Seasonal sensible heat flux is therefore a minimum in winter, while
the maximum is reached during the summer when the vegetation-to-atmosphere temper-
ature gradient is typically higher.

Wind velocity is significant for modifying both moisture and temperature. At greater ve-
locities, the convective heat transfer coefficient is primarily dependent on wind velocity
as forced convection dominates heat transfer to aid greater sensible heat loss, irrespective
of the temperature gradient. Wind flow is also advantageous in high humidity conditions
as it assists to advect away saturated air, with higher velocities reducing the leaf bound-
ary layer to enhance the water potential gradient and resulting latent heat flux [125].

In summary, the background climate variables of moisture content, ambient temperature,
and their interaction with wind flow variables together influence the typical vegetation
profiles that result for a given area. This in turn defines the availability and effectiveness
of the cooling processes discussed above, as well as their distribution, discussed below.

Cooling distribution

The extent of cooling influence provided by green space is significant for understanding
the likely public health and comfort benefits of green infrastructure enhancement strate-
gies. A meta-analysis of urban park studies had identified that on average they were 1 K
cooler during the day, with evidence of this influence extending to the surrounding areas
to varying degrees [92].

With London as an example, an early study of Kensington Gardens and Hyde Park
found its recorded 3 K cooling influence to extend up to 200 m beyond its boundaries
[46]. A recent longitudinal study of Kensington Gardens had highlighted a nocturnal
cooling range between 20 and 440 m, with 83% of influence evident at 63 m from the
boundary (approximately half the range), as well as a mean summer temperature re-
duction of 1.1 K, and a maximum reduction of 4 K observed on certain nights [91].

The nature of green space cooling influence experienced in surrounding areas can therefore
vary significantly, with the variables affecting cooling penetration into the surrounding
context (both horizontal and vertical distribution), requiring assessment.
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Figure 5. Summertime surface and modelled average atmospheric heat islands for London.

Although numerous studies of urban parks have demonstrated the horizontal distribution
of their cooling effects, there is little quantitative evidence presented to clarify how such
isolated instances affect the overall climate of a city [92]. From the above surface heat island
observations from London (Figure 5), it can be hypothesised that the magnitude and geo-
metrical distribution of green space features to have some degree of influence on citywide
(urban boundary layer) cooling. There is however a significant gap in the literature pre-
senting observational vertical distribution data, which makes the relationship between ge-
ometric parameters and vertical transport of cooling within the boundary layer, difficult to
characterise. This lack of empirical data is attributed to the infrastructural cost necessary
to carry out such vertical measurements particularly for longitudinal analysis, which is
required to characterise the dynamics of vertical transport. Most studies therefore present
and discuss findings in relation to canopy layer distribution and transport, almost exclu-
sively with reference to the horizontal plane.

A higher proportion of the green space cooling effect is typically found to be maintained
per metre distance beyond the boundaries of larger features [91], while those smaller than
0.05 km? tend to offer negligible distribution [129]. The geometry of the feature is high-
lighted as significant, with squarer and rounder-shapes found to offer greater cooling effi-
ciency and distribution. This has been explained with reference to temperature and humid-
ity gradients extending from the body to its surrounding landscape, which are typically
identified to be relatively greater for such wider proportioned features [97,130]. The range
of distribution is also dependent on the vegetation profile and its heterogeneity [124]. A
modelling study in response had combined tree age and planting density to present a com-
posite Leaf Area Index (LAIsp), as means to calculate the optimum cooling effect relative
to park extents [131]. The results of this study supported a previous finding that had iden-
tified effective cooling distribution from networks of smaller 0.2-0.3 km? green spaces
[131,132]. An earlier study that had considered the scale and interval of such features in
network or cluster arrangements had identified spacings of <300 m to offer the optimal
collective benefit [133]. Although these relationships have not been explicitly assessed in
terms of vertical transport, examining Figure 5 in relation to Hampstead Heath and its
contextual green spaces, forwards the hypothesis that such clustering arrangements pre-
sent sufficient vertical transport necessary to affect citywide cooling [115].
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The formation and function of wind systems play a significant role in the distribution of
cooling contributions from vegetated areas. Macro-to-mesoscale prevailing wind flow and
direction over the city affects downwind spread, aided by a combination of simple advec-
tion along aligned canyon geometries, and turbulent mixing above building roofs of cross
canyons. This in turn establishes built environment morphology metrics such as the ‘sky-
view factor’, ‘canyon aspect ratio’, and ‘canyon orientation’, as significant variables that
modify cooling distribution [46,93].

The formation of microscale systems has also been identified to play a significant part in
horizontal distribution. With low wind velocities typical of anticyclonic conditions, ther-
mals rising from the surrounding urban areas generate low-level advection currents that
draw air from parks as “park breezes’ [93,134]. This park breeze effect can generate an eddy
system that completes its cycle with the subsidence of warmer urban air from above (see
Figure 8). The occurrence of such systems may explain why the cooling rates within urban
parks are seldom comparable to rural areas and are more closely associated with their ur-
ban surroundings. It may also explain why parks seldom appear on heat island intensity
plots (e.g., Figure 5, p. 30), as the occurrence of such eddy systems are likely to hinder the
vertical transport of the cooling plume.

Dynamic stability is vital for such conditions to manifest, as higher wind velocities
(>5 m-s-') tend to impede vertical movement and disrupt buoyancy-driven effects by intro-
ducing rapid turbulent mixing [93]. In a study of London’s Kensington Gardens for exam-
ple, horizontal cooling distribution was notably disrupted with higher wind velocities [91].
Low wind velocities evident under anticyclonic conditions typical of heatwaves and high
heat island intensity, in contrast favour the formation of such buoyancy-driven eddy sys-
tems [93]. This suggests that the canopy layer cooling influence of green space is assisted
by such microscale processes to offer their greatest distribution when it is most likely to be
useful in relieving heat stress, which is a significant advantage to bear in mind when com-
paring against alternative heat mitigation strategies [91].

