
32°C Hellsinki 

Outdoor Thermal Comfort Studies and Urban 
Mitigating Strategies Based on Helsinki Context







4

ABSTRACT

Climate change has become an issue that must be considered in the future growth of cities. 

Europe’s extreme climate has kept shattering the heat records in the past ten years and is pro-

jected to worsen. The mortality of the population due to heatwaves outclasses mortality caused 

by other extreme events. Elevated temperatures seriously threaten the health and well-being of 

the growing urban residents. Therefore, cities need to adopt actions to mitigate the worsening 

urban thermal environment in the forthcoming years.

In this thesis, a systematical and sustainable approach to mitigate Helsinki outdoor thermal com-

fort is proposed. Firstly, the thesis describes the thermal environment at different periods via the 

simulation of the central area. Simultaneously, the simulation also verifies that diverse ground 

covering materials have limited impacts on heat events’ human thermal sensation. Notably, the 

shading created by constructions or trees has a significant effect on alleviating thermal stress. 

Secondly, multiple combinations of urban cooling strategies are implemented according to dif-

ferent functional spaces. An interactive platform is designed to provide citizens with substantial 

services in summer. Governors can also selectively intervene in urban space through feedback 

from users. Moreover, towards the Helsinki Sustainable Development Goals, future urban sce-

narios have prospected.

Keywords

Heat environment; Apparent temperature; Outdoor thermal comfort; Sustainability; 

Urban strategy; Interaction; Well-being 
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1.1 The increased temperature in Europe since last century (modified from EDJNet, 2018).
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I	 INTRODUCTION

Heatwaves in Finland

The definition of heatwaves varies. P. Frich et al. (2002) defines a heatwave as at least 5 consec-

utive days during which the daily maximum temperature preponderates over 5 °C than the aver-

age maximum temperature. The normal temperature in the tropical climate can be considered as 

a heatwave in high latitudes if it is outside the regular climate pattern (P. Robinson, 2001).   

The climate event corresponds with a peculiar atmospheric circulation in Europe, potentiated by 

augmenting greenhouse gas emissions. It means the specific circulation will lead to more severe, 

frequent, and prolonged heatwaves in Europe (G. Meehl, 2004). 

The temperature in Finland has been rising since the last century. In Finland, heatwaves are 

defined as the days where the maximum temperature exceeds 25 °C (Finnish Meteorological 

Institute, 2019).  According to the Finnish meteorological institute (2019), the heatwaves lasted 

25 days in Helsinki in 2018. Heatwaves will become more frequent and persistent in the future. 

Even if the emissions get controlled (RCP=4.5), the maximum and average summer temperature 

in Helsinki in 2100 will both increase by 3 degrees compared to the present (A. Mäkelä, 2016). 

Periods of heatwave lead to increased direct or indirect impacts such as droughts, wildfires, and 

economic damages on urban and rural areas. Moreover, high temperatures can endanger peo-

ple's lives and health, especially in urbanized areas where build-up materials and profiles aggran-

dize the radiant temperature and decrease air circulation. 

Chapter one introduces the thermal environment in four aspects: the current situation in Finland, 

the impacts on human health, the heatwaves in the urban context, and practical mitigation solu-

tions at the design and planning level.
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Impacts on human health

Depending on the severity, heatwaves can result in heat fatigue, heatstroke, and heat-related 

mortality. Such symptoms as exhaustion, faint, edema, skin rash, and muscle cramp are related 

to heat events. Exposing to the heat environment can worsen existing chronic illnesses, such as 

angiocardiopathy, respiratory diseases, and kidney issues (Analitis et al. 2014). 

Heatwaves were the deadliest type of weather-related events, with 68% of 90325 additional 

deaths through the whole of Europe during the period 1980 to 2017 (EEA, 2019). Even in Nordic 

countries, mortality due to heatwaves outclasses mortality caused by other extreme weather 

events (EEA, 2017). Finnish Institute for Health and Welfare (2019) appraised 380 premature 

deaths resulting from the prolonged heatwave in 2018. 

