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Overview

1. Urban climate fundamentals and concepts

2. Methods and modelling approaches 

3. Application of climatology in urban planning and design:    
Climate-sensitive urban design

4. Outdoor thermal comfort: metrics and indices

Q&A
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+ Satellite analysis of SUHI intensity

+ Measurements with thermal imaging camera
+ Microclimate modelling with ENVI-met

+ Microclimate analysis



Background: urban population growth

In the last centuries, the global population growth and the increasing process
of urbanization have led to a strong modification of the land use.

This transformation may cause a huge impact on the climate at the urban
scale returning a significant variation of the temperature and air humidity, as
well as profile and structure of the wind circulation patterns compared to
those expected in non-urban areas.

(modified after Bacci & Maugeri, 1992)

Milan (Italy)

1800 (100,000 inh.) 1860 (185,000 inh.) 1900 (490,000 inh.) 1940 (1,327,000 inh.)



Background: impacts of climate change in urban context

The impacts of climate changes are expected
to be different according to geographical
areas, local features and socio-economic
conditions affecting in more significant way
the poorest countries and needier sections of
the population.

At present, cities are experiencing a
significant alteration in climate patterns
compared to their surroundings. Such an
alteration is returning an increment in:

• warming

• poor air quality

• extreme weather and climate events
such as heat waves, floods, droughts,
storms

These impacts are exacerbated by the urban
geometries/features and high exposure!



During the summer of 2003, in Europe, heat wave
claimed about 70,000 lives with overall losses
evaluated at 13,800 US$M (MunichRe data)

Difference in temperature for 
20 July to 20 August 2003 
compared to long-term 
average. Source: Reto Stockli
and Robert Simmon (NASA).

Heat wave is defined as summertime 
weather that is substantially hotter

and/or more humid than average for a 
location at that time of year.

US EPA, 2006

A marked unusual hot weather over a 
region persisting at least two consecutive 

days during the hot period of the year 
based on local climatological conditions, 
with thermal conditions recorded above 

given thresholds.
WMO, 2015

Urban climate fundamentals and concepts

Heat wave

1

There is no universal definition for a heat wave
as it is relative to a specific area and to a
certain time of year!

http://earthobservatory.nasa.gov/IOTD/view.php?id=3714


Urban climate fundamentals and concepts 1

The scales of climatic studies

Oke, T., 2006. Initial guidance to obtain a representative meteorological observation at urban sites. Instruments and observing methods, REPORT no. 
81, World Meteorological Association.
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Tens of 
kilometers
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Urban climate fundamentals and concepts 1

The scales of climatic studies

Oke, T., 2006. Initial guidance to obtain a representative meteorological observation at urban sites. Instruments and observing methods, REPORT no. 
81, World Meteorological Association.

A - MESOSCALE

B - LOCAL SCALE C - MICROSCALE1 to 
several km

> 1 to hundreds 
of metres

Tens of 
kilometers



What is Urban Climate?

Urban climate fundamentals and concepts

Any set of climatic conditions that prevails in a large metropolitan area and that
differs from the climate of its rural surroundings.

Urban climates are distinguished from those of less built-up areas by differences of
air temperature, humidity, wind speed and direction, and amount of precipitation.
These differences are attributable in large part to the altering of the natural terrain
through the construction of artificial structures and surfaces. For example, tall
buildings, paved streets, and parking lots affect wind flow, precipitation runoff, and
the energy balance of a locale (Britannica, 1998).

Local climate that differs from its surrounding climate due to effects of buildings
and emissions. This relates to both, the meteorological parameters of air
temperature, air humidity, radiation and wind as well as to emission factors, such
as air quality and noise (WMO, https://bit.ly/3l4kiYJ).

1

https://bit.ly/3l4kiYJ


Urban Climate

Urban climate fundamentals and concepts

• Radiation

• Temperature

• Pressure

• Wind

• Humidity

• …

• Urban fabric (geometry, orientation, 

heat storage ability, albedo, etc.)

• Urban land cover (imperviousness, 

lack of greenery)

• Urban metabolism (anthropogenic

heat emissions, pollutants)

Changes in “natural” surface energy and humidity budget. Values of wind, 
temperature, humidity in urban areas differ from surrounding values.

1

Climate variables Urban features



Urban climate fundamentals and concepts

What is an Urban Heat Island (UHI)?

