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ABSTRACT
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WINTER CONDITIONS
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Advisor:
Dr. Robert Brown

Winter winds can strongly reduce the thermal comfort of visitors to urban plazas
yet there is little guidance in the literature as to what can be done to improve the
situation. This study explored how wind affects the thermal comfort of people in winter
and used that information to provide guidance for how urban plazas can be designed to
increase the thermal comfort of visitors. A thermal camera recorded the face
temperatures of volunteers over time in a range of winter conditions. An energy budget
model of a person's face (COMFA FACIEM VENTOSUS) was developed and applied to
vignettes of evidence-based windbreak designs to illustrate the effects of a windbreak on
winter thermal comfort.
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1.0 Introduction
As the nursery rhyme says, as the wind blows the cradle will rock. Have you ever
walked through an open plaza downtown, your face to the wind, all bundled in your
winter jacket only to arrive to your destination with a frozen face and hands? This has
happened to most people in Canada at least once, but what if you could journey through a
plaza without this happening?
You cannot see it or hold it but you can certainly feel it. Wind is the movement of
air caused by the uneven heating of the Earth by the Sun (Canada, 2014). It can dry your
clothes in summer and chill you to the bone in winter. Wind in urban settings is strongly
influenced by its interaction with building design and geometry, surrounding structures,
landscaping and site exposure which all impact wind comfort at the pedestrian level.
Depending on the characteristics of the plaza, even moderate breezes can be accelerated
to speeds that become thermally uncomfortable, or a detriment to the enjoyment and
success of an urban plaza.
A plaza, also known as a place, piazza, and open public space plays a number of
roles within the city. An urban plaza is defined as any reasonably large uncovered void
between buildings used for public activity (Alsayaad & Bristol, 1992). The integrative
function of an urban plaza is influenced by historical, aesthetic, political, economic and
cultural values (Gastil & Ryan, 2004). It takes on various physical forms depending on
the society within which it exists (Gastil & Ryan, 2004). Traditionally in Europe and
Latin America, plazas were designed as meeting places to gather with friends, have
lunch, and “people watch”. These are still the factors that contribute to plaza design
today. “What attracts people the most, it would appear, is other people” (Whyte, 1988).
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Human beings are social animals who tend to gather in groups or packs. Thus, when we
see people lingering in a space, we are attracted to it.
Public plazas provide spaces for people to interact, relax, enjoy the fresh air and
socialize among other activities. The success of an urban plaza is dependent upon the
overall quality of an individual’s experience during their visit. For example, an outdoor
plaza may provide a pleasant ambience, but if it is too hot or cold or the wind is too
strong, patrons will not enjoy their overall experience.
Pedestrian thermal comfort is affected by wind speed, humidity, temperature and
radiation (Brown & Gillespie, 1995). In order to attract users to urban plazas, creating
thermally comfortable spaces that provide design elements for the above factors is key to
creating environments that the public can use in all seasons.
Creating less turbulent conditions can be achieved by modifying the wind. Some
examples include windbreaks or screens, which allow for some wind to pass through
open spaces. Living green walls can be used to mitigate the wind; however, selection of
robust species is necessary. Using public art or site furnishings strategically can provide
designers with aesthetically pleasing as well as functional ways to modify wind in urban
plazas.
In an effort to create landscapes that can be used year-round, landscape architects
and other professionals seek out ways to ensure that designs are thermally comfortable
for the majority of users (Brown & Gillespie, 1995).
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1.1.1 Research Goal
This exploratory study aims to gain a better understanding of the factors that
contribute to how human thermal comfort and facial cooling is affected by winds in urban
settings. While working with the COMFA model (Brown & Gillespie 1986), a computer
model that uses the heat budget equations for estimating the flow of energy to and from a
person in any given landscape, this study will be expanding the scope of the model to
include the face of individuals to measure the impacts of winter winds on exposed skin.
Data collected from a field experiment measuring temperatures of volunteers’ exposed
faces along with a glass dummy’s head, in the direct force of the wind, will be used to
test the model. The validated model will provide evidence for how winter wind affects
the thermal comfort of individuals that use an outdoor plaza.
A prototype that consists of multiple vignettes of evidence-based windbreaks will
be analyzed against the human face model (COMFA FV) to see what the differences are
between having a windbreak and not having a windbreak in place, and a comparison will
be made.
The significance of this study is to provide landscape architects and other
professionals with the tools to design protected and/or thermally comfortable spaces
within a plaza setting, that individuals can enjoy without being affected by the winter
winds.
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1.1.2 Research Objectives
•

Expand the scope of the COMFA model to include the exposed skin of the bare
face

•

Introduce the FACIEM VENTOSUS (COMFA FV) model

•

Determine how to take advantage of microclimates and thermal comfort budgets
to design improved spaces in winter

•

Expand on mitigating the wind using different techniques, both artificial and
living

•

Provide strategic facial cooling evidence that extends the ‘patio’ season

1.1.3 Steps Taken to Achieve the Goal
In the flowchart below, are the steps set out in order to achieve the goal of this
study, which is: effects of facial cooling on thermal comfort in windy winter conditions.
A review of the literature will be used as a background study to familiarize myself with
the topic at hand. Working with COMFA along with the introduction of FACIEM
VENTOSUS, a model that is set up to investigate the facial cooling of volunteers’ faces
in windy conditions and will be tested against evidence based windbreaks to provide the
best locations to avoid bitter windy areas. The model simulations will be compared with
the measurements, and conclusions will be drawn.
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Goal: Effects of facial cooling on thermal comfort
in windy winter conditions

literature review

COMFA FV

(COMFA FACIEM VENTOSUS)

model validation

prototype
assessment
facial cooling

findings

conclusions & implications for landscape architects
& future research

Figure 1: Diagram of Literature Process
Above are the following steps that were taken during the study in order to achieve the goal
of this topic.
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2.0 Literature Review

2.1 Overview
There is a vast volume of literature regarding wind, microclimate, thermal
comfort, mitigating wind and the orientation of buildings within the urban setting.
Finding the relationship that explains all the characteristics of wind that affect the urban
landscape without going overboard was a challenge. This literature review provides a
glimpse into understanding wind and how it affects the climate, what causes certain
pressures and fronts, understanding microclimate energy budgets and how they can affect
our thermal comfort, and understanding the design and orientation of buildings and their
placement. All these factors play a significant role in the way in which we design
thermally comfortable landscapes for users in winter months.

2.2 Understanding Wind
Wind is the horizontal movement of air across the Earth’s surface created by
differences in air pressure between one place and another (Canada, 2014). The
Troposphere, the layer closest to the Earth’s surface extending out to approximately 7-20
kilometers (Canada, 2014), is the layer in the atmosphere where wind is found. Winds are
named for the direction from which they originate. For example, westerly winds originate
in the west and blow towards the east. Winds are represented by a wind rose, which is an
illustration that indicates the percentage of time the wind blows from different directions
(Brown & Gillespie, 1995). Figures 2 to 5 show the wind roses for Toronto, Ontario
from January to April and include both snow and sunny conditions.
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Figure 2: Wind roses for Toronto, Ontario, for periods with snow accumulation >0cm,
when the majority of winds are from the west (Brown, 2014).

Figure 3: Wind roses for Toronto, Ontario for periods with snow accumulation >5cm, when
the majority of winds are from north to east (Brown, 2014).
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Figure 4: Wind roses for Toronto, Ontario for periods with snow accumulation >10cm,
when the majority of winds are from northwest to east (Brown, 2014).

Figure 5: Wind roses for Toronto, Ontario for periods with sunny conditions when the
majority of winds are from the southwest (Brown, 2014).
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An anemometer measures the speed of the wind (commonly measured in m/s)
while a wind vane determines the direction of the wind. An easy way to determine wind
direction is to simply lick the end of your finger and lift it in the air. The wetness quickly
evaporates on the wind-facing side, cooling the skin.
Combinations of three forces are responsible for controlling the movement of the
wind, these are: the Coriolis effect, pressure gradient force, and friction.