Urban growth and green space

In contrast to most large cities, London is comparatively greener with ~47% of its area con-
sidered as green infrastructure, of which 33% is represented by distinct green spaces, and
the residual 14% as domestic gardens [45]. Such urban green space areas however are un-
der constant threat from various economic and spatial demands, particularly in urban cen-
tres where intensification of building arrangements is advocated by planning policy. Alt-
hough the rate of decline has decelerated in recent years, urban green space in the whole
of England has reduced by 7% (period between 2001 and 2013), with over two-thirds of
this loss attributed to the paving over of domestic gardens, and the rest due to the devel-
opment of greenfield sites. If further action is not taken, the UK Committee on Climate
Change (CCC) has estimated that around 1,000 ha of cover could be lost annually [34].

The discussed environmental capital that green space contributes to the urban setting sug-
gests that it is sensible to conserve what already exists, and where possible to enhance
green cover in locations such as city centres and near healthcare facilities, where heat stress
relief is critical. It is argued that when opportunities arise to reconfigure urban areas as
with regeneration projects, net gain targets should be set and addressed [118].
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Tree coverage

Climate studies have demonstrated air temperature differences in various areas of a city to
be associated with the tree cover evident, with low cover contributing to higher tempera-
tures [127]. A study of Hong Kong (humid subtropical) had identified tree cover to be more
beneficial than grass surface enhancements, with a recommended coverage of a third of
the urban area to contribute street level temperature reductions of 1 K (based on Hong
Kong’s built environment morphology) [135]. Relatively smaller tree planted green spaces
have been identified to be of greater benefit than larger grassed areas, as they typically
include a wider variety of plant life that offer all the beneficial processes of vegetation re-
lated cooling discussed earlier [91]. The air temperature modifications presented by out-
door tree cover also influences building energy use. This influence on the cooling and heat-
ing of their indoor environments have been assessed by small-scale experimental studies
and larger-scale modelling to emphasise significant energy savings [121,127]. A study from
the United States for example had demonstrated tree planting to offer a 25% reduction in
net annual building cooling and heating energy consumption [61].

Dispersed development describes the market driven low-density expansion of urban built
environments. It is typically criticised for increased land usage in comparison to compac-
tion or densification development strategies, with much of this usage likely to be greenfield
land leading to green space and tree coverage loss at the city peripheries [136]. An Ameri-
can study had shown the rate of rural green space loss in the most dispersing urban regions
to be more than double the rate in the most compact urban regions, with association made
between the frequency of extreme heat events experienced and the loss of regional vegeta-
tion cover [137]. The significance of safeguarding peripheral green space was further
demonstrated by a study of the Frankfurt greenbelt (maritime temperate), which high-
lighted the zone to contribute a beneficial cooling effect of between 3-3.5 K.
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Figure 6. Heat island formation flow, also referred to as the city-country breeze.

The Frankfurt study discussed this cooling influence with reference to the formation of a
mesoscale city-country breeze, also referred to as heat island flow [138]. Under anticyclonic
conditions typical of high heat island intensity or heatwaves, this citywide system (see Fig-
ure 6) develops as thermals at the core of the city rise to the urban boundary layer, that in
turn generates advection flow at the canopy layer level from the cooler surroundings of
the greenbelt [1]. Urban growth strategies that expand into such peripheral areas can re-
duce this beneficial breeze by modifying the energy balance at peripheries to reduce the
city-country temperature gradient and potential of the system, and by preventing the sup-
ply of relatively cooler air that would otherwise been provided by greenbelt vegetation. In
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contradiction with the typical intentions of urban heat risk mitigation, compact forms of
development that encourage higher heat island intensity by concentrating built environ-
ment arrangements, favours the formation of this cooling breeze as it enhances the city-
country temperature gradient, while dispersed developments weaken its influence (subject
to the residual partitioning of the energy balance).

The relative reduction in evapotranspiration between the city and its context had long been
considered as the dominant contributor to the boundary layer or daytime heat island [18].
A study of American cities however had demonstrated the daytime heat island to be prin-
cipally dependent on the relative effectiveness by which urban and rural areas convect
sensible heat to the climate, rather than by latent cooling contributions (heat storage re-
mains dominant for the night-time heat island) [126].

The modelling study identified that if urban areas are aerodynamically smoother than
surrounding rural areas, heat dissipation to be relatively less efficient with potential for
warming; and if reversed, could potentially lead to a cooling effect. The relative differ-
ence in convection efficiency between rural and urban conditions is dependent on the
background climate. In humid temperate climates, convection was found to be less effi-
cient at dissipating heat from urban areas than from rural ones, as rural areas tend to be
aerodynamically coarser than urban areas due to the presence of generally denser and
coarser vegetation canopies. The study highlighted urban built environments in such
humid temperate American cities to have a reduced convection efficiency of 58%, con-
tributing to temperature increases of up to 3.0 K that proportionally dominates their
daytime heat island intensity. In dryer climates, the opposite occurs, as the built envi-
ronment is coarser relative to the surrounding landscape, where drier conditions typi-
cally impede the growth of denser vegetation types. In such American cities, a 1.5 K
decrease in heat island intensity was simulated. In certain cities, this decrease resulted
in lower urban temperatures to indicate a daytime heat sink effect [126]. This phenome-
non had previously been explained with reference to the oasis effect, resulting from the
enhanced evaporative cooling contributed by urban vegetation [73]. The study however
stressed that given the proportional contributions to the overall daytime heat island in-
tensity, the evaporative cooling contribution to be less significant than the sensible con-
vection contribution. These findings suggested that the addition of vegetation with the
principal aim of improving evapotranspiration qualities of the urban surface, may prove
to have less influence on the mitigation of the daytime heat island than previously held.
At the boundary layer scale of the urban surface, vegetation seems to provide greater
contribution to the cooling of the city by enhancing its surface roughness.

In humid climates where daytime heat island warming is observed to be substantial, the
addition of vegetation to increase inner-city surface roughness remains as a viable strategy
to mitigate the relative temperature difference [126]. If vegetation is to be used for this
purpose, tree planting with increased diversity of species contributes greater roughness
than planar greening approaches. The typologies of green infrastructure to prioritise when
planning enhancements therefore requires consideration not only in terms of transpiration
potential, but also the surface roughness delivered in their varied arrangements and sea-
sonal forms. Certain planning processes have in recent times developed weighting systems
to address such variations. For example, the Green Area Ratio (GAR) implemented in Ber-
lin, and also adopted in Malmo, assigns weighting factors based on relative climate change
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mitigation potential [139]. Such planning instruments however must be continually up-
dated with multidisciplinary evidence to ensure green infrastructure enhancements de-
liver their optimal heat mitigation potential.

