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Abstract

Infrastructure-based heat reduction strategies can help cities adapt to high temperatures, but
simulations of their cooling potential yield widely varying predictions. We systematically review
146 studies from 1987 to 2017 that conduct physically based numerical modelling of urban air
temperature reduction resulting from green-blue infrastructure and reflective materials. Studies
are grouped into two modelling scales: neighbourhood scale, building-resolving (i.e. microscale);
and city scale, neighbourhood-resolving (i.e. mesoscale). Street tree cooling has primarily been
assessed at the microscale, whereas mesoscale modelling has favoured reflective roof treatments,
which are attributed to model physics limitations at each scale. We develop 25 criteria to assess
contextualization and reliability of each study based on metadata reporting and methodological
quality, respectively. Studies have shortcomings with respect to neighbourhood characterization,
reporting areal coverages of heat mitigation implementations, evaluation of base case simulations,
and evaluation of modelled physical processes relevant to heat reduction. To aid comparison
among studies, we introduce two metrics: the albedo cooling effectiveness (ACE), and the
vegetation cooling effectiveness (VCE). A sub-sample of 47 higher quality studies suggests that
high reflectivity coatings or materials offer ~0.2 °C—-0.6 °C cooling per 0.10 neighbourhood albedo
increase, and that trees yield ~0.3 °C cooling per 0.10 canopy cover increase, for afternoon
clear-sky summer conditions. VCE of low vegetation and green roofs varies more strongly between
studies. Both ACE and VCE exhibit a striking dependence on model choice and model scale,
particularly for albedo and roof-level implementations, suggesting that much of the variation of
cooling magnitudes between studies may be attributed to model physics representation. We
conclude that evaluation of the base case simulation is not a sufficient prerequisite for accurate
simulation of heat mitigation strategy cooling. We identify a three-phase framework for assessment
of the suitability of a numerical model for a heat mitigation experiment, which emphasizes
assessment of urban canopy layer mixing and of the physical processes associated with the heat
reduction implementation. Based on our findings, we include recommendations for optimal
design and communication of urban heat mitigation simulation studies.

© 2021 The Author(s). Published by IOP Publishing Ltd
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1. Introduction

Urban areas tend to be hotter than their non-
developed surrounds, and they are projected to fur-
ther warm over the 21st century due to global cli-
mate change and urban development (Rosenzweig
et al 2015, Krayenhoff et al 2018, Zhao et al
2021). Without appropriate adaptation, high tem-
peratures in low and mid-latitude cities are likely to
have increasingly adverse effects on health, thermal
comfort and energy consumption outcomes during
warmer seasons. While these outcomes have mul-
tiple causative factors, air temperature is strongly
implicated in all of them and has been widely
studied.

Intentional modification of urban landscapes can
reduce air temperature locally. Common cooling
strategies include green infrastructure (Bowler et al
2010), bluespace and irrigation (Gunawardena et al
2017, Broadbent et al 2018a), and use of reflective
materials or coatings (Taha et al 1988, Krayenhoff
and Voogt 2010). Green infrastructure includes street
trees, green roofs and facades, parks, lawns and gar-
dens, while bluespace consists of static and dynamic
surface waters such as ponds, rivers and lakes. These
strategies generate cooling by reflecting solar radi-
ation away from the urban environment or redirect-
ing absorbed solar energy from sensible to latent heat
(figure 1).

A priori assessment of potential cooling impacts is
helpful to decision makers. Numerous observational
studies have reported cooling from urban heat reduc-
tion strategies (Bowler et al 2010, Aleksandrowicz
et al 2017, Santamouris et al 2017), each reflect-
ing the specific characteristics of the sites monitored
and the weather conditions during the measure-
ment period, therefore making generalization diffi-
cult. Numerical modelling is generally less demand-
ing than in situ assessment of cooling infrastructure
impacts and provides ease of experimental control.
However, numerical modelling relies, by definition,
on imperfect abstractions of urban atmospheric pro-
cesses, and it is applied at multiple scales and includes
widely varying methodological approaches, each of
which has received different testing against measured
data.

The burgeoning literature focused on numerical
simulation of micro-to-regional scale climate effects
of urban heat reduction strategies, reported in several
recent literature surveys (Krayenhoff and Voogt 2010,
Gago et al 2013, Santamouris 2014, Aleksandrowicz
et al 2017, Gunawardena et al 2017, Santamouris et al
2017, Toparlar et al 2017, Pisello et al 2018, Tsoka et al
2018b, Lai et al 2019, Ampatzidis and Kershaw 2020),
has so far failed to provide a consistent framework
for comparing results systematically. Existing simu-
lation studies vary in terms of spatial and temporal
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scale and specificity, background meteorology, neigh-
bourhood context, numerical model construction
and application, type and intensity of heat mitig-
ation implementation, and air temperature defini-
tion (see table 1 for a summary of degrees of free-
dom). As a result, the range of simulated cooling
magnitudes induced by a given urban heat reduc-
tion strategy varies widely; a comprehensive review
reports cooling that spans a full two orders of
magnitude: <0.1 °C to >5 °C (Santamouris et al
2017). Furthermore, key metadata, such as neigh-
bourhood morphology, or the specific air volume
or location associated with the reported temperat-
ure difference, are often unreported. Consequently,
methodological quality becomes uncertain, repeat-
ability becomes challenging, and comparison of
cooling effectiveness between studies, and therefore
between different geographical contexts, is rendered
unfeasible.

In this context, the present review develops
the first critical framework for evaluation of sim-
ulation studies that assess urban heat reduction
(or heat mitigation) strategies. We evaluate both
metadata reporting and methodological quality. Bey-
ond provision of appropriate context for interpreta-
tion of modelled results, sufficient metadata report-
ing permits inter-study comparison of the cooling
effectiveness of commonly proposed heat reduction
strategies. Methodological quality gives an indica-
tion of the reliability of the results. Reliability of
results is enhanced by appropriate representation of
physical processes, suitable model evaluation and
calibration, and optimal choices related to model
application. Critically, this review is comprehens-
ive and systematic, and it is the first review to
undertake an informal meta-analysis to derive typ-
ical cooling efficacies for common heat reduction
strategies from studies that meet a minimum level of
reliability.

An individual heat mitigation simulation study
tied to a particular place may be of practical rel-
evance to local planners and policy-makers. How-
ever, it must be situated among related studies if
it is to inform the broader scientific understand-
ing of the local climate impacts of heat reduction
strategies. Hence, we propose that a central aim
of urban heat mitigation research, in addition to
assessment of local impacts, should be the determ-
ination of consensus cooling efficacies for common
heat reduction strategies, as well as their depend-
ence on a limited number of factors (e.g. time of
day, meteorological conditions; see section 5.4). We
further define new indices to aid assessment of the
cooling efficacy of albedo-based implementations
(albedo cooling effectiveness (ACE)) and vegetation-
based strategies (vegetation cooling -effectiveness
(VCE))—see section 2.5.1.
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Figure 1. Urban heat mitigation strategies and their impacts on direct shortwave radiation (a) and convective sensible (Qy) and

To establish consensus cooling efficacies, urban
heat mitigation studies must be reliable and appro-
priately contextualized so as to be inter-comparable.
We define reliability as the trustworthiness of the
results, based on a scientifically sound and suffi-
ciently documented modelling methodology. Com-
parability relies initially on full reporting of context
(e.g. meteorology, urban neighbourhood type) and
methodological design (e.g. implementation type and
intensity), and ultimately on constraint of the many
degrees of freedom inherent in urban heat reduc-
tion simulation studies (table 1). The local climate
zone scheme (Stewart and Oke 2012) represents a
similar methodological development in the observa-
tional urban heat island literature, aimed at enhan-
cing comparison between measurement sites and
studies.

The intent of this systematic review is threefold:

e to assess the urban heat mitigation modelling lit-
erature in terms of methodological quality and
metadata reporting;

e to derive a state-of-the-art consensus of cool-
ing efficacies associated with implementation of
common heat reduction strategies from existing
high-quality studies in the literature;

o to recommend key methodological approaches and
the reporting of essential metadata for enhanced
reliability and comparability of urban heat mitig-
ation studies.

The scope is limited to high albedo materials,
photovoltaics and green and blue infrastructure, and
to studies that apply numerical modelling; however,
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Table 1. Principal degrees of freedom in numerical simulation of air temperature response to urban heat mitigation implementations.

Degree of freedom

Explanation and examples

Context
Meteorological
Neighbourhood
Tool and application
Numerical model
Model application

Maximum solar angle, mean wind speed, degree of cloudiness, etc
Character of the local cover, structure and fabric (e.g. local climate zone)

Processes represented (scale), and complexity & accuracy of their treatment
Simulation development, including initial and boundary conditions, model calib-

ration, parameter values and other choices made by researcher

Surface perturbation
Choice of heat mitigation
implementation

Area and intensity of
implementation

Location of implementation
System response

Vertical specificity

Roof, walls, ground.

Type of surface modification (see supplementary table 2)

Spatial coverage and intensity (e.g. degree of albedo or leaf area index increase)

Specific level or layer over which averaging is undertaken (e.g. 2 m air temperature

or canopy layer air temperature)

Temporal specificity

Specific time or averaging period corresponding to results (e.g. July 21 diurnal

maximum, June-July—August diurnal mean, etc)

the criteria and guidelines herein may inform scale-
model and observational work.

2. Methodology

2.1. Defining ‘urban heat mitigation’

Infrastructure-based urban heat mitigation can
include a broad range of modifications to build-
ing envelopes, building and tree configuration, and
landscape design. Here, we focus on several com-
monly investigated heat mitigation strategies that
are relevant for both existing and newly-designed
neighbourhoods. ‘Gray’ modifications to neighbour-
hood configuration, including building morpho-
logy and street orientation and engineered shade
devices, are excluded from this review in order to
constrain the literature sample; although alteration
of the built configuration is more difficult in exist-
ing neighbourhoods, it is particularly relevant to the
design and construction of new neighbourhoods.
Thus, this review focuses on non-structural modi-
fications to urban land cover, and/or urban facet
properties, that have the intended purpose of cooling
local urban climate. All human-wrought changes to
urban landscapes—synonymous here with the ‘built’
series defined by Stewart and Oke (2012)—made
with the intention to reduce air temperatures within
the urban canopy layer (Oke 1976) or at roof level are
considered to be urban heat mitigation implementa-
tions for the purposes of this review. These require-
ments help define the relevant conceptual model
and the range of operational tests considered herein
(Valiela 2001, Stewart 2011). In many cases, ‘urban
heat island mitigation’ studies qualify, provided that
absolute urban cooling is reported in addition to
relative cooling (e.g. reduction of urban heat island
intensity). However, we do not consider an urban
heat island framing to be relevant for discussion of

4

urban heat mitigation (Martilli et al 2020). Urban
heat mitigation strategy implementations typic-
ally include one or more of the following: street
trees, reflective surfaces, short vegetation, permeable
surfaces, irrigation, water features, or photovoltaic
panels, applied at ground level, on rooftops, or on
building walls.

