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GLOSSARY
TERM

DEFINITION

Action1

Any policy, programme, or investment initiated by urban public officials to contribute to
adaptation to extreme heat.

Action multiplier
function

The quantified relationship between the action’s capability, given its size and design, to
change urban temperature. E.g. the temperature reduction (degrees C) that an urban
park at a given size and with a given canopy cover will result in.

Albedo

Albedo describes the reflectiveness of a surface and ranges from 0 to 1. A high albedo
surface (close to 1) will reflect most of the light and radiation which it is exposed to, while
a low albedo (close to 0) will absorb most of this energy.

Anthropogenic heat

The heat, or temperature increase, created due to human activity such as building
energy usage or transport use.

Avoided cost

The reduction in either direct economic or indirect socioeconomic cost following from
an intervention, such as reducing or removing a negative impact that would otherwise
have occurred.

Exposure2

The situation of people, infrastructure, housing, production capacities and other tangible
human assets located in urban heat-prone areas.

Extrapolation

An estimation approach which assumes that a certain condition/estimates will also be
explanatory, and hence transferrable, for the object or case which the estimate is sought
for. Extrapolations are often used for assuming that a given trend for one parameter will
remain the same for another parameter, for which no other estimates or data is available.

Health multiplier
function

The quantified relationship between a change in temperature and the change in either
morbidity or mortality. E.g. the reduction in mortality risk rate from a 1 degree C change
in temperature.

Heat threshold

The temperature above which excess mortalities are expected to occur from exposure to
these temperatures. The threshold is often determined as a percentile of the yearly max.
temperatures and the threshold will thus be city and/or country specific.

Impact1

The medium- or long-term effect of the outcome. This includes heat-related impacts, e.g.
a change in morbidity occurrence, from urban heat adaptation actions, whether positive
or negative.

IPCC

The Intergovernmental Panel on Climate Change

Köppen Climate
zones

A segmentation of the globe by which climatic factors best describe a geographical
area. The zones are not limited to country boarder, and so one country might have one
or more climate zones associated.
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Morbidity

Being subjected to physical or mental disease.

Mortality

Being subjected to death.

Outcome1

The change generated by the output. E. g. cooling from shading provided by the choice
of an Urban Park as the adaptation action.
An action may result in several outcomes, which might not all contribute to adaptation
and/or mitigation of extreme heat but may instead contribute to wider impacts (see
below).

Output1

What an implemented action produces, such as a provided good, service or facility
which contributes to the adaptation to extreme heat. An output from the Action Type
(see above) of an Urban Park, will thus be the implementation of a specific park within
the chosen urban setting.

Pathway1

The causal chains between a city intervention – in this case the implementation of a heat
adaptation action – to their possible positive and negative impacts. A mapping of these
causal links is often used to illustrate the causal process by which the action leads to
specific outputs, which leads to outcomes and lastly which leads to impacts.

Representative
Concentration
Pathways (RCPs)

Climate change trajectory paths estimated by the IPCC. These comprise RPC 2.6
describes the situation where global temperatures are estimated to reach 1.0 above the
industrial level in 2100, RCP 4.5 global temperatures at 1.8 degrees C, RCP 6.5 at 2.2
degrees C and RCP 8.5 at 3.7 degrees C by 2100.

Risk 2

Risk depends on the likelihood (sometimes referred to as probability) of an event,
multiplied with the impacts (sometimes referred to as consequences) of urban heat.

Street aspect ratio

The ratio of building height to the width of the street by which they are located.

Urban Heat Island
(UHI)

The term describing when cities experience relatively higher temperatures than in the
surrounding rural areas.

Vulnerability2

The heat, or temperature increase, created due to human activity such as building
energy usage or transport use.

Wider impact1

Impacts which are not related to adaptation to extreme heat but still result from the
outcome of the urban heat adaptation action. E.g. reduced energy use related to cooling,
due to the temperature reduction created by implementing an urban park.

Based on C40 and Ramboll. (2018). Urban Climate Action Impacts Framework A Framework for Describing and Measuring the Wider Impacts of Urban
Climate Action.
2
Based on C40 and Ramboll. (2019). Measuring Progress to Urban Climate Change Adaptation Monitoring - Evaluating - Reporting Framework.
1

HEAT RESILIENT CITIES

01

INTRODUCTION

>6

>7

1.1 INTRODUCTION
As countries increasingly experience record high
temperatures, especially during summertime, the impact
of extreme heat events on health has gained increasing
awareness. The concept of “Urban Heat Island” (UHI)
has become a particular focal point due to evidence that
cities, or areas within a city, can often be several degrees
higher than that of their surrounding rural areas3. The
higher urban temperature stems from a variety of cityspecific factors which creates and/or stores energy – in
the form of heat – within the city parameter. Energy
creating factors stems from e.g. cars and air conditioners
while energy storing occurs from e.g. choices on building
materials, paving and lack of shade.
Climate change is expected to increase global
temperatures4 and hence the occurrence and intensity
of days with extreme temperatures, in the future.
Combined with evidence of negative health impacts
from exposure to extreme temperatures5, cities have
a crucial role in taking action to adapt city design and
infrastructure to ensure the future wellbeing of its
citizens.

1.1.1 AIM OF THIS REPORT
The aim of the methodology report is to provide an
overview of the process and method used in developing
the Heat Resilient Cities. The development process is
divided into three overall activities; 1) Data research for
establishing and quantifying causal links, 2) Pilot tool
development, 3) Review, testing and finalisation of the
quantification methodology and tool mechanics. The
process is illustrated in the figure below.
The methodology for the tool setup is detailed further
in section 3.3 -3.6 below and the tool building and
modelling in section 4.

A wide selection of urban heat adaptation options exist
which are able to address extreme heat temperatures,
but the evidence is often scattered and estimating the
impact on citizen health is not easily done. This tool
“Heat Resilient Cities” has been developed to assist cities
in making an action-to-health impact assessment.
The tool provides quantified health impacts, based on a
set of city and climate parameters, for a selection of heat
adaptation actions. The intention of the tool is to enable
its user to clearly assess and compare urban adaptation
options in order to facilitate informed decisions for
adapting to extreme heat.

Figure 1-1: High-level illustration of the tool development process

https://www.thefifthestate.com.au/articles/how-design-of-our-cities-is-amplifying-urban-heat-and-what-to-do-with-it/ and https://www.epa.gov/
heat-islands/learn-about-heat-islands
4
https://www.ipcc.ch/report/sixth-assessment-report-cycle/ and https://www.ipcc.ch/sr15/
5
https://climatekids.nasa.gov/heat-islands/
3
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2.I INTRODUCTION TO
THE TOOL
This section provides further detail on the tool modelling
and simulation, using the methodological framework
approach and data gathered as described in the previous
section 3.2.

Purpose of the tool

The tool provides the user with calculated impacts on
citizen health and related socioeconomic cost reductions
from implementing an urban heat adaptation action in
a selected city, given a set of action- and city-specific
parameters.

The aim of the tool is to
•

Make the case for investing in urban
infrastructure projects to adapt a city to high
temperatures, today and in the future

•

Enable the city to investigate which type of
adaptation action is the most impactful

The tool can be used in the Climate Action Planning
phase, but also during implementation of an action to
calculate the impacts.

Audience of the tool

The tool is mainly designed for city planners who need
quantifiable assessments of urban adaptation options
and impacts for planning and (argument for) prioritising
city investments.

Limitations of the tool

While the tool is built on an extensive literature review,
gaps in the available data mean that several assumptions
and extrapolations have been used to enable the
calculations. The extent to which this has been
necessary varies among climate zones and action types.
Consequently, the impact results should not be regarded
as exact values but guiding estimates on expected
impact-ranges.

It has not been possible to account for
sociodemographic and economic factors (such as
education, income, or cultural background) associated
with the literature review findings. Collectively this
means that impact calculations might over- or underestimate the actual impact that could arise from the
action6.
However, the literature review findings show a strong
relation between impacts and their climate zone, and
the Köppen climate zones have been used to group
action and health literature findings to provide the best
approximation to the local impacting factors related to
the city.
The literature findings have not been able to support
modelling actions at detailed, or micro, level, such as the
number or type of trees, water depth etc. This means
that the model calculates impact at a general level, and
which may vary from the actual impacts depending on
local and micro-level specifics of the action.

