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Abstract 

Over the past few decades, the pursuit of urban life quality is increasingly important. 

How to create outstanding open space which satisfy different requirements of outdoor 

activities and create relatively comfortable sensation become the focus of attention. A 

burgeoning number of studies have researched the relationship between outdoor 

thermal comfort and outdoor activities influenced by microclimate as a goal in urban 

planning and design. However, almost of all the research were conducted at the warmer 

area with hot and humid conditions. Only few have focused on extreme situations in 

both hot and cold seasons. In addition, microclimate, behavior and space design are 

characterized by a separation among climatologists, behavior researchers and designers. 

It is also unrealizable to apply the research results to the space design because of the 

gap created by the interdisciplinarity. 

Therefore, this study chooses the downtown central open space in northern China 

with extreme temperature difference during summer and winter and northern Japan 

with heavy snow and low temperature during cooling period to research the open space 

design. From microclimate perspective, taking peopleÕs comfort and spatial behaviors 

as criterions, field survey and wind simulations are used to discuss how the open space 

forms affect microclimate, thus affect comfort sensations and spatial behaviors. 

Optimized open space design guidelines are also put forward based on the above 

research. 

The thesis consists 7 chapters as following: 

Chapter 1 gives a general introduction about the research background including the 

definition and the classification of open space, the important role of open space in urban 

area, the research scale of urban microclimate and spatial characteristics of street 

canyon. Current research, development direction on such topics and the originality of 

this research which explain orientation of this thesis are presented in this chapter. 

Winter city is the main topic introduced in this chapter on dealing with the relationship 

between open space design and human behavior to pursue desirable outdoor open space 

in cold area. 

Chapter 2 introduces the urban conditions in Shenyang and Sapporo, including 

geographical locations, climate characteristics, urban structures, and the reason for 

selecting these two cities on open space research. Shenyang has long severely cold 
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winter, relatively short summer and huge annual temperature range. Sapporo has long 

cooling period in the early and late winter. Since many similarities like locations, 

climate characteristics, living habits and different characteristics like urban layouts, 

spatial scales can be realized, these two winter cities have representative and typical 

research value for this thesis. 

Chapter 3 figures out how the open space forms affect microclimate, thus affect 

comfort sensations and spatial behaviors by taking peopleÕs comfort and spatial 

behaviors as criterions in hot summer and cold winter in public open space in Shenyang. 

Results shows that microclimate obviously affected peopleÕs comfort. In hot season, 

shade and air-flow play crucial roles in outdoor comfort. People tend to stay outside in 

the shade and the area with higher air velocity. After sunset is popular period for 

outdoor activities. In cold season, at the same ambient temperature, lower air velocity 

will raise the comfort level. Shade also has influences on comfort sensation but do not 

affect spatial behaviors significantly. 

Chapter 4 clarifies the relationship between outdoor environmental conditions and 

the behaviors of people in outdoor public spaces in three public spaces and analysis of 

the microclimate and sitting behaviors in these space during the cooling period (8 - 20 

degree centigrade) in downtown Sapporo. At air temperature higher than 20 degree 

centigrade, the outdoor environment do not affect the spatial behaviors. At temperatures 

below 8 degree centigrade, almost no sitting behaviors are observed. Increasing 

sunlight and reducing the wind can extend the duration of use of outdoor public space 

during the cooling period in winter cities. 

Chapter 5 conducts the wind tunnel and CFD (computational fluid dynamics) 

simulations to evaluate the open space in Shenyang and several assumptions about 

canyon orientation and building types are proposed. Depending on the results, figuring 

out the prevailing wind directions during hot and cold periods in a monsoon climate 

city and making the winter wind direction perpendicular to the main street will 

significantly improve wind comfort. The urban layouts which affect wind situation at 

pedestrian height are found to cause five types of airflow as followings: (1). Wind 

shadow area with native pressure created by high-rise buildings will reduce the wind 

speed at pedestrian height. (2). The skyway acted as a wind diverter causes the 

increased air velocity to under it. (3). Funnel effect formed by narrow street with 

buildings running continuously along both sides causes the accelerated air velocity. (4). 
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Roofs can resist head wind to create lower wind speed at pedestrian height. (5). The 

streamlining of the building edges changes the air duct area and causes a higher wind 

speed at the narrow section. 

Chapter 6 indicates the climate-responsive open space approaches. The suitable 

outdoor microclimate situation and activity time during hot summer, cold winter and 

cooling period are clarified. Combining with the results of field surveys and wind 

simulations, this chapter gives comprehensive conclusions on how the open space 

forms affect microclimate, thus affect comfort sensations and spatial behaviors. In the 

research area, funnel shape entrance and skyway will bring higher wind speed, thus 

make people feel comfortable in summer. Building corners, high-rise and low-rise 

building groups will reduce the wind speed resulting higher comfort sensation in winter. 

The roof and podiums can also resist the head wind. Shade formed by roof , building 

structures and landscape facilities will make the open space attractive. 

Chapter 7 proposes optimized open space design guidelines from the general 

perspective to specific design details with examples. First, thinking mode of open space 

evaluation is put forward. Secondly, the optimization street canyon layout including 

ideal type, orientations and desirable microclimate situations are introduced. Based on 

the above proposals, specific design methods are given from 3 aspects as followings: 

(1). In the wind and buildings part, the wind situations of isolated high-rise building 

and building groups, channeling effect, downwash effect, stepping effect are clarified. 

(2). In the human and open space part, the paths of outdoor activities and the spatial 

scale should be noticed during the open space design. (3). In the human and 

environment part, design strategies with comfortable microclimate creation, landscape 

facilities arrangement like roofs, skyways, sun rooms, waterside and vegetation are 

introduced with several examples to explain the guidelines. 
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1. Introduction: research background, purposes 

and framework 

 

1.1. Research background 

1.1.1. Definition of open space 

Space is mainly formed by the relationship between objects and 

people who feels the objects. The outdoor space comes from the 

limitation of continuous natural space. This space limitation is called 

Òpositive spaceÓ, it is created for satisfying the intention and function 

from users. In the profession of architecture, this outdoor space can be 

defined as Òarchitecture without roofsÓ, that is, land is realized as the 

architecture, the indoor space is with roofs and the outdoor space is 

without roofs [1]. 

Urban space can be defined as the interspace formed by buildings 

in city. This space is restricted by different facades of buildings. The 

definiteness of the geometric and aesthetic feature of the space makes 

people understand that this kind of outdoor space is urban space [2]. 
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Public open space is a social space that is generally open and 

accessible to people. Roads (including the pavement), public squares, 

parks and beaches are typically considered public space [3]. 

The open space in this research can be defined as the public place is 

not regard transportation as the only object and service for universal 

citizens. The open space affected by natural factors, like 

meteorological environment can be judged the quality by peopleÕs 

feedback including comfort sensation and spatial behavior. 

1.1.2. Important role of open space in urban area 

Open space that accommodate the daily social activities of both 

pedestrians and stationary people play an important role in cities. The 

goals of open space design are gradually evolving toward attracting 

more people to stay outside door and enhancing the spatial utilization 
[4-7]. 

The outdoor open space together with the indoor space compose the 

subject of space of city life. As people's health awareness gradually 

strengthened, growing number of people arrange their leisure time in 

the outdoor space. At the same time, various types of outdoor activities 

appear on the outdoor space. City parks, square and wide city streets 

gradually become the main place for peopleÕs activities after work and 

dinner. People choose such kinds of place for exercise and fitness, 

buying and selling, and to communicate with others. 

A good open space should not only provide suitable place for 

citizens to play outside, but also accommodate various possibilities of 

activities. 

1.1.3. Open space classification based on the architectural 
typology 

From the building morphological types, Robot Krier mentioned 4 

types of space in his book ÒArchitectural Composition (1988)Ó (Fig. 

1-1), they are circles, squares, triangles and irregular shapes. After a 

series of logical transformations, innumerable variations of spatial 
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types are generated. The conversion logical of space are al following: 

addition, penetration, bucking, breaking, accentuation of the 

perspective and effect of depth and distortion [8]. 

In the book ÒUrban Space (1979)Ó, Krier believes that the 

composition of streets and squares, and the interrelationship between 

them determines the scale and the geometric properties of the urban 

space. The square is the first way humans use the city, which can be 

defined as the open space which is surrounded by houses and 

providing enough interior space to effectively contain barriers to 

external disturbances [9]. Streets are an important part of the urban 

space that connects each element of city. In the two elements of streets 

and squares, Krier categorized urban space in his "Practical Typology" 

theory (Fig. 1-2). 