2.2. Literature sample inclusion criteria

The literature sample was drawn from English
language, peer-reviewed journal articles published
between January 1987 and June 2017. Web of Science
search terms with combinations of words related to
cities, modelling, mitigation, and cooling and tem-
perature and related searching returned 2414 art-
icles (see supplementary methods (available online
at stacks.iop.org/ERL/16/053007/mmedia)). Assess-
ment of these articles by two reviewers was under-
taken, qualifying articles for the subsequent review
sample when they met all of the following criteria:

o utilizes a physically-based numerical modelling
approach;

e employs a model that either yields a steady state
solution, or has a prognostic temperature(s)—
purely statistical models are excluded;

e simulates effects of urban cover or facet modific-
ation (including changes to tree cover) on urban
canopy or surface layer air temperature change—
studies that exclusively report other temperatures
or indices are excluded;

e uses experimental control—studies that do not
include an appropriate ‘base case’ scenario are
excluded.

The resulting sample includes 146 articles,
employing models that vary from street scale to global
scale, from hourly to decadal time scales, and from
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past to projected future climates. The articles are
divided into two broad categories, namely micro-
neighbourhood scale (hereafter ‘microscale’) models
and meso-global scale models (hereafter ‘mesoscale’);
the former typically resolve buildings but not advec-
tion between neighbourhoods or boundary-layer
processes (domain size of 100-5000 m, with grid
spacing 1-100 m), whereas the latter do not resolve
individual buildings but capture the full boundary-
layer and city and/or regional scale atmospheric
flows (domain size >100 km, with grid spacing
0.5-100 km). The focus here on numerical model
results complements reviews of observational results
(e.g. Bowler et al 2010). Notably, while the critical
and quantitative aspects of this review end in 2017,
qualitative results from the literature are included up
to and including 2020 (e.g. see section 5.3).

2.3. Criteria used to assess literature

Several criteria are developed to evaluate the reliabil-
ity and comparability of urban heat mitigation stud-
ies in the sample. The following four criteria assess
metadata reporting, required for contextualization of
individual studies and effective comparison between
studies.

(1) Site metadata are provided.

(2) Forcing meteorology is characterized.

(3) Heat mitigation implementation metadata are
provided.

(4) Air temperature is specified spatially and tem-
porally.

Three subsequent criteria assess appropriateness
of the numerical model and its application, and
address methodological rigor and subsequent reliab-
ility of the modelling results obtained.

(5) Model accurately represents relevant physical
processes.

(6) Model evaluation is appropriately targeted and
successful.

(7) Model application is sound.

These criteria (described below) are based on
the collective experience of the authors, whose train-
ing includes building microclimate simulation and
atmospheric modelling at micro-to-global scales,
largely in North American and European contexts, as
well as development of numerical models of urban
atmospheres at micro-neighbourhood scales. Fach
criterion above is sub-divided into multiple sub-
criteria to assist scoring, and each study is assigned
a grade for each sub-criterion, which represents the
degree to which the study fulfils the sub-criterion
(table 2; supplementary methods). With the excep-
tion of sub-criteria 5c and 5d, grading is based exclus-
ively on information provided in each peer-reviewed
article and associated supplementary information;
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that is, no other sources are sought and no contact is
made with the author(s) at this stage. As such, com-
plete and effective scientific communication is impli-
citly included as a criterion in the grading scheme
(Stewart 2011).

The supplementary methods provide additional
detail related to the definition of all criteria and
sub-criteria, and table 2 provides an overview of
all criteria and sub-criteria and the associated point
allotments. There is no universally correct point allot-
ment, and this approach is motivated by a previ-
ous critical review of the urban heat island observa-
tional literature (Stewart 2011). Since the point allot-
ments are inherently subjective, the total scores for
each criterion or set thereof represent value judg-
ments by the authors. We choose point allocations to
reflect the relative importance of each sub-criterion
with regards to the contextualization and comparab-
ility (metadata criteria 1-4) and reliability (methodo-
logy criteria 5-7) of the heat mitigation cooling mag-
nitudes reported in the article. Since both reliability
and contextualization of the results are essential for
meaningful interpretation of modelled cooling mag-
nitudes, they are weighted equally. The total scores
for the methodology criteria (criteria 5-7), individu-
ally and collectively, are used to assess the suitabil-
ity of individual studies for inclusion in the informal
meta-analysis (see section 2.5). The total scores for
metadata criteria (criteria 1-4) are not explicitly used
in this work, though associated point allotments in
table 2, which are based on considerable deliber-
ation by the authors, are nevertheless provided as
additional context and may be useful to the research
community in future reviews. The combined scores
provide an indication of overall quality of each
study.

In brief, the seven criteria are as follows:

(1) Neighbourhood metadata are provided

(criterion 1)

The effectiveness of heat mitigation implementations
is modulated by the land cover, morphology and
materials of the neighbourhood or area surrounding
the site. Hence, characterization of the urban neigh-
bourhood provides important context. For example,
implementation of high albedo roofs on tall vs.
short buildings has been found to strongly modulate
pedestrian-level cooling (Botham-Myint et al 2015).
Suitable metadata include urban structure, cover, and
fabric (Oke 2006; supplementary table 1). Alternat-
ively, identification of the local climate zone (Stewart
and Oke 2012) provides a confined range of these
metadata.

(2) Forcing meteorology is characterized

(criterion 2)

Meteorological conditions set the context for
the local climate sensitivity to a heat mitigation
implementation. Many heat mitigation strategies
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Table 2. Percent of articles receiving a passing grade for each criterion and sub-criterion, for numerical modelling studies of heat
mitigation implementation effects on air temperature at both the microscale and the mesoscale. A passing grade is defined as receipt of
50% or more of points allotted to the (sub)criterion. Shading indicates failure of the (sub-)criterion.

Criterion Sub-criterion Total points allotted Microscale Mesoscale
Metadata reporting
1) Neighbourhood® 2 45% 20%
la) Land cover fractions 0.5 66% 50%
1b) Urban structure 0.5 67% 30%
1c) Thermal parameters 0.5 40% 23%
1d) Radiative parameters 0.5 59% 58%
2) Meteorology 2 65% 67%
2a) Origin of meteorological 1 62% 81%
forcing
2b) Characterization of weather 1 72% 44%
3) Heat mitigation 6 96% 100%
strategy
3a) Implementation type 2 96% 100%
3b) Plan area intensity 2 51% 42%
3¢) Location of implementation 2 96% 100%
4) Temperature 8 90% 91%
specification
4a) Horizontal specification 2 57% 63%
4b) Vertical specification 2 83% 73%
4c) Diurnal specification 3 93% 97%
4d) Temporal averaging 1 99% 30%
Modelling methodology
5) Model physics 6 76% 86%
5a) Model scale appropriate 0.5 77% 100%
5b) Model processes appropriate 1.5 70% 94%
5¢) Completeness of model 2 85% 55%
physics
5d) Evaluation of model physics 2 9% 20%
6) Model evaluation 6 48% 58%
6a) Quality of evaluation data 1 49% 56%
6b) Evaluation/mitigation scales 1 60% 61%
match
6¢) Small absolute error 1 30% 13%
6d) High correlation 1 26% 5%
6e) Subjective assessment 2 39% 69%
7) Model application 6 66% 86%
7a) Boundary conditions 2 49% 84%
7b) Model configuration 2 68% 77%
7¢) Initial conditions 2 43% 64%
Total 36

2 Full marks awarded if local climate zone reported in lieu of sub-criteria.

function by reducing absorption of solar radiation
or redirecting absorbed solar radiation to evapotran-
spiration instead of sensible heat; both processes are
influenced by ambient weather conditions—cloud
cover, humidity and wind in particular. Choice of
meteorological forcing to the model can modulate
heat mitigation effectiveness and should therefore be
characterized (i.e. description of general conditions,
and details about the data source).

(3) Heat mitigation implementation metadata are
provided (criterion 3)

Characterization of the type, coverage, distribution,
and intensity of a surface modification provides
vital context for interpretation of its local climate
impacts and permits comparison with related studies.

Supplementary table 2 organizes heat mitigation
implementations by scale and process, and details the
metadata to report in each case. To enable compar-
ability between studies, it is essential to report the
area of surface modified relative to the total plan area.
In a study of the cooling impacts of high reflectiv-
ity roofs, for example, the area of roofs receiving the
albedo treatment relative to the corresponding plan
area should be reported in addition to the actual
roof albedo increase (see section 2.5.1). Changes
to pervious fraction or tree cover fraction should
be reported in similar fashion. It is furthermore
important to identify the location or facet within the
urban environment that is modified. Heat mitigation
strategies such as irrigation incorporate a temporal
element, which should be described explicitly.
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(4) Air temperature is specified spatially and
temporally (criterion 4)

Air temperature is the focus of this systematic review;
nevertheless, the ensuing discussion is largely relev-
ant to other climate response variables, such as sur-
face temperature.

(4a) Horizontal specification (sub-criterion 4a)
Specification of the area over which air temperature
changes are assessed helps contextualize the reported
impact of the surface modification. Numerical mod-
els that are explicit in three dimensions (e.g. ENVI-
met and other computational fluid dynamics (CFD)
models; see supplementary figure 1(a)) permit precise
selection of the horizontal area for assessment of air
temperature impacts due to a heat mitigation imple-
mentation. The area selected must be sufficiently con-
strained so as to fall within the zone of influence of the
heat mitigation implementation. Mesoscale numer-
ical models and one-dimensional urban canopy mod-
els (e.g. Erell and Williamson 2006, Krayenhoff and
Voogt 2010) include implicit horizontal averaging
at the local scale. Therefore, microscale horizontal
exchanges affecting heat mitigation implementation-
induced impacts are implicit or ignored. In these
studies, it is sufficient to report the grid size, if applic-
able, and critically, the subset of grid cells associated
with the reported air temperature change; ideally,
both spatial mean and variability (e.g. spatial max-
imum) of impacts are reported.

(4b) Vertical specification (sub-criterion 4b)

Many contemporary models of urban areas vertic-
ally resolve the between-building canopy layer as dis-
tinct from the above building boundary-layer. Some
modelling approaches may resolve several vertical lay-
ers below building height (supplementary figures 1(a)
and (b)). To enhance comparability between stud-
ies, the horizontal location or area in sub-criterion
4a should be specified in the vertical as a layer with
specified height and thickness (e.g. the urban can-
opy layer), or as a level of specified height (e.g. air
temperature at 2 m above ground level). Moreover,
the model must be capable of accurately representing
this level or layer, both in terms of the theory being
applied (criterion 5) and evaluation of the model (cri-
terion 6).

(4c & 4d) Temporal specification (sub-criteria 4c

& 4d)

The cooling effectiveness of heat mitigation meas-
ures varies over the diurnal cycle and with season and
meteorological conditions. For example, most heat
mitigation strategies provide far more daytime than
nighttime cooling (Georgescu 2015, Krayenhoff et al
2018). Therefore, it is critical that specific times or
temporal ranges corresponding to simulated air tem-
perature changes are reported. Most heat mitigation
studies will tend to uncover greater impacts during
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fair weather warm season conditions. However, their
unintended consequences for other weather condi-
tions and seasons deserve attention (e.g. Krayenhoff
and Voogt 2010, Yang and Bou-Zeid 2018). Authors
should be clear about the temporal context of their
results.