Default values are provided, which enables the use of
the tool even when not all input-data is known. This
means all cities should be able to calculate action to
health benefits to some extent, however, the use of
default values will result in less project- and city-specific
calculations, thereby reducing the accuracy of the
impact calculations. It is therefore encouraged that
cities, where possible, collect and use their specific data
whenever available.

Such underestimations could be not accounting for the affluence of the citizens involved, i.e. their capacity to take adjustive measures in times of extreme
heat. This could lead to lower impact quantifications of heat exposure to health in other countries where the capacity to take such adjustive measures are not
as feasible, fx. Installing A/Cs in homes.
6
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2.2 TOOL DEVELOPMENT:
CALCULATION &
SIMULATION
METHODOLOGY
The methodology for the tool is illustrated in the below
conceptual outline, which describes how the user inputs
(light blue boxes) and action choice are transformed
(grey boxes) into quantified impacts on citizen health.
An illustration of the tool mechanics is shown in the
figure below:
Figure 1-1: Illustration of tool mechanics, from action selection to impact calculation

2.2.1 CALCULATING THE IMPACT OF
ACTION IMPLEMENTATION
The impact of an adaptation action is calculated by
combining the action multiplier functions with the health
multiplier function and values, over the set time period.
The impact is also dependent on the city and action
specific characteristics from either user input or default
data.
The impact is calculated following the below process:
Step 1: The expected temperature change is calculated
given the chosen action, the city and action’s specific
inputs and choice of climate scenarios (RCPs8) for
comparison.

Step 2: The expected number of days above the heat
threshold9 (as defined in the input tab) is calculated as
well as the temperature of those above-threshold days,
for each year over the analysis period.
Step 3: The additional risk factor on health due to
heat (i.e. the change to mortality or morbidity risk) is
calculated using the health multiplier (function) for the
case with and without the action implemented, given the
temperature level and RCP selected.

See section 4.3.2 for further details and descriptions on the development of the health multiplier functions.
Representative Concentration Pathways, see glossary for description.
9
See Glossary for a description of the term
10
The term “all-cause” mortality refers to the mortality which occurs in a population, regardless of the cause. In contrast mortality could be recorded for a
specific disease, which would make the mortality rate specific for that single cause. The all-cause mortality is the most widely used in the literature findings
when quantifying the impacts on mortality, and hence this rate is also used in the development of this tool.
7

8
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Step 4: The additional risk factor is multiplied with
the all-cause mortality10 (per age group) or hospital
admission risk respectively gathered for the country
of the selected city. This provides the estimate for the
heat-related mortality/morbidity risk in the case with or
without the action, for each of the years in the analysis
period.
Step 5: The population within the area of effect is
calculated, for each age group, and forecasted over the
analysis period with the population growth gathered
for the chosen city. This is done by calculating the area
(m2) of the city in which the action is expected to cover
given its characteristics and multiplied by the population
density.
Step 6: The mortality (per the age group) and morbidity
risk is then multiplied with the number of people, in each
age group, within the area of effect, for each year.
Step 7: The cost of lives lost, and morbidity occurrences
is calculated for each year over the set analysis period.
For mortality, this is calculated as the difference in lives
lost between implementing and not implementing the
action for each of the RCPs, multiplied with the value of
a statistical life. For morbidity, this is calculated as the
cost of hospital admissions multiplied by the reduction in
expected hospital admissions with the action relative to
the situation without the action.
Step 8: The net present value of the sum of the cost
for each year is calculated using the social discount
rate. This provides an estimate of the total sum of
costs, in today’s value of the selected currency. This is
used in order to provide an equalised foundation for
comparison among the four scenarios of the analysis
(with or without action implemented, for each of the
two RCPs chosen).

2.3 DEVELOPING
ACTION-TO-IMPACT
MULTIPLIERS

The literature review did not provide the full set of the
needed information to develop the multipliers solely
based on review findings. The following issues occurred
and have been addressed:
•

Segmented action-health impact causal
relationships: None of the data sources provided
a complete causal link from action to health
impact, and thus the multiplier development has
been segmented into two groups i) impact from
the action on urban temperature (temperature
reduction), and ii) impact from urban temperature
changes on citizen mortality and morbidity.

•

Data gaps for some climate zones: Although
an extensive literature review process has been
undertaken, data gaps exist for some of the climate
zones (see section 4.3.1 and 4.3.2 below for more
detail). To address these data gaps, extrapolation12 –
and where needed simulations – have been applied
to provide the best approximation of the action to
heat reduction relationship. Extrapolation has been
used among climate zones for populating health
impacts (mortality as well as morbidity). Simulations
have been used among climate zones for Urban
Parks and for transferring these climate zone
differences for Urban Parks to Urban Water actions.

The method for extrapolation among climate zones is
described further in the subsections below.
Non-linear relationships and declining area of effect:
A general finding in the literature is that the causal
relationships between action and temperature change,
and that temperature change on mortality is non-linear.
In addition, the effect of the action is often declining as
the distance to its location increases. To include the nonlinearity in the tool, a multiplier function, rather than a
single value, is developed using simulations.
The function is developed as a fitted non-linear curve
over the data points gathered from the literature review
on temperature, action characteristics (project size,
tree/vegetation cover and/or albedo) and the relative
risk factor for mortality13. This approach allows the
tool to better account for the non-linear relationships
observed in the literature, in the development of the
multiplier function.

The aim of the literature review was to develop impact
multipliers founded in research, which would provide
a quantified approximation of the causal relationship
between a chosen adaptation action and the resulting
impact on citizen health.
The methodology for developing the multipliers was to
a) structure the quantitative findings from the literature
review related to an action or temperature change,
b) standardise the findings to a common unit (where
needed) and c) combine the quantified causal links for
each of the shortlisted actions, for each of the Köppen
climate zones11.

The term “all-cause” mortality refers to the mortality which occurs in a population, regardless of the cause. In contrast mortality could be recorded for a
specific disease, which would make the mortality rate specific for that single cause. The all-cause mortality is the most widely used in the literature findings
when quantifying the impacts on mortality, and hence this rate is also used in the development of this tool.
11
It has not been possible to develop multipliers for the full set of climate zones as most of the quantified scientific evidence reviewed from the literature has
mainly been covering only a selection of the zones. This is a general finding for all the various actions, even after specific effort has been placed in closing
climate zone gaps. See section 4.3.1 for a description of the method of extrapolation in closing the gap on missing climate zone specific action multipliers.
12
Extrapolation refers to applying the gathered data for some actions and/or climate zones to another, given assumptions of applicability and using factors
for scaling where necessary to accommodate for any action- and/or climate-type differences. Simulation refers to running a model to estimate what factor(s)
are applicable for transferring gathered data to other action-types and/or climate zones, i.e. to assess if and given what parameter scales the data for one
action/climate can be used to explain another action/climate.
13
The data gathered on morbidity cases was not rich enough to model a non-linear function, hence a single-value multiplier is used for the various morbidity
cases.
10
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2.3.1 ACTION MULTIPLIERS:
EXTRAPOLATION AMONG
CLIMATE ZONES
A quantified causal relationship was not found in the
literature review for all of the 14 climate zones. To close
these data gaps, the multipliers for the climate zones
that were gathered from the literature review were
used as best-option approximations to estimate the
multipliers for the remaining climate zones14.
The approximation estimation of the multipliers was
done using extrapolation, enabled through simulating
which climate zones are most alike and hence can act as
substitutes. This multiplier approximation approach was
necessary for all the shortlisted actions, as well as for the
mortality and morbidity multipliers. A description of the
equations and simulations used for each action multiplier
is provided in the subsections below. For details on
health multipliers, descriptions and equations are found
in section 4.3.2.
The impact of different urban heat adaptation actions
has been calculated in the following ways:

Quantifications of various urban parks’ air temperature
reduction capacity, given size and canopy cover, has
been gathered through the literature review process (see
section 3.2.3), and grouped based on climate zone of
the park location. This has provided a set of multipliers
which quantitatively translate the implementation of an
urban park to an estimated (local) urban temperature
reduction.
The relationship between the park features and its air
temperature reduction capacity is non-linear. The singlevalue multipliers have been developed into multiplier
functions, for each climate zone. This has been done by
fitting a logarithmic trend to the set of data points on
temperature reduction given the following park features;
size, climatic location and canopy cover.
A general representation of the two functions used to
calculate the climate-zone dependent multiplier for
temperature reduction and area of effect is shown in the
box below:

2.3.1.1 Urban parks

Urban parks have a significant capacity to reduce
the Urban Heat Island (UHI) effect by reducing the
surrounding air temperature15 through shading and
evapotranspiration.