Urban Heat Islands (UHI) is a phenomenon of higher temperatures in urban areas than
in their surroundings. Its intensity is usually defined as urban-rural difference in 2m-
height air temperature (UHII2m) or in radiative surface temperature (UHIIs) (Zhao et al.,
2018)
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Analogy: as a ‘warm island’ in a ‘cool sea’
of the surrounding natural environment

Met Office, 2012 

http://www.extension.org/pages/66920/urban-heat-island#.VcC8WfntlBc



Urban climate fundamentals and concepts

Why Urban Heat Island (UHI)? What are the UHI processes?

1

Voogt, J.A., 2006. How researchers measure Urban Heat Islands. https://bit.ly/3l6a4qJ. Accessed 9 September 2021.

MESOSCALE

MICROSCALE

https://bit.ly/3l6a4qJ


A - MESOSCALE

Urban climate fundamentals and concepts

Types of UHI

1

BOUNDARY LAYER HEAT ISLAND - BLUHI

Oke, T., 2006. Initial guidance to obtain a representative meteorological observation at urban sites. Instruments and observing methods, REPORT no. 
81, World Meteorological Association.



A - MESOSCALE

B - LOCAL SCALE

Urban climate fundamentals and concepts

Types of UHI

1

CANOPY LAYER HEAT ISLAND - CLUHI

BOUNDARY LAYER HEAT ISLAND - BLUHI

Oke, T., 2006. Initial guidance to obtain a representative meteorological observation at urban sites. Instruments and observing methods, REPORT no. 
81, World Meteorological Association.



A - MESOSCALE

B - LOCAL SCALE C - MICROSCALE

Urban climate fundamentals and concepts

Types of UHI

1

SURFACE HEAT ISLAND - SUHICANOPY LAYER HEAT ISLAND - CLUHI

BOUNDARY LAYER HEAT ISLAND - BLUHI

Oke, T., 2006. Initial guidance to obtain a representative meteorological observation at urban sites. Instruments and observing methods, REPORT no. 
81, World Meteorological Association.



Urban climate fundamentals and concepts 1

Typical UHI – Difference between CLHUI and SUHI

Oke et al., 2017

• Greater variability in surface
temperature (T0) compared to air
temperature (Ta) in response to large
variability in surface properties
(especially during daytime).

• During daytime T0 of all surface facets
> Ta in UCL, except water bodies or
wet surfaces; at night T0 of roofs < Ta

in UCL (e.g. industrial area)

• SUHI represents an immediate
temperature response at the scale of
facets to inputs and outputs of energy

• CL-UHI response is slower blending
contributions of nearby surfaces +
anthropogenic heat within the UCL +
advected contributions from the
neighbourhood



Urban climate fundamentals and concepts 1

UHI intensity in Athens (summer 2017)

C3S, Urban heat island intensity for European cities from 2008 to 2017 derived from reanalysis, https://bit.ly/2Z9lbI5.

https://bit.ly/2Z9lbI5


Urban climate fundamentals and concepts 1

UHI and climate change: complexities and challenges

• Downscaling Regional Climate Models (RCMs) can provide useful 
information to understand the microclimate at the urban level

↓↓↓↓↓
Obtaining reliable and representative information of urban microclimate and 

differences with its surroundings

• Developing a detailed and representative 3D city model, which include all 
relevant urban features, such as geometry, vegetation and surface 
materials, by adopting high resolution dataset (e.g. LIDAR, Landsat, 

Copernicus Land Monitoring Service, etc.)
↓↓↓↓↓

Developing spatially and computationally efficient models also adopting 
supercomputing facilities



FOCUS: Satellite analysis of SUHI intensity

METROPOLIS project, http://webgis.progetto-metropolis.it/. 

Surface temperature in Naples (from Landsat_8, band 11)

DAY – 3/07/2015

DAY – 19/07/2015

NIGHT – 3/07/2015

NIGHT – 19/07/2015

1



Methods and modelling approaches 2

A successful study of urban climates is founded on clearly stated scientific
and/or applied objectives that stipulate the:

• properties and processes of interest (such as air temperature or turbulent 
fluxes)

• physical extent (domain) of the system under consideration

• strategy for capturing the horizontal, vertical and temporal variation 
within the system.

The main methods used in urban climatology are:

1. Field observations

2. Numerical modelling – Urban high-resolution modelling

Oke et al., 2017



Methods and modelling approaches

Field observations

2

Observations play a central role in the evaluation of urban climate effects and in the
development of understanding of the processes responsible. Given the growth in the
number and size of cities and the paucity of urban meteorological stations, the need for
regular observations of the atmosphere in cities is probably greater now than ever.