(5) Model represents relevant physical processes
(criterion 5)

A fit-for-purpose numerical model represents the
primary physical processes that modulate urban
canopy air temperature, including key processes
introduced by the heat mitigation implementation
(figure 1). Moreover, such a model has been eval-
uated at the process level to ensure that perturba-
tions to the system introduced by heat mitigation
strategies will have realistic impacts on modelled
energy exchanges and temperatures. Representation
of flow and turbulent transport within the urban can-
opy and exchange with the boundary-layer above are
particularly important for air temperature (figure 1).
Critically, the ability of a model to represent exist-
ing air temperature may not ensure that it is capable
of capturing temperature impacts of heat mitigation
implementations. Modelled processes expected to
respond to the heat mitigation implementation, such
as energy partitioning at urban surfaces or radiative
interception by trees (figure 1), or related impacts on
state variables such as surface temperature, should be
evaluated or have been evaluated in a previous peer-
reviewed study, e.g. in the original model develop-
ment study. Authors should explicitly defend their
choice of model by relating it to their study objective,
both in terms of scale and especially in terms of the
degree to which it can represent key processes related
to the heat mitigation implementation and its impact
on air temperature. Model limitations must be stated
and the study results contextualized accordingly.

(6) Model evaluation is appropriately targeted and
successful (criterion 6)

Model evaluation and calibration ensure that the
model can represent the base case spatio-temporal
meteorological variation. The magnitude and vari-
ation of simulated air temperature must be assessed at
a minimum. An appropriately targeted model evalu-
ation is also conducted at spatial and temporal scales
and resolutions that correspond to those of the inten-
ded model application. Model output should be com-
pared to high quality measured data within the model
domain, whose origin or metadata (where appro-
priate) are reported. A successful model evaluation
demonstrates small model-observation differences,
where mean absolute error is similar to, or smal-
ler than, the maximum cooling magnitude attribut-
able to the heat mitigation implementation. Stand-
ard model evaluation procedures must be followed
and a range of error statistics reported (e.g. Willmott
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1982, Moriasi, 2007), including a measure of abso-
lute error (e.g. mean absolute error) and a measure of
correlation (e.g. coefficient of determination, R?, or
Willmott’s d) at a minimum. Ultimately, the quality
of a model evaluation requires some degree of sub-
jective judgment.

(7) Model application is sound (criterion 7)

Proper application of numerical models of the urban
atmosphere requires attention to initial conditions,
the initial values of state variables, and to bound-
ary conditions, the time-dependent values of vari-
ables at domain boundaries. Model spin up, that
is, model simulation prior to the period of interest,
should be at least one full iteration of the dominant
thermal forcing cycle of the system (i.e. one diurnal
cycle in most cases) to adjust subsurface temperat-
ure profiles. At the microscale one diurnal cycle is
typically a minimum. Steady-state microscale mod-
els are an exception, and they should apply appro-
priate convergence criteria. At mesoscales, with rep-
resentation of the complete surface and atmospheric
hydrologic cycle (e.g. the Weather Research and Fore-
casting, or WRE, model; Skamarock et al 2005), sev-
eral days or weeks are typically required to allow soil
moisture to adjust to ambient conditions, depend-
ing on climate, geography and season. Model domain
size must also be sufficient in both mesoscale and
microscale simulations to allow full development of
the atmosphere upstream of the zone of heat mit-
igation implementation. In other words, the zone
of heat mitigation impact (sub-criterion 4a) must
be outside of the zone of direct influence of the
boundary conditions. Ideally, models of urban can-
opy layer climate are coupled to a boundary-layer
or atmospheric model, because large changes to sur-
face properties trigger atmospheric feedbacks, whose
impacts on air temperature cooling magnitudes can
be substantial (Krayenhoff and Voogt 2010). Finally,
numerical models of urban climate and meteoro-
logy require numerous choices that serve to config-
ure the model (physics and parameter choices, model
options and settings). These should be reported and
justified.

2.4. Critical review methodology

Each of the 146 articles in the overall sample defined
in section 2.2 is evaluated against the 25 sub-
criteria, grouped into the seven criteria, presented in
section 2.3, table 2, and the supplementary meth-
ods. Metadata sub-criteria contain less subjectivity,
and for many articles it is clear whether each item of
metadata is reported or not. The methodology sub-
criteria contain some degree of subjectivity, because
they evaluate the rigour or scientific appropriateness
of the modelling methodology rather than the pres-
ence or absence of a reported piece of metadata. We
design our review methodology accordingly (see sup-
plementary methods).

E S Krayenhoff et al

Assessment of the quality of a reported model
evaluation (criterion 6) inherently requires subjective
judgment, since many interrelated factors must align
in order to achieve a convincing model evaluation.
Hence, we allot 1/3 of the model evaluation points
to a subjective assessment by the reviewer (cri-
terion 6e). Sub-criteria 5¢ and 5d entail assessment
of the completeness of each model’s representation
of heat mitigation-relevant physics and the degree
and/or quality of their evaluation in all previous peer-
reviewed articles, both of which require a level of
subjective judgment. To render these latter two sub-
criteria as objective as possible, they are evaluated by
answering the following two questions:

e 5c: How fully are the physics of the process repres-
ented?

e 5d: Has the model representation of the physical
process been successfully evaluated (or does it have
a strong and valid history in the literature)?

Note that evaluation of model representations is
typically conducted in the relevant model develop-
ment article, and for each model in the sample these
original articles and any additional articles undertak-
ing process-level model evaluation (including those
that add heat mitigation assessment capabilities) are
located and assessed. For all heat mitigation strategies
questions 5c and 5d are each answered with respect to
two constellations of physical processes that are crit-
ical for determination of effects of heat mitigation
strategies (e.g. Crank et al 2018):

e energy balance partitioning at the ‘surface’ of the
heat mitigation strategy; and

e turbulent transport within the urban surface and
canopy layers (which transports heat between the
location of the heat mitigation implementation and
the location where air temperature cooling is repor-
ted, e.g. 2 m).

In the case of street trees, treatment of their
impacts on shortwave and longwave radiation
exchange are additionally evaluated.

2.5. Informal meta-analysis methodology
Subsequent to the critical review, an informal meta-
analysis is undertaken based on those studies from the
initial sample that exceed a minimum standard with
respect to the methodological criteria. Studies were
assessed in terms of whether they exceed a score of
50% on the following six conditions:

(a) the overall methodology (sum of criteria 5, 6
and 7);

(b) criterion 5 (model physics);

(c) criterion 6 (model evaluation/calibration);

(d) criterion 7 (model application);

(e) criterion 5c¢ (completeness of model physics);
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(f) criterion 6e (subjective assessment of model
evaluation/calibration).

Moreover, plan area fraction of the heat mitiga-
tion implementation was required for each study to
qualify; authors of studies that did not report this
value were contacted, and in many cases the inform-
ation was provided and the study was included. The
final meta-analysis sample is comprised of 47 stud-
ies that met four or more of the above conditions,
and for which we were able to link air temperat-
ure cooling magnitude to the associated plan area of
implementation.

2.5.1. Cooling effectiveness

The informal meta-analysis is designed to assess
the cooling effectiveness (or efficacy) of individual
heat mitigation strategies. Assessment of cooling
effectiveness in place of absolute cooling removes a
primary degree of freedom that differs between stud-
ies, and helps progress toward an objective stated in
section 1—constraint of the magnitude of heat mitig-
ation strategy impacts—by enhancing comparability
of studies. Cooling effectiveness (CE) is defined here
as:

AT

CE=—-—, (1
where T is air temperature, and a is a plan area-
averaged non-dimensional variable that quantifies
the principal change associated with the heat mit-
igation implementation. Here, we distinguish two
cooling efficacies. First, to assess cooling effectiveness
of albedo implementations, we follow the definition
used by Krayenhoff and Voogt (2010), which we term
the Albedo Cooling Effectiveness (ACE):

AT AT
ACE = — = 2
AO[N AOés . )\S7 ( )

where Aay is the neighbourhood scale, plan area-
averaged change in albedo resulting from the imple-
mentation of high reflectivity building coatings or
pavement, Ay is the change in albedo of the mod-
ified surface, and A is the area of modified sur-
face divided by the corresponding overall horizontal
plan area. The ACE value in degrees Celsius rep-
resents the cooling obtained from a neighbourhood
albedo increase from 0.0 to 1.0, assuming linear
temperature responses to albedo changes. Similarly,
10% of the ACE value is the cooling obtained for
a neighbourhood-wide albedo increase of 0.10. A
recent application of the ACE metric has been used
to distinguish those neighbourhood densities and
regional climates that enhance effectiveness of roof
albedo implementations (Broadbent et al 2020a). In
effect, the ACE metric accounts for the fact that urban
albedo applications may occur not only across dif-
ferent portions of the urban surface, but also that
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they may occur with different intensities of albedo
increase.

Second, to assess cooling effectiveness of
vegetation strategies, we define a Vegetation Cooling
Effectiveness (VCE) which retains the area fraction
of implementation in the denominator but omits the
‘intensity’ of application:

wm:—ﬁi (3)

S

where A is the added surface area of vegetation
divided by the associated plan area. Note that a more
sophisticated version of equation (3) could include
a measure of vegetation ‘intensity’ such as leaf area
index (LAI), corresponding to the Aqy in the ACE
metric; however, so few of the studies in our liter-
ature sample reported this value that we opt for a
simplified definition here. Moreover, air temperat-
ure is less likely to respond linearly to increases of
LAI than it is to increases of albedo, because added
leaf area is more likely to be shaded by existing leaf
area and different vegetation covers provide varying
evapotranspiration cooling depending on species and
environmental context (e.g. Snir et al 2016). Tran-
spirative cooling from vegetation further depends on
access to soil moisture, which can be highly spatially
and temporally variable. For irrigation, a metric sim-
ilar to VCE could be used, or for certain purposes
inclusion of water quantity and/or irrigation timing
in such a metric may also be useful (e.g. Daniel et al
2018, Broadbent et al 2018b).

In equations (1-3), AT should be defined for a
particular layer or level, ideally at the 2 m level or a
vertically-integrated urban canopy layer value (sub-
criterion 4b, section 2.3). Furthermore, implicit in
these equations is an assumption that air temperature
responds linearly to the areal fraction of surface mod-
ified, which is appropriate as an initial assumption
and furthermore appears to be approximately accur-
ate for roof albedo implementations (Li et al 2014).
Note that for cooling effectiveness to be meaningful,
it is important that horizontal scales of heat mitiga-
tion implementations and air temperature response
are appropriately related (e.g. sub-criterion 4a).

3. Critical review of urban heat mitigation
literature

3.1. Overview of the literature sample

The vast majority of the 146 articles in the lit-
erature sample were published after 2006, in the
final decade of the 30 year sample (figure 2). The
trend is toward greater numbers of articles pub-
lished per year at both the microscale and mesoscale,
probably influenced by the increasing rate of art-
icle publication in academia. In addition, the recent
surge of urban heat mitigation simulations prob-
ably also relates to developments of key modelling
tools around the turn of the millennium. ENVI-met
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Figure 2. Number of articles published by year in the literature sample at each of two modelling scales.