Furthermore, the elderly, children, patients with preexisting chronic illnesses, and groups in as-

thenic socioeconomic conditions are frequently listed as the most vulnerable communities amid 

the urban residents (Keramitsoglou et al., 2017; M. Smid et al., 2019). 

1.2 The adjusted relationship between daily maximum apparent temperature and natural mortality in 15 
European cities (B. Michela, 2008). 
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1.4 Average heat-related mortality rate in the USA from 1999-2018 (Data from Centers for Disease Control 
and Prevention, 2020). 

1.3 Number of people killed per million due to extreme climate events, for the period 1991-2015(modified 
form EEA,2017).
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Heatwaves in urban areas

The phenomenon of Urban Heat Island (UHI) exacerbates heatwaves and complicates the thermal 

environment in urban areas compared to the surrounding rural areas. Dense urban areas have 

higher mortality rates as a result of the UHI (Finnish Meteorological Institute, 2019). 

Besides anthropogenic heat produced by traffic and production, construction materials which 

absorb and obtain the solar radiation in the daytime release the heat to the surrounding during 

the night. The heat reduces air circulation and prevents the temperature from falling within the 

urban fabric. In the canyon-like configuration, constructions trap air and reduce wind speed. At 

the street level, part of the long-wave radiation is reflected from facades back to the pedestrians 

(L. Gartland, 2012). 

1.5 Surface and atmospheric temperatures vary over different land-use areas (modified from U.S. Environ-
mental Protection Agency, 2012).
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1.6 Urban structure, paving, and metabolism intensify the UHI effect in dense areas (modified from E. Shar-
ifi; S. Lehmann, 2014).

Additionally, Impervious surfaces and dense structures lead to lower evapotranspiration in urban 

areas, which leads to the reduction of the relative humidity in the air. Humid air restraints the 

body from perspiring and evaporating to lower its apparent temperature. In other words, hu-

mid conditions amplify the risks of heat-related diseases when the heatwaves appear (E. Coffel, 

2018). 

Therefore, urban structure and landcover contribute to the urban heat island effect, which 

intensifies the heat events locally. It exacerbates the impacts of heatwaves on human health. 

Moreover, it increases energy consumptions for cooling down and costs for construction and 

infrastructure maintenance.
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 Urban actions to mitigate the urban thermal environment

At present, numerous specific urban planning and design cases have been proved to alleviate UHI 

effectively. According to different action principles, the strategies can be divided into the follow-

ing categories.

1. Improving surface albedo 

Albedo, which means the ratio of the reflected solar radiation and the total received radiation by 

the object, determines the thermal behavior of ground surfaces (M. E. Hully, 2012). The covering 

materials with higher albedos contribute more to UHI. 

Canoga Park in California has put a light grey coating on a dark asphalt road to test white paint’s 

effectiveness. The result illustrates the paving materials can reach the 11 °C temperature differ-

ence on its surface (E. Rippe, 2017).

2. Intercepting solar radiation

The vegetation owns a similar albedo with brick and stone, whereas the interception of solar 

energy makes the vegetation play a prior role in mitigating the thermal environment. The surface 

covered with vertical green has a much lower temperature than covered by non-organic materials 

such as concrete and wood(T. Schröpfer, 2020).

Aiming to mitigate UHI by expanding the tree canopy coverage area, the City of Phoenix enabled 

the Cool Urban Space project in 2014. Compared with the treeless community, the community 

with tree canopy covered have a 4.3 °F temperature difference, and the grass-covered surfaces 

lead a 0.5 °F temperature reduction (A. Middel, 2014).