Observations can be: 

• Written records 
of events and 
phenomena

• Measurements 
made by physical 
devices (sensors) 
or instrumented 
stations

Fixed towers 

Ground-
vehicles

Air vehicles

Space-borne 
vehicles

Oke et al., 2017



Methods and modelling approaches

Urban high-resolution modelling

2

Numerical models simulate real-world phenomena using a set of equations that link
properties (e.g. air temperature) to processes (e.g. sensible heat flux density).
Similar to physical models, they can be used to conduct quasi-controlled experiments. A
variety of models of varying sophistication have been employed to understand
exchanges of energy, mass and momentum within the UBL or at the urban surface.

Two groups of numerical models with different horizontal resolution can be found: 

• Energy-Based (EB) models

• Computational Fluid Dynamics (CFD) models

Oke et al., 2017



Methods and modelling approaches

Urban high-resolution modelling: Energy-Based (EB) models

2

EB includes models based on the resolution of the energy balance on a target control
volume. Each urban element is featured by a single temperature and surface energy
balance and interacts with the other elements.

Horizontal resolution ranging from the mesoscale to the microscale. These models were
developed to be embedded in mesoscale atmospheric models.

U
C

L
–

U
rb

an
 

C
an

o
p

y
La

ye
r

The 2D canyon form represent the 
basis for many Energy-Based 

models, such as the Town
Energy Balance (TEB) model 

(Masson, 2000).

Town Energy Balance (TEB) model

WH

Oke et al., 2017



Methods and modelling approaches

Urban high-resolution modelling: Computational Fluid Dynamics (CFD) models

2

Models able to simulate airflow around obstacles are usually classed as computational
fluid dynamics (CFD) models. CFD includes models coupling velocity, temperature and
pollution fields.

They are very high resolution
models: individual buildings
with horizontal resolution of 100
m; building indoor environment
with horizontal resolution of 10
m or even human scale.

These models require a high-
resolution representation of
urban geometry, accuracy in
boundary conditions for all
relevant flow variables and
adequate computational
resources.

Oke et al., 2017



2Methods and modelling approaches

Urban high-resolution modelling: ENVI-met CFD model

ENVI-met is a holistic three-dimensional non-hydrostatic model for the simulation of
surface-plant-air interactions not only limited to, but very often used to simulate urban
environments and to asses the effects of green architecture visions.
It is designed for microscale with a typical horizontal resolution from 0.5 to 10 m and a
typical time frame of 24 to 48 hours with a time step of 1 to 5 seconds. This resolution
allows to analyze small-scale interactions between individual buildings, surfaces and
plants.

Vegetation model

Atmospheric model

Soil model
3D model

1D boundary model

https://www.envi-met.com/



Methods and modelling approaches

What we can simulate with ENVI-met?

2

https://www.envi-met.com/



FOCUS: Measurements with thermal imaging camera

Bassolino, E., 2016. Climate adaptive design strategies for the Built Environment. PhD dissertation, https://bit.ly/2XLeuLZ.

Surface temperature in Naples with thermal imaging camera (FLIR E40 BX)
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FOCUS: Microclimate modelling with ENVI-met

Apreda et al., 2020. doi:10.1016/j.enbuild.2020.110171

Effects of urban morphology on microclimate

2

Surface cover variations
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FOCUS: Microclimate modelling with ENVI-met

Effects of urban morphology on microclimate

2

Built environment modelling

Air temperature (ERA5)*: TAmin=16°C; TAmax=28°C

Relative humidity: RHmin=50%; RHmax=70%

Wind speed (10 m): 3 m/s

Size of 
grid

cell=2m

100 m

1
0

0
 m

Horizontal grid Vertical grid
(equidistant)

∆
z

Mean JJA values for TA in the daytime (a) and

night-time (b) in the Euro-Mediterranean region*.

Input data 

Buildings

Roads

Green areas

Output 

Air Temperature (°C)

Wind Speed (m/s)

S=180°

SW=225°

W=270°

3 wind
directions

Apreda et al., 2020. doi:10.1016/j.enbuild.2020.110171

B4-2 Courtyard block



Methods and modelling approaches

What method/model type to use

Method Advantages Disadvantages

Field
observation

• Records ‘real-world’ urban 
conditions including all scales 
of influence

• Provides data to test models

• Lack of experimental control. 
• Vagaries of weather may limit measurement period 

or otherwise constrain planned study. 
Measurement errors always present

• Equipment can be costly

Physical
modelling

• Provides experimental control
• Allows detailed observation 

of urban effects

• Requires careful design to ensure similitude
• Requires access to specialized facilities, e.g. flume, 

wind tunnel
• Expensive
• Requires testing against field observations or 

numerical results

Numerical
modelling

• Gives complete experimental 
control and can account for 
all scales of climate 

• Can give predictions that
possess practical utility

• Assumptions can be restrictive, unrealistic or too 
theoretical

• Requires testing against field observations to 
establish confidence

• Output can be voluminous
• High computational resources
• High computation time

2

Modified from Oke et al., 2017



Climate-sensitive urban design 3

What makes a well-planned and designed city from a climatic perspective?