2.2.1 Coriolis Effect
In 1835, an inertial force described by the 19th-century French engineermathematician Gustave-Gaspard Coriolis was called the Coriolis effect (Persson, 1998).
If the Earth stood still and did not rotate, the air would blow directly from high to low
pressure. However, the Earth does rotate towards the east; therefore, air and all other
free-moving objects are deflected to the right of their path of motion in the Northern
Hemisphere. The opposite happens in the Southern Hemisphere; air and all other freemoving objects are deflected to the left (Brown & Gillespie, 1995). The deviation is
known as the Coriolis effect (Persson, 1998, Canada, 2014).
The Coriolis effect is directly proportional to wind speed. The stronger the wind
blows, the stronger the Coriolis effect will deflect it rightward. Coriolis effect is strongest
at the poles and weakens the closer one travels toward the equator. Coriolis effect is
dependent on latitude and becomes nonexistent once it reaches the equator (Canada,
2014).
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2.2.2 Pressure Gradient Force
A pressure gradient force is the force that pushes air from one location to another;
essentially it is the force that accelerates the wind (Canada, 2014). Air flows from areas
of higher pressure to areas of lower pressure. The strength of the pressure gradient force
depends on two things: how much is the difference in air pressure and two, what is the
amount of distance between the pressure areas. The force will be stronger if the
difference in pressure is larger or the distance between them is shorter, and the other way
around.
A low-pressure system is an area where the atmospheric pressure is lower than
that of a surrounding area and is usually associated with bad weather. A low-pressure
system develops when relatively warm and moist air rises from the Earth’s surface. Air
near the center of a low-pressure system can be unstable, causing the warm and humid air
to rise; low-pressure systems tend to produce clouds, rain and even snow.
A high-pressure system is an area where the pressure of the air is higher than the
surrounding pressure, usually associated with good weather. High-pressure systems are
much larger in size than low-pressure and may block the arrival of bad weather or slow
down its arrival.

2.2.3 Friction
Friction is the resistance you feel when you rub your hands together (moving one
object across another). Friction occurs with wind too as it blows over the surface of the
ground. As the wind passes over the landscape including trees, mountains and even soil,
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these elements interrupt the movement of the air, which slows it down (Oke, 1978).
Friction reduces wind speed, but is only present near the Earth’s surface.

2.2.4 Fronts
A front is the narrow transition zone between large masses of warm air and cold
air clashing together. The difference between one air mass and the next is the temperature
and moisture content or humidity. When a front passes, the weather changes; there are
four types of fronts: cold, warm, stationary and occluded.

Cold Front
A cold front is created when a mass of cold air is pushed under a mass of warm
air, in turn forcing the warm air to rise. As the moisture in the warm air mass rises, it
cools and condenses and can form thunderstorms. As the front moves past, cool, fair
weather is likely to follow (Ahrens, Jackson, & Jackson, 2009).

Warm Front
A warm front is created when a mass of warm, moist air slides up and over a mass
of cold air. As the mass of warm air rises it condenses into a vast area of clouds, bringing
with it gentle rain or light snow, followed by warmer, milder weather.

Stationary Front
A stationary front has little or no forward movement but is created when warm
and cold air clash and neither mass has the force to move the other. This can bring many
days of clouds, fog and precipitation including snowfall.
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Occluded Front
An occluded front is created when a mass of warm air gets caught in between two
masses of cold air. As the mass of warm air rises, the cool masses push to meet in the
middle bringing along with it heavy precipitation and strong winds.

2.2.5 Wind Chill Index
Wind Chill Index (WCI) is used to describe what cold weather feels like at various
combinations of low temperature and high wind speeds against the exposed human skin
(NOAA, 2013). For example, the colder the air temperature and the higher the wind
speed the colder it feels like on our skin (Steadman, 1971). If the temperature stays the
same and the wind speed increases, the skin will feel colder. The human body warms the
surrounding air molecules by transferring heat from the skin. If there is no movement of
air, then the molecules insulate the body offering protection from cooler molecules
(Horstmeyer, 1995). However, when the wind blows, it disrupts the warm molecules
brushing them away from the body creating that cold feeling.
The origins of the wind chill index (WCI) began in Antarctica in 1945. Two
explorers, Siple and Passel, filled a plastic cylinder with water and suspended it on their
building’s rooftop, in the direction of wind in order to measure the rate in which the
bottle froze (Siple & Passel, 1945). The formula, a three or four digit number that
represented the rate of heat loss of a cylinder per unit surface area remained essentially
the same for a long time; however, there was a broad agreement among many scientists
who had their doubts about the accuracy of the formula (Steadman & Quayle, 1998). The
weather stations reported the WCI from winds, measured at the height of 10m while a
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person’s height is well below this level and the speed of wind measured high above the
ground is far greater than that measured at lower levels (Steadman, 1971).
As a result, in the year 2000, Environment Canada (EC) and the National Weather
Service (NWS) gathered their top researchers and scientists together to create a wind chill
index that could be easily understood and could be adopted by North America (Osczevski
& Bluestein, 2005, Osczevski, 1995). This new index calculates the wind speed at 1.5m,
the height of an average pedestrian. A model based on a human’s face is used to calculate
the heat loss from the body, to its surroundings, during cold windy days. The new index
lowered the wind threshold of calm wind to 4.8kph from the previous 6.4kph, used a
consistent standard for skin tissue resistance and assumed the sky is a clear night
(NOAA, 2013). This is the current method used across North America; however, wind
chill is not exact, rather it is an approximation or estimate for the heat loss from an
exposed surface (Siple & Passel, 1945). When it comes down to it, the wind chill index
simply prepares individuals for what to expect outside so that they can dress accordingly
in windy winter weather.

This is the “old” wind chill formula (Siple & Passel, 1945):
WCI= (10√V – V + 10.5) X (33 - Ta)
WCI = Wind chill index kcal/m2/h (kilocalories/meters squared/hour)
V = Wind velocity, m/s
Ta = Air temperature, °C
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For the purpose of this paper I will be looking at Convective Heat Gain or Loss -CONV
which is an equation that is used to calculate the heat flow from a person’s core through
their clothing and then through the boundary layer surrounding them (Brown & Gillespie,
1995). In order to find a person’s rate of heat loss, imagine the human face like a cylinder
(Figure 6), with the core temperature (Tc ) measured in °C. Between the core and the
edge of the skin is the resistance to heat flow of body tissue (rt), then depending on the
clothing selection there might the resistance of clothing (rc). However, in this study there
is no clothing on the face (rc) = 0. Resistance to heat flow in the air (ra) is provided by the
boundary layer located around the cylinder or body. This is the equation (Brown &
Gillespie, 1995):
CONV = 1200 x (Tc – Ta)/(rt + rc + ra)
CONV = Sensible heat lost or gained through convection

Figure 6: Human Face as a Cylinder
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2.2.6 The Human Face
A person’s head, especially the face, is usually the most exposed part of the
human body in cold weather. To some extent hair, toques, a scarf or a sweater hood
protect the head but the face other than the ears and chin remains exposed (Osczevski,
2000).