Chapter 1 Introduction 

 4 

 

Figure 1-1 Typologyo”ofo”Spaceo o”Ro”Krier [8] (revised by author) 

While R. Krier modestly argues that this is only the tip of the iceberg 

of human creative thinking, the large number of examples shows that 

his theory is extremely broad, very universal and plays a crucial role 

in the morphological understanding of open space. 
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Figure 1-2 Typologyo”of the intersection of the street and square[9] (revised by 
author) 

Marcus & Francis (1998) classified the types of city central open 

space as street squares, building entrances, urban oases, transportation 

squares collecting and dispersing, and large-scale public square [10]: 
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Street square is joined with pedestrian way and near the street, it 

occupies a small part of public open space. Sometimes, the street 

square is the appropriately widen parts of the pedestrian way. 

Sometimes, it is the extension of the pedestrian passage way next to 

the building. This kind of space is mainly used for resting a while, 

waiting for someone or watching. 

Building entrance provide a nice-looking place for the people who 

will enter the building. Normally, although this is private place for the 

users of the building, generally it is open to public. 

Urban oasis is defined as the square with large area of vegetation. It 

looks like a garden or a park. To separate from the city noisy and other 

activities, in most of cases, it is located at separate place far away from 

the street. 

Transportation square is heavily used as multi-modal transport 

interchange for people collecting and dispersing. 

Streets as a commercial centre for squares, pedestrians and buses, it 

is possible to play a role of plaza if streets are forbidden vehicles to 

pass by. The pedestrian mall is often located in the old town and 

consists of several contiguous blocks, entirely or mainly for walking. 

Large public square is next to multiple land uses which can appeal 

to a wider audience and a wider variety of users. Such areas are 

generally larger and more flexible. 

Street canyons can be considered one of the main types of urban 

space. The term Òstreet canyonÓ refers to narrow street with buildings 

running continuously along both sides [ 11]. Urban canyons are an 

important and basic part of urban climatology and urban design [12-14]. 

The urban canyon is defined as the space composed of the street and 

its flanking buildings [15 16] and it can be classified into three types 

based on the aspect ratio (D/H): regular canyon (an aspect ratio of 

approximately 1), avenue canyon (aspect ratio < 0.5) and deep canyon 

(an aspect ratio of approximately 2) [17]. In most cases, the commercial 

zones are planned in a central area, densely populated and convenient 
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traffic area. These properties lead to its crucial status in the overall city. 

For the design study based on peopleÕs sensation and behavior, 

researching the commercial area always has more obvious applications 

and value because of its abundant samples and leading role of outdoor 

life for people [18]. 

1.1.4. Microclimate and space 

Man-made space is the resistant result of natural environment by 

people. Different regional climate conditions bring up different human 

culture with colorful space types. The man-made space was given the 

basic function of resisting severe natural environment. The human 

community built by buildings is incessantly responding the influence 

from the natural environment by climate conditions. Ralph Erskine 

pointed out that, ÒWithout climate issues, people do not need buildings 

anymore.Ó [19]. 

The terminology "micro-climate" first appeared in the 1950s in 

publications such as ÒClimates in Miniature: A Study of Micro-Climate 

Environment (Thomas Bedford Franklin, 1955)Ó [20]. 

From the American Heritage Science Dictionary, the definition of 

microclimate is ÒThe climate of a small, specific place within a larger 

area. An area as small as a yard or park can have several different 

microclimates depending on how much sunlight, shade, or exposure to 

the wind there is at a particular spot.Ó [21] Among many factors that 

determine the quality of outdoor space. 
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1.1.5. Microclimate scale in urban space 

 
Figure 1-3 Schematic of the urban boundary layer including its vertical layers 
and scales. ’UBL’ stands for Urban Boundary Layer, and ‘UCL’ for Urban 
Canopy Layer (revised by Oke and Rotach after a figure in Oke, 1997 [22]). 

Urban boundary layer̂ UBL̃can be realized as whole part of the 

lowest atmosphere which is affected by the surface feature of the 

established terrain in urban environment (Fig. 1-3 a). In general, UBL 

is about ten times higher than established terrain. 

In the UBL, from top to button in turn are the Òmixed layerÓ and 

Òsurface layerÓ. In the surface layer, from the top to button are Òinertial 

sub-layerÓ and Òroughness sub-layerÓ. The lowest part in the 

roughness sub-layer is the ÒUrban canopy layer (UCL)Ó. 

In the mixed layer, the atmosphere activities affected by the urban 

surface, but do not reflect urban surface form. Mixed layer also 

affected by the atmosphere stability factor and the magnitude of the 

urban effect. 

The surface layer located at the 4 to 5 times of the height from 

ground to buildings average height (Fig. 1-3 b). It forms from the 

surface with urban properties where the air flow by. The surface with 

urban properties include the roughness created by the sharp edge of 
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the city and the hot air flow produced by the city. The vertical profile 

of wind speed follows a systematic logarithmic in this layer. 

Roughness sub-layer is the lowest atmospheric layer immediately 

adjacent to a surface covered with relatively large roughness elements 

such as stones, vegetation, trees, or buildings. The roughness sublayer 

extends from the surface up to about two to five times the height of the 

roughness elements and includes the canopy layer. 

Urban canopy layer (UCL) (Fig. 1-3 c) is the layer of air in the urban 

canopy beneath the mean height of the buildings and trees. Its climate 

is dominated by microscale processes due to the complex array of 

surfaces (their orientation, albedo, emissivity, thermal properties, 

wetness, etc.). It is a zone of multiple reflection and emission, wakes 

and vortices, especially in the urban canyons.  

Because of the inherently multidirectional of UCL, unique 

microclimate condition will establish in any given urban space. The 

air temperature, air flow, radiation balance and other climate factors 

are affected by physical condition and regional environment of urban 

environment. This research is on the basis of this space layer. 

1.1.6. Microclimate and people 

PeopleÕs sensation is significantly affected by the microclimate 

when they are directly exposed to the outdoor environment. 

The heat balance of a human can be used to explain and evaluate the 

peopleÕs sensation affected by the microclimate. Fanger first 

conducted that the thermal comfort is depended on the mean skin 

temperature ( ) and sweat rate which related to the activity level. [23] 

The energy budget equation developed from the principle of heat 

transfer and human physiology was created by Hoppe called Munich 

Energy-balance Model for Individuals (MEMI) [24]. It defined as the 

balance of the human thermal maintained by skin temperature, core 

temperature and sweat rate. 

It can be written as: 

! "#
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M+W+R+C+ED+ERe+ESw+S=0                    (1) 

where M is the metabolic rate (internal energy production by 

oxidation of food), W is the physical work output, R is the radiative 

exchange, C is the major energy streams being convective heat loss, 

ED is latent heat flow to evaporate water into water vapor diffusing 

through the skin (imperceptible perspiration), ERe is the sum of heat 

flows for heating and humidifying the inspired air, ESw is the heat flux 

due to evaporation of sweat, S is the storage heat flow for heating or 

cooling the body mass. 

In the Eq.1, all the physical factors will affect the heat exchange 

through the skin surface [25]. 

The other way of thinking the energy balance of a human being in 

an urban space is the radiation which can be realized as a highly 

variable, often dominant and component of the energy balance in 

urban open space. The total net exchange of radiation Rn between 

human being and urban space can be written as [26-28]:  

Rn=(Kdir+Kdif+Kh+Kv)(1Ð! s)+Ld+Lh+LvÐLs                       (2) 

Where Kdir is the direct short-wave radiation incident on body, Kdif 

is the diffuse short-wave radiation incident on body, Kh is the indirect 

radiation incident on body, reflected from horizontal surfaces, Kv is the 

indirect radiation incident on body, reflected from vertical surfaces, ! s 

is the albedo of skin or clothing, 1Ð! s is the proportion of all incident 

short-wave radiation that is absorbed by the body, Ld is the long-wave 

radiation incident on body, emitted downwards by the sky, Lh is the 

long-wave radiation incident on body, emitted by horizontal surfaces, 

Lv is the long-wave radiation incident on body, emitted by vertical 

surfaces, Ls is the long-wave radiation emitted by body to environment. 

A number of biometeorological indices have been developed to 

describe human thermal comfort level by linking local microclimatic 

condition and human thermal sensation [ 29]. Most of these studies 

conducted based on the thermal balance conditions between human 

bodies and outside environment by exposing the human body in the 
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outdoor environment for a relatively long time. This type of research 

on the relationship between microclimate and human body is called 

ÒSteady-state assessment methodsÓ. The biggest problem with this 

type of research is that the dynamic processes that the body adapts to 

the thermal environment cannot be described. Research built outside 

the above hypothetical states is called ÒNon-steady-state assessment 

methodÓ. 

Predicted Mean Vote Index (PMV) [ 30] is the average thermal 

comfort feedback indicators based on a large number of experiments. 

It has seven levels, and was applied to ISO1994 [31]. They are +3 = hot, 

+2 = warm, +1 = slightly warm, 0 = neutral, 1 = slightly cool, 2 = cool, 

3 = cold. 