1.7 Typical albedos of urban surfaces (Modified from M. E. Hully, 2012).

Material Highly reflective roof White paint Grass

0.05-0.200.08-0.20

Brick and stone Trees Red or brown tile

0.10-0.13 0.10-0.16

Corrugated roof

0.25-0.30 0.20-0.40 0.15-0.18

Tar and gravel Asphalt

0.60-0.70 0.50-0.90Albedo
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3. Enhancing air circulation

The accumulated heat in urban space cannot be convected in the urban context due to the 

increasing urban constructions. Therefore, many cities use wind channels to mitigate intensified 

UHI. Currently, cities such as Stuttgart, Tokyo, and Hongkong have formulated relevant guidelines 

to optimize urban ventilation.

4. Body scale cooling

Similar to air conditioners, many cooling devices have been developed for outdoor human body 

cooling. The principle of traditional cooling devices is to utilize heat transferring. In other words, 

the device spreads heat outside while refrigerating, which creates pressure on the surrounding 

environment. For instance, the outdoor cooling mechanism known as the Angels in Singapore 

provides an artificial breeze to pedestrians through the whale tail shape device (W.Alsop, 2006)

Another frequently used equipment is the outdoor misting system. Vents connected with water 

tanks or pipes spray liquid mist outside to cool the pedestrians physically. On the one hand, this 

method is environmentally friendly than heat transferring. On the other hand, it consumes a con-

siderable deal of water in summer.

1.8 The “Angel“ cooling mechanism in Singapore (W.Alsop, 2006).
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It can be seen that the thermal environment is getting worse in Europe, posing a severe threat to 

residents, especially the elderly and those suffering from chronic diseases. Due to the complexity, 

the heat environment in the city will be affected by many factors.

The strategies that have been implemented so far have been verified to alleviate UHI effectively. 

However, except for cooling devices, other strategies are investigated and target in cities rather 

than people living in cities. The existing cooling devices also have defects in ecological and sus-

tainable aspects. Therefore, there is still room for improvement in urban cooling strategies that 

can affect people effectively.

Summary



17



18

Meterological
Data

Urban
Form

Heat
Environment
Simulation

Digital
Services

Citizens

Governors

Improvements
&

Feedbacks

Cooling
Strategies

Improved
Urban

Environment

Mechanism
Installation

2.1 The workflow of the thesis.
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II	 METHODOLOGY

The purpose of this research is to provide Helsinki with a set of feasible and ecological outdoor 

thermal comfort mitigation solutions under the severe climate in the future. In order to actualize 

the above objective, the following methodological procedures have been taken:

	 Describe the existing meteorology, urban form, and spatial distribution of Helsinki, and 

select representative area for thermal environment study.

	 Compare the characteristics of different thermal environment simulation models. Deter-

mine the analysis model and simulate the pilot area.

	 Define a set of practical mitigation strategies for the city based on the results of thermal 

environment simulation.

	 Explore the application of research and design results to provide citizens with valuable 

services. Meanwhile, a feedback platform is established to strengthen the interaction between 

residents and governors.



20

III	 OUTDOOR THERMAL COMFORT

Chapter Three reviews the indicators and simulation models commonly used to describe the 

human body’s thermal perception in the urban context. The chapter establishes a comprehensive 

understanding of thermal environment simulation’s current development by comparing indica-

tors and platforms.
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Outdoor thermal comfort research intends to ameliorate the urban heat environment, while 

human subjective perception is the direct method to evaluate. Although the questionnaire survey 

method used in the initial stage can immediately reflect the human body’s subjective sensing, it 

requires mass human resources and large uncertainties. The outdoor thermal comfort proposes 

establishing the relationship between the external space and the human body’s thermal sensa-

tion. These indicators assess the outside climate and predict heat perception with potential risks.



22

Outdoor thermal comfort index classification

K. Blazejczyk (2012) divides the thermal sensation indices into two categories. One integrates 

multiple meteorological variables, and the other, which the latest researches focus on, derives 

from heat budget models.

1. Indices in early stage

Early studies establish heat risk judgments grounded on the relationship between meteorological 

parameters and thermal perception without heat balance. The indices, such as the Heat Stress 

Index (HSI), The WetBulb Globe Temperature (WBGT), the Heat Index (HI), and Humidex, explore 

the human body’s thermal overwork and thermal damage under the damp heat condition (K. 