2.3 Microclimate
A microclimate is a climate that is measured over a relatively small area
(centimeters to tens of meters in size). A change in thermal comfort is experienced in a
person when they move through the landscape from one microclimate to the next
(Hopper, 2007). Solar and terrestrial radiation, air temperature, humidity, precipitation
and wind in an outdoor space are the conditions that affect microclimate (Brown &
Gillespie, 1995). The various measurements above should be placed in two categories:
those that can be modified by design of the landscape and those that cannot be modified
through design (Brown & Gillespie, 1995, Hopper, 2007). The only two that can be easily
modified in the landscape are wind and solar radiation. Temperature and humidity of air,
in general cannot be easily modified through design (Hopper, 2007). Typically when
designing in cool seasons the first priority is to design for the wind and then for the sun.
Microclimates can be modified using strategic placement of objects that will modify the
wind and solar radiation (Hopper, 2007).
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2.4 Human Thermal Comfort
The foundation of design for human thermal comfort is the energy budget of a
person (Brown, 2010). A person would start to feel uncomfortable if their core
temperature breaks outside of a narrow range. The range of the internal temperature of
the human body is between 36°C to 38°C; any lower than that, one risks the chances of
hypothermia (NOAA, 2013), and in the opposite direction hyperthermia or even death is
possible (Brown, 2010). That is a relatively small window for disaster.
Knowledge of the normal internal temperature, which is between 36°C to 38°C
for an average human, is a necessary starting point for energy budget modeling. To
prevent the human body from over-heating or under-heating, there needs to be a balance
of energy going in and going out. The body utilizes two sources of energy, metabolism
and radiation, as inputs to the energy budget. Metabolism, measured in watts per meter
squared (W/m2), is when the body exerts energy or movement. For instance, you wake
up, throw on a sweater and shorts and go for a run; the faster you run the more energy
you generate. The second source of energy is taken from the sun in the form of solar
radiation. Just by simply soaking up the invisible rays the body adds watts of energy to
the body.
The energy budget model is called COMFA (derived from COMfort FormulA)
(Brown & Gillespie, 1986), and is based on heat budget equations that describe the flows
of energy to and from a person in any landscape. The basic COMFA equation is as
follows:
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Budget = M + Rabs – Conv – Evap - TRemitted
So
M = Metabolic energy used to heat up the person
Rabs = Absorbed solar and terrestrial radiation
Conv = Sensible heat lost or gained through convection
Evap = Evaporative heat loss
TRemitted = Emitted terrestrial radiation
When the budget is close to zero, a person is expected to be thermally
comfortable. Large positive values show more energy being received then lost causing
over-heating and warm discomfort. And the opposite would occur if the value were a
large negative; a person would be too cool (Brown & Gillespie, 1995).
There are two types of radiation, solar and terrestrial, which are both absorbed or
reflected from the body or by the clothing that you have on. Terrestrial radiation is
absorbed more effectively than solar. The color of your clothing can have a significant
impact on the outcome of the energy budget. Light clothing reflects more light, while
dark absorbs more solar radiation. Evaporation requires a loss of energy to convert liquid
water into water vapour, making the body feel cooler. Convection is when air moves past
your skin and takes away energy. The faster the air moves the more energy that is taken
away. If the air is the same temperature as your skin (33°C) then there is no exchange
but if the air is colder then cooling will occur (Brown, 2010, Canada, 2014). Convection
is a function of wind speed (W) and temperature (T) difference between a person (Tskin)
and the air (Tair):
C = f (W) x (Tskin – Tair)
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If the speed of the wind increases, so does the convection. If the temperature difference
between the surface of a person and the air increases, so does the convection. However if
the surface temperature of a person is the same as the air temperature, no cooling occurs
and convection becomes a 0 (Brown & Gillespie, 1995).

2.4.2 Thermal Camera
The use of a thermal camera is important for many applications in our daily lives.
Also known as thermography, thermal imaging is a technique for producing an image of
invisible infrared light emitted by objects which produces a crisp photograph showing the
temperature differences of a surface (FLIR, 2013). Thermal imaging cameras do not
actually see temperature; rather, they capture the infrared energy transfer from an object
to its environment and produce a real-time image in a color palette where hotter objects
appear brighter and cooler objects appear darker (FLIR, 2013).

2.5 Buildings and Orientation
The construction of a building inevitably changes the microclimate in its vicinity.
Building design and geometry, surrounding structures, landscaping and site exposure all
influence wind comfort at the pedestrian level. Wind speed, wind direction, air pollution,
thermal and solar radiation are all examples of physical aspects that constitute the
outdoor climate and are changed by the presence of the building (Cermak, Davenport,
Plate, & Viegas, 1989). The change of these quantities depends on the shape, size and
orientation of the building as well as the interaction of the building with its surroundings.
These changes can have positive or negative responses. Negative responses can include
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increased wind speeds around the building leading to uncomfortable conditions for
pedestrians (Brown & DeKay, 2001). This is particularly the case at the base of high-rise
buildings. As a result, an increasing number of municipalities require pedestrian wind
assessments as part of land-use permitting and site plan approval.
The relationship between the sun and wind has an effect on the orientation of the
buildings in an urban setting. In winter, it is important to allow both solar rays into a
space, and to reduce the wind speed. Knowing the path of the sun can provide facades to
let in light and passive solar gain (Brown & Gillespie, 1995).
The orientation of the streets in an urban city can have a significant effect on the
velocity of the flow of wind (Nakamura & Oke, 1988). Only if the opportunity is
available, east to west streets provide better winter sun, while streets facing the prevailing
winds promote better air movement. Also, streets running parallel to the prevailing winds
contain the highest velocity, while streets perpendicular to the wind encourage most of
the wind to blow over buildings, yielding lower velocity and more turbulent wind in the
streets (Brown & DeKay, 2001).
Generally, outdoor open spaces in the Northern Hemisphere should be orientated towards
the south, to allow for the warmth of the sun’s rays to enter the space during colder
periods (Brown & Gillespie, 1995).

2.6 Design of Plazas
A plaza is typically an open space designed for public use and defined by its
surroundings, either buildings and/or streets (Whyte, 1988). Its primary functions are to
encourage a diversity of opportunities for social interaction and activities, to provide
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relief and relaxation, to expand and reinforce the public realm and to contribute to the
livability and general amenity of the downtown and other developing parts of the city
(Greenbaum, 2010). Ensuring a successful plaza design includes the following attributes:
visibility and views, linkages, safety, environment and user attractions (Shaftoe, 2008). A
brief description of each is provided below.
Visibility and views can be provided by ensuring walls and level changes do not
create barriers that would prevent users from accessing the amenities of the plaza.
Wherever possible, maintain surrounding views of landmarks and lakes. In order to create
a dynamic pedestrian network, linkages to surrounding areas need to be in place.
Linkages can be achieved using paving patterns, plantings, steps and passages. Safety can
be attained through providing safe good clear sightlines, and accessibility for all users
including the elderly, disabled and young children (Shaftoe, 2008). Surveillance and
overview from adjacent sidewalks, windows and decks are necessary components that
contribute to the safety of a plaza. Good lighting is also important to enhance the safety
and may discourage loitering, especially at night. Exposure to direct sunlight is very
important to many people; warmth and sunshine are two major user attractions,
particularly around lunchtime in the commercial business areas (Whyte, 1988).
Wind from surrounding buildings can cause discomfort among users and should be
prevented or reduced through specific design measures (Greenbaum, 2010, Oke, 1978).
Implementing waterfalls or fountains may provide a good balance (Greenbaum, 2010) to
drown out the sound of the honking of cars, the levels of heavy traffic and ambient
noises, which can detract from the overall enjoyment that a plaza has to offer. Providing
seating, without a doubt, is a very important factor in creating a plaza where users can
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stay and relax (Whyte, 1988, Shaftoe, 2008, Main & Hannah, 2010). User-friendly
designs provide a variety of seating types that are plentiful as well as comfortable.
Amenity features in plazas, such as public art, encourage users to interact while creating
excitement and liveliness in a space and provide a focal point or destination within that
space (Whyte, 1988). It is important to provide essentials such as drinking fountains, bike
racks, and waste receptacles (Shaftoe, 2008). Wherever possible, it is desirable to
incorporate natural elements that reflect seasonal change such as trees, plants, ground
covers, and flowers in a variety of colors and textures, and/or soften the urban landscape
by adding lawn wherever possible for seating in dry weather.