Surface greening

Surface greening

Horizontal greening Vertical greening
(Biodiverse; |
Biosolar; | . |
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Figure 7. Principal surface greening categories (and variants).

Surface or planar greening solutions refer to the intentional application of vegetation com-
munities to built environment surfaces (horizontal or vertical). A study of the built envi-
ronment of Hong Kong (humid subtropical) demonstrated that for cities with similar high-
density arrangements, planar greening solutions maybe the only available approach for
enhancing urban green cover [135]. Such planar greening strategies affect the urban energy
balance both directly and indirectly.

Surface greening solutions directly influence the climate by reducing surrounding surface
temperatures, which modifies the longwave (L1) radiation balance to affect microclimate
temperatures [140]. A modelling study of Manchester for example, demonstrated the green
roofing (i.e., horizontal greening) of its city centre buildings to contribute surface temper-
ature reductions exceeding 6 K [118]. The aforementioned study of Hong Kong however
highlighted the approach to be less effective for street level air temperature reductions,
particularly when typical building morphology exceeds 10 m in elevation. In Hong Kong
where the mean building height is ~60 m, green roofing influence at street level was
deemed negligible [135]. Green infrastructure rating schemes such as the one used in Ber-
lin, now acknowledge this elevational decoupling by excluding features constructed on
high-rise buildings [139]. A review of green roofing studies similarly concluded proximity
to be significant to their cooling contribution and experience, with limited vertical influ-
ence stressed. There is however little empirical evidence available to describe the vertical
temperature structures and influence decay above such features, given that studies typi-
cally disregard monitoring beyond the immediate range [125].

The indirect energy balance influence of green roofing strategies is presented by the mod-
ification of heat transfer in and out of indoor environments, which in turn affects their
cooling and heating energy demands, as well as the resulting heat rejection from HVAC
equipment back to the urban climate [121,140]. This influence has been assessed by previ-
ous studies mostly in comparison to the alternative strategy of cool roofing (the application
of high albedo surface coatings to roofs). Such comparative studies have demonstrated cool
roofing to offer greater annual energy savings than extensive green roofs, although when
considered in relation to the intensive type that includes greater vegetation cover and het-
erogeneity, the converse may be expected. The overall energy saving potential therefore
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increases with the vegetation leaf area index, and with cooling dominated buildings it is
highlighted as the critical parameter [63]. From a purely economic perspective better value
is presented by cool roofing, given that green roofing typically has higher construction and
maintenance costs [140]. However, the overall value of green roofing approaches must be
assessed beyond economic costs alone to also consider the balance of thermal insulation,
runoff reduction, carbon uptake, and other ecosystem benefits offered.

Most studies considering vertical greening strategies that apply vegetation communities to
building facades, have found their thermal influence to be limited to the immediate zone,
with principal cooling contribution attributed to their function as sunscreens [141,142].
With the living wall subcategory that integrates fertigation systems to their vertically sup-
ported substrate zones, air temperature influence is reported to be better defined, although
the range of influence is limited to <2 m from the installation surface [141]. The coverage
area considered by such studies however is limited to either test-rigs or isolated facades.
The influence presented by such solutions when deployed in canyon conditions, where
surface temperatures are significant for modifying the heat storage potential and subse-
quent feedback to nocturnal canopy layer temperatures [83,143], is not sufficiently dis-
cussed at present. Studies available also tend to focus on monitoring or simulating imme-
diate horizontal canopy layer interactions, rather than vertical transport further up into the
atmosphere. In general, significantly less material is available at present on cooling contri-
bution assessments of vertical solutions relative to horizontal greening, partly explained
by the limited availability of suitable case studies to examine [115,116].

Microscale

Park breeze system Waterbody breeze system Waterbody breeze system
(high by day, low by night) (daytime cooling) (night-time warming)

Figure 8. Illustration of green and blue space interactions with the urban climate.

Blue space

Urban blue space or blue bodies refer to surface features that include substantial volumes
of water. The historical geopolitical significance of certain cities is predicated on the exist-
ence of such a natural feature. The River Thames in the port city of London for example is
its dominant and central feature, and together with other blue space bodies such as tribu-
taries, canals, and reservoirs, collectively account for circa 2.5% of the city’s surface area
[45]. The heat-risk mitigation contribution of the Thames was highlighted by a study that
found the air temperature at its river banks to be 0.6 K cooler on average than in neigh-
bouring streets [144]. In agreement with this finding, a meta-analysis of 27 studies (includ-
ing remote-sensing studies) had identified blue space in general to provide an average
cooling effect of 2.5 K, relative to their surroundings [95]. Urban planners and architects
have long been conscious of such waterbody contributions in minimising urban heat stress,
although the extent and dynamics of these contributions have seldom been discussed [145].
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Properties of water

The ability of a waterbody to modify surrounding temperatures is determined by its inher-
ent properties and their interaction with the background climate. The thermal properties
of high specific heat capacity and enthalpy of vaporisation gives water a high thermal in-
ertia, which plays a significant role in its ability to moderate temperature variations to act
as a thermal buffer. Surface reflectance (albedo) of water varies, with low solar angles pre-
senting high values, and the dominant medium-to-high solar angles presenting low values
(. ~0.09). This means that for most of the day, water is an effective absorbing surface [1,71].
The amount of solar radiation penetration and absorption however varies with flow rate
and dynamics (i.e., waviness), biochemical make-up, and the quantity of suspended parti-
cles present (i.e., turbidity). With most waterbodies, shortwave radiation penetration is un-
likely to reach water column depths beyond 10 m. In terms of longwave infrared radiation,
the incoming flux (L]) from the atmosphere is almost entirely absorbed at the surface with
hardly any reflection, while the outgoing flux (L1) remains constant throughout the day
(with larger bodies), owing to the limited range in diurnal surface water temperatures ob-
served. The fluid properties of water enable the absorbed radiation to be transferred within
the waterbody by conduction, radiation, convection, and advection processes, that in turn
contributes to efficient heat transport and mixing. This permits heat gains or losses to be
efficiently diffused throughout a large surface volume, and maintain surface water tem-
peratures within a limited diurnal range [1].