Equation for urban parks’ temperature reduction
capacity
∆Temparea = (CZFtemp * LN(park size) + K) * CF
Deffect = CZFarea * LN(park size) + K

Equation specific terms:
∆Temparea
		

The change in temperature from installing the urban park, within its area of 				
temperature reducing effect

CZFtemp
		

The model-fitted climate-zone dependent factor of the park’s temperature 				
reduction (fitted using the literature data gathered)

LN
(park size)
		

The natural logarithmic function taking the park size as argument, for the climate-			
zone and area dependent CZFtemp

K 		
CF 		
		

The function’s constant, resulting from the model-fitting
Canopy Factor, which takes a value between 0-1,91, with the factor being 0 for 				
canopy cover below 40%, 1 at canopy cover at 70% and 1,91 at 100% canopy cover

Deffect 		
The distance in m of the park’s temperature reducing effect, from the park 				
		edge
CZFarea

		
		

The model-fitted climate-zone dependent factor of the distance from the 				
edge of the park within which, given the size and climate zone, it is expected to 				
have a temperature reducing effect (fitted using the literature data gathered)

The gaps in climate zones covered by the literature findings varies between actions and health parameters. See the respective sections for further detail on
which climate zones were missing and how these were closed using either simulations and/or extrapolations.
15
Aram et al. (2019), Huang et al. (2018) and Yang et al. (2016) among others.
14
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The share of tree canopy cover highly influences the
performance of an urban park when it comes to UHI
reduction. From the literature review, a linear relationship
was found between the percentage of vegetation
coverage of an urban park and the associated air
temperature reduction. In addition, it was found that a
minimum of 40% tree canopy coverage is necessary for
the urban park to be effective. The linear trend derived
from the available published data has been used to scale
the predicted temperature reduction intensity based on
the expected percentage tree cover.

Use-case example of the multiplier’s function in the tool
Having chosen the action as “Urban Park” and selected the city of interest (which determines the climate on which to
base the calculations) in the tool, the equation allows the user to tailor the action’s temperature impact by changing
the size of the park and how much of the park that is covered by tree canopy.
For example, increasing the size of the park will improve the temperature reduction impact, because the equation
calculates that a larger park has a larger area of influence. A larger area of influence will, through the tools other
calculations (see section 4.3.2), result in more people experiencing the reduction in temperature that the urban park

2.3.1.2 Urban water bodies
Water bodies can reduce the UHI effect via three main
features; heat absorption, evaporation and convection
(wind). While the quantification of the capacity of urban
water features to reduce heat was found in the literature
review, the data was scarce and did not cover all climate
zones. In addition, the same non-linear temperature
reduction capacity was found for water features as for
urban parks.
Closing data gaps using simulation
To accommodate for the data gaps and enable the
development of multiplier functions to address the nonlinearity, simulations using climate zone similarity ratios
have been used to extrapolate known data to other
climate zones.
The ratios were built using a two-step simulationmodelling approach:
a) First, by using similarities in the UHI reduction
capacity between water features and urban parks, a
“surface heat flux model” 16 was developed to predict
the surface temperature of shaded and exposed surface
types. This approach was used as the temperature
reduction influence on urban areas for urban parks and
urban water are somewhat similar in the scope of this
tool development17.
The heat flux model was filtered to only assess
similarities for the hottest portion of the year (top 10%
of air temperature values), and then used to calculate
the ratio between the surface temperature difference
between asphalt and green surfaces and asphalt and
water surfaces.

b) Second, the ratios18 (of urban water to urban park)
obtained from the “ratio-fit” simulation from step a
were then used to extrapolate the data of temperature
reduction to the rest of the climate zones where data
previously missing. The extrapolation process is based
on similarities between climate zones as well as a
correction ratio calculated from the water-to-grass ratios
obtained in the step before.

Based on surface properties such as roughness, albedo and emissivity as well as weather conditions such as solar irradiance, air temperature, relative
humidity etc. of the health multiplier functions.
17
More specifically, a one-dimensional ground surface analytical model has been developed to predict the surface temperature of typical asphalt, green and
water surfaces. The model has been built combining several published methods (Herb 2008, Best 1998, Edinger 1974) and it is capable of accounting for
unsteady vertical heat conduction through a generic material build-up with spatially varying thermal properties.
18
A ratio close to one indicates that the green and the water surfaces’ heat reduction capacity is comparable for the climate under consideration and that it
is reasonable to expect a similar temperature reduction induced by a water body compared to an urban park. A ratio above (below) one indicates that the
water feature will be less (more) effective than an urban park in cooling the surroundings.
16
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Equation for data fitting simulation
∆Temparea-wate r= ∆Temparea-grass * Rwg * Rclimate
Deffect-water = Deffect-grass * Rwg * Rclimate

Equation specific terms:
∆Temparea-water
		

The change in temperature from installing the urban water body, within of 				
temperature reducing effect

∆Temparea-grass
		

The change in temperature from installing the urban park, within area of 				
temperature reducing effect

Deffect-water
The distance in m of the park’s temperature reducing effect, from the water body 			
		edge
Deffect-grass

The distance in m of the park’s temperature reducing effect, from the park edge

Rwg 		

Simulated temperature reduction ratio between water body and urban park

Rclimate 		

Simulated climate zone ratio

Following the process used for urban parks, the scaled
multipliers have been fit with a logarithmic curve
predicting the temperature reduction capacity, as well
as the area of the effect, as a function of the size of the
water feature for each climate zone. The few empirical
data obtained during the literature review process have
been used to validate the extrapolation procedure
by comparing their trend and levels with that of the
simulation results. This was done to double-check the
predicted temperature benefits in case any corrections
were needed.

A general representation of the two functions used to
calculate the climate-zone dependent multiplier for
temperature reduction and area of effect is shown in the
box below:

Equation for urban water bodies’ temperature reduction capacity
∆Temparea = (CZFtemp*LN(Wsurface) + K
Deffect=CZFarea* LN(Wsurface)+ K

Equation specific terms:
∆Temparea
		

The change in temperature from installing the urban park, within its area of 				
temperature reducing effect

CZFtemp
		

The model-fitted climate-zone dependent factor of the park’s temperature 				
reduction (fitted using the literature data gathered)

LN
(Wsurface)
		

The natural logarithmic function taking the water body’s surface area as argument, 			
for calculating the climate-zone and area dependent CZFtemp

K 		

The function’s constant, resulting from the model-fitting

Deffect 		
The distance in m of the park’s temperature reducing effect, from the park 				
		edge
CZFarea

		
		

The model-fitted climate-zone dependent factor of the distance from the 				
edge of the park within which, given the size and climate zone, it is expected to 				
have a temperature reducing effect (fitted using the literature data gathered)
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Use-case example of the multiplier’s function in the tool
Having chosen the action as “Urban Water” and selected the city of interest (which determines the climate on which
to base the calculations) in the tool, the equation allows the user to tailor the action’s temperature impact by changing
the size of the surface area of the urban water body.
For example, reducing the surface area (i.e. making the urban water feature smaller) will reduce the temperature
reduction impact of the action. This is because the equation calculates that a smaller surface area of the water body
will mean that the area of influence also becomes smaller. A smaller area of influence will, through the tools other
calculations (see section 4.3.2), result in fewer people experiencing the reduction in temperature that the urban water
action provides.