• The city is efficient in its use of resources (land, energy materials, water, etc.) so as
to minimize its global and regional impact (e.g. emission of air pollutants and
greenhouse gases, water degradation, waste generation)

• City neighborhoods are designed to improve the microclimates surrounding
buildings and their environments (or at least not worsen them)

• People and infrastructure are protected from extreme weather events by
considering current and future climate variability and extremes

Oke et al., 2017
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Climate-sensitive urban design 3

Climate-sensitive urban design is defined as a process that considers the fundamental
elements of microclimates (e.g., sun, wind, temperature) for design purposes (Tapias
and Schmitt, 2014).

This approach is important because it uses the microclimate for the benefit of planning
climate sensitive urban environments. Climate sensitive urban design aims to use
passive design strategies to create human comfort conditions in the built environment
and urban green infrastructure to design outdoor spaces that encourage residents to
venture out and also help in retention and absorption of rain water which helps in
reducing the Urban Heat Island effect (Bhoge, 2019).

R
o

tt
er

d
a

m
 C

lim
a

te
 In

it
ia

ti
ve

, 2
0

1
3



Climate-sensitive urban design 3
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RCity/District Neighbourhood Street Building

• Compact city 
(building and 
population density)

• Use of renewable
energy

• Ventilation pathways
(e.g. greenways)

• Provision of mass 
transit

• Green infrastructure

• Compact city 
(building and 
population density)

• Street length and 
connectivity

• Height variation

• Permable paving

• Green infrastructure

• Shading (street
dimensions and 
orientation, trees)

• Permeable paving

• Rain gardens

• Orientation

• Reflectivity (cool 
roofs, cool paving)

• Green roofs, green 
walls



Climate-sensitive urban design 3

Urban Climate Lab, Graduate Program in Urban & Regional Design, NYIT, 2017. https://bit.ly/3CgFDFl. Accessed 16 September 2021.

https://bit.ly/3CgFDFl


Climate-sensitive urban design 3

Efficiency of urban system: Smart energy network

Urban Climate Lab, Graduate Program in Urban & Regional Design, NYIT, 2017. https://bit.ly/3CgFDFl. Accessed 16 September 2021.

https://bit.ly/3CgFDFl


Efficiency of urban system: Transportation efficiency

Climate-sensitive urban design 3

Urban Climate Lab, Graduate Program in Urban & Regional Design, NYIT, 2017. https://bit.ly/3CgFDFl. Accessed 16 September 2021.

https://bit.ly/3CgFDFl


Form and layout: Wind corridor

Climate-sensitive urban design 3

Urban Climate Lab, Graduate Program in Urban & Regional Design, NYIT, 2017. https://bit.ly/3CgFDFl. Accessed 16 September 2021.

https://bit.ly/3CgFDFl


Form and layout: Sky View Factor

Climate-sensitive urban design 3

Urban Climate Lab, Graduate Program in Urban & Regional Design, NYIT, 2017. https://bit.ly/3CgFDFl. Accessed 16 September 2021.

https://bit.ly/3CgFDFl


Heat-Resistant Construction Materials: Albedo and Phase Change Material

Climate-sensitive urban design 3

Urban Climate Lab, Graduate Program in Urban & Regional Design, NYIT, 2017. https://bit.ly/3CgFDFl. Accessed 16 September 2021.

https://bit.ly/3CgFDFl


Vegetative cover: Stormwater Management

Climate-sensitive urban design 3

Urban Climate Lab, Graduate Program in Urban & Regional Design, NYIT, 2017. https://bit.ly/3CgFDFl. Accessed 16 September 2021.

https://bit.ly/3CgFDFl


Outdoor thermal comfort: metrics and indices 4

What are the factors that impact outdoor thermal comfort?

Thermal comfort is defined as the condition of mind that expresses satisfaction with
the thermal environment ad is assessed by subjective evaluation (ANSI/ASHRAE
standard 55-2010).