When water absorbs thermal energy from ambient conditions and converts sensible heat-
ing to latent heating, evaporative cooling is achieved. For larger waterbodies such as
oceans, more than 90% of the radiation balance available on an annual basis may be used
to evaporate water, while for smaller bodies this conversion is likely to be >50%. This trans-
lates to lower Bowen ratios on average for such surface waterbodies. The evaporative flux
also demonstrates diurnal variation. For a large part of the morning, the absorbed energy
is mostly used to warm the water (i.e., increase energy storage). Towards the afternoon
when the water surface temperature and the water-to-air vapour pressure deficit reaches
their peak, a strong evaporative demand is generated. The energy stored within the water-
body is adequate to sustain this evaporative flux even throughout the night, although with
diminishing intensity [1]. The sensible cooling effectiveness of a waterbody is dependent
on the net effect of the radiation balance, and the climate variables that encourage the sen-
sible-to-latent heat (evaporative) conversion [146].

Background climate influence

Higher waterbody temperatures translate to greater amounts of energy within the fluid
system. This leads to higher surface temperatures that enhances the water-to-atmosphere
temperature gradient. The presence of relatively cold air above the waterbody enhances
the sensible flux as the water-to-atmosphere temperature gradient is enhanced, while the
presence of warmer air has the opposing effect. The water-to-atmosphere moisture gradi-
ent or vapour pressure deficit (VPD), affects the potential for moisture to transfer into the
atmosphere. Relatively drier air above the waterbody enhances the evaporation rate as the
water-to-atmosphere moisture gradient (or VPD) is increased, while the presence of humid
air has the opposing effect. Increased wind velocity above the waterbody can significantly
alter both the sensible and evaporative heat flux by advecting away heat and moisture to
enhance temperature and humidity gradients [146].
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Types of waterbodies

The sensible cooling effectiveness of dynamic (open system) and static (closed system)
types of blue space differ owing to their respective fluid flow characteristics.

Dynamic waterbodies

The thermal properties of dynamic bodies such as rivers, streams, and canals are influ-
enced by fluid flow variables and climate parameters. Their fluid flow enables them to
carry by advection absorbed radiation downstream (subject to flow-dynamics), and release
energy in locations beyond the urban system [146]. Observations of such bodies have iden-
tified daily water temperatures to increase downstream, and when traversing through ur-
banised areas to demonstrate marked increases. A study by Galli [147] for example, ob-
served stream temperatures in Washington DC (humid subtropical) to increase with im-
pervious surface cover, a metric used to characterise and classify urbanisation. In a study
of Long Island, New York (humid subtropical), urban streams were found to be 5-8 K
warmer in the summer and 1.5-3 K cooler in winter than rural streams. This study also
observed diurnal temperature fluctuations to be greater in urban streams, with notable
contribution from summertime stormwater runoff from heated impervious surfaces lead-
ing to 10-15 K warmer temperatures than rural streams [148]. Although this form of storm
runoff has a beneficial cooling influence on upstream urban surfaces, the process may lead
to thermal pollution and resulting biochemical concerns further downstream [149].

The energy balance of a river is typically dominated by the net shortwave (K*) radiation
balance, and followed by contributions from the net longwave (L*) radiation balance and
evaporative flux [150,151]. A study of River Exe in Devon (maritime temperate) for exam-
ple, demonstrated its net radiation balance to account for 56% of the heat gain, as well as
49% of its heat loss [152]. A study of twenty streams in Washington State however, ob-
served riparian vegetation to gain increased significance in reducing the net radiation bal-
ance by reducing exposure to solar radiation incidence [153]. As most such bodies are of
limited depth for most of their course, thermal exchanges at the riverbed-to-water interface
may also require attention, particularly during seasonal transition periods in spring and
autumn. A study of River Blithe in Staffordshire (maritime temperate) for example, found
82% of its energy exchange to have occurred at the atmosphere-to-water interface, while
~15% had occurred at the riverbed-to-water interface [150]. In smaller streams, the influ-
ence of other energy balance partitions may gain greater proportional significance, which
also applies to hydrological factors such as discharge and groundwater exchange. For
larger dynamic bodies however, high exposure to solar radiation and wind flow are likely
to influence dominant heat exchange occurring at the atmosphere-to-water interface. This
means that their water temperatures are principally modified by above-body climate con-
ditions and their diurnal and seasonal cycles, with the possible exception of when substan-
tial discharge or absorption from an external source is relevant [154].

Static waterbodies

As dynamic instability is limited in static bodies owing to their restricted flow, they tend
to demonstrate higher sensitivity to energy exchange modifications at the atmosphere-to-
water interface. Local climate conditions and their interactions with the water balance is
therefore significant in defining the thermal properties of such aquatic systems. In deep
static bodies the likes of lakes and reservoirs, thermal inputs contribute to temperature and
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density changes that result in strong thermal stratification of the water column. In such
bodies, the ‘epilimnion” describes the warmer upper layer; followed by the ‘metalimnion’
or ‘thermocline’, where the temperature begins to decrease rapidly with depth; and with
the cooler, denser, and stable ‘hypolimnion” at the bottom. The thermally active zone is
represented by the epilimnion and the higher regions of the thermocline, and is significant
for the thermal exchanges with the climate above the body. Several mixing mechanisms
affect the thermal moderation of this active zone.

At the very surface of a body, evaporative mixing is evident as the latent flux generates
instability that brings warmer water to the surface to maintain a relatively constant surface
temperature [1]. Far greater significance to surface mixing is the mechanical energy trans-
ferred by windshear stress at the water surface that produces fields of waves and turbu-
lence. The strength of this mixing is influenced by prevailing wind flow conditions at the
waterbody and the factors that determine its exposure to this flow, such as fetch (distance
measured in the upwind direction that generates surface property driven effects), and the
presence of littoral (nearshore) obstructions. Strong wind driven turbulence may in certain
instances transfer turbulent kinetic energy to the lower layers to destabilise stratification
[155,156]. In addition to these forms of surface mixing, a diurnal mixing current may be
generated at the littoral zone of a body. As the shallower littoral slope heats faster than the
open water during the day, a horizontal current is generated from the zone towards the
open water, while cooler water from the open water depth is drawn up the slope. As the
littoral zone cools faster than open waters at night-time, the current is reversed. This diur-
nal littoral zone current however is typically not potent enough to destabilise stratification
of the entire body, and thus is mostly significant for biochemical processes [157].