(Bruse and Fleer 1998) and WRF-urban (Chen et al
2011; in particular when applied with the single-
layer urban canopy model of Kusaka et al 2001,
i.e. WRF-SLUCM) are the most commonly-applied
models within the sample (figure 3). The devel-
opment of ENVI-met was first published in 1998,
and the first widely-adopted urban canopy models
were documented shortly thereafter (Masson 2000,
Kusaka et al 2001, Martilli et al 2002). Moreover,
the first version of WRF-SLUCM was released in
late 2006, while ENVI-met version 3.1 was released
in 2004. The widespread application of both mod-
els accounts for close to half of the literature sample
(27% of articles use ENVI-met 3.1, and 15% use
WREF-SLUCM).

Clear differentiation by model scale is apparent
in terms of the types of heat mitigation strategies
assessed in the sample (figure 4). Mesoscale mod-
els have tended to evaluate albedo strategies and
rooftop-based strategies, whereas microscale models
have focused preferentially on ground-based applic-
ations, especially vegetation and trees. Model physics
plays a strong role in this divide. For example, until
very recently, street trees have not been integrated
into mesoscale implementations of urban canopy
models, but their impacts on above-canopy climate
have instead been included using the tile approach
(Krayenhoff et al 2020). This explains the dearth of
assessment of street trees at this scale, except via
the bulk or tile approach, which cannot represent
effects of trees shading impervious surfaces, and other
important physical processes related to urban trees
(Krayenhoff et al 2014, 2015). Conversely, street tree
processes that impact the urban canopy layer, such
as shading and drag, have been included with some
degree of fidelity in ENVI-met and a few other micro-
scale models for several years.

We suspect that a bias exists within the research
community toward publishing results that include
larger cooling magnitudes, related to the particular
model and mitigation strategy combinations that are
most common (figure 4). For example, ENVI-met
typically yields very small street level air temperature
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cooling as a result of rooftop albedo or vegetation
(green roof) applications (Skelhorn et al 2014, Mid-
del et al 2015, Wang et al 2016); WRF-SLUCM,
conversely, yields strong 2 m’ cooling as a function
of rooftop implementations (Georgescu et al 2014,
Georgescu 2015, Vahmani et al 2016), but surpris-
ingly moderate cooling at this atmospheric level from
ground level strategies (e.g. ground albedo; Yang et al
2016). Model physics formulations appear to play
a strong role in both cases (see section 5.1.3 for
discussion).

Irrigation, permeable surface, and water bodies
received comparatively less attention in the literat-
ure sample, and photovoltaic panels have received
virtually no physically-based treatment (figure 4).
Most ‘photovoltaic’ treatments in the sample simply
entailed changes to rooftop or bulk albedos, and they
were recorded as such in figure 4.

3.2. Critical assessment of urban heat mitigation
modelling studies

Modelling studies in the sample demonstrate vari-
able performance with respect to the four metadata
reporting and three modelling methodology criteria
(table 2; figure 5). Articles at both scales typically
report sufficient detail related to both heat mitiga-
tion type and location (sub-criteria 3a, ¢) and the tim-
ing and vertical level of the reported air temperature
(sub-criteria 4b, c), but fewer report plan area intens-
ity of heat mitigation implementations (sub-criterion
3b) or clearly specify the horizontal domain of the
urban atmosphere that corresponds to the reported
temperature changes (sub-criterion 4a; table 2). Least
well reported are site or neighbourhood characterist-
ics, such as the local climate zone and/or informa-
tion relating to land cover, built structure, or thermal
or radiative characteristics (criterion 1), particularly
in the case of mesoscale models (e.g. data used in
the urban input parameter file). Meteorological for-
cing (criterion 2) is reasonably well described in the
sample, except that mesoscale simulations do not
typically describe the prevailing weather conditions
during their simulations (sub-criterion 2b).
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Figure 4. Number of articles that assess cooling resulting from select heat mitigation strategies. Many articles assess more than
one heat mitigation strategy, either applied in tandem or in separate simulations; hence, a single article may contribute to the total
articles indicated for more than one heat mitigation strategy. ‘Bulk urban vegetation’ and ‘bulk urban albedo’ are bulk approaches
to urban vegetation and albedo enhancement at either the subgrid (tile) or grid scale in mesoscale models.

At first glance, studies at both scales perform
moderately well with regard to model physics and
model application, and more poorly in terms of
their model evaluation or calibration procedures
(figure 5). Of particular note is the small number
of studies using a model with substantive evalu-
ation of the physical processes related to the imple-
mented heat mitigation strategy (sub-criterion 5d;
table 2). The large discrepancy between completeness
and evaluation of model physics (sub-criterion 5c¢
vs. 5d) at the microscale derives from the ENVI-met
model, which includes an impressive breadth of

physical processes, most of which have been insuf-
ficiently evaluated in the peer-reviewed literature
(likely related to the proprietary nature of this soft-
ware and unavailability of its source code). Few
mesoscale models are as complete in their physical
representation of processes, partly because of the
computational requirements at this scale, but they
are somewhat better evaluated at the process level.
WRE-SLUCM generally fares better on sub-criteria
5¢ and 5d, but receives a lower score for physical
representation of urban canopy turbulent transport
(see section 5.1.3).
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Less encouraging is the performance of many
model evaluations in the sample (criterion 6), with
very few achieving small errors relative to observa-
tional data. Just over half of the sample, on average,
used good quality observation data in their evalu-
ation, and evaluated their model at the same scale
as they applied it in their heat mitigation assessment
(sub-criteria 6a,b; table 2). Moreover, model evalu-
ation was frequently unconvincing, especially at the
microscale and with ENVI-met studies in particular
(sub-criterion 6e). Model application (criterion 7),
including boundary and initial conditions and appro-
priate model configuration, was conducted reason-
ably well at the mesoscale. At the microscale, many
studies (in particular ENVI-met studies) failed to
include a buffer of sufficient size between the model
domain boundaries and the location of interest for air
temperature mitigation (sub-criterion 7a). Overall,
the mesoscale sample of articles passed more meth-
odology criteria, whereas more microscale articles
fared better in terms of the metadata reporting cri-
teria (table 2).

Finally, individual heat mitigation modelling
studies that are worth emulating in terms of their
metadata reporting and/or modelling methodology
are selected based on their performance against the
seven criteria (see supplementary methods, supple-
mentary results and supplementary table 3). All but
one of the papers included in supplementary table 3
fall within the final 4 years of the literature sample,
suggesting that both metadata reporting and mod-
elling methodology may have improved over the
sample period.

4. Cooling effectiveness of heat mitigation
strategies

The fractional area of heat mitigation implement-
ation as well as the intensity of application at the
neighbourhood scale strongly control the magnitude
of local cooling (see section 2.5.1). To remove this
primary degree of freedom, normalized ‘cooling
effectiveness’ metrics ACE and VCE introduced in
section 2.5.1 are applied within an informal meta-
analysis. Cooling is then more readily compared
between studies, and a generalized understanding of
the effectiveness of select heat mitigation strategies
may be approached. Approximate a priori assessment
of cooling from potential heat mitigation strategies
may ultimately be possible for urban contexts without
recourse to labour- and computationally-intensive
simulations.

The meta-analysis conducted here is informal for
several reasons. First, we do not use effect size vari-
ance (i.e. cooling effectiveness variance) to weight
the effect size reported by each study, as Bowler
et al (2010) did for observational studies, due to the
substantial variability in methodology and reporting
between numerical modelling studies. Moreover, we
do not conduct formal assessments of effect size het-
erogeneity. Second, several known degrees of freedom
are not fully controlled for: latitude, local geo-
graphy, mesoscale/synoptic variability, neighbour-
hood design and construction, and the height of
reported air temperature. In the subsequent analysis,
reported results are grouped by season and time of
day to approximately control for these factors. The
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remaining variation of reported cooling effective-
ness from each individual study stems from uncer-
tainty in modelling or reporting of results and/or
from sampling across those remaining degrees of free-
dom (e.g. different cities or neighbourhoods). Where
appropriate, a median cooling effectiveness is calcu-
lated for each study, and a median of all studies is
assessed for select temporal contexts (e.g. summer
afternoons).

4.1. Albedo Cooling Effectiveness (ACE)

Roof albedo implementations are one of the most
common heat mitigation strategies investigated in
our sample, likely due to their ease of model-
ling implementation. Moreover, they already have
a degree of uptake in many jurisdictions. During
summer afternoons, ACE ranges widely across the
studies in our sample (figure 6(a)). Notably, ENVI-
met 3.1 studies have a median ACE of 1.6 °C, or
0.16 °C cooling per 0.10 neighbourhood-scale albedo
increase, whereas mesoscale studies have a median
ACE of 5.8 °C; moreover, the highest ACE of all
ENVI-met studies in our sample is lower than the
lowest median ACE of any mesoscale study. This large
discrepancy clearly suggests that differences in model
physics and/or scale strongly affect modelled cooling
magnitudes (see section 5.1.3 for discussion). Meso-
scale studies in our sample have a median ACE of
2.2 °C for summer nights, suggesting residual noc-
turnal cooling is less than half of daytime cooling for
roof albedo implementations (figure 6(a)). As expec-
ted, ACE derived from seasonal average or winter-
time results is smaller than episodic summer ACE,
as a result of reduction of solar radiation reaching
rooftops due to clouds and larger solar zenith angles.
Finally, urban heat mitigation applications are area-
limited by definition, and hence advection always
serves to reduce their local impact. The difference in
ACE between a no-advection case and an advection
case (which resembles the median across all mesoscale
studies) reported by Krayenhoff and Voogt (2010)
suggests that fair weather advection reduces the local
impact on air temperature of roof albedo by more
than half (figure 6(a), top row).

High albedo surfaces or coatings may also be
applied at ground level, for example as ‘cool pave-
ment. Microscale models in our sample, primar-
ily ENVI-met 3.1, derive an ACE of approximately
5.7 °C for ground level albedo applications dur-
ing summer afternoons, albeit with large variation
between studies (figure 6(b)). The only mesoscale
study of high albedo pavement in our sample yields
an ACE less than half as large. Again, model phys-
ics and/or scale likely play a role in this difference
(see section 5.1.3). Increases of building wall albedo
in conjunction with roof albedo add little cooling
compared to roof albedo alone, at both model scales,
albeit for only two studies (figure 6(b); note that ACE
is calculated here without considering wall area in
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equation (2). Two microscale studies increased the
albedo of all surfaces, while several mesoscale stud-
ies increased the albedo of a bulk (i.e. flat) represent-
ation of the urban surface; median ACE across all of
these studies is 6.0 °C for summer afternoon condi-
tions (figure 6(b)), which is virtually identical to ACE
values from mesoscale roof albedo studies, perhaps
because similar model physics are involved in both
cases.