Blazejczyk, 2012). 

R. Steadman (1979) defines the Apparent Temperature (AT) as in the same humidity level, the 

temperature producing the equivalent discomfort as the experience under the current ambient 

temperature and solar radiation. 

B. Givoni (2003) brings out the Thermal Sensation (TS) based on regression analysis, which adds 

surface temperature as the parameter compared with the other indices. 

3.1 Thermal sensations in different seasons in Japan (B. Givoni, 2003).
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3.2 Correlation between actual heat sensation and predicted PET in summer (V. Cheng, 2012).

2. Indices based on the steady heat transfer model

The steady heat transfer model assumes that the heat exchange between the human body and 

the environment keeps stable, which means the human body’s thermal load is a fixed value. Due 

to similarities, outdoor thermal comfort indicators follow and correct from indoor indicators in 

the early stages.

Standard Effective Temperature (SET) was developed based on Effective Temperature (ET) by 

the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) since 

1923. J.Pickup (2000) adapts the SET model for outdoor application (OUT_SET) by introducing 

the Outdoor Mean Radiant Temperature (MRT) model. 

Predict Mean Vote (PMV) is widely used in the thermal environment. P. Fanger (1973) defines 

PMV as “the difference between inner thermal production and the thermal loss to the practical 

environment for people retaining skin temperature and sweat production at an ideal value.” 

However, the assumptions of the PMV model deviate from the actual situation of the human 

body in outdoors. The instability of exterior space and the human thermal adaption psychology 

leads to the deviation between PMV prediction and actual values (V. Cheng, 2012). Furthermore, 

PMV calculates inaccurately when the ambient temperature deviates significantly from the natu-

ral thermal environment (C. Skinner, 2001). 
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3. Indices based on dynamic heat transfer model

The thermal sensation in a dynamic environment is inconsistent from a stabilized environment. 

Contrary to the steady heat transfer model’s assumptions, the human thermal load continually 

changes in the actual outdoor space. Both the human core temperature and skin temperature 

take a long time to reach the balance (P. Höppe, 2002). It takes a long time to reach a steady-

state in daily life while the human body is exposed outside for a short time. Thus, the indicators 

based on steady-state comfort models (such as OUT_SET, PET, PST) all have defects.

According to the two-node and MEMI models, Bruce (2000) exploits the microclimate software 

ENVI-met to set up the dynamic Physiological Equivalent Temperature (dPET). dPET reflects the 

heat perception under transient condition through numerical simulation of step length calcula-

tion.

European Cooperation in Science and Technical Development Action 730 develop the Universal 

Thermal Climate Index (UTCI) deriving from the Fiala multi-node model of human heat balance. 

The UTCI is defined as the reference condition’s air temperature, impacting the reference person-

nel’s equivalent response as the actual environment (K. Blazejczyk, 2013). The UTCI, iteratively 

computed by the body temperature regulation model, accurately reflects the thermal sensation

The Physiological Equivalent Temperature (PET) ameliorates the outdoor human body’s tempera-

ture-regulating process based on a complete thermal budget model (H. Mayer, 1987). The PET 

model optimizes human outdoor regulation’s functional status, whereas underestimating the 

latent heat dissipation on thermal sensation and overestimating thermal radiation’s influence (V. 

Cheng, 2012). 

Derived from the man-environment heat exchange model published by himself, Blazejczyk 

(2005) define the Physiological Subjective Temperature (PST) as the temperature formed around 

the cloth-covered skin surface after 15-20 minutes in a stable environment.

The COMFA is a body heat budget based thermal comfort model first established by Brown and 

Gillespie for landscape evaluation. To get adapted to the urban space, the COMFA+ model con-

siders the impacts of constructions on solar radiation (A. Angelotti, 2007). As the imperfection 

part, the COMFA+ can only simulate the simplified urban spaces.
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Outdoor thermal comfort indices comparison

The environmental and body parameters are essential aspects of the thermal comfort index. The 

indices based on regression analysis (WBGT, AT, and TS) exhibit a careful consideration of envi-

ronmental parameters. Furthermore, the rest two index groups append the body aspects to the 

heat risk indicators. 