Whole-body mixing is evident in holomictic waterbodies (uniform temperature and den-
sity from surface to bottom), common to temperate climates. Seasonal changes in such cli-
mates produce the conditions for buoyancy-driven overturning of the stratification struc-
ture. The threshold temperature for this overturning is ~4°C, when pure water reaches
maximum density. In spring, surface water that is cooler than this starts to warm, increase
in density, and drops to generate convective instability. This overturning occurs until the
epilimnion reaches ~4°C, after which warming increases stability and restricts vertical mix-
ing to regain stratification. In the autumn as the surface water cools, its density increases
to generate convective instability and overturning [1]. Waterbodies that demonstrate this
manner of biannual seasonal mixing are referred to as ‘dimictic’ bodies, with cold winter
climate bodies particularly observed to demonstrate relatively rapid overturning.

Whole-body mixing is also generated from anthropogenic interventions, usually employed
to maintain the necessary balance of biochemical processes in certain bodies, such as res-
ervoirs. Save for conditions with such manmade mixing regimes and seasonal overturning,
all other natural mixing processes discussed above usually maintain the stratification struc-
ture for most of the year. During such periods, the surface layer volume remains dominant
for thermal moderation and feedback to the climate above, as the stratified state restricts
the use of the entire thermal capacity of the water column. Greater thermal capacity depth
is only likely to become available towards the end of the summer, when internal conduc-
tion and radiation aids the transport of warming further down the water column to in-
crease the thermally active surface layer volume.
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In shallower static waterbodies, the limited whole-body volume presents reduced thermal
capacity and inertia. Their peak surface temperature and resulting latent flux can therefore
reach relatively earlier than a deeper waterbody [1]. The reduced volume also means that
the relative significance of processes such as the conduction of heat across the water-bank
boundary into the surrounding surface, littoral zone and wind-driven mixing discussed
above, and heat storage from absorption by aquatic flora, fauna, and other matter, are all
likely to be more pronounced [1,156]. The increase in proportional significance of these
partitions mean that the net radiation balance converted to the evaporative flux will be
lower than at larger bodies. Notwithstanding this relative difference, the latent conversion
flux s still expected to represent a substantial proportion. For example, a study of a shallow
lake in the Hudson Bay lowlands (subarctic), determined that on average 55% of its daily
net radiation balance was utilised for the evaporative flux [158]. In addition to this thermal
exchange at the atmosphere-to-water interface, the reduced depth of such bodies enables
shortwave penetration to typically reach their full water column depth, with the penetra-
tion often potent enough to conduct a partition into the subsurface to present water-to-bed
interface exchanges, as well as potential for warming from below. Accounting for wind-
driven mixing influence, the occurrence of thermal stratification therefore had been dis-
counted for such shallower bodies, with the full depth typically considered as a well-mixed
epilimnion. Recent studies however have highlighted that during warm and calm periods
(typical of heatwaves and high heat island intensity), shallower bodies to also demonstrate
stratification, frequently and for substantial durations [156,159].

Smaller and shallower ponds have in recent times gained increased attention as means to
sustainably manage urban drainage requirements, and are typically implemented in larger
masterplan developments (referred to as Sustainable Drainage Systems, and abbreviated
as SuDS). The urban setting affects the thermal properties of such ponds by the inflow of
summertime surface runoff from surrounding developments, influence from anthropo-
genic discharges into the water balance (i.e., thermal pollution), and the morphology of the
contextual built environment inhibiting wind-driven surface mixing. These influences may
in turn present the opportunity for thermal stratification to develop. For example, a study
of ten shallow urban ponds in Ontario, Canada (subarctic and humid continental), had
identified the density changes produced by daytime heating as not often dissipated, with
the stability and stratification achieved relatively extended during the mid-summer
months, and to demonstrate vertical temperature differences >3-4 K between the top and
bottom layers. They attributed this strong and persistent stratification evident to the tur-
bidity of water columns (high levels of suspended sediments common in such ponds), and
the reduced wind stress recorded at their surfaces [156]. In terms of geometric parameters
to consider, the ratio between the body surface area and perimeter, and maximum depth
had been identified as significant. Examining the former had revealed ponds with rela-
tively large area but with simple geometry to experience pronounced stratification, as op-
posed to the condition in larger lakes where large surface area with longer fetch is typically
associated with greater mixing [160]. Maximum depth on the other hand had presented
the strongest correlation with stratification, with only bodies <1 m in depth typically iden-
tified to be near isothermal (i.e., demonstrating constant temperature) [156]. This means
that only very shallow bodies utilise their entire water column thermal capacity for climate
energy interactions. Beyond these limnological observations, the research considering ur-
ban waterbody temperature structures, particularly in relation to such small shallow arti-
ficial waterbodies, remains distinctly limited.
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Cooling distribution

As discussed earlier in relation to green space, the cooling distribution of blue space may
be similarly argued to be dependent on their scale, geometry, and arrangement. A study
by Theeuwes et al. [94] for example, confirmed the significance of these parameters with
the aid of a mesoscale model of hypothetical waterbodies simulated within an idealised
city. Their results highlighted relatively larger-scale bodies to demonstrate greater cooling
influence adjacent to boundaries and in downwind areas. The extent of the downwind
spread was dependent on wind velocity and fetch length of the body, with the relative
cooler air originating from the waterbodies transported to generate plumes several kilo-
metres in length. The study also confirmed a previous remote-sensing finding that had
identified several smaller regularly shaped waterbodies to present a smaller temperature
effect (particularly during the day), although this to be distributed across a larger area of
the city [94,97]. The study however offered little discussion on how the distance from the
urban core affected this distribution, which in turn presents another distribution parameter
that requires further assessment [161].