4.2. Vegetation Cooling Effectiveness (VCE)

Trees affect pedestrian-level urban climate via mul-
tiple physical processes (Oke 1989, Krayenhoff et al
2020), including shading, sheltering and evapotran-
spiration. Most of these processes are represented, in
some fashion, in the studies included in our sample.
We assess the VCE defined in section 2.5.1 across mul-
tiple studies that incorporate trees as urban heat mit-
igation tools; note that VCE cannot be directly com-
pared to ACE values in section 4.1 (see section 2.5.1).
Most of these studies were performed at the micro-
scale, particularly by ENVI-met 3.1, and they yield a
median summer afternoon VCE of 3.3 °C, or 0.33 °C
of cooling per 0.10 increase in tree canopy cover (areal
fraction), although select studies find substantially
higher values (figure 7(a)). The sole mesoscale study
by Loughner et al (2012) finds a similar VCE mag-
nitude, as does a recent CFD study (Toparlar et al
2018). Nighttime cooling by trees across three mod-
elling studies is approximately 50% of respective day-
time cooling for each study (figure 7(a)); however,
nighttime results in ENVI-met 3.1 must be inter-
preted within the context of its very simple repres-
entation of urban heat storage (Huttner 2012). Some
observational studies report small nighttime cool-
ing from street trees (e.g. Ziter et al 2019), in agree-
ment with these simulation results, whereas others
find small nighttime warming (e.g. Gillner et al 2015),
or both cooling and warming depending on time of
night (Coutts et al 2016).

Vegetation more broadly is typically considered
to be an urban heat mitigation strategy, including
green roofs and ground-level vegetation such as grass.
Most studies considering within-canyon grass in the
sample were performed by ENVI-met 3.1. Microscale
model-derived VCE for grass varies widely between
studies with VCE from about 1 °C to above 10 °C
(figure 7(b)). The only mesoscale study that includes
within-canyon grass has a VCE of 3.3 °C-8.4 °C,
depending on soil moisture. Evapotranspiration and
associated thermal climate impacts of grass depend
strongly on moisture levels of upper soil layers, and
the fact that we do not control for this degree of free-
dom may explain the large variation in VCE between
these studies.

Cooling from green roofs appears to demonstrate
a similar dependence on model scale and/or phys-
ics as high albedo roofs. That is, summer afternoon
green roof VCE from available mesoscale studies
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Figure 6. Albedo cooling effectiveness (ACE) from roof (a) and other (b) albedo implementations for two model scales and
across several seasons and approximate times of day. Solid horizontal lines corresponding to each study indicate maximum and
minimum reported ACE within a study, and symbols indicate median ACE (where appropriate). Vertical, orange dashed lines
indicate median ACE for summer afternoon ENVI-met 3.1 (roof albedo) or all microscale model (road albedo) study results.
Mesoscale model summer afternoon results are in green, summer nighttime mesoscale results in blue, and combined micro/
mesoscale summer afternoon bulk albedo results in black. Highest values reported by Krayenhoff and Voogt (2010) in each
category are for a ‘no advection’ case, and represent an estimate of maximum potential ACE (open circles). Articles indicated by a
“*? met all six conditions outlined in section 2.5. The ‘bulk albedo’ section combines bulk treatments of the urban surface
(mesoscale) and uniform treatment across all facets (microscale).

is 1°C-3°C, several times higher than the VCE
of ~0.5 °C from microscale ENVI-met 3.1 stud-
ies (figure 7(b)). Alternatively, different soil mois-
ture and/or irrigation assumptions between studies
may play a role (Li et al 2014), particularly given
the limited number of studies. In practice, green
roofs are typically designed to receive minimal irrig-
ation beyond an initial plant rooting phase. One
mesoscale study suggests that green roof cooling is
much reduced at night compared to daytime (Sun
et al 2016); other evidence suggests that green roofs
may actually cause nocturnal warming (Scherba et al
2011). Overall, available high-quality studies suggest
that green roofs yield less canopy level cooling per

area application compared with trees and ground-
level vegetation.

Georgescu (2015) models evaporative (i.e. irrig-
ated) roofs, which represent an upper bound of
evapotranspirative cooling achievable from green
roofs, finding a summertime average VCE of about
5 °C. While few studies of urban irrigation or water
bodies remain in the final meta-analysis sample, the
two available studies (both at the mesoscale) yield
VCE of about 3 °C for summer afternoons, similar to
the vegetation implementations discussed previously.
Note that the amount and timing of irrigation or the
temperature of the water bodies are not controlled for
due to insufficient sample size.
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Figure 7. Vegetation cooling effectiveness (VCE) from street tree (a) and other (b) vegetation implementations for two model
scales and across several seasons and approximate times of day. Symbols are as in figure 6. Vertical, orange dashed lines in
(a) indicate median ACE for summer afternoon microscale study results.

Most recent mesoscale modelling of urban veget-
ation has used the tile approach, where surface-
atmosphere energy fluxes from impervious surfaces
and from soil-vegetation are computed by inde-
pendent models and then combined to assess a
near-surface (but effectively above-canopy) temper-
ature. While this approach is clearly inadequate for
assessment of street trees because it does not repres-
ent processes such as tree shading and sheltering of
building and roads (Krayenhoff et al 2020), it may
have more merit for low vegetation such as grass.
However, the sub-grid tile approach to vegetation
appears to generate more nighttime compared to
daytime cooling in mesoscale models (figure 7(b);

Cui and De Foy 2012; Schubert and Grossman-
Clarke 2013, Li and Norford 2016), whereas the
single study that integrates low vegetation within
an urban canopy model cools daytime air temper-
ature more than twice as much as nighttime air
temperature (figure 7(b); Lee et al 2016a). Recent
WRF-SLUCM tile-based modelling also shows pre-
dominantly nighttime cooling from urban vegeta-
tion (Jacobs et al 2018, Imran et al 2019), and there
is some recent observational support for this res-
ult (Hu and Li 2020). Nevertheless, it is unclear if
this result is robust or if the tile approach needs to
be revisited for representation of ground-level urban
vegetation.
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5. Discussion

5.1. Key recommendations

Several recommendations arise from the critical por-
tion of this review, particularly related to enhance-
ment of the reliability and comparability (con-
textualization) of cooling magnitudes reported by
heat mitigation studies. The large disagreements
in cooling effectiveness between model scales for
multiple heat mitigation strategies evident in the
informal meta-analysis (section 4) further reinforce
the need for more reliable model representations
of the physical processes that link heat mitiga-
tion implementations to simulated air temperature
reductions.

5.1.1. Metadata reporting and study comparability
Sufficient context must be provided both to assess
the simulated effectiveness of a heat mitigation
implementation and to compare cooling effectiveness
between studies. Our sample indicates that, on aver-
age, mesoscale modellers have more opportunity to
improve metadata reporting than microscale model-
lers. Based on results from the critical review (table 2;
section 3.2), we recommend that particular attention
be paid to the reporting of the following metadata.

(a) Characterize the model representation of neigh-
bourhood(s) in which heat mitigation is applied,
for example by reporting the local climate
zone(s) or built geometry and materials (see sup-
plementary table 1).

(b) Report the ratio of heat mitigation implementa-
tion area to plan area, for example the plan area
of roofs for cool or green roof implementations,
or canopy cover fraction for street tree planting.

(c) Characterize prevailing meteorological condi-
tions during the numerical experiment, for
example solar zenith angles or day of year and
latitude, mean wind and cloud cover, particu-
larly for shorter term (non-climate scale) simu-
lations.

(d) Spatially contextualize the reported air temper-
ature cooling, for example, indicate the portion
of the simulation domain that corresponds to the
reported cooling magnitude.

(e) Report the temporal context for the cooling (e.g.
diurnal average vs. noontime cooling).

5.1.2. Modelling methodology and reliability of results
A model with well-tested representations of all relev-
ant physical processes, evaluated and applied appro-
priately to assess the heat mitigation implementation,
is required to produce reliable cooling magnitudes.
Model application at the microscale, and numerical
model development at both scales, would particu-
larly benefit from the following recommendations for
improved reliability of results.
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(a) Evaluate model representations of physical
processes related to both the heat mitigation
implementation and the urban canopy layer tur-
bulent transport that governs the air temperat-
ure response (e.g. benchmark modelled vertical
turbulent exchange of heat in urban canopies,
compare measured and modelled street-level
shading by trees as a function of leaf area, com-
pare soil moisture dynamics of modelled green
roofs to observations).

(b) Conduct an evaluation or calibration of the base
case model using high quality measured data, for
example, from networks of good quality, calib-
rated, and appropriately-sited instruments (e.g.
Willmott and Matsuura 1995, Rotach et al 2005,
Oke 2006) distributed among the local climate
zones or locations where heat mitigation will be
assessed.

(c) Match the scale of model evaluation data with
the scale of heat mitigation cooling assessment;
for example, through evaluation of building-
resolving models with measurements that cap-
ture micrometeorological effects (microscale
models), and with measurements that capture
neighbourhood-scale quantities (e.g. via tra-
verses or other measurements that integrate over
scales of hundreds of meters to a few kilometers)
in mesoscale models.

(d) Ensure reasonable base case model performance
before proceeding, for example by understand-
ing and addressing the root causes of high MAE
or RMSE, or low 72 or d, before conducting heat
mitigation simulations.

(e) Usesufficient domain size such that the area over
which cooling is assessed (section 2.3.4.1.) is not
impacted by domain boundaries, e.g. by test-
ing the influence of a larger buffer between the
upwind domain boundary and the zone of cool-
ing assessment (if the buffer is already sufficient,
increasing it will not appreciably change results).

Improvement in these areas, in particular, should
be priorities in the field of urban heat mitigation
modelling. Most critically, the peer-reviewed capabil-
ity of the applied numerical model to accurately rep-
resent turbulent transport of heat in the urban canopy
and physical processes associated with the heat mitig-
ation implementation should be demonstrated prior
to its application.

5.1.3. Model representations of physical processes
relevant to urban heat mitigation

The informal meta-analysis in section 4 suggests that
differing representations of urban meteorological
processes, especially those that modulate air tem-
perature response to heat mitigation implementa-
tions, are primary contributors to the variation of
reported cooling magnitudes between studies. The
most notable differences appear between microscale
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Figure 8. The importance of model physics representations of urban surface layer exchange on air temperature cooling from
albedo enhancement. A diurnal composite of cooling during a 2006 heatwave in Phoenix studied by Broadbent et al (2020a) is
plotted for two urban canopy models (UCMs) embedded in the WRF mesoscale model. For each UCM, the albedo of road and

roof are increased in separate simulations to 0.88.

(ENVI-met) and mesoscale models for roof-level
implementations (cool and green roofs; figures 6 and
7). Typically, microscale models do not account for
local-scale advection or boundary-layer scale vertical
mixing, and ENVI-met version 4 (and likely earlier
versions) may have additional limitations in terms
of accurately simulating vertical mixing in the urban
canopy layer (Crank et al 2018). Mesoscale models
omit or attempt to parameterize the effects of most
microscale canopy layer processes and many cannot
readily distinguish the pedestrian (2 m) level from the
surface layer above roof level (e.g. the standard 2 m
temperature reported in most WRF-SLUCM studies
does not). Moreover, our own simulations indicate
that roof surface temperatures vary strongly between
ENVI-met version 4 and WRF coupled with its multi-
layer urban canopy model building effect paramet-
erization (BEP) (Martilli et al 2002) for identical
forcing conditions (not shown). Secondly, underly-
ing assumptions related to roof heat conduction as
well as building construction and insulation char-
acteristics will also affect the extent to which roof
heat mitigation impacts are partitioned between dir-
ect cooling of the atmosphere vs. storage heat into the
roof/building, and these may differ substantively by
default between ENVI-met and commonly-applied
mesoscale models. Hence, model physics differences
across one or more key processes may be contributing
to the substantive disagreement in cooling effective-
ness of rooftop heat mitigation between model scales.