In generally, it is used to evaluate the indoor environment, it is also 

used on the outdoor environment evaluation and confirmed by many 

case studies [32-34]. 

The Physiological Equivalent Temperature (PET) [35] is a thermal 

comfort index based on degrees Celsius as rulers and units. It is easy 

to be understood by people without relative knowledge. PET is based 

on the Eq.1, it evaluates the complex outdoor environment factors 

equivalent to the simple indoor thermal balance, and then, making the 

PET indicator can be used in outdoor environments. PET and MEMI 

have been used in many studies [36-40]. 

1.1.7. Winter City: General information and the necessity of 
study 

The city located in the cold region can be realized as Òwinter cityÓ 

which is widely accepted was defined by the WWCAM (The World 

Winter Cities Association for Mayors) as one that faces harsh winter 

climatic conditions, including heavy snowfalls and cold temperatures 

(Fig. 1-4). A winter city also has an annual snow accumulation of more 

than 20cm (8in.) and an average temperature of 0¡C (32¡F) or below 

during the cityÕs coldest month [41]. 
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Figure 1-4 World Winter Cities [42 43](revised by author) 

Aiming at the development policies and landscape planning based 

on severe and extreme microclimate, Pressman N (1985, 1988) [44 45] 

defined winter city as those exposed to prolong period of cold 

temperature (normally below freezing), precipitation (usually in the 

form of snow and where water is frozen), restricted hours of sunshine 

/ daylight, and which experience seasonal variation. 
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Sapporo

Shenyang

Inner Winter Zone
Arctic

Magadan
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Figure 1-5 Building Climate Zoning Map in China [46](revised by author) 

In China, seven climate subareas are divided for urban and 

architecture design (Fig. 1-5). All the winter cities in China are belong 

to the Area I where suffer a long severe cold winter and relative short 

summer, the humidity become lower from the east to west in winter 
[46]. The annual temperature range is relatively lower than other areas, 

however, there are also several weeks in summer which suffer high 

temperature [ 47]. Depends on those differences, there are obvious 

different usages of open space between summer and winter. Also, for 

the open space design, there are great relationships between the 

microclimate and peopleÕs reaction including sensation and behavior 

in an urban open space, especially in the extreme weather situation. 

Winter cities often have unique geographical features because of 

their different climate characteristics. It is obviously not sensible to 

treat winter cities with different climate characteristics simply by using 

common design methods. In terms of basic functions, the designs of 

winter cities often need to consider the long-term winter cold climate 

and the large temperature difference between winter and summer. 

Coupled with the winter snow and ice roads, shorter daylight hours, 

rain and snow weather and other factors, it is determined that winter 



Chapter 1 Introduction 

 14 

cities must be far more complicated in design language than general 

urban design. 

An important part of peopleÕs perception of the city comes from the 

urban space that is felt from outside. Whether a city is safe, 

comfortable, ideal, or aesthetically pleasing depends to a large extent 

on people's judgment of various urban space qualities. On the basis of 

space design, the observable elements of the city that can directly 

affect people's senses are microclimates, including temperature, 

humidity, airflow and sunlight. For winter cities, the negative effects 

of microclimate on people tend to dominate the mainstream under 

extreme climate conditions (too cold or too hot). For urban design of 

winter cities, on the basis of satisfying the basic urban space design 

requirements, under extreme climate conditions, how to improve the 

negative impact of microclimate on people through design means will 

be particularly important. A good urban open space aims to attract 

more users to stay longer. In the open space design of winter cities, we 

should not have to struggle against climate. Instead, we must form 

alliances with it. 

1.2. Originality of this research 

On the basis of spatial types in the urban canyon, the microclimate 

undergoes complex changes, thus affecting outdoor activities 

dramatically. In the book ÒLife Between Buildings: Using Public 

SpaceÕÕ, Gehl (1971) [48] firstly studied the influence of microclimate 

on outdoor activities by counting people sitting on sunny and shady 

benches has been conducted. The research shows that the local sunny 

or shady conditions significantly impact the desire of people to either 

stay or leave. 

Over the past few decades, a burgeoning number of studies have 

researched the relationship between outdoor comfort and activities 

influenced by microclimate as a goal in urban planning and design 

(Carr, et al., 1993 [49]; Marcus & Francis, 1998 [10]; Gehl & Gemz¿e, 

2004 [50]; Maruani & Amit -Cohen, 2007 [51]). 
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1.2.1. Macroclimate and people 

Most of the relative studies tend to research about the relationship 

between microclimate and peopleÕs sensation. In generally, such 

studies are often conducted in hot and humid areas, and few studies 

are conducted in sub-zero temperatures. Even if such research is 

carried out in a specific urban space, few studies will use spatial design 

improvement as the ultimate goal of research. They tend to focus on 

the changing patterns between thermal sensations of people and the 

measured microclimate data. 

Many applications on the topic of urban climatology have yielded 

in various climates situation around world. Ahmed, K. S. (2003) [52] 

researched on outdoor comfort based on field investigations conducted 

in Dhaka, a city in the wet-Tropics. The findings include factors 

affecting comfort outdoors and a comfort regime based on 

environmental parameters for urban outdoors is presented. 

By conducted the field surveys of microclimatic and human 

monitoring in 14 different case study sites, across five different 

countries in Europe. Nikolopoulou & Lykoudis, 2006 [53] studied the 

environmental and comfort conditions of open spaces in cities. The 

findings confirm a strong relationship between microclimatic and 

comfort conditions, with air temperature and solar radiation being 

important determinants of comfort, although one parameter alone is 

not sufficient for the assessment of thermal comfort conditions. 

By summarizing an extensive literature review on outdoor comfort 

studies and human test in an open plaza in Hong Kong, Cheng, et al. 

(2006, 2010) [37 32] developed guidelines for urban Hong Kong based 

on the outdoor thermal sensation which is presented as functions of air 

temperature, wind speed, solar radiation intensity and absolute 

humidity. For a person in Hong Kong where the air temperature is 

about 28¡C and relative humidity about 80%, a wind speed of about 

1.6 m/s is needed to achieve neutral thermal sensation. 
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To understand the relationship between peopleÕs declared 

bioclimatic comfort, their personal characteristics (age, origin, 

clothing, activity and motivation, etc.) and the atmospheric conditions, 

Andrade, et al. (2011) [ 54 ] conducted questionnaire surveys with 

weather measurements (air temperature, relative humidity, solar and 

long-wave radiation and wind speed) in two open leisure areas of 

Lisbon in Portugal. The preference for a different temperature depends 

on the season and is strongly associated with wind speed. Furthermore, 

a general decrease of discomfort with increasing age was also found. 

Most people declared a preference for lower wind speed in all seasons; 

the perception of wind shows significant differences depending on 

gender, with women declaring a lower level of comfort with higher 

wind speed. It was also found that the tolerance of warmer conditions 

is higher than of cooler conditions, and that adaptive strategies are 

undertaken by people to improve their level of comfort outdoors. 

Lai, et al. (2014) [55] conducted a field study on the relation between 

outdoor thermal comfort and space usage through the monitoring of 

microclimate conditions, interviews with residents, and recording of 

occupantsÕ activities in an urban residential community in Wuhan, 

China. The results show that thermal comfort is the most important 

factor in the quality of outdoor space. Other significant factors include 

air quality, acoustic environment, functionality, and convenience. 

1.2.2. Microclimate and open space 

Several studies have proved that the open space layout greatly 

influence the shade situation in urban canyon, thus affecting comfort 

sensation. 

Ali -Toudert & Mayer (2006) [36] discussed the contribution of street 

design in hot and dry climate area, i.e. aspect ratio (or height-to-width 

ratio, H/W) and solar orientation, towards the development of a 

comfortable microclimate at street level for pedestrians. The study 

revealed that the time and period of day, as well as the spatial 

distribution of PETs at street level, depend strongly on aspect ratio and 

street orientation. 
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Gulyas, Unger & Matzarakis (2006) [56] examined outdoor thermal 

comfort conditions through two field-surveys in Szeged. They found 

that the complex urban environments can result in very different 

radiation situation which cause changes in the thermal comfort 

sensation. 

By study on the semi-arid climate area, Bourbia (2010) [57] found 

that the lower H/W ratio, the higher temperature were recorded either 

air or surface. The temperature can be reduced by controlling the sky 

view factor and inclusion of vegetation. Shade trees reduce heat gain 

by directly shading buildings and also by evapotranspiration. 

Hwang (2011) [58] discussed the effects of shading on long-term 

outdoor thermal comfort and seasonal variation on six urban streets at 

tropical monsoon climate area in Taiwan. By using the PET index and 

RayMan model for simulation, the study found that the degree of shade 

which influenced by SVF will affect the thermal comfort significantly. 