2.7 Public Art
Public art, like architecture and urban design contributes to a sense of place,
ownership and cultural identity for a community, while creating lasting memories for its
visitors. The placement of artwork in our everyday environment holds numerous benefits.
It has the power to energize public spaces, arouse the communities thinking and
transform the places where individuals live, work and play (Planning, 2010) to become
even more welcoming and beautiful. Public art engages people; strangers talk with each
other, children begin to ask questions and public art sooths a person’s busy day.
Public art refers to art or installation(s) that have been proposed by the developer
or third-party organization with a specific intention to be incorporated within the
designated space allotted to them, usually an open space outdoors, and accessible to the
public, such as a building plaza. Public art is a significant tool for city building, economic
development and beautification (Planning, 2010). The City of Toronto and their public art
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policies will be used as an appropriate example of how public art is incorporated into
urban areas.
Toronto in 2007, implemented a policy called the Percent for Public Art, which
requires developers of large construction projects to devote one per cent of their gross
construction cost (GCC) towards public art. The Percent for Public Art Program ensures
that art is a public benefit, enjoyed and experienced by residents and visitors throughout
the city. Public art helps to make environments such as open spaces attractive and
memorable places, where people want to visit, live, work and play (Planning, 2010).
Incorporating sculpture, as a form to block the wind from users and create
aesthetically pleasing environments could be a possibility, here are some examples of
public artworks from Canada and the world in Figure 7.
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2.

3.
1.

4.

Figure 7: Examples of public art. 1. 42-foot tall toy rabbit- Florentijin Hofman (Hofman,
2014) 2. Stacked Fountain- James Eelbeck (Eelbeck, 2011) 3. Cloud Gate- Anish Kapoors
(Kapoor, 2006) 4. Lansdowne Fence- Scott Eunson & Marianne Lovink (Eunson & Lovink,
2014).
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2.8 Wind Movement through Urban Areas
The architecture of a building, surrounding structures, landscaping and site
exposure all influence wind comfort at the pedestrian level (Oke, 1978). Every object in
the landscape has an effect on the flow of wind. Urban winds are affected by a whole
variety of different factors, including the buildings’ size, shape, height and orientation.
Tall buildings create turbulent conditions, which are good if you are in a hot climate
because the downward forces push the air down the building to cool at the pedestrian
level. In cold climates, it can be quite the opposite, providing pedestrians with thermal
discomfort (Brown & DeKay, 2001). For instance, when winds at the top of a building
are deflected downwards towards the street level, they create a swirling turbulence
known as the Downwash Effect (Brown & DeKay, 2001). With the increase of wind
speed around corners, more common on wider and taller buildings, the wind begins to
swirl on the downward side creating a vortex (whirlwind or spiral of air), which results in
that gust of wind when you turn the corner, known as the Corner Effect (Brown &
DeKay, 2001). The Wake Effect is another turbulence, created on the leeward side. It is
the strongest when there are tall buildings in proximity to smaller ones (Brown & DeKay,
2001).
An urban canyon is essentially a man-made replica of a natural canyon made by
streets that cut through dense blocks of buildings such as skyscrapers. An urban canyon’s
form consists of building arrangements that act as the walls and the streets are the ground
of the canyon (Nunez & Oke, 1977). Asymmetric canyons occur when the buildings on
one side of the street are of a different height than the buildings across from them (Nunez
& Oke, 1977).
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Windward refers to the side that directly faces the prevailing wind (Canada, 2014)
and Leeward refers to the side that is protected from the prevailing wind.

2.8.1 Eddy
If you have gone canoeing and watched your paddle move through water and seen
the little "water tornado" that spins off the sides of the oar as it moves through the water,
you have seen eddies. An eddy is basically a circulation that develops when the wind
flows over rough terrain, buildings, mountains or other obstacles. Eddies generally form
on the leeward side of buildings. The size of the eddy is directly proportional to the size
of the obstacle and speed of the wind (Oke, 1978).

2.8.2 Gusts
Gustiness is an irregularity in the wind speed, which creates eddy currents that
disrupt the smooth airflow. The term “gust” is usually used in conjunction with sudden
irregular increases in the wind speed near the surface level (Brown & DeKay, 2001).

2.9 Artificial Windbreak
Artificial windbreaks can provide immediate protection with constant
permeability and the added bonus of taking up little space. An artificial windbreak or
screen can be any movable device such as a panel or fence that is designed to protect,
divide and conceal objects around it. An effective screen is measured by the amount of
wind reduction and the area in which the wind speed is reduced. A windbreak directs the
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wind up and over, displacing it away from the area of interest. As the wind passes over a
windbreak, it will drop or swirl on the leeward side creating turbulence (Oke, 1978). This
is caused by the differences in air pressure from one side of the barrier to the other. The
amount of swirl that occurs is related to the amount of porosity of the barrier; this also
happens to a vegetated windbreak. Porosity is the measurement of empty space or void in
the form of a percentage between 0% and 100%. To clarify, 0 porosity is a solid fence
and 100% porous is having no windbreak in place (Brown, 2014). The most effective
materials are those with a porosity of 50% (Saskatchewan Agriculture and Food, 1993).
However, this density reduces more wind initially, but the protection zone on the leeward
side is far less than screens with a larger void count. Solid barriers create damaging
eddies of wind on each side and are unsuitable for slowing wind speeds.
Ideally, screens should face the prevailing winds but in some situations the
priority may be protection from damaging, cold, winds. The design of the screen is
typically 2.5m in height; this optimum height ensures the wind is cast over the average
person’s (1.5m) head (Brooks, 2014).

2.9.1 Vegetative Windbreak
Vegetative windbreaks are a defense or barrier (planted in a row or line), of trees
or shrubs, strategically placed to reduce and redirect horizontal wind (Oke, 1978).
As mentioned previously, windbreaks are usually placed perpendicular and used
to disperse the force of prevailing wind flows by filtering and slowing the wind entering
the protected area. In order for the vegetated windbreak to be successful it must be 0.8m
or higher to have a significant effect (Wilkinson & Elevitch, 2000, Kuhns, 2012, Brandle,
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Zhou, & Hodges, 2006). Height, density, species, and length are the most important
aspects in determining the structure of a vegetated windbreak and its overall effectiveness
in reducing and altering the microclimate.
Height of a windbreak, referred to as (H) is the most important factor in
calculating how far downwind the protection zone will be. The (H) in a vegetative
windbreak is the height of the tallest row of trees. Vegetated windbreaks (Figure 8) will
reduce the wind speed over a horizontal distance from 2H to 5H on the windward side
and up to 30H on the downwind or leeward side of the barrier) (Brandle, Zhou, &
Hodges, 2006, Wilkinson & Elevitch, 2000, Kuhns, 2012).

Figure 8: Windbreaks provide protection on their windward side approximately 2 to 5
times their height (2H to 5H). The wind begins to regain its speed as the distance away from
the windbreak increases. This diagram is based on the evidence-based literature above
(Brandle, Zhou, & Hodges, 2006, Kuhns, 2012, Wilkinson & Elevitch, 2000).

Density is essentially the opposite of porosity (0% density is open while 100% is
solid) and refers to how tightly packed or crowded a barrier is. For instance, if the barrier
is made up of deciduous trees with openings in its branches (allows more light through),
wind will flow through these open portions. However, if it is made up of coniferous trees
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(tighter branches and less light allowed to pass through- more solid), less wind passes
through, making it denser (Brown & Gillespie, 1995). Density can be manipulated by the
choice of plant materials. Coniferous or deciduous are both good choices; however,
deciduous trees will not provide protection in winter months. The species chosen for a
windbreak will determine height as well as density, and will influence the length of the
sheltered area. Essentially a windbreak determines the speed of air allowed through and
the size of the area that is sheltered behind it. Results from several studies (Brandle,
Zhou, & Hodges, 2006, Wilkinson & Elevitch, 2000, Kuhns, 2012) show that, in order to
achieve maximum wind reduction with a short protection zone, a density of 60-80% is
required. A moderate density of 40-60% will provide less wind reduction and provide a
longer protection zone. A density under 40% will provide adequate solutions for effective
snow distribution. The density of a windbreak is often determined by the species; in
Ontario evergreens are the most common species used for wind modification in winter
(Brown & Gillespie, 1995, Resources, 1995).
The length of a windbreak can greatly affect the density and success of the
barrier. In order to prevent the wind from slipping around the sides, ensure the
windbreaks are longer than the area needing protection (Tabler, 1994). Vegetated
windbreaks are most commonly used for farmsteads, buildings and fields; however, using
the same principles one can achieve wind modification in an urban setting.