The majority of indicators refer to the equivalent temperature concept, using temperature as the 

export units to deliberate the thermal perception and establish temperature ranges correspond-

ing to different sensations. Some indicators adopt a heat budget to reflect the gains and losses 

of the body.

WBGT, Humidex, HI, and SET are suitable for evaluating hot climate such as low latitudes from 

the sensation interval. PET, PST, UTCI own a more comprehensive applicable temperature range 

due to relatively complete sensation zones.

3.3 Simulated thermal perception in the selected route by dPET (M. Bruce, 2000).

changes with physical exposure time under different climatic situations (K. Blazejczyk, 2012). 
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3.4 Related parameters of various thermal comfort indices.

3.5 Thermal sensation of various thermal comfort indices.

WGBT AT TSHI HSI SET PMV PET PST UTCIOUT_SET COMFAHumidex

Ambient temperature

Humidity

Wind speed

Radiant heat transfer

Skin temperature

Skin moisture

Clothing resistance

Human metabolism

Unit

Frosty

Very cold

Cold

Cool

Comfortable

Warm

Hot

Very hot

PMV

<-3

-3--2

-2--1

-1-1

1-2

2-3

>3

W/m2

COMFA

<-150

-150--50

-50-50

50-150

>150

Sweltering

WGBT

<18

18-24

24-28

28-30

>30

qà

HI

27-32

32-41

41-54

>54

qà

Humidex

20-30

30-40

40-45

45-55

>55

qà

SET

<17

17-30

30-34

34-37

>37

qà

PET

<4

4-8

8-18

18-23

23-35

35-41

>41

qà

PST

-36--16

-16--4

4-14

14-24

24-34

34-44

44-54

<-36

>54

qà

UTCI

-27--13

-13-0

0-9

9-26

26-32

32-48

38-46

<-27

>46

qà
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Outdoor thermal comfort application

1. Common simulation methods

The outdoor thermal comfort index calculation requires a software platform’s support due to 

human body parameters’ involvement. Many simulation methods are developed for research or 

commercial purposes, and the most frequently used software is listed as follows.

The Envi-met is one of the most usually applied dynamic simulation models to simulate an urban 

microclimate environment. Based on the grid level, the Envi-met computes the comfort indices 

through complex iterative operations of interactions between urban context and meteorological 

aspects (S. Tsoka, 2018). On the one hand, the model includes the most comprehensive aspects, 

and the result can illustrate every single value in three-dimensional grids. On the other hand, it 

is unaesthetic in the urban design process as elements are constructed in pixel units. Moreover, 

the software needs a high capacity carrier where the process will take more than one day with a 

large scale area.

3.6 The pedestrian thermal comfort simulation in dense urban block by Envi-met (J. Fahed, 2020).
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B. Bueno (2010) published Urban Weather Generator (UWG) on the grasshopper platform to 

analyze the UHI effect in urban canyon and its impact on architecture energy performance. 

The plugin is continuously under contribution. The latest release can calculate the UTCI index 

combining with the Ladybug plugins. The UWG focus on neighborhood-scale simulation of the 

urban canopy layer heat exchange produced by buildings. Unfortunately, the plugin lacks some 

environmental parameters, such as the effect of water evaporation.

The Solar Longwave Environment Irradiance Geometry (SOLWEIG) model is another outdoor 

thermal environment simulation model (F. Lindberg, 2018). The software calculates radiant flux-

es and MRT from Digital Surface Models (DSM). The model simplifies three-dimensional geome-

tries into raster images with elevation information, which reduces the workflows and time-con-

suming. However, the SOLWEIG model only supports points-based PET and UTCI calculations in 

the newest version. 

Another frequently used model is Rayman software. It calculates the sunshine duration, shadow 

space, radiation flux, and thermal relevant indices assessment by inputting small meteorological 

data quantities (A. Matzarakis, 2010). The limitation exists due to incompatibility with low solar 

angles and the unexplainable shortwave radiation reflection.