Slightly shaded locations typically have high frequency hot conditions 

in summer, especially at noon. However, highly shaded locations tend 

to have a relatively lower PET in winter.  

Andreou (2012, 2013, 2014) [59-61] conducted a series of research on 

shading analysis at the urban canyons in contemporary and traditional 

sites. Parametric shading analyses were carried out in order to examine 

the effect of parameters such as street geometry, height/width ratio, 

orientation and trees, on shading and solar access conditions, which 

affect urban canyon microclimate. 

Shahrestani 2015 [ 62 ] presented an experimental study of 

microclimates for the low and middle rise building complex in London. 

The study revealed that the microclimatic parameters are signi!"cantly 

in!#uenced by the attributes of urban textures and consequently, 

buildings within an urban area, are operating against their own 

individual microclimatic variables rather than the meteorological 

weather data. 
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1.2.3. Open space and spatial behaviour 

Eliasson, et al. (2007) [ 63] investigated four urban public space, 

representing various designs and microclimates in Gothenburg, 

Sweden during four seasons to estimate how weather and microclimate 

affect people in urban outdoor environments. Multiple regression 

analysis of meteorological and behavioral data showed that air 

temperature, wind speed and clearness index (cloud cover) have a 

significant influence on peopleÕs assessments of the weather, place 

perceptions and place-related attendance. 

Nikolopoulou and Lykoudis (2007) [64] presented that there is a 

strong relationship between microclimatic conditions and the use of 

open space, while there is also a difference in peopleÕs sensitivity to 

them. Observations of the use of space revealed that air temperature 

and solar radiation were found to be the most dominant parameters in 

relation to the use of space, with wind speed and relative humidity 

having a weak effect. Overall presence is reduced when air 

temperature rises significantly. The diurnal pattern of the use of space 

also reveals a strong dependency on meteorological parameters. 

Thorsson, et al. (2007) [65] investigated the relationship between 

subjective thermal comfort and outdoor activity in a park and a square 

in a satellite city northeast of Tokyo. This study found that the use of 

the park was influenced more by the thermal conditions than by the 

use of the square, which can mainly be attributed to the different 

functions of the two places. 

1.2.4. Winter research 

However, almost of all the research were conducted at the area 

above 0 Celsius degree with hot and humid conditions. 

As the concept of ÒWinter CityÓ had been defined by Pressman in 

1985 [44], the relative research began. Manty and Pressman (1988) 

firstly discussed about the relationship between urban design and 

climate in winter city at the book ÒCities designed for winterÓ[66]. 
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In the book ÒNorthern cityscape- linking design to climateÓ [43], 

Pressman systematically discussed the uniqueness of winter cities and 

the corresponding measures and design methods for urban design in 

winter by providing detailed materials through a large number of 

examples. 

Outdoor environment in winter due to its low temperature, low 

humidity, snowfall, strong wind and other objective reasons, it is 

generally not suitable for outdoor activities, resulting in the utilization 

of outdoor space in winter is significantly lower than other seasons. At 

the same time, there are few studies on the outdoor environment in 

winter. However, for the long winter in northern cities, outdoor 

activities play a vital role in the residents' lives, and the assessment of 

the environmental quality of outdoor space in winter also directly 

affects the evaluation of open space. 

Therefore, the relationship between microclimate and peopleÕs 

reactions, including comfort sensation and spatial behaviors in urban 

canyon should be paid more attention, especially in cold weather.  

Some open space research based on low temperature in winter 

shows as following: 

Li (1994) [67] researched on small urban space in New York in winter 

to study the spatial behaviour influenced by climatic conditions. 

Baruch (1998) [68] discussed the relationship among building, design, 

and climate, introducing design principles in different climate regions, 

broadly including cold regions. 

Meng (2010) [ 69 ] provided open space design guidelines for 

downtown areas suffering strong winds and low winter temperatures 

by simulating various types of downtown, high-rise buildings in a 

wind tunnel. 

Erell et al. (2012) [70] have provided new perspective on interaction 

between microclimate and urban landscape for architects and urban 

designers. Although, this research covered almost all the climate 
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theories using on the urban planning and design, there is only few 

theories can be used on the regions that suffer wide differences in 

temperature between summer and winter. 

By using microclimate monitoring and interviews, Lai (2014) [71] 

conducted a field survey at a park in northern China revealed the 

relationship between human comfort and each parameter of boreal 

climate. Furthermore, this research estimated northernersÕ comfort 

level and cold-resistant level by multimethod. 

Using wind and snow tunnel simulation and evaluation, Setoguchi 

et al. (2004, 2007, 2008, 2009) [72-75] and Watanabe et al. (2016) [76] 

discussed design procedures for winter cities, especially those 

suffering heavy snow. They discussed urban structures and building 

forms which are suitable for outdoor activities in cold season. 

An outstanding open space should satisfy different requirements of 

outdoor comfort in different climate conditions. Other than the indoor 

space which can be created to satisfy the needs of the occupants, the 

outdoor space which affected by urban microclimate should be built 

by understanding the microclimate and should responds to them in 

appropriate ways [70]. 

Based on previous studies (Fig. 1-6), this study selected northern 

cities with significant temperature differences between winter and 

summer as research cases, and studied the extreme outdoor 

environments in summer and winter. This study analyzes the use of the 

same outdoor environment in different seasons. Through the 

observation and inquiry of spatial behavior, the subjective feedback of 

the objectively measured microclimate is obtained. Based on results of 

feedbacks, the wind simulation is performed. This study also attempts 

to optimize the design of outdoor space where suffered hot weather in 

summer and cold weather winter. 
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Figure 1-6 The originality of this research 

1.3. Research purpose, methodology and research structure 

By using peopleÕs sensation and spatial behavior as the standards to 

evaluate the open space, this research discusses about open space 

design which will affect the peopleÕs sensation and behavior 

significantly and how to prevent the bad situation on hot summer, cool 

period and cold winter. According to the results, this thesis provides 
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optimized open space design guidelines for desirable behavior based 

on microclimate. 

This study selects the typical downtown open space in northern 

China and northern Japan. By using the microclimate measurement, 

environmental feedback and spatial behavior observation this research 

evaluate the environmental characteristics and the open space design 

of the target sites. 

On the basis of the prevailing air velocity and directions in both 

summer and winter in this area, a wind tunnel simulation was 

conducted on the Chinese case, the results from which informed a 

proposal for optimum street alignments and building types. By 

analyzing the results, the reasons for the wind changes in the area were 

found. 

CFD simulation was also used for the wind tunnel simulation to 

check the wind paths. However, as the reliability and accuracy of CFD 

simulation have been questioned [77], in this study, the CFD simulation 

was set with the same conditions as the wind tunnel simulation only to 

check the wind path as a reference for the wind tunnel simulation. 

Using the above research design, this paper developed design 

guidelines and research methods for public spaces in colder climates. 

Finally, the climate-responsive urban design approaches and 

optimization open space design guideline were conducted . 

The thesis consists 7 chapters shows in Fig. 1-7. 

Chapter 1 gives a general introduction about the research 

background including the definition and the classification of open 

space, the important role of open space in urban area, the research scale 

of urban microclimate and spatial characteristics of street canyon. 

Current research, development direction on such topics and the 

originality of this research which explain orientation of this thesis are 

presented in this chapter. Winter city is the main topic introduced in 

this chapter on dealing with the relationship between open space 
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design and human behavior to pursue desirable outdoor open space in 

cold area. 

Chapter 2 introduces the urban conditions in Shenyang and 

Sapporo, including geographical locations, climate characteristics, 

urban structures, and the reason for selecting these two cities on open 

space research. Shenyang has long severely cold winter, relatively 

short summer and huge annual temperature range. Sapporo has long 

cooling period in the early and late winter. Since many similarities like 

locations, climate characteristics, living habits and different 

characteristics like urban layouts, spatial scales can be realized, these 

two winter cities have representative and typical research value for this 

thesis. 

Chapter 3 figures out how the open space forms affect 

microclimate, thus affect comfort sensations and spatial behaviors by 

taking peopleÕs comfort and spatial behaviors as criterions in hot 

summer and cold winter in public open space in Shenyang. Results 

shows that microclimate obviously affected peopleÕs comfort. In hot 

season, shade and air-flow play crucial roles in outdoor comfort. 

People tend to stay outside in the shade and the area with higher air 

velocity. After sunset is popular period for outdoor activities. In cold 

season, at the same ambient temperature, lower air velocity will raise 

the comfort level. Shade also has influences on comfort sensation but 

do not affect spatial behaviors significantly. 