2.3.1.3 Cool and green surfaces
Roof surfaces represent a significant share of urban
surface areas that are often not in productive use (or
used towards resiliency etc.) and therefore provide
an opportunity for utilising the space to apply UHI
reduction actions.
The action of transforming not-in-productive-use
surfaces takes two forms in this project, depending
on the approach to the transformation; using a) cool
surfaces which increases the albedo of the roof surface
(i.e. altering its reflective and absorptive capacity) often
using a colour coating and/or b) green roofs which
cool the air using evapotranspiration enabled by the
vegetation and by reducing heat flux into buildings. Both
approaches have been shown to lower the temperature,
although at varying degrees, of the roof surfaces and
decrease the amount of heat stored and released to the
surrounding urban area.

While the literature generally establishes an effect
on temperature resulting from cool roofs, few
studies provide standardisable quantifications of
their temperature reduction capacity, and these only
cover a few of the climate zones. In addition, most of
the quantifications are results of simulations studies
performed with regional climate or meteorological
models.
Closing data gaps using simulation
To address the data gap issue, multipliers were
developed using a similar approach to what described in
section 4.3.1.2. In this case, nine cool roof configurations
were tested by increasing the albedo of the top
surface in incremental steps of 0.1 from the value of
0.1 to the value of 0.919, for a total of 24 different cities
spanning the 14 Köppen Climate Zones20. An additional
configuration was run representing a green roof
scenario. The resulting temperature difference between
surfaces and air was used to extrapolate the available
experimental data across different cities and climate
zones.

Equation for data fitting
CZFtype-modelfitted = CZFtype-measured * Rsm

Equation specific terms:
CZFtype-modelfitted
		

The model-fitted climate-zone dependent factor of the cool surfaces’ type (either 			
artificial or vegetated). The factor is a function of the chosen albedo

CZFtype-measured
		

The measured climate-zone dependent factor of the cool surfaces’ type (either 				
artificial or vegetated). The factor is a function of the chosen albedo

Rsm		

Ratio of measured and simulated surface-air temperature difference

Published data available for an extensive study performed in Chicago (Sharma 2016) have been used as reference dataset.
The correlations obtained for each climate zone have been checked against published data available for NY, Athens, Chicago, LA and Baltimore (Savio
2006, Synnefa 2006, Sharma 2016, Vahmani 2016, Li 2014). The maximum deviation in temperature reduction for 0.1 increase in albedo is 0.09 °C.
19
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A default value for an albedo of 0.1621 is used in the tool
as this is the most common albedo for urban surfaces.
Compared to the two previously mentioned actions,
cool roofs have a relatively smaller area of effect, often
limited to around 2m above ground (or roof) level
(Sharma 2016). The data available often refers to the
temperature reduction obtained in the proximity of
the roof surface, and the actual temperature reduction
achieved at ground level is dependent on the height of
the buildings and the street aspect ratio amongst several
other factors22.

A general representation of the functions used to
calculate the climate-zone dependent multiplier for
temperature reduction, using the simulation results
described above, is shown in the box below:

Equation for cool surfaces’ temperature reduction capacity
∆Temp_area = CZFtype (albedo|share of area covered)
Aeffect = Areaproject

Equation specific terms:
∆Temparea
		

The change in temperature from installing the urban park, within its area of 				
temperature reducing effect

CZFtype
		

The model-fitted climate-zone dependent factor of the cool surfaces’ type (either 			
artificial or vegetated). The factor is a function of the chosen albedo.

albedo
		
		

(ranging from 0 – 1) and dependent on a min. area of the whole project area being 			
covered (for artificial roofs the min. share is 43% and for vegetated roof the min. 			
share is 64%).

Aeffect 		

The area of effect, which corresponds to the project area defined; Areaproject

Use-case example of the multiplier’s function in the tool
Having chosen the action as “Cool surfaces” (either artificial or vegetated) and selected the city of interest (which
determines the climate on which to base the calculations) in the tool, the equation allows the user to tailor the action’s
temperature impact by changing fx. the size of the area of the city which the surfaces will be distributed over and/or
the share of the chosen city area that will be covered by the cool surface. The user can also change the albedo that the
action might have (i.e. how good the surface will be at not storing the sun’s energy).
For example, increasing the share of the city area covered with the cool surface will improve the temperature
reduction impact within that city area. This is because the equation calculates that now a larger area is allocated to the
cool surfaces and their temperature reducing properties can then affect this larger area.
A larger city area of effect will, through the tools other calculations (see section 4.3.2), result in more people
experiencing the reduction in temperature that the urban park provides.

The gaps in climate zones covered by the literature findings vary between actions and health parameters. See the respective sections for further detail on
which climate zones were missing and how these were closed using either simulations and/or extrapolations.
22
Aram et al. (2019), Huang et al. (2018) and Yang et al. (2016) among others.
21

HEAT RESILIENT CITIES

>18

>19

2.3.2 HEALTH MULTIPLIERS AND
-FUNCTIONS
The second set of multipliers are health multipliers. The
health multipliers are divided into multiplier functions for
impact on mortality, and multiplier values for impact on
the set of morbidity occurrences.

The development of the mortality-risk multipliers for
the use in the tool calculations take offset in the results
from this study by going through the below three-step
process:

The segmentation into two multiplier groups has been
done due to the different implications and severity of the
health impact and their methodological quantification in
the tool (i.e. number of expected deaths vs. number of
hospitalisations) as well as the method of valuing these.

Step 1: Setting up the base table: From the table S3
in Gasparini et el. (2015) the three percentile spans
covering the highest temperatures were selected, for
all 13 listed countries. The spans were a) temperatures
within the 75th – 90th percentile, b) 90th – 97.5th
percentile and 97.5th percentile.

Mortality multipliers
Evidence of a climate-dependent and non-linear
relationship of surpassing temperature thresholds
and the resulting impact on mortality risk has been
established through the literature review findings.
However, most of the literature quantifications have
only provided single values related to mortality risk and
temperature changes, making these unable to properly
account for the non-linear relationship.
One study, by Gasparini et al. (2015), provided estimates
which were segmented into three temperature groupings
(by percentile spans) – providing a better approximation
of the non-linear relationship - and reported for 13
different countries, which cover 13 of the 14 Köppen
Climate zones used in the tool.
Table 4.1: Overview of mortality multiplier extrapolation among
climate zones

Step 2: Associating countries with climate zones: To
convert the country-specific risks to climate-specific risk,
each of the 13 countries23 were then associated with their
respective most prominent climate zone(s).
Step 3: Grouping risk multipliers per climate zone: Using
the climate zone(s) attributed per country in step 2 the
all-cause mortality risk, for each of the three percentile
spans, was then related (and where needed calculated)
to each of the 14 KCZ of the tool. How the relations and
calculations were made is shown in the table below.
The result of this development process is a table of the
fraction of mortality risk attributable to exposure to
temperatures segmented into three temperature spans,
for each of the 14 climate zones. How the countries in the
study have been used for each of those climate zones is
shown in the table below:

KÖPPEN CLIMATE ZONE

ZONE ABBREVIATION

COUNTRIES USED FOR MULTIPLIER DEVELOPMENT

Tropical rainforest climate

Af

Brazil

Tropical monsoon climate

Am

Thailand

Tropical savanna climate

Aw

Average of risk estimate from Brazil and Thailand

Arid climate (hot summer)

BWh

Average of risk estimate from Australia and Brazil

Semi-arid (steppe) climate (hot summer)

BSh

Australia

Mediterranean hot summer

Csa

Average of risk estimate from Italy, Spain and Taiwan

Mediterranean warm/cool summer

Csb

Spain

Dry-winter humid subtropical climate

Cwa

Taiwan

Dry-winter subtropical highland climate

Cwb

Taiwan

Humid subtropical climate

Cfa

Average of risk estimate from Australia, Brazil, Italy, Japan,
South Korea and USA