3.7 The workflow of UTCI calculation in grasshopper platform (C. Mackey, 2017).
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3.8 The SOLWEIG model analyse Tmrt basing on raster images (F. Lindberg, 2018).

3.9 The working panel and data ouput of Rayman software  (A. Matzarakis, 2007).

Most indicators software outputs are PMV corrected with outdoor solar radiation factors, which 

has a smaller sensation range and inadequate performance in an extreme climate, as mentioned 

above. Additionally, the computing capacity of most software only supports limited urban scale 

in the thermal environment simulation.
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3.10 The comparison of PMV values between asphalt and grass as the paving (G. Latini, 2010).

2. Feasibility verification of software

Varieties of software and platforms are certified to simulate the outdoor thermal comfort in an 

urban context effectively. Through utilizing the PMV model and COMFA+ model in ENVI-met 

software, G. Latini (2010) evaluates the thermal environment of a redevelopment area in Ascoli 

Piceno. N. Gaitani (2007) adopts COMFA and modified TS models to calculate the thermal com-

fort conditions in a specific area of Athens and verify potential thermal environment improve-

ment measures’ effectiveness. 

G. Latini (2010) confirms that the different pavings materials affect thermal comfort. Shading 

devices determine a more robust performance than the green surface in local comfort. N. Kántor 

(2018) assesses three different modeling software (ENVI-met, SOLWEIG, and RayMan) by sim-

ulating the mean radiant temperature (MRT) of Bartók square in Szeged. Kántor points out the 

essentiality of trees and artificial shading for mitigating heat stress in pedestrian level. 

S. Thorsson (2017) applies the SOLWEIG model to predict high MRT hours from 2017 to 2100. 

M. Asghari (2019) analyses the 15 years of thermal outdoor discomfort in Iran using UTCI, PET, 

and PMV indices.

Most indicators software outputs are PMV corrected with outdoor solar radiation factors, which 

has a smaller sensation range and inadequate performance in an extreme climate, as mentioned 

above. Additionally, the computing capacity of most software only supports limited urban scale 

in the thermal environment simulation.



31

Software or Platform

Wincomf ET SET PMV

scSTREAM PMVSET

Thermal Comfort ET SET

Townscope II PMV PET

RayMan PMVSET PET

ENVI-met PMV

BioMet PMV PET UTCI

SOLWEIG

UWG

PET UTCI

UTCI

Supported Indicators

3.11 supported indicators on various platforms.

Overall, the early heat risk indicators cannot accurately illustrate the actual thermal sensation 

because of lacking the human body parameters. Now it is mainly used in meteorological reports, 

which do not require high accuracy of thermal evaluation.

The interval provided by PET, PST, and UTCI is reliable from thermal sensation interval distribu-

tion. Consequently, the corresponding evaluated environment is also broader. Although the 

COMFA model covers a wide range, the output unit is not intuitive. Combined with software 

platform support, PET and UTCI are adequate for outdoor thermal environment assessment.

For city level simulation, the Envi-met is more comprehensive with requiring a high capacity car-

rier. The Grasshopper concentrates on building performance. The SOLWEIG model simplifies the 

complexity and time-consuming calculation comparing with Envi-met.

Summary
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IV	 THE CONTEXT OF HELSINKI

Chapter Four analyses the Helsinki context into meteorology, morphology, and population distri-

bution. Understand the information about the city and determine the scope of further research.
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Heatwave summer in 2018

The summer of 2018 was the warmest season in Finland’s history with a full 2 degrees higher 

than the average. The uniqueness of 2018 was that not only did the heatwave last a prolonged 

unbroken period, but also little rain fell in Finland (Finnish Meteorological Institute, 2019). The 

institute also disclosed that most years in this decade (such as 2011,2013, 2014, and 2015) had 

shattered the heat records.
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4.2 Green landcover in Helsinki.
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