Chapter 4 clarifies the relationship between outdoor environmental 

conditions and the behaviors of people in outdoor public spaces in 

three public space and analysis of the microclimate and sitting 

behaviors in these space during the cooling period (8 - 20 degree 

centigrade) in downtown Sapporo. At air temperature higher than 20 

degree centigrade, the outdoor environment do not affect the spatial 

behaviors. At temperatures below 5 degree centigrade, almost no 

sitting behaviors are observed. Increasing sunlight and reducing the 

wind can extend the duration of use of outdoor public space during the 

cooling period in winter cities. 
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Chapter 5 conducts the wind tunnel and CFD (computational fluid 

dynamics) simulations to evaluate the open space in Shenyang and 

several assumptions about canyon orientation and building types are 

proposed. Depending on the results, figuring out the prevailing wind 

directions during hot and cold periods in a monsoon climate city and 

making the winter wind direction perpendicular to the main street will 

significantly improve wind comfort. The urban layouts which affect 

wind situation at pedestrian height are found to cause five types of 

airflow as followings:  

(1). Wind shadow area with native pressure created by high-rise 

buildings will reduce the wind speed at pedestrian height.  

(2). The skyway acted as a wind diverter causes the increased air 

velocity to under it.  

(3). Funnel effect formed by narrow street with buildings running 

continuously along both sides causes the accelerated air velocity.  

(4). Roofs can resist head wind to create lower wind speed at 

pedestrian height. 

(5). The streamlining of the building edges changes the air duct area 

and causes a higher wind speed at the narrow section. 

Chapter 6 indicates the climate-responsive open space approaches. 

The suitable outdoor microclimate situation and activity time during 

hot summer, cold winter and cooling period are clarified. Combining 

with the results of field surveys and wind simulations, this chapter 

gives comprehensive conclusions on how the open space forms affect 

microclimate, thus affect comfort sensations and spatial behaviors. In 

the research area, funnel shape entrance and skyway will bring higher 

wind speed, thus make people feel comfortable in summer. Building 

corners, high-rise and low-rise building groups will reduce the wind 

speed resulting higher comfort sensation in winter. The roof and 

podiums can also resist the head wind. Shade formed by roof , building 

structures and landscape facilities will make the open space attractive. 
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Chapter 7 proposes optimized open space design guidelines from 

the general perspective to specific design details with examples. First, 

thinking mode of open space evaluation is put forward. Secondly, the 

optimization street canyon layout including ideal type, orientations 

and desirable microclimate situations are introduced. Based on the 

above proposals, specific design methods are given from 3 aspects as 

followings:  

(1). In the wind and buildings part, the wind situations of isolated 

high-rise building and building groups, channeling effect, downwash 

effect, stepping effect are clarified.  

(2). In the human and open space part, the paths of outdoor activities 

and the spatial scale should be noticed during the open space design.  

(3). In the human and environment part, design strategies with 

comfortable microclimate creation, landscape facilities arrangement 

like roofs, skyways, sun rooms, waterside and vegetation are 

introduced with several examples to explain the guidelines. 

 

Figure 1-7 Thesis structure 
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2. Urban space in Shenyang and Sapporo 

 

2.1. General introduction Of Shenyang 

2.1.1. Location of Shenyang 

Shenyang is the provincial capital and the largest city of Liaoning 

Province in China with 12,980 km2 city total area (3,495 km2 ) as well 

as the largest city in Northeast China by urban population (Fig. 2-1). 

According to the 2010 census, the city's urban area has 6.7 million 

inhabitants, while the total population of the Shenyang municipality, 

which holds the administrative status of a sub-provincial city, is up to 

8.2 million [78]. 
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Figure 2-1 Shenyang, Liaoning Province, China 41.8°N 123.4°E 

2.1.2. Climate introduction of Shenyang 

Shenyang has a monsoon-influenced humid continental climate 

characterized by hot, humid summers due to the monsoon, and dry, 

cold winters due to the Siberian anticyclone. 

The four seasons here are distinctive. Nearly half of the annual 

rainfall occurs in July and August. As the Fig. 2-2 shows, monthly 

mean temperatures range from "11.4 ¡C in January to 24.6 ¡C in July, 

for an annual average of 8.5 ¡C. The frost-free period is 183 days, 

which is long considering the severity of the winters [79]. 

The city receives 2,406.4 hours of bright sunshine annually; 

monthly percent of possible ranges from 45 percent in July to 62 

percent in October. Extreme temperatures range from "32.9 ¡C to 

38.3 ¡C [80 81]. 
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Figure 2-2 Climate data for Shenyang [81](revised by author) 
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Shenyang is a monsoon climate; the annual average air velocity is 

about 2.87 m/s. The air velocity from March to May and from October 

to November presented peak. Fig. 2-3 shows the distribution of wind 

frequency throughout one year. The prevailing wind direction during 

the whole year are NE (2.4%) and SW (2.7%). 

 

Figure 2-3 Distribution of wind frequency throughout one year in Shenyang [82] 
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Figure 2-4 Distribution of wind frequency throughout four seasons in Shenyang 
[82] 

From Fig. 2-4, The seasonal direction and frequency of the wind in 

Shenyang is obvious. In spring, autumn and winter, the wind directions 

are mainly northeastern and southwestern. Among them, the wind 

frequency of high air velocity in spring and autumn are higher than in 

winter. In summer, the wind direction is southwestern. 

The Table 2-1 below provides an overview of the annual wind 

conditions from 1981 to 2010, The frequency of SSW is highest 

throughout the whole year. The maximum average wind speed appears 

in April, in spring. According to the ÒClimate data for ShenyangÓ (Fig. 

2-2), the average wind speed at the coldest January is 2.0 m/s, wind 

direction is ENE. The average wind speed at the hottest July is 2.5 m/s, 

wind direction is SSW. 
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Table 2-1a Overview of the annual wind conditions from 1981 to 2010 [82, 83] 

Month Jan Feb Mar Apr May Jun 

Avg. Wing speed 2.0 2.7 3.3 3.8 3.5 2.9 

Max. WS 16.9 22.5 26 20.3 19.7 19.5 

The Most wind direction  
(including the clam wind) 

ENE C SSW SSW SSW SSW 

frequency of wind direction  
(including the clam wind) % 

12 11 12 16 18 19 

Table 2-2b Overview of the annual wind conditions from 1981 to 2010 [82, 83] 

Month Jul Aug Sep Oct Nov Dec 

Avg. Wing speed 2.5 2.4 2.5 2.8 3 2.6 

Max. WS 22.6 25.5 18.1 21.2 18.6 18 

The Most wind direction  
(including the clam wind) 

SSW SSW SSW SSW NNE SSW 

frequency of wind direction  
(including the clam wind) % 

18 13 11 12 11 10 

2.1.3. City structure of Shenyang 

The overall urban layout of Shenyang is based on the cross axis 

formed by the major rivers travelled from east to west and the major 

urban economic corridor from north to south. The circular urban main 

road and radial secondary main road network formed the city 

transportation systems. (Fig. 2-5) 

As the urbanization goes deeply into in Shenyang, the city gradually 

expands outward. Industrial and agricultural land gradually moved 

away from the downtown area, the proportion of residential, 

administrative, commercial, education and traffic areas will gradually 

increase. Area centers were built in each district and became necessary 

places for citizensÕ leisure and entertainment activities. In recent years, 

Shenyang has gradually relocated industrial areas to the west of the 

city and expanded its city center gravity to the south to ease the 

population pressures in central urban areas and balance the proportion 

of population and land use in the center of each district. Citizens have 

also gradually adapted to the distances between their homes and 

commercial centers and have begun to relocate their entertainment 

place from the green areas near their homes to large parks, plazas or 

commercial blocks in urban or regional centers. (Fig. 2-6) 



Chapter 2 Urban space in Shenyang and Sapporo 

 39  

 
Figure 2-5 The image of urban structure in Shenyang 
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Figure 2-6 Master plan of Shenyang 2011-2020 [84](revised by author) 

2.1.4 Typical open space in Shenyang 

With the continuous development of the Shenyang city, the 

population density of the downtown area gradually increases, the 

original urban green space, plazas, markets, small parks and other 

recreational places have been unable to meet the basic needs of citizens. 

In the central part of the city, a concentrated area of commerce, 
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entertainment, transportation hubs and urban greening has emerged. 

Its radiation radius is often up to several kilometers and connected with 

residential area by the city roads and subway lines. These areas have 

become indispensable parts of urban life in Shenyang. 

There are three main basic open space types in Shenyang, most of 

all the open space comes from these three types, they are as the 

following: 

Type 1: Square, plaza or park in whole piece of land with single 

function  

Type 2: Open space around or next to the public building 

Type 3: Street canyon with buildings running continuously along 

both sides 

Combination of type 1 & 2: Wanda square in Tiexi 

 

Figure 2-7 Tiexi industural culture plaza and periphery 

Fig. 2-7 shows combination form of types 1 and 2. Such open space 

are based on large commercial buildings. There are both a single 

square and a circular plaza surrounding the building. It adjacent to the 

city's major roads and subway stations, it provides a place for shopping 

and entertainment for the citizens living within several kilometers far 

from here. The development of such piece of land tends to focus on 
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the reservation of open space area and seek a suitable proportion 

between commercial buildings and the open space. 