The study by Sun and Chen [97] of Beijing (humid continental), had established waterbody
geometry to be significant for cooling distribution, with square and round geometries high-
lighted for providing greater efficiency. As discussed earlier in relation to green space, this
is attributed to the increased temperature and humidity gradients that are likely to result
between such wider-shaped waterbodies and their surrounding landscape. Furthermore,
such regular geometries present consistent fetch distances for wind flow from any direc-
tion, which in turn presents greater opportunity for atmospheric advection. The signifi-
cance of the width of a waterbody had also been assessed by a review of dynamic features
in Beijing, which highlighted it as a key parameter affecting the temperature and humidity
of their riparian zones. The study also found a significant and stable effect of decreasing
temperatures and increasing humidity when the river width exceeded 40 m [162]. This sig-
nificance of width may in part explain why the Lee Valley Regional Park (of which 22% is
covered by reservoirs), does not appear to contribute a cooling benefit to the atmospheric
heat island of London (see Figure 5, p. 35). Although it presents substantial surface area
(>40 km?), its width-to-length ratio is notably small.

The urban context is significant for modifying the climate variables that influence a water-
body. The Sun and Chen [97] study for example, noted substantially higher surface tem-
peratures at waterbodies with surrounding building arrangements, attributed principally
to their typical surface materiality. This contributes to steeper temperature gradients be-
tween the centre of the waterbody and its surrounding context to positively affect cooling
distribution. The surrounding built environment morphology can influence this cooling
distribution by shading and obstructing wind flow over the waterbody. Shading affects the
net radiation balance to reduce the temperature gradient and availability of energy to evap-
orate water, while obstructing wind flow reduces the opportunity for atmospheric advec-
tion and surface mixing from waves. As discussed with green space features, built envi-
ronment morphology also plays a role in directing or blocking advected cooling distribu-
tion from the waterbody, as well as in enhancing turbulent mixing.

Cooling distribution demonstrates diurnal and seasonal variation. For example, a longitu-
dinal canopy layer study of an urban river in Sheffield (maritime temperate) highlighted
its cooling effect to be greatest in the morning, with warm days in May presenting ~2 K
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cooling over the river and 1.5 K in the riparian zone. At night-time however, no significant
cooling was observed, while towards late June even daytime cooling had diminished to be
similar to ambient air temperatures [146]. In agreement with these observations, a simula-
tion study of a hypothetical city discussed earlier had identified blue space cooling to be
mainly relevant during the daytime, while at night and particularly towards the end of the
summer, a warming effect to be likely [94,161]. This diurnal and seasonal variation is ex-
plained with reference to the differences in the evaporative flux of such waterbodies. The
moderate instability of the atmosphere in the morning hours increases the evaporative flux
to the immediate atmosphere above the body to increase its vapour content. The early af-
ternoon period often marks the peak of atmospheric convective instability, water surface
temperature, and evaporative flux, although the vapour content of the immediate atmos-
phere above the body is reduced as the increased buoyancy of warmer vapour transports
it to higher altitudes where concentrations are diluted and mixed [1]. This convective in-
stability of the atmosphere of the day however is gradually reduced towards the evening
and night, as the surface atmosphere cools to gain stability and resistance to vertical
transport. The evaporative cooling during the evening period therefore increases the at-
mospheric saturation of the stabilising air mass above the body, and the ability to transport
vapour to higher altitudes is reduced in relation to the rate at which it continues to be
added from the waterbody. The generated vapour consequently converges into these im-
mediate stable layers above the body to create a humidity maximum, and a reduced mois-
ture gradient and resulting evaporative flux. In summary, the diurnal evaporative flux
profile is typically expected to peak by day and continue throughout the night at a reduced
rate [1]. This in turn is reflected in the diurnal profile of the cooling provided by a water-
body, with any reduction in the evaporative flux below the net longwave flux during the
night resulting in a warming effect. The differential cooling of the waterbody in relation to
surrounding urban surfaces (that cool faster), also reduces the waterbody-to-context tem-
perature gradient. This in turn reduces the potential for night-time horizontal distribution
by advection currents and prevents the removal of the saturated stable air mass above the
body to further impede the evaporative flux and enhance the possibility of warming. The
warming occurrence is particularly pronounced when waterbodies reach higher tempera-
tures towards the end of the summer from stored thermal energy. The Theeuwes et al. [94]
study also demonstrated that when the diurnal cycle of water temperature is accounted,
this variation (although within a limited range), could result in a reduced cooling duration
in the evening and a greater warming duration during the night.

The differences in thermal properties between waterbodies and their surrounding context
can also generate breeze systems. These are discussed in previous studies in relation to sea,
lake, and land breeze fronts (see Figure 9, p. 43). For example, an observational study of
Tokyo found the sea breeze propagation into the coastal region to be slower in urban areas
than rural areas [163], with a later simulation study having attributed this deceleration to
convergence with heat island flow [104]. Studies examining lake-land breeze fronts have
typically considered very large bodies, simply due to the pronounced fronts and effects
observed. Lake Michigan in the United States for example (circa 60,000 km?), has been the
subject of several historical studies (e.g., [164-166]). A notable study of it had identified a
strong correlation between the deceleration of the front’s inland propagation and the max-
imum night-time heat island magnitude observed in the neighbouring city of Chicago. This
highlighted the altitude of the frontal propagation of the land breeze (100-400 m), to corre-
spond to the range permitting interference and convergence with canopy layer flow from
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the night-time heat island, while no significant association was observed with daytime heat
island flow [167]. This in turn clarified sea breeze inflow to present minimal opportunity
to disrupt the daytime heat island, where the thermal plume mostly occurs at a much
higher altitude at the top of the boundary layer. There is therefore a notable difference in
altitude between the two breeze systems, with the lake breeze able to take advantage of
stronger thermals developed over land to achieve greater vertical distribution (100-1000 m
in elevation), while the relatively weaker night-time thermals developed over the water-
body lead to a relatively contracted distribution (100-400 m). To understand these distri-
butions and their interaction with heat island thermal inversion plumes, detailed study of
vertical temperature structures is necessary. The Keen and Lyons [165] study of Lake Mich-
igan offered some data gathered from aircraft traverses, while Ryznar and Touma [166]
had provided better representation using neighbouring towers. The latter study neverthe-
less cautioned its findings given that the towers were not over the lake itself, which in ideal
circumstances is what is required to best characterise such breeze systems and their vertical
temperature distributions. Save for these studies dating between 70s and 90s of larger sea
and lake relationships, interest in the study of atmospheric feedback from waterbodies
seems to have diminished, with little to no availability of data concerning the vertical
transport and temperature structures above smaller-scaled urban features.