2.9.2 Snowdrift Fence
Some Canadian provinces have colder windier winter conditions than others. This
introduces snow into the equation. The drifting of snow can cause blockages to entries of
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buildings, excessive accumulation on walkways as well as on adjacent roadways and
parking lots, not to mention higher maintenance costs (Tabler, 1994). The use of screens
and other objects in the landscape can cause the drifting of snow; however, if you
consider all aspects of the screen, the movement of the snow and the climate, one can
design elements to allow for easy snow removal. For instance, if you were to include a
gap underneath the screen, this allows for the wind to push the snow onwards keeping it
from piling up behind the screen (Tabler, 1994).
To achieve the best protection against wind speeds and allow snow to sweep
through, it is recommended that a fence have a porosity of 20%. This porosity provides
over 30 meters of protection on the leeward side (Saskatchewan Agriculture and Food,
1993, Brown, 1997, Bates & Phillips, 1980, House, 2009). A perfect example of a 20%
porosity fence would be the slatted fence, either horizontal or vertical, with spacing in
between each board. This allows the wind to go through the fence and prevents the down
drafting and swirling turbulence that occurs behind a solid fence. Some air can be felt
through the slats on the leeward side, but with a much lighter force than the original wind
speed if there was a solid or no fence in place (Saskatchewan Agriculture and Food,
1993, Bates & Phillips, 1980, House, 2009).
A plan view of a 50% porosity windbreak from a ‘typical day’ in February
(Guelph, Ontario), which includes the percent of the full force of wind on the leeward
side after being deflected by the barrier, is illustrated in Figure 9. There is an increase in
wind speed around the edges of the barrier, which also may include an increase in
turbulence; therefore, it is essential that the barrier be at least 12H perpendicular to the
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wind (Oke, 1978). Gaps should be avoided when creating effective windbreaks; these
gaps cause wind speeds to increase (see Figure 10).

Figure 9: Plan view of the wind reduction zones downwind of a 50% porosity barrier. The
categories represent percentage of full wind speed. Distances downwind are relative to the
height of the barrier. For example, a distance of ‘10’ (3m) represents a distance 10 times
the height of the barrier.
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Figure 10: Plan view of the wind reduction zones downwind of a vegetated barrier that
contains a gap in the middle. The categories represent percentage of full wind speed. The
presence of a gap within a barrier increases wind flows in the middle and on the leeward
sides that create turbulent areas.

2.10 Summary
This literature review has covered a general scope of the factors that contribute
information needed to create thermally comfortable environments in cold, windy
situations. A few things to consider when identifying valuable information that pertains
to this study is understanding the current measurements set in place, such as the Wind
Chill Index (WCI) which is used to describe what cold weather feels like at various
combinations of low temperature and high wind speeds against the exposed human skin
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(NOAA, 2013). Public plazas or open spaces are put in place for people to interact, relax,
enjoy the fresh air and socialize among other activities. Therefore, providing a thermally
comfortable environment is essential in assuring the return of visitors to the space.
Understanding a person’s energy budget and the time it takes for the human face to
become thermally uncomfortable during windy winter conditions is essential in learning
how to create new designs that allow users to access these spaces, even in the cold.
Understanding the orientation of the buildings and the way the wind travels in and out of
an urban setting is a valuable part in considering the selection or placement of screens,
public art and vegetation. Knowing the most effective porosity of a screen allows for
additional creativity in the selection of windbreaks, such as, public art for instance. These
are key points in establishing design guidelines that landscape architects and other
professionals can use to ensure thermal comfort can be achieved.
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3.0 Methods
This chapter outlines the methodology of the study. It describes the COMFA
FACIEM VENTOSUS (COMFA FV) model, data collection, experimental design, the
introduction of the prototype and how the data was analyzed. A summary of the steps in
the methods process began with computer modeling, changing the current COMFA
model to include FACIEM VENTOSUS (COMFA FV). Next the model was taken into
the field to perform facial cooling/thermal comfort measurements. An analysis was
conducted to validate the COMFA FV model, which provided outputs of time in minutes
of the facial cooling of individuals’ faces before they became thermally uncomfortable.
The results were applied to other situations to discover the thermal comfort limits behind
evidence-based windbreaks. The steps followed as a part of this methods process are
highlighted in Figure 11.
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FIELD MEASUREMENTS
- cooling rate of NOSE over time
& perception of comfort
- when did they quit

METHOD

COMPUTER MODELING
(changing COMFA to
FV)
- removed the clothing
- changed cylinder size

ANALYSIS
- was there a Tnose? NO
- was there a total heat loss? NO
- was there a FV value that relates? YES
Test Model
INPUT - Variables
OUTPUT - How many minutes

Validate Model

Apply model to other situations

WINDBREAKS

Figure 11: Diagram of Methods Process

3.1 COMFA FACIEM VENTOSUS (COMFA FV)
In order to measure the energy budgets of users in any given landscape a
computer based model known as COMFA (COMfort FormulA) was used. This simple
computer based model (Brown & Gillespie, 1986) allows for the addition and subtraction
of landscape elements (trees, site furnishings, windbreaks among others) to provide
thermally comfortable environments for users in all season conditions. Using the
COMFA along with the introduction of FACIEM VENTOSOS, which is translated from
Latin to be “face full of wind”, allows us to plot the variables of wind and temperatures
that affect both the hands and face of an individual to give us a sense of what is going on
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within the landscape. This tool will help greatly in achieving better ways to design
thermally comfortable plazas.

3.2 Test Site
The study was conducted on the University of Guelph’s campus where Winegard
and Reynolds Walk intercept each other, between the University Centre and the
Engineering building, shown in Figure 12. This open area is susceptible to cold windy
conditions from prevailing winds from the west and south, providing the ideal place for
the COMFA FV model to be tested.

Figure 12: Survey Site
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3.3 Thermal Comfort Study
A thermal comfort experiment was completed using four volunteers and one glass
dummy head. The volunteers were directed to stand with their hands and face exposed
directly into the wind for a designated time limit of up to 15-minutes. During this time
the volunteers were given a simple survey with six categories that described a level of
thermal comfort, starting at the top with: comfortable, cool, very cool, cold, very cold and
ending with unable to continue for their hands, face and their trunk, Table 1. Each minute
a timer would sound. Each volunteer would then be asked to mark in the appropriate
answer for how their thermal comfort was affected by the wind at that time. In addition to
having a thermal infrared picture taken that recorded the face and hand temperatures, an
anemometer and thermometer were used to measure the wind speed and temperature
respectively. The use of a thermal camera provided additional information on a person’s
face and hands to see any relationships between the survey of the volunteer’s thermal
comfort and the actual body temperatures.
This study took place during January and February 2014. The conditions varied
from very cold (-18°C) to warmer (1°C), with a variety of weather systems that included
clouds, rain, sun, and flurries. The study consisted of four volunteers, two males and two
females. Each volunteer had been asked prior to participating if they had been exposed to
frostbite in their past; all answered no. The consumption of hot fluids and physical
activity was avoided up to 4 hours prior to the study. Each volunteer wore a windproof
jacket and pants along with a toque; gloves were worn after the hands became thermally
uncomfortable. One male was used to measure all of the environments provided, while
the others were used on one extreme, mild and variable condition. A hollow head (known
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as artificial head) that resembles a life-size human head and measures 13.3cmW x
20.3cmD x 28.6cmH was purchased from Pier 1 Imports. The head is made of molded
recycled glass and was sealed at the bottom with a plunger (see Figure 13). The model
was also used and set facing the direction of the wind up to the 15-minute time limit or
whenever the volunteer(s) becomes thermally uncomfortable. A thermal image was taken
of the dummy’s nose and recorded. The artificial head was set up to be 1.8m on a ledge
that faced the direction of the wind while the volunteers ranged from 1.7m to 2m in
height. The glass head was introduced on February 16, 2014 to determine if there would
be any similarities or differences in temperatures compared to that of the human subjects.
Three additional tests were taken of the artificial head only, one empty, one filled
with water and another of the head filled with orange and lemon JELL-O. The JELL-O
was used to try and dampen any possible currents in the water while the color was there
simply to represent or mimic human skin tones. Every minute a photograph captured the
thermal readings of the dummy’s nose with the FLIR thermal camera. At the same time a
handheld anemometer gathered the maximum and average wind speeds (m/s) on the
ground at same height as the glass head.
Table 1: Sample of the Survey