Such open space is mostly ring shape and circling around large-

shape commercial building. At the same time, it not only forms an echo 

relationship with the indoor public space, but also provide large-scale 

activities space for the public. 

The open space shows in Fig. 2-7 is a commercial center located at 

Tiexi district in Shenyang. A large-scale commercial building is 

surrounded by circle shape of open space which is next to a city square 

at street corner. Outdoor open space area and scope of activities have 

increased by this layout. It belongs to the typical existing form of open 

space in the central business district of Shenyang City.  

Combination of type 1 & 3: Xinghua street  

 

Figure 2-8 Xinghua street from Tiexi plaza to Xinghua park 

Fig. 2-8 shows combination form of types 1 and 3. Such open space 

is a combination of two pieces of land with single function connected 

by the street canyon. It is generally based on the main road of intensive 

living areas connecting the transport hub and regional activity center. 

It is the important way for people passing by after work every day. 

Commercial-oriented open space behavior gradually formed along the 

line. It is also one of the typical existing forms of open space in 

Shenyang. 
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Type 3: Joy-city in the Mid-street 

 
Figure 2-9 Joy-city in the Mid-street 

Fig. 2-9 shows street canyon with large-scale commercial buildings 

running continuously along both sides. Such type of open space is 

common in commercial pedestrian way in central area. As an 

independent place without any vehicles, it can provide better domain 

sense and spatial experience than the other two types. 

Since it is surrounded by public buildings with multi-functions, 

there are rich types of spatial behaviors occur and easier to be observed 

and research than other types. The place shows in figure 9 can be 

realized as a pedestrian street canyon between mixed-used buildings 

with shopping malls, subway station, super market, hotels and high 

rise apartments.  

The place is chosen by this study as the field survey target area for 

the further research. 

2.2. General introduction Of Sapporo 

2.2.1. Location of Sapporo 

Sapporo is the central city of Hokkaido with a population of about 

2 million (35% of the total population in Hokkaido). Sapporo is the 

fifth-largest city in Japan with 1121.25 km2 city area. As the Fig. 2-10 

Shows, Although Sapporo is located in the southwestern part of 

Hokkaido, it the an integrated center of economy, politics, culture and 
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transportation throughout Hokkaido and northern Japan. In 1972, 

Sapporo and Shenyang built sister cities with many similarities like 

location and seasonal environment [85]. 

 

Figure 2-10 Geographic location of Sapporo 

2.2.2. Climate introduction Of Sapporo 

Sapporo belongs to the humid continental climate [ 86 ], the 

temperature difference between summer and winter is relatively large, 

and annual precipitation is relatively average. In Japan's climate zone, 

Sapporo belongs to the Japan Sea-side Climatea [ 87 , 88 ] which is 

characterized by a large amount of snowfall in winter and warmer 

summer with exceptionally high temperatures [89]. 

Sapporo is affected by the high pressure of the Sea of Okhotsk in 

summer. The weather is cool in the morning and evening, though the 

daytime temperatures are higher. Sapporo in winter is colder and 

snowier, with a maximum snowfall of up to 1 meter and total snowfall 

throughout the year of 6 meters [90]. 

                         
a Japan Seaside Climate: Ẻ Ṝ (In Japanese), is one of the climate classification in Japanese 

climate zones. It is a kind of winter-type climate characteristic in seaside from Hokkaido to Saninchiho. 

Japan Sea-side Climate is characterized by a large amount of snowfall in winter and warmer summer 

with exceptionally high temperatures. 
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As shows in Fig. 2-11, the annual average temperature in Sapporo 

is 8.9 ¡ C. The average maximum temperature in summer is 26.4 ¡ C. 

The lowest average temperature in winter is -7 ¡ C. It is one of the few 

winter cities with heavy snow in the world with a population of nearly 

2 million [91]. 

 

Figure 2-11 Climate data for Sapporo (1981-2010) [92] 
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2.2.3. City structure of Sapporo 

As the Fig. 2-12 Shows, Sapporo is located in the southwestern part 

of the Ishikawa Plain, with mountains in the southwestern part, 

platform in the southeast, alluvial fan in the middle and lowland in the 

north. The whole city is developed on the basis of the southwestern 

mountainous areas and the northwestern sea area. The urban center is 

arranged as a grid relied on Odori Park and Soseigawa river. 

 
Figure 2-12 The master plan of Sapporo (decided in Mar. 2016) [93](revised by 
author) 
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Figure 2-13 Land usage of Sapporo [94](revised by author) 
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3. Public open space field survey on the basis of 

microclimate and spatial behaviour in hot and 
cold weather conditions in Shenyang 

 

3.1. Introduction 

The study case is a canyon type open space located in the central 

area of Shenyang, the northern China (41¡48#01.11$N, 

123¡27#49.33$E 55 m). (Fig. 3-1) 
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Figure 3-1 Research area in Shenyang 

The place can be realized as one of the most popular public space in 

the center city with resourceful public facilities like shopping malls, 

supermarket, residence, hotel and apartments (Fig. 3-2). The subway 

line station is arranged at the underground 2nd floor of the shopping 

malls. 

The main reasons for choosing this location for research is as 

follows: 

(1)!The target area is located in the city center. 

(2)!Surrounding buildings are currently the representative form of 

urban complex type of buildings. At the same time, many kinds 

of building shapes can be found. It is beneficial to research the 

impact of different building forms. 

(3)!This street canyon can also avoid the microclimate interference 

from other buildings outside the study area and make sure the 

research results are relatively accurate. 

(4)!As an integrated public area, many kinds of visitors can be found 

as the research samples and references. 
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Figure 3-2 Research area introduction 

3.2. Methodology 

3.2.1. Survey areas & measurement  points 

Depending on space characteristic, for the later description and 

analysis, 4 areas named west center line, east center line, north edge 

side and south edge side, including 15 measurement points were 

chosen (Fig. 3-3). 

These 15 points were separated in 3 groups with 5 points in each 

group. The data acquisition of each group is performed at the same 

time. Microclimate data of each point were collected in every 15 

minutes during the daytime. (Fig. 3-4) 
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Figure 3-3 Spatial characteristics of each measurement point  

 

Figure 3-4 Measurement methods 

3.2.2. Survey period 

The main purpose of this study is to explore the impact of urban 

layout on the outdoor comfort and spatial behavior under harsh climate 

conditions to improve the comfort and utilization efficiency of open 

space through method of urban design. The research also provides 

urban design guidelines for the urban space under such complex and 

changing climate conditions. 

Based on the 5-years (2009-2014) daily maximum and minimum 

temperature from Jul. to Sep. (summer) and Dec. to Feb. (winter), this 

study worked out the temperature graph of the hottest and coldest 

period in Shenyang during five year (Fig. 3-5). Depending on this five-
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years data, Jul. 28ÐAug.9, 2015 (12 days in summer) and Jan. 15Ð29 

(15 days in winter), 2016 were chosen as the survey periods. 

Depending on the survey results, Aug. 1st-4th, 2015 (4 days), and Jan. 

22nd-25th ,2016 (4 days) were selected as the summer and winter 

effective survey period. 

 

Note: Weather station No.:54342 coordinates: 41°44 N, 123°31 E ASL=49m 

Figure 3-5 History daily max. and min. temp. from Jul. to Sep. and Dec. to Feb., 
(2009-2014) [81] 

3.2.3. Microclimate measurement 

15 measurement points were chosen based on their positions and 

space types. In every 15 minutes during the survey days from 9:30 to 
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20:00, the microclimate data, including air temperature (Ta), air 

velocity (V), relative humidity (RH) globe temperature (Tg) and shade 

situations and environment comfortable sensation votes were collected. 

Table 3-1 Measurement factors of micrometeorological parameters 

Sensor Parameter Accuracy Resolution Range Setting 
place 

Kestrel 
4500 

V 3% 0.1 m/s 0.6 to 40.0 
m/s 

From 
point No. 
1 to No. 
15, 1.5m 
as the 
average 
height of 
the head. 

Ta 0.5 ¡C 0.1 ¡C " 29.0 to 
70.0 ¡C 

RH 3.0 % 0.1 % 
5 to 95% 

non-
condensing 

WC 
(winter) 0.9¡C 0.1¡C 

Refer to 
Ranges for 

the V and Ta 
Sensors 

TR-
71Ui Tg 0.3¡C 0.1 ¡C -40 to 

110 ¡C  

Note: Wind chill temperature (WC) result from combining the effect of wind 

speed and temperature. Calculated based on the NWS Wind Chill 

Temperature(WCT) Index [95]. 