Oceanic climate

Cfb

Average of risk estimate from Australia, Italy and Spain

IPCC Hot summer monsoon-influenced
continental climate

Dwa

China

Hot summer continental climate

Dfa

Average of risk estimate from China, South Korea and USA

Warm summer continental or hemiboreal
climate

Dfb

Average of risk estimate from Canada, Sweden and USA

These countries are; Australia (Cfa, Cfb, BSK and BSh), Brazil (Aw, Cfa), Canada (Dfb and Dfc), China (Cfa and Dfa), Italy (Cfa, Csa and Cfb), Japan (Cfa),
South Korea (Dfa and Cfa), Spain (Cfb, Csa and Csb), Sweden (Dfb and Dfc), Taiwan Cwa, Cwb and Csa), Thailand (Aw and Am), United Kingdom (Cfb) and
United States (Dfa, Cfa and Dfb). The country-climate zone association was done using https://en.climate-data.org
23
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A general representation of the functions used to
calculate the climate-zone dependent mortality for a
given year, for the age group, is shown in the box below:

Equation for calculating mortality related to extreme heat exposure
Mortalityheat = Daysint * (mort.riskage * mort.fractionheat ) * Persons within areaage

Equation specific terms:
Mortalityheat		
			

The expected all-cause mortality, of the age group, attributable to the exposure to
extreme heat, given the climate zone and mortality threshold

Daysint 		
			

The number of days a year, with temperatures within the temperature
percentile intervals of either 75th – 90th, 90th – 97.5th or 97.5th <24

mort.fractionheat		
			

The calculated, climate zone and city specific fraction of all-cause mortality
attributable to heat exposure

mort.riskage 		

The all-cause risk of dying, given the age-group in which the person belongs

Persons within areaage
The calculated number of people that are within the action’s area of temperature
			reducing effect

With:
Mort.fractionheat = Fractionmort (Percentile interval(Tempcity )|Climate Zone)

Equation specific terms:
Mort.fractionheat		
			

The fraction of all-cause mortality attributable to extreme heat exposure when
the temperature lies within the percentile interval, and given the climate zone

Fractionmort		
			
			

The fraction of all-cause mortality attributable to heat exposure, and which value is 		
dependent on the percentile interval (see above), in which the daily city temperature falls
into, given the climate zone

Percentile interval
(Tempcity)		

The percentile interval in which the city temperature falls into

Use-case example of the multiplier’s function in the tool
Having chosen an action (fx. “Urban parks”), selected the city of interest (which determines the climate on which to
base the calculations) and specified, in this case, the area of the park and perhaps even its canopy cover, the user can
tailor the number of people affected and at what temperatures they might start to experience adverse effects (such as
increased risk of mortality).
For example, increasing the temperature threshold (see glossary) in the tool would correspond to that people can
tolerate higher temperatures before there is an increased mortality risk due to extreme temperatures. In the tool, this
corresponds to fewer days a year with mortality risks from extreme heat exposure and hence fewer days on which the
action can have mortality reducing impact.

24
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Morbidity multipliers
Extreme temperatures can impact people through a
range of direct and indirect health occurrences, such
as stroke or renal failure. Due to the vast and complex
interactions between these, only the most frequent
and well-established occurrences have been included
for multiplier development. The morbidity occurrences
included are listed in the table below.

Table 4.2: Delimited list of morbidity cases to be included in the tool

MORBIDITY CASE

DESCRIPTION

SUPPORTING LITERATURE

Cardiovascular disease

Cardiovascular disease refers to a class of diseases related
to the heart and/or blood vessels. This category covers
diseases such as; stroke (heat and ischemic related), heart
failure and arrhythmia.

Jian et. Al. (2014)25,
ScienceDaily26, Anderson et. Al.
(2013)27, WHO28

Heat stroke

Heat stroke is a form of severe hyperthermia (high body
temperature) and is a medical emergency that can be fatal
if not promptly treated.

Patterson, B (2013)29

Ischemic Stroke

An ischemic stroke occurs due to a blockage of the
bloodstream to the brain. When the blood supply to a
part of the brain is cut off, some brain cells will begin to
die. This morbidity case can result from hyperthermia, as
described for stroke above.

Patterson, B (2013)

Respiratory disease

Inhaling hot air can exacerbate existing respiratory
disorders and cause inflammation of airways.

Health Communities 30,
Anderson et. Al. (2013), WHO

Renal failure

Renal failure, also called kidney failure, is the last stage of
chronic kidney disease and means that the kidneys stop
functioning well enough to sustain survival without dialysis
or a kidney transplant. Dehydration often follows during
extreme temperatures can lead to low blood pressure and
decreased kidney function.

Sorensen et. Al. (2019)31, Borg
et. Al. (2017)32

For morbidity, single value multipliers have been
developed for each of the above categories, for each of
the KCZs. A static multiplier-value has been chosen since
the literature findings did not support the modelling of a
dynamic relationship function.

A general representation of the function used to
calculate the climate-zone dependent morbidity
multiplier related to heat exposure is shown in the box
below:

Equation for calculating hospitalisations related to extreme heat exposure
∆Hosptype = RRF(morbidity type | climate zone)

Equation specific terms:
∆Hosp type
RFF		
		
		

The number of hospitalisations of the morbidity type related to extreme heat exposure
The relative risk factor, which is a measure for the percentage change in the risk of
hospitalisation for the morbidity type, given a change in the temperature that the individual is 		
exposed to (see section 5.1.5.3). The RRF is conditional on the climate.

Morbidity type The types of morbidities covered in the tool; Cardiovascular disease, heat stroke, ischemic stroke, 		
respiratory disease and renal failure.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4042428/
https://www.sciencedaily.com/releases/2019/03/190312123645.htm
27
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3734617/
28
http://www.euro.who.int/en/health-topics/noncommunicable-diseases/chronic-respiratory-diseases/news/news/2013/07/how-hot-weather-affects-health
29
https://iaedjournal.org/heat-stroke-versus-brain-stroke/
30
http://www.healthcommunities.com/evaluating-lung-problems/warm-weather-respiratory-illness.shtml
31
https://www.nejm.org/doi/full/10.1056/NEJMp1907859
32
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5659014/
25

26

HEAT RESILIENT CITIES

>22

Use-case example of the multiplier’s function in the tool
Having chosen an action (fx. “Urban water”), selected the city of interest (which determines the climate on which to
base the calculations) and specified, in this case, the surface area of the water body, the user can tailor the number of
people affected by the action.
For example, reducing the population density expected in the proximity to the urban water action – which could
be the case if the project area is in a less populated area than the general density in the city – will result in the tool
calculating that fewer people will be living within the area of influence (determined by the action features – see section
4.3.1). This, in turn, means that fewer people will be experiencing the lower temperatures induced by the implemented
action. Hence the action will have a smaller impact on reducing total heat-related morbidities.

Cardiovascular disease
Since cardiovascular disease is an umbrella term
covering both heat and ischemic stroke, multipliers
have been developed for heat and ischemic stroke
respectively where specific findings for the climate zone
were found in the literature. Where only relative risk
for cardiovascular disease were found, this was used
instead.

CLIMATE
ZONE
Af

CARDIOVASCULAR DISEASE RESPIRATORY DISEASE (RD)
(CVD)
As Cfa

As with the multiplier development for the adaptation
actions and mortality, data was not found for all climate
zones and hence values from some climate zones have
been used for extrapolation to close the data gaps.
Which climate zones’ multipliers have been used for
extrapolating to which zones is shown in the table below:

STROKE

ISCHEMIC STROKE

RENAL PATIENTS

Avg. Of Cfa and Cfb

Avg. Of Cfa and Cfb

Avg. Of Cfa and Cfb

Avg. Of Cfa and Cfb
As Csa

As

As Csa

As Csa

As Csa

As Csa

Aw

Calculated

Calculated

As Aw

As Aw

Cardiovascular

Cardiovascular

As As

BWh

Average of Aw
and Csa

Average of Aw and
Csa

Average of Aw and
Csa

Average of Aw and
Csa

Average of Aw and
Csa

BSh

As Aw

Average of Aw and
Csa

Average of Aw and
Csa

Average of Aw and
Csa

Average of Aw and
Csa

Csa

Average of
Csa Stroke and
Ischemic stroke

Calculated

As Csa Ischemic
stroke

Calculated

Calculated

Csb

As Csa

As Csa

As Csa

As Csa

As Csa

Cwa

Average of BWh
and Csa

Calculated

Average of BWh
and Csa

Average of BWh
and Csa

Average of BWh
and Csa

Cwb

Average of BWh
and Csa

Avg. Of Cfa and Cfb

Average of BWh
and Csa

Average of BWh
and Csa

Average of BWh
and Csa

Cfa

Calculated

Calculated

As Cfa
Cardiovascular
disease

As Cfa
Cardiovascular
disease

Calculated

Cfb

Calculated

Calculated

As Dfa

As Dfa

Calculated

Dwa

Calculated

Calculated

As Dwa Ischemic
stroke

Calculated

Calculated

Dfa

Calculated

Calculated

Calculated

Calculated

As Dwa

Dfb

As Dfa

Calculated

Calculated

Calculated

As Dwa

Extrapolation has been done using the Köppen descriptions and assessing which climatic elements are the most similar, taking
averages where providing a better fit
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3.I METHODOLOGY OF
THE TOOL SETUP
The basic premises for the development and setup of
the tool are a) to ensure the tool is useful and meaningful
to the cities and b) to use data founded in scientific
literature to provide broadly approved estimates on heat
reduction and health benefits.
The methodology for the tool development has entailed
a thorough literature review and data gathering process,
with continuous quality and functional reviews by cities,
international experts in the field and C40. Finally, the
tool has been pilot tested for functionality and usability.
The main steps of the development process were:
1.

Using Pathway maps as the framework for the tool
mechanics

2.

Selecting adaptation actions by identifying and
shortlisting urban actions for adapting a city to
extreme temperatures

3.

Literature review based on three search intentions
a. Quantification of causal link between action &
heat reduction
b. Quantification of causal link between 		
temperature change and health (morbidity
and mortality) impact
c. Establishment of potential wider benefits 		
associated with the adaptation action

4.

Data gathering for modelling and establishing
default values for a proxy setup

5.

Development of pilot tool by quantifying the causal
impact multipliers and calculating action-impact
relationships as by the pathway map framework
method

6.

Tool review and testing

More detail on these six steps is given in the following
sections.

3.1.1 PATHWAY MAPPING FOR THE
ACTION TO IMPACT ASSESSMENT
The pathways were developed based on the approach
presented in the C40 Urban Climate Action Impacts
Framework (UCAIF)33. The UCAIF provides the common
principles, a taxonomy and guidelines for approaching
the mapping and assessment of wider impacts from
urban climate actions. According to the UCAIF, pathways
detail the causal steps that link a policy intervention (or
action) to its possible outputs, outcomes, and impacts.
The elements of the pathways are defined in the
Glossary.
The two main impacts to be addressed within the scope
of this project are decreased urban heat and the related
health benefits, which consequently are shown in bold
boxes and text in the three pathway figures below.
Wider impacts (i.e. impacts that are not the focus of this
project but still generated by the outcome or as a result
of other impacts) are also shown in the figure.
By also mapping the wider impacts of urban heat-related
actions, city stakeholders can make the case for urban
adaptation actions by pointing to potential benefits
and understanding potential costs. The objective of the
pathway map is not to present the exact consequence
of the implementation of an action in any city; this
would not be feasible as the impacts largely depend
on contingencies to the action and local contexts34. To
support the understanding of such contingencies by
the reader, causal chains identified in the pathways are
illustrated in links to sources providing example case
studies related to specific actions and wider impacts.
One pathway map was developed for each action that
has been selected for modelling. The identification
of wider impacts was made based on a review of the
literature on the actions and with input from experts. The
sources used are listed further below.

C40 and Ramboll. (2018). Urban Climate Action Impacts Framework A Framework for Describing and Measuring the Wider Impacts of Urban Climate
Action.
34
As defined in the UCAIF, contingencies are “Contextual factors which affect the outcomes and impacts of an action implemented in a city, due to the city’s
characteristics (for example its political context, social issues, economic development, climatic conditions, etc.).” See C40 (2018), page 17.
33

*Note: Links to case studies can be accessed through the tool’s presentation of the Pathways.

Figure 3 Pathway map for Green infrastructure – Urban parks
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*Note: Links to case studies can be accessed through the tool’s presentation of the Pathways.

Figure 4 Pathway map for Cool surfaces – Cool roofs and reflective pavement
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*Note: Links to case studies can be accessed through the tool’s presentation of the Pathways.

Figure 5 Pathway map for Urban water features – Natural (lakes, rivers) or artificial (fountains, canals, artificial ponds or lakes, spray parks)
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3.1.2 SHORTLISTING ADAPTATION
ACTIONS
Key urban cooling actions to target in the research
have been identified in collaboration between Ramboll
experts, C40 and relevant cities, resulting in 9 key
urban cooling actions (see Table 5 1). The actions have
been selected based on their potential in reducing
temperature and viability of implementation.
A thorough literature review process has been
undertaken to identify empirical evidence that would
establish a correlation between the different actions and
the consequent reduction in urban air temperature. The
figure below shows an overview of the action selection
process:

The review process has identified an overall scarcity of
data, in particular for some adaptation actions, as well as
an uneven coverage when it comes to the geographical
distribution of the data available. Based on the literature
findings, the number of actions included in the tool has
been reduced from ten to three namely: urban parks,
water features and cool surfaces (limited to roofs).
The actions included in the tool have been marked in
light green in the table below:

Table 5 1: The 10 shortlisted extreme urban heat adaptation actions

ACTION TYPES

ACTION

DESCRIBTION OF THE ACTION

Cool surfaces

Light/reflective
pavements and roofs

This action reduces the amount of solar energy
captured and stored in the city by the urban
concrete/dark surfaces. Changing the surface
reflection will alter the absorption of solar energy
into solid material. Thus, less energy is accumulated
during the day which will be re-emitted during
night-time.
Cool surfaces reduce temperature by changing
the solar reflectivity (albedo or vegetation) of the
surface, i.e. the amount of energy that the surface
will store.
Using vegetation will, in addition, provide an
evaporative cooling effect.

Vegetated surfaces
and roofs

Another type of surface which has the capacity
to reduce temperature is vegetated, or ‘green’
surfaces. These surfaces mainly reduce
the temperature in their proximity through
evapotranspiration which has a cooling effect.
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Urban parks

Urban parks can lower the urban temperature
around it, depending on its size and canopy
cover, in two ways, mainly: decreasing the nearsurface temperatures through direct shading and
leveraging evaporative cooling from the green
surfaces and the tree leaves.

Green corridors
(Connected green
spaces)

Green corridors are green spaces at a larger urban
scale, which are all connected to each other. They
are usually designed to guide wind breeze into
the otherwise less permeable city centre. They
also promote biodiversity as they enable dispersal
movement of animals within city areas.

Street greenery, green
roofs, green walls
(plant beds, canopy
cover, bioswales etc.)

Green infrastructure (GI) are (often small) spatial
distributed installations of urban vegetation, which
can reduce the UHI through direct shading and
evaporative cooling. Where free space is limited,
as is often the case in densely build cities, street
greenery/trees can be an important cooling
solution.

Urban form planning and
design

Dense street planning,
building height and
materials

Changing the urban design to provide shade using
building designs and high-albedo materials can
reduce the amount solar radiation that is being
captured and stored by the urban surfaces and
therefore reduce the overall surface temperature.

Heatwave response planning

Awareness campaigns,
apps, etc.

Communication and awareness campaigns
represent a viable tool to enhance the general
understanding of the potentially harmful effect
of high or extreme temperatures and actions to
reduce or adapt to the exposure. Early warnings can
help mitigate the impact of a sudden or prolonged
temperature increase.

Grey urban shading
structures

Retractable roofs,
tensile structures, etc.

Shading can reduce the amount solar radiation
that is being captured and stored by the urban
surfaces and therefore reduce the overall surface
temperature for the surfaces is in the shade. In
some cases such shading structures are more
flexible to install than, for example trees, and can
therefore be particularly suitable for public multifunctional spaces and sidewalks.

Urban Water features

Lakes, fountains, spray
parks, etc.