THERMAL COMFORT: FACE
1

2

3

4

5

6

MINUTES
7 8 9 10

FACE
FEELS
Comfortable
Cool
Very cool
Cold
Very cold
Unable to
continue
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11

12

13

14

15

Figure 13: Artificial Dummy Head

3.3.1 Calibration
A FLIR-E63900 thermal camera was used to record thermal imagery of each
individual’s face and hand temperatures during the experimental study. In order to assure
that the device was calibrated correctly, three readings were taken. Calibration was
started with an indoor temperature image of a Kestrel 4000 Pocket Weather Tracker to
see the performance of the FLIR at the warm end. After stepping outside for a couple of
minutes and allowing the Kestrel to settle on a temperature of about -2°C, a thermal
image of the bulb was taken with the FLIR. This process was repeated with a
temperature near -16° C. The three readings - cold, cool, and warm gave us the
calibration curve that we were looking for. It turned out that the FLIR camera was off by
3°C, in either direction.
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Table 2: Calibration Curve

Note: The calibration curve plotted the 3 FLIR values on the x-axis (horizontal) and the
kestrel temperatures on the y-axis (vertical). The linear best-fit line shows the equation on
the graph. The equation on the graph is used to adjust all of the FLIR readings. An
example is plotted below, using the equation from the graph (‘x’ is FLIR value).

3.3.2 Facial Cooling
During the study, there were days when the volunteers quit well before the 15minute time limit due to thermal discomfort. There could be two possibilities to explain
why this happened. One is that a person’s face reaches a certain temperature and he/she
begins to feel too cold and wants to quit or, two, it could be that there is a 'total amount of
cooling' that makes people want to quit. For option one, all the volunteers “quitting
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temperatures” were gathered and then compared to the “comfort level” that was marked
on his or her survey at the time that the person quit. For option two, COMFA FV was
used to calculate the amount of energy each person lost from their face at each minute of
each test. The amounts were added up to determine the total amount of heat loss each
person experienced before they said they were too cold to continue.
The data were also compared to the energy heat-loss budget from COMFA FV to
determine if the model could be used to estimate the length of time a person could stand
before he/she became too cold.

3.3 Prototype Vignettes
A prototype of multiple vignettes of effective evidence-based windbreaks was
assessed against the literature, looking for similarities with size, shape and the ability to
be adjusted to any environment. Many of the examples are tailored to large fields or
farms; however, windbreaks are also portable. The selection of windbreaks used for this
thesis were tested in COMFA FV to calculate the relationships between having a screen
that has 0%, 20%, 40%, 50%, 60%, 80% and 100% porosity.

3.4 Data Analysis
An analysis of the thermal images was conducted after all the data had been
collected from the experimental field study. The temperatures from the thermal images
were inputed into an excel spreadsheet which recorded both the image of the volunteer’s
and the artificial head’s noses and the scribe written in the survey box (volunteer only).
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Then the images and written surveys were compared, to see if there were any similarities
or differences.
In order to figure out how much energy each volunteer and the artificial head had
lost to the cold, a sequence of thermal images was compiled from their starting
temperature down to their quitting temperatures. The temperature and the wind speed for
each day of the study and for each volunteer and the artificial head were inputed into the
COMFA FV model to calculate the cooling rate (W/m2). This provided a model equation
that calculates different COMFA values to determine how long an individual can remain
in certain environments before his or her face was too cold to continue.
In COMFA, this equation was then used to measure different test situations and
modifications to the landscape, such as solid and open windbreaks. The calculations were
used to create a visual map that showed the amount of time people could stay outside in
each of the 'protection zones' behind the windbreak.
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4.0 Results
The key results of the experimental study and the prototype are summarized in the
following section.

4.1 Experimental Study
Thermal images were taken every minute during each test with each subject. Each
image tells a story, the thermal camera records the temperature of the selected area that is
photographed, along with the thermal reading of the entire face. When the subject is
warm, the majority of the colors are reds, oranges and yellows. However, when the
subject begins to get cold the colors change to greens, light and dark blues. During the
test, there were times when the thermal readings would show cooler colours on the face,
suggesting colder temperatures on the exposed skin; however, the volunteers would
describe their comfort level as feeling comfortable. The data from all the tests are
presented in Table 2.
A comparison was completed that used a similar very cold afternoon at 5p.m.
with one volunteer and the artificial head filled with JELL-O. Each subject had a
sequence of thermal images (Appendix 1) taken and an excel graph that shows the rate of
temperature change was prepared from the infrared camera data. In Figure 14, the first
graph is of the human subject (SB). Her survey comfort levels that were scribed during
the experiment accompany SB’s graph. The second graph is of the artificial head (J).
The temperatures start high and gradually drop with time, unlike SB whose graph shows
up and down oscillations.
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Table 3: Every Temperature and Every Minute

Note: This table shows all the temperatures that were taken during the study. However,
each FLIR temperature has been recalibrated using this equation: y= 0.8687(FLIR value) +
1.4027 = actual temperature. The categories on the top from left to right are as follows:
date, subject, initials, number of minutes during the study/temperature of the nose at
quitting time, temperature and wind speed.
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Figure 14: Rate of temperature change. Human Subject and Artificial Head Comparison.

4.1.1 Facial Cooling Results
An algorithm was used to calculate how much energy each person lost from their
face each minute of each test, and then added up the total amount of heat loss that each
person experienced before they said they were too cold to continue.
There is a difference between the cooling of a human subject’s nose to that of the
artificial dummy’s nose. The human subject in all of the studies would begin to spike up
and down. The observation is that the body begins to feel cold and it responds by sending
blood to the area in need: the nose. No such response happened with the artificial head,
each minute the temperature for the dummy simply continued to plummet until the time
limit expired, since there is no physiological influence.
A person's head is approximately 17cm in diameter and 53cm in circumference. The
distance from the bottom of the chin to the top of the head is about 24cm. The total
surface area of the head is therefore 53cm x 24cm = 1272 cm2 = .1272 m2 of which half
is exposed to the wind = .0636 or approximately .064 m2. In order to calculate the amount
of heat loss, COMFA FV tested each condition. The results are in Watts per square meter

!

44!