As noted above, the ACE value in degrees
Celsius represents the cooling obtained from a
neighbourhood albedo increase from 0.0 to 1.0,
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assuming linear temperature responses to albedo
changes. Similarly, 10% of the ACE value is the cool-
ing obtained for a 0.1 neighbourhood-wide albedo
increase, an increase for which the assumption of lin-
earity is more likely to hold. An example of such an
increase is a residential neighbourhood with roof plan
area of 0.20, where all roofs receive a high albedo
coating that increases their albedo by 0.50 (e.g. to
0.60-0.70). The predicted 0.58 °C median air tem-
perature reduction based on the ACE derived from
mesoscale modelling studies appears reasonable for
this scenario, whereas the 0.16 °C median cooling
from ENVI-met 3.1 studies would suggest that roof
albedo has negligible impact. Moreover, an ACE of
5.8 °C more closely matches available observational
data from area-limited albedo treatments in rural
areas that have an ACE of ~4 °C-9 °C (Rosenfeld
et al 1995). The necessity for turbulent transport of
the cooled air from rooftops to the pedestrian level
in an urban area, which is explicitly modelled in the
ENVI-met studies but is not present in the rural area
reported by Rosenfeld et al, would serve to reduce
this rural ACE value in an urban context. Most likely,
realistic clear sky summer daytime ACE values for
high albedo roofs lie somewhere between the values
reported by the two model scales, e.g. in the range of
2°C-6°C.

Importantly, these model physics-related issues
are not limited to differences between model scales.
For example, the single-layer (SLUCM) and multi-
layer (BEP) urban canopy models, when coupled
with the WRF mesoscale model (Chen et al 2011),
show very different pedestrian-level air temperature
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responses to high albedo roads, and to a lesser extent
to high albedo roofs, for otherwise identical model
input and forcing conditions (figure 8). These differ-
ences in cooling between WRE-SLUCM and WREF-
BEP probably arise from different parameterizations
of urban canopy layer radiation exchange and tur-
bulent mixing between the models, and relatedly,
from different approaches to the calculation of a
2 m’ air temperature in WRE. BEP represents mul-
tiple layers within the urban canopy (supplement-
ary figure 1(b)) and provides source and sink terms
to the boundary-layer scheme in WRE, which pen-
etrates to ground level. This approach means that
the output 2 m air temperature is calculated by the
WRF dynamical core and boundary-layer scheme at
a height of approximately 2 m (provided sufficient
vertical resolution in the urban canopy is prescribed,
as is done for the simulations in figure 8). WREF-
SLUCM, conversely, diagnoses a 2 m’ air temperat-
ure based on the sensible heat flux from the entire
urban surface (including roofs), effectively using a
bulk flux-gradient relation that does not differenti-
ate between canopy and above-canopy layers (supple-
mentary figure 1(c)), and it is therefore less able to
distinguish between roof and road influences on 2 m’
air temperature (note, however, that SLUCM does
calculate a canopy air temperature which is rarely
used, which responds differentially to roof vs. road
albedo treatments but does not compare as favourably
to measurements in our experience). As a result, the
WREF-BEP 2 m air temperature, which is 2 m above
the modified roads, demonstrates much higher sens-
itivity to road albedo than the WRF-SLUCM 2 m’
air temperature, which is effectively above roof level
(figure 8). The base case configurations of both urban
canopy models in WRF have been widely evaluated
(e.g. Salamanca et al 2018), and they evaluate almost
identically against multiple measurement stations in
the Phoenix metropolitan area for the current case
(supplementary figures 2 and 3). Nevertheless, their
representation of physical processes, particularly the
physics associated with their coupling to WRF and
urban canopy layer mixing, have received less test-
ing, with clear implications for reliable assessment of
cooling magnitudes from heat mitigation implement-
ations (figure 8). While more complex model physics
representations do not always improve reproduction
of base case observations (Grimmond et al 2011, Best
and Grimmond 2015, Karlicky et al 2018), our res-
ults suggest that their added complexity is important
to consider for accurate assessment of novel forcing or
boundary conditions, as in the case of heat mitigation
strategy implementation.

Incorrect or inadequate model physics can also
persist when air temperature of the base case sim-
ulation is the only metric used to assess the suit-
ability of a model for a heat mitigation experi-
ment, as is the case for many heat mitigation model
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applications (see supplementary figure 4 and sup-
plementary results for an example using ENVI-met).
In such applications, apparently successful model
evaluation can often be the result of compensat-
ing errors. Comparison of simulated and measured
air temperature at multiple locations and at mul-
tiple points across the diurnal cycle often improves
assessment of the base case simulation and its abil-
ity to distinguish scale-appropriate spatio-temporal
variability of air temperature. However, even a soph-
isticated model evaluation against high quality air
temperature measurements does not on its own
indicate that the model is correctly representing
the processes relevant to a potential heat mitigation
implementation.

Evaluation of the base case model configura-
tion alone is thus not a sufficient prerequisite for
simulation of cooling from heat mitigation imple-
mentations, principally because the model physics
that most strongly impact cooling magnitudes (e.g.
a green roof or street tree sub-model) are not often
involved in the base case simulation, and therefore
accurate simulation of base case air temperatures
does not indicate that heat mitigation cooling mag-
nitudes will be accurately simulated. Model physics
associated with both canopy layer mixing and the
heat mitigation implementation itself must be eval-
uated (section 2.4), and few models or model com-
binations that are applied to assess urban heat mit-
igation cooling have done so (table 2; section 3.2).
There are typically three phases of model develop-
ment and application prior to assessment of heat
mitigation strategy-induced cooling with numerical
experiments: (a) development and testing of an urban
climate or micrometeorological model; (b) develop-
ment and testing of sub-models that introduce new
physical processes required to represent an urban
heat mitigation strategy in the urban climate model;
and (c¢) evaluation and calibration of the urban
climate model base case simulation prior to con-
ducting heat mitigation experiments (table 3). Each
phase should include testing against measured data
and/or accepted standards to ensure model reliabil-
ity. Phase 1 and 2 tests can be undertaken once dur-
ing urban climate model (or heat mitigation sub-
model) development, using datasets from intensive
field campaigns for specific sites. These sites do not
need to include the exact site where the heat mitiga-
tion strategy will be applied, but they ideally include
the range of conditions for which the heat mitiga-
tion representation will be applied. Model evaluation
and calibration during phase 3, alternatively, must
be conducted each time the model is applied, using
data from the location where the strategy will be
implemented.

Our critical review suggests that there is oppor-
tunity for improvement in each of the three phases
in table 3 (see section 3.2). Critically, testing is most
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often weak or absent in phases 1 and 2 (table 2;
section 3.2), during which key physical processes that
control air temperature response to the implementa-
tion of a heat mitigation strategy are assessed. When
these phases are skipped, these key physical processes
remain untested, potentially contributing to the large
diversity of ACE and VCE values in figures 6 and 7.
Ideally, this type of evaluation is performed by the
developers of the original urban climate model or the
developers of associated model extensions related to
heat mitigation strategies (e.g. green roof or street
tree sub-models that are added to existing urban cli-
mate models). ENVI-met presents a particular chal-
lenge in this regard, because its code is closed-source,
and to date many of its heat mitigation-related pro-
cesses have received little or no evaluation in the peer-
reviewed literature.

While rigorous evaluation of model physics in
phases 1 and 2 is challenging, without it heat mit-
igation simulation results are not reliable and have
limited utility. Critical to reliable simulation of heat
reduction is evaluation of surface state variables and
fluxes directly modulated by each heat mitigation
strategy (i.e. phase 2 in table 3). For example, assess-
ment of the temporal evolution of green roof soil
moisture and heat fluxes (Heusinger and Weber 2017,
Heusinger et al 2018), temperatures and heat fluxes
from reflective materials (Rosado et al 2014, Kim et al
2020, Middel et al 2020), temperatures of photovol-
taic panels (Broadbent et al 2019b, Heusinger et al
2021), and temperatures of the road and associ-
ated radiation fluxes underneath street trees (Kray-
enhoff et al 2020), present realistic opportunities for
more rigorous assessment of heat mitigation-related
model physics. Furthermore, phase 1 assessment of
simulated vertical turbulent (and dispersive) trans-
port in the urban canopy layer and roughness sub-
layer as a function of ambient wind, stability and
urban geometry in a standardized way, in comparison
with urban large-eddy simulation results for example
(Giometto et al 2016, Nazarian et al 2020), would
promote more consistent and realistic ventilation of
the street-level environment, as well as improved
transport of roof-level air temperature reductions to
street-level. If model physics are appropriately eval-
uated during model development phases 1 and 2,
then appropriate model evaluation against only air
temperature during a heat mitigation study is more
justifiable (i.e. phase 3). During phase 3, evaluation
of the ability of models to assess intra-urban air
temperature variation at a model-appropriate scale
should be undertaken (table 3). Salamanca et al
(2011) present an example of intra-urban (i.e. inter-
neighbourhood or inter-local climate zone) evalu-
ation/calibration of a mesoscale model, while Roth
and Lim (2017) evaluate a microscale model with
intra-neighbourhood (i.e. ~100 m) scale observa-
tions. A key challenge more generally is the limited
availability of observational data at the appropriate
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temporal and spatial scales for model evaluations in
all three phases, although sufficient data currently
exists within the global scientific community for
most, if not all, of the recommendations in table 3.
Development of open source databases containing
high quality measurements for evaluation of numer-
ical model representations of urban canopy processes
and processes related to heat mitigation implement-
ations is recommended, and will need to properly
recognize the substantive efforts undertaken by the
scientists involved in collecting these observations.

5.1.4. Combining heat mitigation strategies

Several studies in our sample, particularly those
applying ENVI-met, introduce multiple heat mitig-
ation strategies into a single heat mitigation simula-
tion experiment. For example, trees are planted, grass
is added, and pavement albedo is increased. While
such studies may be helpful for optimizing the design
of particular street or neighbourhood, they are less
useful for approaching a generalized understanding
of urban heat mitigation effectiveness. Because these
studies do not isolate individual mitigation strategies
they were not included in the informal meta-analysis
in section 4. Moreover, because the individual effect
of a heat mitigation strategy is not accounted for,
place-based prioritization of what works best within
a geographical context cannot occur (Georgescu
et al 2014, Krayenhoft et al 2018). If computational
resources are available, we recommend assessment
of each heat mitigation strategy in isolation in addi-
tion to the combined simulation, permitting assess-
ment of cooling magnitude and effectiveness for each
strategy independently. This approach also permits
assessment of interactions between heat mitigation
strategies, which have not been fully explored in
the literature. Evidence from Australia and the U.S.
suggests these interactions may be largely antagon-
istic during daytime for both heat wave days (Jac-
obs et al 2018)) and the summer season (Krayenhoff
et al 2018). Examples of assessment of interactions
between urban climate processes with the Stein and
Alpert (1993) factor separation method include Mar-
tilli (2002), Ryu and Baik (2012) and Krayenhoff et al
(2018).