The possible occurrence of a microscale eddy system similar to park breezes discussed ear-
lier in relation to green space, is not addressed in the available blue space literature. The
formation of such a waterbody breeze system would in theory differ from a park breeze
system, given the thermal inertia of water and its day-to-night cooling cycle that contrib-
utes to typically warmer night-time temperatures relative to the surrounding urban land-
scape. The system could thus be expected to reverse during the night as warm saturated
air rises from the warmer waterbody, which in turn causes cooler air from the urban sur-
roundings to advect towards this body (see Figure 8, p. 35). This in principle describes a
smaller-scaled representation of the above discussed land breeze system (Figure 9, p. 43).
The completion of this hypothetical waterbody eddy cycle is the night-time subsidence of
warmer and humid air back to the surrounding context (Figure 8), in the same manner of
a land breeze system. This in turn presents the possibility for the horizontal transport of an
undesirable warming influence into the surrounding canopy layer areas.

The canopy layer trapping of heat could present significant threat to not only thermal com-
fort, but also human health as night-time temperatures have been epidemiologically estab-
lished to be the most oppressive [30]. Even during the daytime, the expected waterbody
cooling benefit from evaporative cooling dominance, may present a counterproductive net
influence. A significant drawback of evaporative cooling is that it increases atmospheric
water vapour (humidity), which is also a greenhouse gas [1]. The Theeuwes et al. [94] study
revealed that in some instances ~60% of the comfort achieved by the sensible cooling effect
of blue space, could be negated by this humidity uplift. Considering these diurnal thermal
exchange dynamics of blue spaces, they may be regarded to offer a warming influence to
urban environments when it is least desired (at night, towards the end of the summer, and
during conditions typical of high heat island intensity and heatwaves), and as such offer
limited contribution to urban heat risk mitigation demands when considered in isolation.
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Figure 9. Ideal lake and land breeze systems; based on Keen and Lyons [165].
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Synergistic cooling

Although both green and blue spaces are often commended for contributing significant
environmental capital [95,146], comparative assessments are uncommon. A notable exam-
ple was presented by a study of six parks and three lakes in Chongqing, China (humid
subtropical), where the cooling in the parks was found to be more defined than at lakes,
with the maximum recorded at 3.6 K for the parks and 2.9 K for the lakes [168]. The study
however considered this comparison in isolation, with little discussion on the integrated
dynamics between the two features. The Xu ef al. [169] study in contrast considered these
synergistic dynamics based on case study specific observations in Shanghai (humid sub-
tropical), and presented a regression model to extend the observed 10-20 m zone of thermal
comfort improvement with the use of littoral vegetation. Synergistic influence discussed in
other studies remain limited to recommendations based on acknowledged principles, or as
explanations for identified anomalous cooling enhancements. The Hathway and Sharples
[146] study for example, observed the highest cooling distribution at ~30 m from the river
centre to be evident at street canyons that were opened-up to provide access to riparian
areas with greenery. Beyond such observations, there is little analysis offered to describe
the synergistic processes involved, particularly for conditions where both features are in-
tegrated by design as blue-green ecosystems.

Synergistic processes are discussed mostly in potamological and limnological research,
where attention is typically given to biochemical than thermal implications of green and
blue space interactions. Most potamological studies target the assessment of agricultural
and forested conditions. For example, a study from Washington State had considered
twenty streams to identify the significance of riparian vegetation in reducing their net ra-
diation balance, by reducing exposure to both solar radiation incidence and wind flow.
They found clearcutting of this vegetation to have increased air temperature above the
streams by up to 4 K within one winter, with the preserved vegetated buffers having pro-
vided some protection against mid-summer air temperature increases, while enhanced
protection had been observed both early and late in the summer [153]. Following the re-
moval of riparian vegetation, vapour density at a stream is also likely to increase as higher
air temperatures lead to greater evaporation from the stream, and increased transpiration
rates from remaining riparian vegetation. This increase in atmospheric moisture and the
corresponding reduction in the soil, affects the hydrological balance [170]. In urbanised
areas the balance is further affected by impervious surface cover altering the pathways of
water movement, which can contribute to hydrological drought [171].

At static bodies, various types of aquatic vegetation (macrophyte) are common in the litto-
ral zone. These range from terrestrial plants, emergent plants (e.g., reeds), free-floating
leaved plants (e.g., waterlilies), and submerged plants (e.g., milfoil) [155]. In addition to
their numerous biochemical contributions, they are significant for moderating the thermal
properties of the waterbodies they inhabit. Littoral vegetation shading, besides modifying
the radiation balance of a body as discussed earlier, can cause differential heating and cool-
ing to result in internal convection flows that aid mixing. Where vegetation density and
the leaf area index (LAI) is extensive, this shading could be expected to reduce water tem-
peratures in the littoral zone [172]. For example, a study of Priest Pot, a small lake in the
Lake District National Park (maritime temperate), found the dominant solar radiation in-
fluence at this body to be modified by vegetation to alter its light climate within the water,
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which in turn encouraged greater mixing and reduced stratification. They however
stressed this interaction between littoral zone radiation penetration, vegetation shading,
and internal mixing to be complex and specific to each body, with lower or higher relative
littoral zone temperatures probable.

Littoral vegetation also contributes to the dampening of wind-stress induced mixing.
When wind flow encounters the water surface, the shear stresses generated induce fields
of waves and turbulence. The resulting turbulent kinetic energy generated at the surface
then penetrates the water column to provide mixing [155]. Surface wind-stress is however
dampened when it encounters aquatic vegetation, which results in a reduced surface layer
depth and the potential strengthening of temperature stratification [172]. Significant to the
degree of mixing generated are both the cover of vegetation present and the fetch (i.e., the
length of water over which a given flow has contact). Longer the fetch, the greater the op-
portunity for turbulent mixing. In larger lakes with increased fetch, littoral vegetation
serves to dampen surface-generated turbulent kinetic energy from penetrating the water
column. The effectiveness of this is dependent on plant separation, with higher density
achieving greater dampening. A study of the aforementioned Priest Pot lake found wind
mixing to generally dampen owing to its extensive surrounding tree cover, while the
nearby Esthwait Water Lake (Figure 10), with its larger open setting and fetch, allowed
active turbulence to develop over open water, save for its dampening at the littoral zone
by vegetation [155,173]. In contrast, a study of Lake Purrumbete in Victoria, Australia (mar-
itime temperate), identified greater littoral plant spacing to reduce its influence to the ex-
tent that it was similar to open water [155].