Mean radiant temperature (Tmrt) is defined as the Òuniform 

temperature of an imaginary enclosure in which the radiant heat 

transfer from the human body equals the radiant heat transfer in actual 

non-uniform enclosureÓ [96]. It is put forward based on the exchange of 

radiant energy between two objects by emitting and adsorbing heat. In 

this study, the Tmrt is estimated by the globe temperature method. 

Depending on the previous study, there are relatively small differences 

between the globe temperature methods and other complicated 

methods [97]. Tmrt is calculated based on the following formula [96]: 

! "#$ %&' ! ( ) *+, -
.

)
/ 0/1 2 / 134 506

78 509 ' ! ( : ! ; -<
=
9

: *+,              (3) 

where Tmrt is mean radiant temperature (¡C), Tg is globe temperature 

(¡C), Ta is air temperature, V is air velocity (m/s), D is globe diameter 

(m) (in this study D=0.075m), % is emissivity (0.95 for black-colored 

globe). 

Depending on the solar incident angle based on the Chinese 

Standard Weather Data (CSWD) [82] and the Chinese standard for 
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assessment parameters of sunlight on building (GB/T50947- 2014) [98], 

this study used software to simulate the shade situation in clear day as 

a reference of the general shade situation in Aug. 1st and Jan.22nd 

which can be realized as the hottest and coldest period. 

3.2.4. CSV and TSV 

Combined with the real-time microclimate data, a 7-points comfort 

sensation vote (CSV) [99] and thermal sensation vote (TSV) [100] for the 

subjective responses of preferred change was used by the subjects to 

record their comfort levels. According to this scale (see Table.3-2), -3 

is very uncomfortable or very cold, 0 is neutral and 3 is very 

comfortable or very hot; any recording in CSV higher than -1 is 

defined as acceptable. 

Table 3-2 Scale for subjective responses in comfort sensation used by subjects 

during the field surveys. 
Value Thermal sensation vote (TSV) Comfort sensation vote (CSV) 

-3 Very cold Very uncomfortable 
-2 Cold Uncomfortable and unacceptable 

-1 Cool Uncomfortable but acceptable 
0 Normal Neutral 
1 Warm Slightly comfortable 

2 Hot Comfortable 
3 Very hot Very comfortable 

Fig. 3-6 is the form used in the survey process, staffs need to collect 

the microclimate while fill this form at the same time. Each team 

member will record their own TSVs and CSVs into the table during 

the work period (usually not less than 1.5 hours). At the same time, the 

machine number, working hours, their own clothing index, work 

energy consumption, the measured points, the time displayed on the 

meteorological instrument, the shade situation of the current location 

and other information were also recorded.  

In the analysis process, the data recorded in the form and the data 

measured by the meteorological instrument will be matched one by 

one according to the time and sorted into a unified data set for analysis. 
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Figure 3-6 Comfort sensation form during field survey 

3.2.5. Behaviour observation and behaviour analysis method 

Through the spatial behavior record, the differences of spatial 

behavior caused by different spatial characteristics and microclimate 

factors in open space are analyzed and compared, and the spatial 

environment quality is evaluated by the spatial behavior as the 

feedback condition. 

In the high position (27th floor in a high-rise building, 

approximately 80m tall), a Hi-Q video camera was used to record the 
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Staff Comfort Situation Form V1.4
No.(Name Initial+Serial Number):______________

A.Basic Info.
1.Name No.:________   2.Machine No.:_________   3.Work Period: _________  ~  _________  4.Clo:_____________  
5.EC: A.Sit (Relaxed104 / Work126)  B.Stand(Relaxed126 / Work167.4)  C.Walk (2km/h-198 / 5km/h-360 / 15km/h-900) 

B.Feel about the environment�• Check in the blank when you move the weather meter.�‚

Note:
NAME No.: Initial+Date        TIME: HH:MM          EC:Energy Consumption (Unit-W)       MP:Measurement Points        S: !  In the Shadow   "  Not in Shadow   ! /"  Half & Half
TSV (Thermal Sensation Vote): -3: Very Cold  -2: Cold  -1: Cool  0: Normal  1: Warm  2: Hot  3: Very Hot  / CSV(Comfort Sensation Vote):  -3~3 Uncomfortable-Comfortable
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peopleÕs behaviour during the survey (Fig. 3-7). Panorama images 

were taken every 30 minutes at camera points to record the positions 

of people. 

Fig. 3-7 shows the methods of behavior observation by using the 

video recording equipment during the investigation. Fig. 3-7 a is a 

screenshot of the image taken at seat No. 1, from which almost all the 

behavior that takes place in the field can be observed. Figs. 3-7 b c 

shows the placement situation of seat No.2 which are used to assist the 

observation in summer and winter. Figs. 3-7 d e shows the placement 

situation at point No.1. According to the video material, both overall 

analysis and fine analysis can be done. 

 
Figure 3-7 Methods of behavior observation by using the video recording 
equipment 
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Figure 3-8 Panoramic photos took in 14:00 p.m. Jan. 23rd, 2016 

The person present were counted as a comparison of sunny days in 

summer and winter by analyzing the panorama images and the time 

lapse videos in every 30 mins from 9:30 to 20:00. 

Fig. 3-8 is panoramic photos from four camera points at 14 p.m. on 

January 23, 2016. Panoramic photos can make up the blind spots by 

high-altitude video data while providing clearer records of behavior 

and providing material for population statistics and behavioral analysis. 

In the pedestrian routes, the study used the time lapse video to draw 

down the moving path of the pedestrians with the same quantity (150 

pedestrians) during the lunch time (12:00-12:30) which can be realized 

as the busiest period during one day to analyze the different behaviors 

between different microclimate situations. 

As shown in Fig. 3-9, The time lapse video was imported into the 

software of Adobe After Effect for moving object path analysis. In this 

study, the image data within half an hour was intercepted into three 

segments of 10 minutes each. Draw motion paths of 50 people in 10 

minutes and finally add these three segments into one figure to get the 

behavior path analysis graph. According to the horizontal comparison 

of the action path, the use of space and the rules of the distribution of 

people flow can be found out. 

! "
# $
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Figure 3-9 Path analysis in the software of Adobe After Effect 

In the position maps, the study drew down the peopleÕs position for 

every 30 mins from 9:30 to 20:00, including the pedestrians and 

stationaries and integrate them into one picture and counted the 

quantity of users, including the pedestrians and stationary people. (Fig. 

3-10) 

 

Figure 3-10 Position relationship analysis in the software of Adobe Illustrator 

3.3. Results of field survey 

During the survey, 2489 groups of microclimate data and the 

corresponding CSV in summer and 2501 groups in winter were 

collected. The measured Ta range were 24.4Ð35.9�¥�� in summer, 
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"21.6Ð2.2�¥  in winter. The maximum temperature range between 

summer and winter was 57.5�¥��  The measured air velocity range were 

0Ð7.1 m/s in summer and 0Ð4.8 m/s in winter. The mean air velocity 

in summer was 1.2m/s higher than in winter (1m/s). The RH range 

were 36Ð100% in summer (mean RH was 38.8%) and 20Ð56.2% in 

winter (mean RH was 20%). 

3.3.1. Comfort sensation and microclimate 

Tables 3-3 & 3-4 displays the correlations [101] between CSV and 

shade situation, Ta, V, RH, Tmrt and WC by using the software IBM 

SPSS Statistics (Version 20.0.0) (N summer=2489, N winter=2501). It can 

be used to evaluate the microclimate elements which will affect the 

comfort level greater. The higher the correlation coefficient, the 

greater influence on comfortable level. A measure of linear correlation 

between the two variables X and Y, a value is given between +1 and 

"1, inclusively, with 1 indicating total positive correlation, 0 

indicating no correlation, and "1 indicating total negative correlation. 

The results indicated that in summer, all measured factors affected 

CSV significantly. Among them, shade had the highest correlation 

(r="0.464) with CSV, followed by RH (r=0.449). Ta was third, with a 

coefficient of "0.421, follow by the Tmrt (r="0.234). The weakest 

correlation with CSV was air velocity, with a coefficient of 0.222. 

More shade, lower Ta, higher air velocity, and higher RH improved 

sensations of comfort.  

In winter, the RH cannot be measured precisely, it also cannot be 

used as evaluation part for comfort level. Instead, wind chill is 

employed as an important part for comfort evaluation. There are 

significant correlations between CSV and all measured factors. Tmrt 

affected CSV most with a coefficient of 0.336, followed by wind chill 

(r=0.310). Correlation coefficients decreased gradually from Ta 

(r=0.298) and shade (r=0.236) to air velocity (-0.074). Higher wind 

chill, less shade, higher Ta, and lower air velocity improve sensations 

of comfort. 
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Consequently, all the parameters mentioned in this part will affect 

the CSV more or less. However, there is no correlation coefficients 

above 0.5, that is, no single parameter will affect the CSV as a leading 

role. All the factors have come together on the comfort level. 