5.2. Limitations of this review

There are several limitations to the systematic and
critical review and informal meta-analysis portions of
this work. In terms of the definition of our sample,
we limit our literature sample to one database: Web
of Science, and we exclude articles in languages other
than English. The critical portion of this review relies
on definition of 25 sub-criteria, which may not be
fully comprehensive. In our view, the most substan-
tial limitations arise at the informal meta-analysis
stage; for most heat mitigation strategies, there are
insufficient studies exhibiting satisfactory methodo-
logy to properly assess a central tendency of cooling
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effectiveness. Second, the preponderance of WREF-
SLUCM and especially ENVI-met 3.1 in the meta-
analysis sample may bias results, given the likelihood
that there is substantial opportunity for improvement
in the representations of physical processes of rel-
evance to certain heat mitigation strategies in these
models (see section 5.1.3). Moreover, available stud-
ies are unlikely to provide distributions of cooling
magnitudes that are representative of the range of
potential synoptic and mesoscale climates and local
climate zones in which heat mitigation strategies
may be applied. Many degrees of freedom are unac-
counted for in the informal meta-analysis, such as
weather conditions, leaf area density, simulated air
temperature height—contributing to its ‘informal’
nature. Importantly, informal meta-analysis results
focus on episodic summer scenarios when heat
mitigation implementations are likely to have the
greatest benefits, whereas guidance for practitioners
(e.g. urban planners) should include assessment of
impacts throughout the whole year (Krayenhoff and
Voogt 2010, Yang and Bou-Zeid 2018).

5.3. Ranking effectiveness of heat mitigation
strategies

Sample sizes of high-quality studies for each heat
mitigation strategy in section 4 can provide ini-
tial guidance related to effectiveness of heat reduc-
tion options, particularly in combination with recent
evidence from the literature. In addition to limited
sample size, assessment of consensus efficacies of dif-
ferent heat mitigation strategies is complicated by the
strong modulation of heat mitigation effectiveness
by meteorological and neighbourhood contexts, even
for clear sky, low wind, afternoon conditions. For
example, low vegetation will tend to be more effective
in dry conditions than moist atmospheric conditions,
and rooftop strategies are likely to substantively influ-
ence the pedestrian level for lowrise neighbourhoods,
but less so for neighbourhoods with taller buildings
(Botham-Myint et al 2015).

Reflective surfaces and coatings have been widely
studied across both model scales. Our meta-analysis
results yield ACE values for roofs of 1.6 °C-5.8 °C,
where the upper limit is in agreement with a pre-
vious review (Krayenhoff and Voogt 2010). How-
ever, our meta-analysis does not permit clear rank-
ing of roof versus street-level albedo in terms of air
temperature reduction effectiveness, perhaps due to
the current status of canopy layer turbulent mixing
parameterizations (see section 5.1.3). Santamouris
et al (2017) report ACE values that generally agree
with our meta-analysis results (2.3-6.2 for roofs, and
2.7-9.5 for pavement), and they provide some indic-
ation that reflective pavement may provide more
pedestrian level cooling than reflective roofs. Our
current Phoenix-based mesoscale simulation results,
using a multi-layer urban canopy model with very
detailed resolution of the urban canopy, suggest that
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reflective pavement (ACE ~11) may be about twice
as effective as reflective roofs (ACE ~4-5) at lower-
ing pedestrian-level air temperature, even for lowrise
neighbourhoods (figure 8; supplementary figure 5).
However, recent simulation results find street-level
albedo ACE of ~2 °C-3 °C (Mohegh et al 2017; Tsoka
et al 2018a), and recent measurements from Califor-
nia cities yield roof albedo ACE of 2.5 °C-18.4 °C
(Mohegh et al 2018). Few studies have examined
reflective building walls in isolation, but recent stud-
ies indicate that they are substantially less effect-
ive at cooling air temperature compared to reflect-
ive roofs, at least during daytime (Zhang et al 2019),
and their impacts more strongly depend on factors
such as urban density (Nazarian et al 2019). There-
fore, the available evidence does not clearly distin-
guish between the cooling effectiveness of high albedo
implementations when applied on ground level sur-
faces vs. roofs (when applied on shorter, e.g. 1-2
storey buildings), but does suggest that high albedo
building walls are less effective. Importantly, high
ground and wall albedos can have substantial negat-
ive consequences for pedestrians, drivers, and build-
ings (Yaghoobian et al 2010, Erell et al 2014, Schrijvers
et al 2016), which reflective rooftops typically avoid.
Moreover, elevated ground-level albedos are diffi-
cult to maintain in practice and do not combine
well with trees, while tree cover generally provides
large radiative benefits to pedestrians instead of
the potential disbenefits associated with reflective
pavement.

Urban vegetation has been widely studied; how-
ever, unlike reflective coatings, which are applied
to engineered materials, model representation of
urban vegetation typically requires complex soil-
vegetation schemes that must be combined with
‘urban’ models of building and road interactions with
the atmosphere. Moreover, cooling from urban veget-
ation, particularly low vegetation, is highly depend-
ent on soil moisture, and often LAI as well, both
of which can exhibit strong variation spatiotempor-
ally and between studies. Therefore, ranking veget-
ation strategy effectiveness based on the diversity
of existing scenarios in the literature is a complex
task. Nevertheless, our informal meta-analysis sug-
gests that green roofs exhibit less cooling effectiveness
compared to ground-level vegetation and street trees
(section 4.2). Likewise, a recent review suggests that
trees provide more cooling than green roofs, and that
low vegetation at ground-level, such as grass, may fall
somewhere in between (Santamouris et al 2017). De
Munck et al (2018) also find that ground-level veget-
ation is more effective than green roofs for street-level
cooling. There is observational evidence that trees
provide more cooling relative to ground-level vegeta-
tion during daytime (Shashua-Bar et al 2009) but the
opposite at night, that the combination of low and
high vegetation is additive, and that green roofs can
provide cooling in some cases (Bowler et al 2010). If
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we assume that the contrast between urban parks and
their built-up surroundings provides a reasonable
estimate of urban cooling from unirrigated vegeta-
tion, the meta-analysis by Bowler et al (2010) suggests
aminimum daytime VCE value of approximately 1 °C
(range from 0 °C to 2 °C-3 °C) for urban vegeta-
tion. Their value represents a minimum VCE because
it assumes nearby urban areas that serve as the urban
reference for the park cooling signal do not have any
vegetation (A; = 0), and that urban parks are devoid
of impervious surfaces (A = 1), conditions that are
unlikely to be fully satisfied. This result from Bowler
et al (2010) is in broad agreement with, or slightly
lower than, the simulated VCE ranges reported here
for trees (3.3 °C; figure 7(a)) and low/bulk vegetation
(~3 °G; figure 7(b)).

Urban irrigation has received less attention com-
pared with vegetation and reflective surfaces (Gao and
Santamouris 2019). Both irrigation and water bodies
have the potential to cool the daytime urban environ-
ment, and available evidence indicates that irrigation
may be particularly effective (Vahmani and Hogue
2015, Broadbent et al 2018a). However, recent sim-
ulations suggest that irrigation is less effective than
trees (Broadbent et al 2019a), and that it increases
nocturnal temperatures (Vahmani and Ban-Weiss
2016), as do water bodies during mid-summer (Hu
and Li 2020) and late summer (Theeuwes et al
2013, Steeneveld et al 2014), by virtue of their high
heat capacity. Simulation results also demonstrate
the dependence of urban irrigation-induced cooling
magnitude on pervious fraction of urban neighbour-
hoods (Vahmani and Hogue 2015), and recent mod-
elling work suggests pavement watering as a partic-
ularly effective heat mitigation strategy in densely
built urban areas that may lack pervious area (Daniel
etal 2018). Importantly, air temperature cooling from
extensive evaporation also increases humidity, and
therefore does not necessarily improve thermal com-
fort or reduce the thermal load on air condition-
ing systems. Vegetation strategies in many climates
will not be effective without irrigation, and hence
these two strategies are often strongly linked. For
example, numerical modelling suggests that extensive
green roofs offer little to no cooling without sufficient
soil moisture (Li et al 2014, Heusinger et al 2018),
which depends on irrigation in drier locations or
seasons.

Overall, there is partial agreement that ground-
level strategies provide more street-level air temperat-
ure cooling, particularly for greening strategies. Com-
parison of reflective coatings with vegetation and
irrigation strategies is complicated by the variation
of cooling effectiveness of the latter with LAI and
especially soil moisture and/or irrigation amount and
timing. Our informal meta-analysis does suggest that
their cooling potential is of the same order of mag-
nitude (e.g. assuming albedo treatments increase local
surface albedo by 0.50 on average, median ACE and
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VCE in figures 6 and 7 are approximately equival-
ent). Observational evidence indicates that greening
strategies are more effective than water bodies dur-
ing mid-summer for a city in a temperate climate (Hu
and Li 2020). Although not the subject of the current
review, vegetation and irrigation strategies applied
below roof level within the urban canopy have the
advantage of improving rather than worsening the
radiation environment during hot conditions (e.g.
Daniel et al 2018), unlike reflective surfaces. Trees are
particularly effective in this regard (Coutts et al 2016,
Middel and Krayenhoff 2019).

5.4. Application of ACE and VCE metrics to heat
reduction decision-making

Decision making by urban policy makers and city
planners should start by establishing appropriate
objectives that can contribute to community well-
being, resilience and sustainability (Sailor et al 2016).
These may include improving pedestrian thermal
comfort, reducing energy demand in buildings,
improving building resilience indoors in the absence
of air conditioning or improving urban air quality.
Air temperature can be an important factor in all of
these, but a reduction in air temperature does not
necessarily indicate that the strategy applied is suc-
cessful, nor is the lack of a temperature effect a defin-
ite indicator that a proposed strategy is not effective.
The following examples illustrate this point.

(a) Daytime air temperature beneath a fabric shade
canopy may be slightly higher than the temper-
ature in an adjacent unshaded space (because of
reduced aerodynamic mixing), yet thermal com-
fort is enhanced substantially due to the reduc-
tion in the radiant load (Shashua-Bar etal 2011).

(b) Replacing a concrete pavement with grass is
unlikely to result in a substantial reduction in
near-surface air temperature, yet it can provide a
substantial reduction in mean radiant temperat-
ure adjacent to it, and thus a real improvement in
thermal comfort to pedestrians (Snir et al 2016,
Middel and Krayenhoff 2019).

(c) Urban densification will almost certainly
intensify the nocturnal urban heat island, yet
total annual energy consumption for air condi-
tioning and heating buildings may be reduced,
even in relatively warm climates with mild win-
ters and warm summers (Erell and Kalman
2015). The balance will be determined not only
by climate, but by the thermal characteristics
of the building in question and by the effect of
building massing on mutual shading and the
potential for natural ventilation.

(d) High albedo pavements and wall surfaces will
reduce daytime air temperature in urban street
canyons, yet pedestrian thermal comfort may be
adversely affected due to an increase in the radi-
ant load (Erell et al 2014, Schrijvers et al 2016),
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and the increased radiant load on windows and
other glazed surfaces may increase building cool-
ing demand (Yaghoobian et al 2010, Yaghoobian
and Kleissl 2012).