(W/m2), which is the same as Joules per second per square meter. The experiment tested
each individual every minute (60 seconds). Using the value from COMFA FV and
multiplying it by .064 (area of their exposed face) and then by 60 (amount of time that the
cooling took place) the number of Joules that the person's face lost in each minute of the
test was obtained (Brown, 2014). This model provides valuable information on the
amount of energy that is lost from a person’s face along with the time it takes to lose that
energy. This is beneficial in understanding ways to create thermally comfortable spaces.
The table below shows each volunteer and the artificial head’s rate at which heat is lost.
Table 4: COMFA FV Heat-Loss Rate

Note: This table shows the heat loss from each volunteer and the artificial model. Starting
from the left there is the temperature of the day, followed by the wind speed on the ground,
the temperature of the nose when they quit followed by the time in which they quit the
study. COMFA FV then calculates the rate of energy lost into joules per minute which then
gives a total of cooling. Observation: MG’s temperatures seemed to be quite consistent in
the amount of cooling.
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4.1.2 Slope of Cooling Curves
The data from the volunteers provided facial temperatures that fluctuated both up
and down, much different than expected. In contrast, the artificial head’s temperature
started high and ended low with little or no fluctuation (refer to Figure 14). On each of
the nose-cooling graphs, a ‘trend’ line was created. The trend lines gave a visual
interpretation to the numbers. A relationship between all of MG’s trend lines were
gathered together and put into categories to show the patterns between high to low wind
speeds and high to low temperatures in the graphs below (Figures 15 to 18). When the
line slopes down quite steeply it means that the person’s nose is cooling quickly. When
the temperatures are low the slopes tend to be quite steep; however, the speed of the wind
in all cases affects the steepness of each slope. Faster wind speed combined with lower
temperature creates a faster decline, resulting in quicker facial-cooling results.
Here is a summary table that shows the relationship between the slope and the
conditions shown below.
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Figure 15: Wind versus Temperature Comparison
These figures show the relationship between MG’s cooling temperature and the slope which
it creates. Starting with low temperature and high wind speeds in figure 15 and moving
towards high temperature and low wind speeds in figure 18, pay attention to the steep
curves or slopes in the line, depending on the characteristics of the wind speed; the
difference in the slope. Each temperature simply controls the amount of time a person can
withstand the cold before quitting.
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Figure 16: Wind versus Temperature Comparison
This table shows high temperature and high wind, notice the slope gradually levelling out
compared to the previous in figure 15.

Figure 17: Wind versus Temperature Comparison
This table shows low temperature and low wind, the slope continues to flatten as the wind
speed dcreases.
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Figure 18: Wind versus Temperature Comparison
This table shows high temperature and low wind speed, once again the wind speed is low
resulting in a more level trend line then if the wind speed was high.

4.2 COMFA FV
An equation was created by comparing different COMFA values to the length of
time an individual could remain in certain environments before feeling thermally
uncomfortable. The equation shown in Figure 19 provides a way to interpret the FV
model. COMFA FV is used to calculate the total cooling accumulated in W/m2, the value
is inputted into the equation (shown below) which provides an estimate of how long
someone could stay in an environment before his or her face becomes too cold. This is
helpful in figuring out approximate times when individuals’ faces become too cold and
implementing design alternatives to mitigate the problem. Used alongside evidence-based
literature of windbreaks, COMFA FV allows criteria to be analyzed with screens in place
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and without screens in place. The results provide evidence of ways to mitigate the wind
while extending an open space’s season.

Figure 19: This shows the value of total cooling from COMFA FV plotted against time
(minutes) for subjects to become too cold to continue the test. In order to find an estimate of
the number of minutes of the FV value a regression on the data set was taken. It provided
an indication of how well the straight line fits in the data. A perfect fit would be r2 = 1.0
and with no relationship r2 = 0. The value of this study is 0.79, which is very high (Brown,
2014).
‘X’ is COMFA FV total cooling value
‘Y’ is number of minutes people will stay outside
‘R2’ provides an indication of how well the straight line fits the data
Equation:
Y = 0.518x + 25.306
R2 = 0.79339
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4.2.1 Prototype
Thematic mapping or color-coded vignettes were analyzed from the literature of
proven effective windbreaks. Three kinds of windbreaks were considered: solid, porous
and vegetated. An example of each was taken from the literature (Oke, 1978),
(Saskatchewan Agriculture and Food, 1993, Brown & Gillespie, 1995) COMFA FV was
used to estimate the energy budget for different weather conditions and windbreak
porosities. COMFA FV was set up to test ‘typical days’. Typical days are defined as the
meteorological conditions that would be expected to occur quite regularly in each month
of the year. It does not account for extremes but rather identifies what might be
considered ‘normal’ weather (Brown, 2014). The air temperature, humidity, wind speed,
and solar radiation for 2:00 p.m. on typical days in January and February are shown in
Table 5 below.

Table 5: The elements that make up a ‘typical day’ for each month and condition. The wind
speed is measured in m/s.

Using ‘typical days’ conditions from Table 5, along with a range of full wind
percentages from 10 to 110%, inputting the variables into COMFA FV to get the cooling
rates and then using Figure 19 to convert the variables into cold tolerance time. This
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provided the number of minutes it took before a person’s face became too cold to
continue (figure 19). This was compared to the porosity of evidence-based windbreaks.
The table below uses the equation from Figure 19 along with the results from the
experimental study and the evidence-based windbreaks. The table below is a comparison
between January and February on sunny and overcast conditions. It shows the energy
budget results behind different full wind speed percentages and the amount of time it
would take in the same category.
Within the literature there are certain areas where the wind behind a certain
porosity barrier are stronger or weaker than others. However, understanding these areas
in percentages to the average person was difficult. With the results gathered from the
experimental study, one can now translate each of the barriers tested into time zones. This
allows individuals to know that, with a 30% full wind zone behind a 50% porosity barrier
in January on a sunny day, they could stay there for 17 minutes before feeling thermally
uncomfortable. The results provide evidence of the best areas behind a windbreak to
avoid the bitter cold winds. An example of each windbreak is shown in Table 6, along
with the results of having no windbreak in place. As the full wind percent (%) increase so
do the rates of energy of facial cooling (or decrease in time). The same clothing selection
(shirt, long pants, socks, shoes, sweater and windbreaker) was used for each test to ensure
test accuracy. Sunny and overcast ‘typical days’ were tested for the months on January
and February at the same time of 2p.m. in the afternoon (1400 hour). In addition to
providing facial cooling rates in W/m2, this figure illustrates the amount of time (minutes)
it would take to become thermally uncomfortable behind each barrier.

!

52!

Table 6: Windbreak Analysis to Thermal Responses in Microclimate Modification

Note: This table shows a comparison of the facial cooling rates and the influence of the
windbreak prototypes.

Using various evidence-based windbreaks and applying the results from Table 6,
a new discovery was made. Instead of using the percentages of the full wind behind the
leeward side of a barrier, COMFA FV calculated the time (minutes) that a person could
last. The following windbreak porosities were selected and tested: 30%, 50%, 60-80%,
100% and an opening in a vegetated windbreak. Typical days were tested for the month
of February (Figure 20), notice the amount of blue in comparison to the reds between
each of the examples. The time limits behind a 50% barrier are significantly longer than
those behind a 30%. The same is true for 100% versus a barrier that is between 60-80%,
which shows a large variation between warm reds and cold blues. Blue represents colder
air while the reds are warmer. A comparison was applied to a springtime situation in
March (Figure 21). This shows how the use of a windbreak can increase or extend the
use of an outdoor patio. Each is diagram is coded red for the longer durations of time and
blues for the shorter.
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Figure 20: Typical Day in February. Windbreak Porosity Comparison
Above shows the comparison between a solid, 30%, 50% and 60-80% porosity windbreaks.
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Figure 21: Plan view of the wind reduction zones downwind of a vegetated barrier that
contains a gap in the middle adopted from Figure 10. The categories represent the amount
of time a person can stay in that zone.
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Using the same procedure that was used to calculate the month of February was
applied to the month of March. The full wind percentages (%) behind each barrier
remained the same; the only significant difference was the amount of time (minutes) a
person could stay.