Water acts as a “heat sink” in that it has a relatively
greater capacity to absorb part of the incoming
solar radiation without significantly increase
their surface temperature. This makes the air
temperature around waterbodies relatively lower
than in other parts of the city. This effect coupled
with evaporative cooling and utilization of wind flow
can reduce UHI and improve thermal comfort.

Wind corridors

Urban form planning
and design, and/or
green infrastructure at
the service of creating
wind corridors

The wind represents an important UHI mitigation
factor. Promoting the wind penetration within
the city can result in increased cooling through
convection and enhanced evaporation and
consequent lower surface temperatures.
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3.1.3 LITERATURE REVIEW
The literature review aimed to establish, and where
possible quantify and monetise, the causal pathway
links (see the pathway map description in section 3.2.1)
between:
a) An urban adaptation action (see the list in Table 5 1
above) and
a. urban temperature reduction
b. Any additional benefits to society from the
action
b) Impacts from temperature changes on citizen health
(with “health” segmented into the categories: morbidity
and mortality)
The review process
The literature review process involved a consultative
structured search methodology, involving key
adaptation experts to provide feedback and
complement desk review activities. The process can be
summarised in the following three steps:
Step 1.: Defining key search criteria and MeSH terms
(See Appendix B for the list)
Step 2.: Identifying literature for review through experts
and literature database search (including Cochrane,
PubMED, EMBASE, ScienceDirect, Google; see a list of
relevant literature in the Literature List)
Step 3.: Extracting pathway links, quantifications and
methods by reading and sorting relevant literature
based on the defined research questions and aim of the
review.
A total of 101 papers were collected and screened
for their relevance in establishing pathways, action
to temperature and/or temperature to health impact
quantifications. Of these 47 were related to actions’
impact on city temperature and the remaining 54
to heat-related health impacts (morbidity and/or
mortality). After the initial screening for relevance, a
more in-depth assessment was done for the study’s
applicability resulting in 52 remaining relevant and
applicable studies.
Also, expert consultation happened across the project.

Overview of literature review findings
The literature review provided the following overall
findings; a) quantification of some of the shortlisted
actions impact on urban temperature changes and
given a set of conditions, b) quantification of impact on
mortality (all-cause) in the form of relative risk factors,
c) a set of most commonly registered and related
morbidity causes (cardiovascular disease, respiratory
diseases, renal failure, stroke and ischemic stroke)
in the form of relative risk of hospital admission. In
addition, it was found that most of these relationships
are dependent on the climate zone in which they were
studied (see the description in the subsection below)
and that their relationships are non-linear.

3.1.4 STRUCTURING RESULTS USING
KÖPPEN CLIMATE ZONES
A finding from the literature review was that an
action’s impact on temperature, and how changes in
temperature impacts health, depends upon the climate
of implementation.
To accommodate for the climate-dependency of the
review findings, the multipliers have been segmented by
which of the Köppen Climate Zones (KCZ)35 the study
data was collected. Segmenting into KCZs36 allow the
tool to calculate the final impact taking into account
the conditionality of the city climate on the adaptation
impact.
An illustration of how the climate zones are distributed
over and cover the globe in the figure om the next page.

The Köppen climate zone classification, is a widely used vegetation-based empirical climate-classification system which segment the world using climatic
boundaries. The climatic zones or types are based on patterns of precipitation, average temperature and natural vegetation. For more information see:
https://www.britannica.com/science/Koppen-climate-classification
36
Not all zones have been covered by literature or have been assess relevant to extrapolate finding to (see section 4.2 ad 4.3 for discussion on data gaps and
extrapolation) and hence only the following 14 zones have been included in the tool; Af, As, Aq, BWh, BSh, Csa, Csb, Cwa, Cwb, Cfa, Cfb, Dwa, Dfa; Dfb.
35
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Figure 5 2: Global distribution and coverage of the Köppen climate zones

Source: https://www.britannica.com/science/Koppen-climate-classification

How C40 network cities are represented in KCZs is
shown in the figure below, including a short description
of the zones’ climatic components:

Figure 5 3: Distribution of C40 network cities across the Köppen Climate zones
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3.1.5 CLIMATE SCENARIOS AND DEFAULT
DATA
General data on temperature and climate change scenarios as well as default city- and country specific data has
been gathered to support the tool calculations (See References for the list). The purpose of the default values to
provide a value – in the form of best approximation - in
the case where the user does not have the necessary
input data.

3.1.5.1 Data for future temperature change
To calculate the impact of an action into the future,
assessments and calculations must be made for how and
if the temperature might change, and hence affect the
impact that an action can be expected to provide. To do
this, the following have been gathered;
a) City temperature profiles over a whole year: A city’s
temperature profile describes the set of daily average
temperatures registered over a given year (due to the
time of development, the profiles used in the tool are for
the year 2019). The temperature profiles are gathered for
each of the C40 network cities37.
b. Climate change scenario estimates: How the climate
might change in the future cannot be fully known, hence
a set of climate change scenarios are gathered. The most
recognised and used such scenarios are IPCCs Representative Concentration Pathways (RCP), which are used
in this tool.

c. Expected future temperature changes at city level:
Changes in city temperatures in year 2050, relative to
the year 2019, is estimated in order to model changes in
the city temperature profile over the analysis period38.
The estimates are calculated given IPCCs climate change
scenario RCP 4.539. The user of the tool can select other
climate change scenario paths (see Table 5.2 below) in
which case the city-specific temperature change will be
scaled to represent the assumptions of that scenario.
Representative Concentration Pathways (RCPs):
The Representative Concentration Pathways, (RCPs)
which are used for making projections based on these
factors, describe four different 21st century pathways
of GHG emissions and atmospheric concentrations, air
pollutant emissions and land-use. The RCPs are shown in
the table below:

Table 5.2: IPCCs Representative Concentration Pathways

AR5 GLOBAL WARMING (GLOBAL MEAN SURFACE TEMPERATURE CHANGE) INCREASE (°C) PROJECTIONS, RELATIVE TO 1986-2005
TRAJECTORY SCENARIO

2016-2035

2046-2065

2081-2100

DESCRIPTION OF THE TRAJECTORY SCENARIO

RCP 2.6

0,5

1

1

The stringent mitigation scenario,
which is representative of a scenario
that aims to keep global warming
likely below 2°C above pre-industrial
temperatures.

RCP 4.5

0,5

1,4

1,8

Intermediate scenario

RCP 6.0

0,5

1,3

2,2

Scenario which without additional
efforts to constrain emissions
(‘baseline scenarios’) lead to pathways
ranging between RCP6.0 and RCP8.5

RCP 8.5

0,5

2

3,7

Scenario with very high GHG
emissions.

*Mean values
Sources: https://ar5-syr.ipcc.ch/topic_summary.php and IPCC: Table SPM-2, in: Summary for Policymakers (archived 16 July 2014), in:
IPCC AR5 WG1 2013, p. 23
https://energyplus.net/weather
The estimates are gathered from: https://hooge104,shinyapps,io/future_cities_app/
39
RPC stands form “Representative Concentration Pathway”, which describes a climate change trajectory path estimated by the IPCC. Four trajectories have
been assessed; RPC 2.6, RPC 4.5, RPC 6.5 and RPC 8.5, ranging from an optimistic to less optimistic assessment of future global temperature increases. RPC
2.6 describes the situation where global temperatures are estimated to reach 1.0 above industrial level in 2100, RCP 4.5 global temperatures at 1.8 degrees C,
RCP 6.5 at 2.2 degrees C and RCP 8.5 at 3.7 degrees C by 2100.
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3.1.5.2 Default data for Proxy setup
The default values act as initial substitute values for
the case where specific input data is not known by
or obtainable for the user. The proxy setup approach
ensures that users with both high and low data
availability can use the tool for assessment.

A high degree of proxy-value use, and hence
low accuracy, could result in potential over- or
underestimation of the impact compared to the
actual impacts which the city might achieve when
implementing the action.

The default data gathered represents the best available
data at the city level where possible. However, as these
values are only approximations, the user should assess
these values and adjust based on local knowledge and
data wherever possible, as this will improve the accuracy
of the tool calculations.