Consequently, air temperature reduction per se
should not be the be-all and end-all of strategies to
mitigate urban heat. Rather, it is important to be
able to account for the effect of different mitigation
strategies on air temperature, because it is an essen-
tial input for assessing metrics relevant to each of
the objectives proposed above, if it is provided at
the appropriate spatial and temporal scales. Because
planners and engineers outside the research com-
munity will not generally have access to appropri-
ate modelling tools and the expertise required to use
them, this information should be generated by the
urban climate modelling community, communicated
in formats that are accessible and useful (Mills et al
2010).

What then is the practical benefit of the consensus
values of ACE and VCE metrics generated in this
study after rigorous evaluation of the existing peer-
reviewed literature? They may be used as an initial
guideline for assessing potential outcomes for a given
heat mitigation strategy at the neighbourhood scale,
helping to avoid unrealistic expectations that may be
fostered by proponents of particular design interven-
tions.

For albedo strategies, the temperature reduction
achievable is:

AT = —Aa,- ) - ACE, (4)

where Aqy is the change in albedo of the modified
surface (i.e. mean albedo of original roofs or pave-
ment subtracted from albedo of proposed reflective
roofs or pavement), and A is the area of modified
surface divided by the corresponding overall plan area
(e.g. the area fraction of roof or road to be modified,
derived from aerial imagery, for example). Note that
Aa; will reduce over time for many high albedo coat-
ings due to weathering.

VCE may be applied analogously to assess temper-
ature reduction potential of vegetation applications:

AT = —);- VCE. (5)

However, for low vegetation and green roofs, tem-
perature reduction calculated based on VCE is likely
to be applicable only for soil moisture conditions that
closely resemble those in the studies used to obtain
VCE. An initial objective should therefore be assess-
ment of VCE for several different green infrastructure
implementations with sufficient root zone soil mois-
ture and therefore minimized stomatal resistance (e.g.
irrigated vegetation). Trees have deeper roots and
provide cooling additionally via shade, and therefore
their VCE is less likely to be strongly influenced by soil
moisture.
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Great caution should be exercised when using
these metrics because they are affected by several
factors, including neighbourhood characteristics and
ambient meteorology. Thus, different ACE and VCE
values may be obtained for different seasons/latit-
udes, for compact and/or high rise neighbourhoods
vs. dispersed and/or low rise neighbourhoods, and
for different times of day (as in figures 6 and 7).
Cooling from addition of trees may vary nonlin-
early with existing tree canopy cover over certain can-
opy cover ranges (Ziter et al 2019), indicating that
VCE may need to be assessed a function of exist-
ing canopy cover. Given the large potential vari-
ation along several degrees of freedom, worthy ini-
tial objectives include assessment of ACE and VCE for
each heat mitigation implementation for hot condi-
tions in neighbourhood types that are most inhab-
ited worldwide, namely, for clear sky, light wind,
summertime afternoon conditions in open and com-
pact residential neighbourhoods, and for both mid-
latitude and (sub)tropical cities. Any reported ACE
or VCE magnitudes should be clearly contextual-
ized with metadata describing their meteorological,
neighbourhood, and temporal context. Importantly,
equations (4) and (5) are applicable at the neigh-
bourhood scale (~500 m and larger), and the cooling
impacts of any such heat reduction application across
a neighbourhood will influence downwind areas and
also be subject to dilution at upwind edges (e.g.
Broadbent et al 2020a).

6. Conclusions

We systematically and critically review 146 stud-
ies from the past three decades that conduct
physically-based numerical modelling of air tem-
perature reductions resulting from implementa-
tion of infrastructure-based urban heat reduction
strategies. Studies are grouped into two modelling
scales for critical assessment: microscale (e.g. ENVI-
met), and mesoscale (e.g. WRF-SLUCM). Street tree
cooling has primarily been assessed at the micro-
scale, whereas mesoscale modelling has favoured
reflective roof treatments, which are attributed to
model physics limitations at each scale. We develop
25 sub-criteria, grouped into seven criteria, that assess
contextualization and reliability of each study based
on metadata reporting and methodological qual-
ity, respectively. Metadata criteria include reporting
of neighbourhood characteristics and meteorolo-
gical conditions, heat mitigation strategy application,
and spatio-temporal specification of the affected air
temperature. Methodological criteria assess model
physics, model evaluation, and model application.
Studies most often fail to adequately characterize
the neighbourhood(s) in which heat mitigation was
applied, particularly at the mesoscale, or perform a
suitable evaluation of the base case model config-
uration applied to assess cooling, particularly at the
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microscale. Specific sub-criteria that most require
improvement include reporting the areal coverage of
the heat mitigation implementation, and evaluation
of model physics representations of both urban can-
opy layer turbulent transport and the heat mitigation
implementations themselves. Example heat reduc-
tion modelling studies that exemplify good metadata
reporting and/or modelling methodology are selected
based on their performance against the seven criteria.

Forty-seven studies that exhibit higher method-
ological quality were identified for inclusion in an
informal meta-analysis of cooling effectiveness for
select heat mitigation strategies. We define the Albedo
Cooling Effectiveness (ACE) and Vegetation Cool-
ing Effectiveness (VCE) metrics to control for a
primary degree of freedom that generates variation
of air temperature cooling magnitude between stud-
ies: the plan area fraction or intensity of the heat
mitigation implementation. High reflectivity coatings
or materials offer ~0.2 °C-0.6 °C cooling per 0.10
neighbourhood albedo increase (i.e. ACE ~2 °C-
6 °C), and trees yield ~0.3 °C cooling per 0.10 can-
opy cover increase (i.e. VCE =3 °C), for afternoon
clear-sky summer conditions. VCE of low vegeta-
tion and green roofs varies more strongly between
studies. As expected, ACE and VCE are generally
smaller during nighttime and during winter, indic-
ating that these strategies generate more cooling for
daytime clear sky summer conditions. When com-
bined with evidence from the literature, our informal
meta-analysis suggests that: (a) albedo and veget-
ation strategies offer broadly similar magnitudes
of air temperature reduction per area application;
(b) ground-level albedo implementations may offer
somewhat more pedestrian-level air temperature
reduction than roof-level albedo per neighbourhood
average albedo increase; and (c) trees and ground-
level vegetation offer somewhat more pedestrian-
level cooling per area application compared with
green roofs. More high-quality studies are required to
assess and refine these preliminary conclusions, and
future meta-analyses are recommended, particularly
based on observations (e.g. Bowler et al 2010). Res-
ults from vegetation strategies (i.e. VCE) are com-
plicated by the variation of soil moisture between
studies, and other factors such as plant species and
LAI, whereas the ACE metric accounts for the vari-
ation in the magnitude of albedo increase between
studies. Although available high-quality simulation
studies offer no clear ‘winner’ in terms of air tem-
perature cooling effectiveness, this is not unexpec-
ted since different heat mitigation strategies will
be more adapted to different climates. Importantly,
albedo and vegetation strategies have numerous addi-
tional benefits and disbenefits that must be factored
into decision making; for example, vegetation can
increase humidity and associated disbenefits, while
trees reduce solar radiation exposure and benefit ped-
estrians and buildings during hot weather, and high
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ground-level albedo can radiatively impact pedestri-
ans and drivers, rendering large albedo increases more
feasible on rooftops.

The most striking finding from the informal
meta-analysis, however, is the strong apparent
dependence of ACE and VCE on model scale, particu-
larly for roof albedo and green roof implementations.
We present further evidence demonstrating that ACE
(and likely VCE) can also vary strongly between mod-
els at the same scale for otherwise identical simulation
scenarios. These results suggest that current model
physics representations of heat mitigation strategies
play alargerole in the variation of cooling magnitudes
between studies. Importantly, evaluation of an urban
climate or micrometeorological model’s ability to
reproduce observed air temperatures does not indic-
ate that the model is suitable for a heat mitigation
experiment, because the physics associated with the
heat mitigation strategy (e.g. the green roof or street
tree sub-model) is not evaluated in the base case sim-
ulation. We conclude that evaluation of the base case
model configuration is not a sufficient prerequisite
for simulation of cooling from heat mitigation imple-
mentations.

In response, we identify a three-phase framework
for assessment of the suitability of a numerical model
for a heat mitigation experiment. Phase 1 comprises
development and evaluation of the urban climate or
micrometeorological model, including testing model
accuracy with respect to vertical convective trans-
port of heat within and above the urban canopy.
Phase 2 involves development and testing of the mod-
elled physical processes associated with the heat mit-
igation implementation (e.g. a green roof or street
tree sub-model). Phases 1 and 2 will typically occur
prior to a heat mitigation experiment. Phase 3 occurs
as part of a heat mitigation experiment and com-
prises evaluation and calibration of the base case
model against air temperature measurements at spa-
tial and temporal scales of relevance to the inten-
ded numerical experiment. While there is oppor-
tunity to improve model testing at all three phases,
it is the testing portion of phase 2, that is, assess-
ment of the model representation of the heat mit-
igation strategy against measured data, that is least
often performed yet critical for accurate simulation
of heat mitigation cooling. Moreover, phase 1 assess-
ment of vertical heat transport is also critical for
accurate simulation of heat mitigation cooling yet sel-
dom undertaken in rigorous fashion. Rigorous eval-
uation of model physics in phases 1 and 2 under-
pins the reliability and utility of heat mitigation sim-
ulation results, but is hindered by the limited avail-
ability of observational data at appropriate temporal
and spatial scales. Development of standardized
measurement databases for evaluation of urban
canopy processes and processes related to common
heat mitigation implementations is recommended
(see section 5.1.3).
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Although model physics currently influences
numerical assessment of heat mitigation strategy
cooling effectiveness, many other factors modulate
actual cooling effectiveness. For example, different
heat reduction strategies will be more adapted to dif-
ferent synoptic scale climates or neighbourhood con-
figurations. Moreover, several strategies have climate-
relevant impacts that are not fully accounted for
by their effects on air temperature, for example
shading by street trees, or the building insulation
benefits of green roofs. Ultimately, the underly-
ing objective of infrastructure-based heat mitiga-
tion strategies is not to reduce air temperature
alone, but rather to provide environments that are
healthier and more thermally comfortable and effi-
cient. Each heat mitigation strategy additionally has
numerous non-climatic benefits and/or drawbacks
related to aesthetics, habitat, function, hydrology,
cost, historical context, health and so on, which must
be factored into choices among different strategies.
Implementation of heat reduction strategies must
ultimately be place-based decisions that account
for the unique context of each city, neighbour-
hood or street, and heat mitigation strategies, and
combinations thereof, should be chosen in order
to maximize co-benefits and minimize potential
negative consequences. Moreover, near-term imple-
mentation of heat adaptation strategies should anti-
cipate future urban climates, since large increases in
heat exposure (Broadbent et al 2020b) and impacts
on liveability (Kusaka et al 2012) are projected
for scenarios without adaptation, and some adapt-
ation options take time (e.g. street tree matura-
tion). While the infrastructure-based air temperat-
ure reduction strategies addressed in this work are
critical for decreasing the future heat burden in cit-
ies, maintenance of current warm season liveabil-
ity and health outcomes in cities globally addition-
ally requires substantive greenhouse gas emissions
reductions (Krayenhoff et al 2018) and street-scale
strategies, such as provision of shade, that help tar-
get heat exposure more comprehensively (Middel and
Krayenhoff 2019).
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