Lake Purrumbete

Figure 10. Priest Pot, above Esthwait Water Lake (left); and Lake Purrumbete (right).

The observations from such studies highlight littoral vegetation to have significant influ-
ence on the mixing regimes evident at a given waterbody, which in turn has influence on
the climate feedback they provide. This latter aspect however is not addressed in potamo-
logical and limnological research, which are more concerned with climate effects on such
bodies rather than their influence or feedback to the climate above. This in turn highlights
an area that requires further attention.
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SUMMARY

The following presents a summary of the material discussed in this concise guide.

Heat-related risks

>

The heat island effect is the dominant contributor to the unique climate experienced in
cities, and is strongly associated with urban growth. As most cities demonstrate
conformity with the established urbanisation growth trend, their populations are at
heightened risk from its increasing effects, which will be exacerbated further if
development and growth plans do not include effective heat island mitigation strategies.

In addition to continued climate warming, many regions are likely to experience increases
in the frequency and severity of extreme heat events. The prediction of increased events is
not favourable news for growing cities, as the anticyclonic conditions that favour the
formation of such heat events also exacerbate the severity of heat islands.

Mitigating and adapting to a warming climate and the heat island effect are highlighted
as likely to require a range of substantial resilience measures, addressing both citywide
and microclimate processes.

Mitigation and adaptation are of equal priority when considering climate resilience
measures. In relation to heat-related risks, this translates to measures that address the
mitigation of prolonged heat storage in cities (long-term), as well as the moderation of heat
extremes that enable adaptation (short-term).

Urban climate studies

»

The heat island is best observed and most potent under synoptic-to-mesoscale anticyclonic
conditions, when reduced wind velocities and cloud cover are typical. Its intensity is
greatest in the summer, and at night-time. Mitigation and adaptation measures that can
deliver their maximum cooling potential under such conditions should be prioritised.

The distinct day and night-time difference in heat island intensities experienced is
associated to the diurnal change in the convective instability of the urban atmosphere. The
increased solar radiation received during the day generates stronger thermals that expand
the urban boundary layer and contributes to the dominant thermal inversion occurring at
a higher altitude above the city surface (i.e., further away from the habitable zone). At
night-time the slow release of heat stored in urban form becomes the dominant heat source
for the less potent nocturnal thermals that contribute to the dominant thermal inversion
occurring at a lower altitude, typically at the top of the canopy layer (i.e., closer to the
habitable zone). The mitigation of the lower altitude nocturnal effect must take precedence,
as the proximity influence heightens occupant vulnerability to adverse health and comfort
effects. Understanding the variation in the inversion altitude is also significant for
determining how both energy sources and sinks transport their vertical influences to
modify the urban climate.

Weather patterns significantly modify heat transfer processes between surfaces and the
atmosphere. Targeting measures that increase wind flow and velocity (i.e., generate
dynamic instability), followed by cloud cover (i.e., affecting the radiation balance), can
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disrupt heat island formation. These include measures that enhances mechanical effects
on surface flow (i.e., increase surface roughness), and the evaporative flux.

Built environment morphology that induces mechanical effects on surface flow (ie.,
enhances surface roughness), and use of engineered materials, improved drainage, and
increased heat output from energy use that contributes thermal effects to the urban
climate, are well addressed by preceding observational research and physical modelling
exercises. The influence of green and blue space distribution however remains thinly
discussed in comparison, and represents an emerging area of interest for researchers.

Green and blue space contribution

>

Green and blue space features and their immediate atmospheric environments are
mutually dependent. The state of the immediate atmosphere is modified by the latent and
sensible flux from surface water and vegetation, while they also respond to changes in the
climate in ways that modify this flux output. Although one-way interactions are well
discussed in studies, reciprocal dependencies are given less attention.

For both green and blue space features, the thermal effects are influenced by intrinsic
characteristics such as scale, geometry, spread and interval of features, internal structures
or stratification, and surface roughness and fetch length; as well as prevailing background
climate conditions such as wind flow, morphology and materiality of the context, and
feature-to-context temperature and humidity gradients. These characteristics and
conditions in turn influence their thermal feedback and its horizontal and vertical
transport, with the latter highlighted as not well addressed by previous research.

Recent studies suggest evapotranspiration from green spaces to contribute only
marginally to the mitigation of the higher altitude daytime heat island effect. In lower
altitude canopy layer climates however, significant cooling influence is acknowledged,
with horizontal transport of this cooling contributing to the moderation of heat extremes.
The greater use of such features is therefore a viable approach for addressing urban heat
risks, with diverse and intensive planting observed to offer enhanced surface roughness,
shading, and evaporative cooling.

The occurrence of microscale breeze systems modifies horizontal and vertical cooling
transport. With contribution from such systems, green space features have been observed
to extend horizontal cooling greatest during conditions typical of high heat island intensity
and heatwaves, which in turn provides relief when it is most likely to be required. Blue
space features in contrast may transport a nocturnal warming effect that worsens towards
the end of the summer, when heat island intensity and risk from heat stress is most
oppressive (epidemiologically identified). This suggests that when considered in isolation,
green space features offer greater benefit to heat risk management than blue space features.

Notwithstanding the nocturnal warming effect, blue space cooling contributions and
transport during the daytime is substantial. With consideration for body depth and mixing
regimes, they remain as a viable approach for managing urban heat risks, particularly
when employed in conjunction with green space features to provide mutually dependent
environmental capital that offers many benefits, including synergistic cooling.

With both green and blue features, the addition of multiple smaller interventions that take
advantage of dominant wind patterns offer greater cooling transport across a larger
canopy layer area than with a solitary larger feature. This validates the use of green and
blue space as infilling features, even in high-density compaction (regeneration) schemes.
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