Table 3-3 Correlations between comfort sensation votes (CSV) and microclimates 

in summer 
su

m
m

er 

  CSV Shade Ta Tmrt V RH 

CSV 1 
     

Shade -.464**  1 
    

Ta -.421**  .288**  1 
   

Tmrt -.234**  .250**  .215**  1 
  

V .222**  -.080**  -.157**  .216**  1 
 

RH .449**  -.287**  -.685**  -.283**  .165**  1 

** Correlation is significant at the 0.01 level (2-tailed). 

CSV-comfort sensation votes, Ta- air temperature, Tmrt Ð mean temperature radiant, V-air 

velocity, RH-relative humidity. 

Table 3-4 Correlations between comfort sensation votes (CSV) and microclimates 

in winter 

w
in

te
r 

  CSV Shade Ta Tmrt V WC 

CSV 1 
    

 
Shade .236**  1 

   

 
Ta .298**  .036**  1 

  

 
Tmrt .336**  .157**  .461**  1 

 

 
V -.074**  -0.008 .124**  .260**  1 

 

WC .310**  .038* .894**  .321**  -.290**  1 

** Correlation is significant at the 0.01 level (2-tailed). 

CSV-comfort sensation votes, Ta- air temperature, Tmrt Ð mean temperature radiant, V-air 

velocity, RH-relative humidity. 

Previous studies had demonstrated that shade affect the solar 

radiation, thus affect the thermal sensation greatly [102 103]. Among the 

microclimate parameters, shade situation is easy to be distinguished 

and calculated. Therefore, separating the shade situation to analyze the 

relationship among mean CSV, microclimate factors and time may 

provide some distinct insights on the outdoor environment research.  
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Figs. 3-11 a & b shows the relations among microclimate factors 

and CSV as a function of time in different shade situations, the 

following results were obtained:  

In summer, CSV curves in and out of shade are obviously separate. 

In the morning (before 10:00 a.m.) the CSV was higher than other 

periods. In the evening (after 5:00 p.m.), most people feel comfortable. 

Ta and RH change with time gradually. From morning, Ta increase 

gradually until 14:30 p.m. After 14:30 p.m., the Ta started to decrease 

gradually. The RH was opposite to the Ta with higher rate of change. 

Air velocity was not about time but significantly affects instantaneous 

CSV.  

In winter, all the measured CSV was below 0 Celsius temperature. 

From morning, CSV curving in and out of shade separated gradually. 

From 13:00 p.m. to 15:00 p.m., higher CSV can be measured 

especially out of the shade. Ta and RH changed gradually with time, 

however, wind chill changed with air velocity, significantly affected 

instantaneous CSV. 

Consequently, the RH and Ta will change with time. It can be 

suggesting that according to the solar radiation and spatial 

characteristics, some of the microclimate factors will change gradually 

with time. Meanwhile, the air velocity which is not related to time will 

also affect the CSV significantly. By according to the ruler guide in 

Figs. 3-11 a & b, almost all the instantaneous change was due with the 

air-flow. 
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Figure 3-11a Relationships among mean CSV, microclimate factors with time in 
different shade situations in Summer 

 

Figure 3-11b Relationships among mean CSV, microclimate factors with time in 
different shade situations in Winter 
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By analyzing mean CSV at the same ambient temperature, air 

velocity, and relative humidity in summer, ambient temperature, air 

velocity, and wind chill in winter, the following change trends were 

found: In summer, as Figs. 3-12 a, b & c show, CSV decreased with 

increasing ambient temperature, decreasing air velocity, and rose in 

relative humidity. Among these meteorological parameters, 29.6¡C of 

Ta, 1.1 m/s of air velocity, and 67% of RH were threshold values for 

whether the environment was comfortable or not. When the Ta is 

higher than 31.9¡C and the RH is lower than 52%, it can be seen to be 

uncomfortable situation. To sum up, in summer, lower ambient 

temperature, higher air velocity and relative humidity are more 

comfortable. 

In winter, all the CSV was below 0¡C, that is, all the measured 

microclimate cannot satisfy peopleÕs comfort level. CSV decreased 

with increasing air velocity and decreasing ambient temperature and 

wind chill (Figs. 3-13 a, b & c). Among them, "14.4¡C of Ta, " 16.5¡C 

of WC, and 1.6 m/s of air velocity were environmental threshold 

values that can be accepted or not. Consequently, in winter, lower air 

velocity, higher ambient temperature and wind chill will make the 

outdoor environment more comfortable. 

 
Figure 3-12a CSV- ambient temperature variation tendency (Summer) 
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Figure 3-12b CSV- air velocity variation tendency (Summer) 

 

Figure 3-12c CSV- relative humidity variation tendency (Summer) 

 

Figure 3-13a CSV- ambient temperature variation tendency (Winter) 
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Figure 3-13b CSV- air velocity variation tendency (Winter) 

 

Figure 3-13c CSV- wind chill variation tendency (Winter) 

In Fig. 3-14, for every 0.5K of PET interval, the mean CSV was 

calculated in both summer and winter as suggested by Ref. (Lin, 2008) 
[104]. The PET ranges were "31.7 to 3.1�¥  (cold season) and 21 to 40.9�¥��

(hot season). Linear regression was conducted as follows: 

Cold season: 
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K?%?: @0D@A,L?) ?, 0DD+H? (R&=0.71803)              (5) 

The correlation between mean CSV and PET in both summer and 

winter were higher than 0.7 (R2=0.86 in winter, R2=0.72 in summer). 
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summer. The results indicate that comparing with the cold season, the 

residents in Shenyang were more sensitive to hot season. With the 

scale for subjective responses about comfort sensation in Table 2, the 

unacceptable PET range is lower than "17.32�¥  in winter. The neutral 

PET is 29.89�¥  in summer. 

 
Figure 3-14 Relationship between mean CSV and PET 

3.3.2. Tmrt and Ta 

In summer, measured mean air temperature and calculated mean 

radiant temperature (Tmrt) on clear and overcast days were shown in 

Figs.3-15 a & b. The measurement point for this comparison was set 

on point No.11 where can get sunlight before afternoon on clear day 

and change slightly on air velocity during whole day. 

The different of air temperature and mean radiant temperature 

between clear day and overcast day was shown. The difference of 

mean air temperature between two days was 6.13�¥ . During the clear 

day, higher temperature was recorded. The effect of shade on the 

magnitude of Tmrt was also clearly shown. Depending on the Figs. 3-

15 a & b, on the clear day, when the measurement point was exposed 

in sunlight before 13:00 a.m., the Tmrt is significantly higher than the 

air temperature. When the building shade fell over the measurement 

point, slightly higher Tmrt than air temperature was recorded. The same 

result was also found in overcast day. 

During the winter survey, two measurement points of Tg were 
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sunlight for the whole area, neither to guarantee one measurement 

point can get long time sunlight during the survey. As shown in Figs. 

3-16 a & b, the source data of Tmrt1 was from the measurement point 

located at a high position where can receive sunlight all the time during 

the clear day. It can be used to calculate the mean Tmrt at the survey 

area suffered sunlight. the source data of Tmrt2 was from point No.11 

where cannot get sunlight during whole day in winter. It can be used 

to calculate the mean Tmrt at the survey area without suffering sunlight. 

By comparing the data in two-days, significant difference between 

the Tmrt exposed to the outdoor space in sunlight and in shade. The 

Tmrt value in the shadow is almost indistinguishable from the outdoor 

air temperature. 

By comparing the data in summer and winter, the influence of solar 

radiation on air temperature in winter and summer is not obvious, but 

the impact on Tmrt and the change is very significant. Tmrt is also an 

important index that affects the thermal comfort of the human body. It 

can be learned that the presence or absence of sunlight and the amount 

of existence directly and significantly affect the comfort level of the 

human outdoor space. 
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Figure 3-15a Measured mean Ta and calculated Tmrt on a clear day (5th Aug. 
2015) and the photograph at 10:30 a.m.  

 
Figure 3-15b Measured mean Ta and calculated Tmrt on an overcast day (6th 
Aug. 2015) and the photograph at 10:30 a.m. 
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Figure 3-16a Measured mean Ta and calculated Tmrt on a clear day (22nd Jan. 
2016) and the photograph at 10:30 a.m. 

 

Figure 3-16b Measured mean Ta and calculated Tmrt on a clear day (24th Jan. 
2016) and the photograph at 10:30 a.m. 
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