Thermal comfort depends on many factors:

Air temperature

Wind speed

Radiation

Humidity

Climate
factors

Behavioral
factors

Psychological
factors

Other/
Personal factors

Clothing

Activity

Expectations

Experience

Perception

Sex

Acclimatization

Age 



Outdoor thermal comfort: metrics and indices 4

Human heat balance

Hegger et al., 2008. Energy manual - Sustainable architecture. Berlin: DETAIL.

The body’s heat balance can 
be expressed as:

M ± R ± Cv ± Cd - E = ΔS (W)

M = metabolic rate
Cv = convection
R = net radiation
Cd = conduction
E = evaporation heat loss
ΔS = change in heat stored



Outdoor thermal comfort: metrics and indices 4

What are thermal indices?

Thermal indices are criteria used for the determination of the combined effects of
climatic factors (such as air temperature, humidity, air speed and radiation) from the
viewpoint of body comfort (Givoni, 1960).

The study of the relationship between the human body and thermal environment can
be carried out by adopting two types of indices:

• Single indices

• Indices from heat budget



Outdoor thermal comfort: metrics and indices 4

Main heat metrics When to use which metric?

• Air temperature (TA)                              
Measure of how hot or cold the air is

• Surface temperature (TS)               
Temperature of a surface

• Heat Index (HI)
Human-perceived temperature

 Building energy use, UHI quantification 

 Human thermal comfort and exposure

 Surface UHI

Single Indices

Indices derived from heat budget models

• Mean Radiant temperature (TMRT) 
Synthetic parameter that summarizes the heat 
load on a person’s body

• Physiological Equivalent Temperature (PET) 
Equivalent temperature 

• Predicted Mean Vote (PMV) 
Thermal sensation and physiological stress level

 Human thermal comfort

 Human thermal comfort and exposure

 Human thermal sensation



C3S, Thermal comfort indices derived from ERA5 reanalysis, https://bit.ly/3lzml7e.  

Outdoor thermal comfort: metrics and indices 4

Copernicus Climate Change Service, C3S – Thermal comfort indices

Variables

Mean radiant
temperature

Universal Thermal 
Climate Index

Horizontal
resolution

0.25° x 0.25°

Temporal
coverage

1979-01-01 to 
near real time for 
the most recent 

version

Temporal
resolution

Hourly data

File format NetCDF

MEAN RADIANT TEMPERATURE FOR EUROPE
Seasonal mean (Jun-Aug) – 1981-2020 (°C)
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Outdoor thermal comfort: metrics and indices 4

Heat Index -HI

The Heat Index is a measure of how hot it really feels when relative humidity is factored 
in with the actual air temperature.

Rothfusz LP (1990). The heat index equation. NWS Southern Region, Technical Attachment, SR/SSD 90–23, Fort Worth, Texas.

Input variables

T = air temperature (°C)
RH = relative humidity
(%)
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Outdoor thermal comfort: metrics and indices 4

Heat Index

The Heat Index is a measure of how hot it really feels when relative humidity is factored 
in with the actual air temperature.

Rothfusz LP (1990). The heat index equation. NWS Southern RegionTechnical Attachment, SR/SSD 90–23, Fort Worth, Texas
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Outdoor thermal comfort: metrics and indices 4

Predicted Mean Vote (PMV)

PMV is the difference between the internal heat production and the heat loss to the
actual environment for a person kept at the comfort values for skin temperature and
sweat production at the actual activity level (Fanger, 1970).

Fanger PO (1970) Thermal Comfort. Analysis and Application in Environment Engineering. Danish Technical Press, Copenhagen.

ENVI-met equation

Égerházi et al., 2009, https://bit.ly/3hMlbUP

PPD establishes a 
quantitative prediction 
of the percentage of 
thermally dissatisfied 
people who feel too 
cool or too warm. 

Predicted Percentage
of Dissatisfied (PPD)

https://bit.ly/3hMlbUP


FOCUS: Microclimate analysis 

Effects of urban morphology on microclimate – AIR TEMPERATURE, PMV/PPD

4

Apreda et al., 2020. doi:10.1016/j.enbuild.2020.110171
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Conclusions

The formation of Urban Heat Island can worsen the impacts related to climate change 
and the extreme heat events

for this reason is necessary to

1. Downscale Regional Climate Models (RCMs) to provide useful information to 
understand the microclimate at the urban level

2. Develop a detailed 3D city model, which include all relevant urban features

3. Develop spatially and computationally efficient models

Furthermore, a proper planning and design approach to urban climate adaptation
should take into account 4 steps:
• Climate analysis mapping
• Public space evaluation  
• Planning and design intervention with climate-sensitive design
• Post intervention evaluation 
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