Table 7: Windbreak Analysis to Thermal Responses in Microclimate Modification

Note: The table above represents the windbreak full wind (%) used for the month of
March. The amount of time (minutes) that a person can remain behind any of the barriers
discussed is the only significant difference between the two months.
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5.0 Discussion
This exploratory thesis aimed to gain a better understanding of how human
thermal comfort was affected by winter winds in urban spaces through experimental field
tests. Weather conditions recorded during the experimental study were inputted into
COMFA FV and the resulting energy budget was compared to the amount of time it took
for people to say they were too cold. The resulting strong relationship provides a model
for estimating how long people will stay outdoors in other winter conditions. The results
will contribute to landscape architecture by allowing professionals an opportunity to
design areas behind windbreaks based on the amount of time people might spend in a
space instead of percentages of reduction zones. This in turn can provide thermal comfort
design alternatives for extending the use of open plazas and other areas susceptible to
wind. This will aid practical planning and design decisions for landscape architecture and
other professions.
In general, the results from the experimental study show that a cylinder filled with
water does not respond the same as an actual human head. In fact, in the experimental
study there were significant differences in the results from the volunteers and the
artificial head. Temperatures from the volunteers started around 15-20°C and then went
down and then up and then down, while the artificial head started around 25-30°C and
continued to drop. The suggested explanation for this is that when a person is in the full
force of the wind, the brain tells the body “you’re too cold, it is time to warm up”, and
sends blood flow to that area in distress. The artificial head was tested with warm water
that tried to represent blood flow in the human body; however, hot water rises and the
cold sinks, which became problematic. The use of the JELL-O eliminated any possible
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currents in the water, which allowed for more precise readings. Working with volunteers
was good because the winter of 2014 brought perfect weather for this study however
perhaps too cold for some. Using the FACIEM VENTOSUS, the algorithm used to
determine the length of time an individual could remain in certain setting before feeling
thermal discomfort was applied to evidence-based windbreaks. Thematic mapping of
windbreaks included the ideal placement for individuals to maintain the best thermal
comfort levels, was accomplished in the findings. These results provide evidence of ways
to mitigate the wind while extending the season of an outdoor urban space. Further
studies (or future data collection) would benefit from a computer generated modeling of
the of the suggested windbreaks and expand on the human face (nose) in a controlled
environment such as a wind tunnel see the affects over a longer length of time.
It would be an interesting idea to re-visit the public art works selected in this
study to see if they could be used as windbreaks, for instance the 42 foot bunny would
probably not work as well as the Lansdowne Fence.
Would City TV or another weather station adopt COMFA FV to replace the
current wind chill index as a measurement tool for cold weather? How would something
like this be introduced to the public? It would change the dynamic of weather readings,
having a measurement that would apply to microclimates within rural and urban settings
that allow for minutes of time in a zone(s) rather than the current wind chill in an open
space.
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6.0 Conclusions
The goal of this exploratory study was to discover the impacts of facial cooling
caused by thermal discomfort when the skin (nose) is exposed to the full force of the
wind in winter conditions. An experimental study collected data from volunteers and a
glass dummy head, and provided evidence on temperatures and cooling rates in various
situations. When the nose and exposed face become cold, the human body, regardless of
its temperature, simply wants to quit; the face is an indicator for the decision to get out of
the cold. A calculation of the rate of heat-loss in combination with evidence-based
vignettes of windbreaks was used to suggest design alternatives while providing time
limits that inform the length of time behind a windbreak before thermal discomfort is
reached. A windbreak is no longer limited to the standard artificial and vegetated barriers;
alternatives can be used such as public art, as long as their porosity sits between 40% to
60%, 50% is the optimum porosity however. The findings indicate that the addition of
windbreaks implemented into the urban setting can extend the accessibility, availability
and comfort of a site. The major findings of this study suggest:

1.

The porosity of a windbreak affects the rate of cooling significantly; having a
windbreak in place greatly improves the thermal comfort of the space and may
even provide time extensions that allow users to stay a bit longer.

2. COMFA FV, as a design tool, can provide thermal design alternatives to extend
the accessibility of a space while providing heat-loss estimates.
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3. There is no single nose temperature at which individuals are so thermally
uncomfortable that they need to leave a space. There is also no set amount of
cooling that causes people to feel too cold. The decision to feel 'too cold to
continue' is apparently more complex than either of these simple
measures. However, there is a strong relationship (r2= 0.79339) between the
results of COMFA FV and the number of minutes before someone feels too cold.

4. This study is not site specific, therefore the findings can be applied to any location
with minor adjustments.

6.1 Study Limitations and Reflections
Overall, this type of exploratory study expanded on the original COMFA model
to include the values of the exposed face (nose) and created a new model known as
COMFA FV. It investigated the time it took for a person’s face to become thermally
uncomfortable with the help of four volunteers. This study took these volunteers into the
full force of the wind for a 15-minute intervals for science in a range of temperatures
from -16°C to 1°C. However, the number of volunteers was far less than anticipated.
The experimental study expanded on glass cylinder (Siple & Passel, 1945), except
it was filled it with JELL-O instead of water. Water seemed to either freeze in areas or
continuously fluctuate in temperature causing inconsistent readings. The artificial head
was a good addition to the overall study. It allowed measurements to be taken in the
colder temperatures, which contributed to a wider spectrum of results. The JELL-O
model also provided findings that were not anticipated in the beginning, unlike a human
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subject, the JELL-O dummy’s head temperature started high and continued downwards
until the time limit expired.
This exploratory study looked into alternative windbreaks characteristics and
combined the findings with the facial cooling model to provide optimal areas in which
warmth can be achieved while including a time limit for when thermal discomfort will
become noticeable. Porosity of a windbreak is key in mitigating the effects of the wind on
thermal comfort. This study could be applied to vegetated or artificial windbreaks or to
the introduction of public art as an alternative windbreak solution.

6.2 Implications for Landscape Architecture and Future
Research
Landscape architects can use the findings of this study to inform decisions about
other ways to extend the season of outdoor spaces in design projects. Designers can
create thermally comfortable microclimates through the introduction of more efficient
and artistic windbreak systems. Wind is all around us; the goal should be to work with
wind not against it.
Further studies should look into using more volunteers and test them
simultaneously; test a male with a female. Additional research assistants to take notes,
take wind readings and record the time of the study could improve research efficiencies
and allow for more accurate data collection. A potential direction that would be
interesting would be to look into the before and after temperatures that alcohol has on
facial cooling, just a thought. The exploratory findings of this study should be further
tested in a controlled environment like a wind tunnel to see how they stand up. Also,
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originally this thesis was geared towards urban plazas, however once the study was
completed it became apparent that the results were applicable more generally and were
not site or case-specific. In fact with minimal adjustments COMFA FV can be
implemented for any environment.
The findings of this thesis have provided evidence that one could create thermally
comfortable open spaces even if there is a strong wind.
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Appendix 1:
Sequence of Thermal Images along with Survey Comfort Levels
A collection of thermal images was taken every minute during each test with each
subject. Here are the sequences of images that were compiled, of one volunteer and the
artificial head filled with JELL-O. Each sequence relates to an excel graph that shows the
rate of heat loss. The temperatures were relatively close the only difference essential was
the wind speed. Both were tested on different but at the same time of day (5 p.m.) and for
the same length of time (15-minutes). When the wind speed increases so does the rate of
heat lost from a subject.
There was no telling what would happen with the artificial model (Figure 23A) in
comparison to the human subject (Figure 22A).

Table 8A: Above is a comparison between a human and an artificial subject.
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Figure 22A: Subject SB (female), there is a low temperature (°C) with a low wind speed.
Beside each temperature is a “level of comfort.” Take notice of SB’s graph when compared
to the JELL-O subject, here SB’s graph spikes up and down. Take minute 6 for instance, in
dips low when compared to minute 5 and 7, but her comfort level remained the same at
very cool.
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Figure 23A: Notice that the artificial head on this graph starts high and continues to
plummet until the 15-minutes time limit expires unlike the human subject.
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