The proxy values are described and listed in the table
below:

Table 5.3: Default data used in the tool development and setup

DATE CATEGORY

DESCRIPTION

SOURCES ADDED

Mortality
threshold

A city-specific mortality temperature threshold
is provided as a proxy value. The threshold is
calculated as the 87th percentile of the city’s
temperature profile (the average between the
lower and upper observed percentiles at 60th
and 97.5th), with the option to choose a higher or
lower percentile.

Gou et al. (2014) and Gasparini et al. (2015)

Optimum
temperature

Optimum temperature describes the exposureresponse curve’s turning point above, or below,
which the risk on health increases beyond
normal, i.e. no additional, all-cause risk. The
temperature at which the OT is located is by the
literature reviewed on average placed at the 80th
percentile of the daily temperature profile over a
given year.

Honda et al. (2014), Li et al. (2016)

Age and gender
distribution

The risks related to mortality and morbidity are
often reported as age, and gender, dependent.
This means that some citizens might be more
vulnerable to a certain morbidity occurrence
than others given the same temperature
exposure. This is often the case for the older
and very young generation that, due to
different sociodemographic characteristics, are
physiologically less resistant to extreme heat
exposure.

http://worldpopulationreview.com,
https://citypopulation.de .

Population density
and growth

Population density is used for calculating the
expected number of people impacted by the
action. It is calculated by gathering data on
city area (km2) and population size. Where the
population size is not given for the year 2019,
it has been estimated based on the population
growth estimate for the city.

https://citypopulation.de,
http://worldpopulationreview.com/world-cities

Mortality

The mortality risk is provided as a default value
using all-cause mortality lifetables for the
country, on gender and age group.

WHO all-cause mortality risk tables, 2016

Morbidity

The default value for morbidity impacts are
number of hospital discharges per disease, at
country level.

Stat.OECD: Health care utilisation: Hospital
discharges by diagnostic categories41, per
100,000 population for the year 2017

TEMPERATURE

POPULATION

HEALTH

41

https://stats.oecd.org/Index.aspx?QueryId=30144#
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ECONOMIC
Value of statistical life

The default value of mortality, i.e. a person
dying, used in the tool is country level Value of
Statistical Life.

http://www.oecd.org/env/tools-evaluation/envvalue-statistical-life.htm

The Value of Statistical Life (VSL) approximates
the value of a human life by providing a measure
of a person’s willingness to pay to reduce their
risk of mortality.
OECD provides a list of VSL values for a range of
international countries, however not all countries
are covered on the list. Therefore, the tool will
provide a substitute VSL value when a city is
selected from a country that is not on this list,
using another country’s as substitute.
Cost of hospitalisation

A default value for the cost of hospitalisation
is provided using a US estimate of average
hospitalisation times the share of general
hospital costs which can be contributed to
either cardiovascular disease, stroke or ischemic
stroke, renal disease or respiratory diseases based on calculation of attributable shares for
hospitalisation costs per type, obtained from the
OECD database.

3.1.5.2 Relative Risk for measuring health
impacts
The impacts on citizen morbidity from changes in
temperatures have been measured in, and where
necessary standardised to, the unit term “Relative Risk”.
Relative Risk is a measure for the percentage change
in the risk of the health impact, given a change in
temperature exposure.

Manteghi et al. (2019)
OECD.stat: “Expenditure by disease, age and
gender under the System of Health Accounts
(SHA) Framework: Inpatient/Hospital spending
by disease (ICD)”
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APPENDIX A - LIST OF
ADAPTION ACTIONS
Table 4: List of adaptation actions and related sources

NO

TERM

DEFINITION

1

Cool surfaces
(Light/reflective, roods, pavements, walls)

(Sen et al, 2019; Synnefa et al., 2011; Lai et al., 2019;
Setaih et al.,2013; Al-Hafiz, 2017)

2

Urban parks and forests

(Fairuz et al. 2012; Antoniou et al., 2019; Toparlar et al.(a)
2018; Toparlar et al (b). 2018; Toparlar et al. 2015
Ghaffarianhoseini et al. 2015; Arabi et al. 2015; Qaid et al.
2018)

3

Green corridors
(connected green spaces)

(Fairuz et al. 2012; Antoniou et al., 2019; Toparlar et al.(a)
2018; Toparlar et al (b). 2018; Toparlar et al. 2015
Ghaffarianhoseini et al. 2015; Arabi et al. 2015; Qaid et al.
2018)

4

Green infrastructure
(Plant beds, green roofs, green walls,
street trees, canopy cover, bioswales etc.)

(Fairuz et al. 2012; Antoniou et al., 2019; Toparlar et al.(a)
2018; Toparlar et al (b). 2018; Toparlar et al. 2015
Ghaffarianhoseini et al. 2015; Arabi et al. 2015; Qaid et al.
2018)

5

Water features
(lakes, fountains, spray parks, etc.)

(QIU et al, 2013, Hathway et al, 2012, Manteghi et al, 2015,
Yang et al. 2015, Manteghi, 2016)

6

Increase shade in public spaces
(retractable roofs, tensile structures, etc.)

(Manteghi et al. 2019; Parham Mirzaei, 2015;
Wong Nyuk Hien, 2016; Li et al, 2016; Toparlar et al. 2017)

7

Wind corridors

(Zhang et al. 2019; Akashi, 2015; Hsieh et al. 2016;
Gonzalez et al. 2017; Mohajerani et al. 2017)

8

Heat sensitive- urban form planning and
design
(taking into account building density,
design and height determining the sky view factor and a city’s canyon geometry
and building materials)

(Parham Mirzaei, 2015; Wong Nyuk Hien, 2016; Li et al,
2016; Gusson et al., 2016; Toparlar et al. 2017)

9

Heatwave response plan
(apps, community-based)

(Milan et al 2015; Filho et al 2017; Salata et al. 2017;
Johnson et al. 2012 Mills et al. 2010;
Grimmond et al. 2010; Alexandri et al. 2008)
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APPENDIX B - LIST OF
KEY SEARCH TERMS
Table 0.1 Draft of key words and queries for literature research.

KEYWORDS

QUERIES

General keywords:

•

City action – Heat mitigation

•

Urban heat

•

Extreme heat

•

“Heat” OR “heatwave” + “adaptation”

•

Urban extreme heat

•

“City” +”heat” OR “heatwave” +”Adaptation”

•

UHI

•

“(Extreme) heat” OR “heatwave” + “Adaptation”

•

Heat function

•

“Urban heat island (UHI)”

•

Climate change

•

Global warming

•

“Urban heat island (UHI)” + “adaptation”

•

Interlinkages

•

“Urban extreme heat” + “hospitalisation”

•

“City” + “Heat” + “adaptation”

Impact specific keywords:

•

“City” + “Cooling action”

A. City action – Heat mitigation

•

“Health” + “climate change”

•

Cooling actions

•

“(blue) Green infrastructure” + “heat”

•

(blue) Green infrastructure

•

Heat adaptation

•

Heat mitigation

•

Heat – Health impacts

•

Black urban surfaces

•

“Urban heat island (UHI)”

•

Green urban surfaces

•

“Urban heat island (UHI)” + Health

•

“(Extreme) Heat” + “Health” + AND/OR “risk”

•

“(Extreme) Heat” + “productivity”

B. Heat - Health impacts
•

(Public) Health

•

Health effect from heat

•

“Heat” + “Public health”

•

Risk function

•

“Urban” + “Health”

•

Exposure Response function

•

Productivity

•

“Adverse health effect” + “heat”

•

Life table

•

“Urban cooling” + “Health”

•

Vulnerability

•

“Health” + “risk function”

•

Experienced temperature (Heat)

•

“Productivity”

•

“Heat” + “risk function”

•

“Heat” + “Exposure response function”

•

“Heat” + “Stress disorders”

•

“Interlinkages” + “heat” + “health”

•

“(blue) Green infrastructure” + “heat” + “health”

•

“Heat” + “Lifetable”

•

“Urban heat island (UHI)” + “lifetable” +AND/OR
“demographic” + “health”

•

“Urban heat island (UHI)” + “vulnerability” +
“demographic” + “health”

•

“Experienced temperature” + “health”

•

“Experienced temperature” + “productivity”

