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This article describes a joint urban de-
sign study by the Berkeley Environmen-
tal Stimulation Laboratory and the
Centre for Landscape Research at the
University of Toronte. The stwdy ana-
lyzed the effect of future development
in Torento's Central Area on street-
fevel conditions of sun, wind, and ther-
mal comfort. The study originated in
response to public concern about the
quality of the downtown environment -
and to implementation measures
adopted by the Toroata dity council in
May 1993. The research presented in
this article examines the shadowing
produced by downtown buildings and
recommends procedures and stan-
dards for preserving sunlight on To-
ronte’s downtown sidewalks and open
spaces. Second, this study considers
the effects of buildings on wind condi-
tions at streer level, Third, the study
evaluares the combined effects of sun
and wind conditions on pedestrian
comfort, Rather than focusing on just
the effects of individual buildings, this
research evaluates the cumulative ef-

fects of area-wide development.

Bosselmann and Arens are faculty
members at the Coltege of Environ-
mental Design, University of California
at Berkeley, Bosseimann is a professor
of urban design and Director of the
Environmental Simulation Laboratory,
and Arens is Director of the Building
Science Laboratories. Dunker and
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partment of Architecture and Land-
scape  Architecture, University of
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Urban Form and

Climate
Case Study, Toronto

Peter Bosselmann, Edward Arens, Klaus Dunker, and

Robert Wright

his article makes use of knowledge as old as the experience of living

in cities. The dimensions of streets and the placing of buildings af-

fect city climate. The subject is especially attractive because writers
who are known for their thoughts on what is pleasing to the eye have
frequently covered issues related to climate.

During the Italian Renaissance, when the writings of antiquity were
republished, Leon Battista Alberti and, later, Andrea Palladio reporred on
the observation by Cornelius Tacitus that parts of Rome became hotter
during the summer—and also less healthy after the streets had been wid-
ened during the reign of Emperor Nero. Palladio recommended that
streets be made “ample and broad” in cities with cool climates, because
such cities would be “much wholesomer, more commodious, and more
beautiful,” but that for cities in a hot climate (like Rome), streets would
be healchier if made narrow, with houses high for shade. Vitruvius’s writ-
ings about city layout and climate apparently inspired Alberti and Palla-
dio. Vitruvius, writing at the time of Emperor Augustus, gave detailed
instructions to those laying out new colonial cities.! Vitruvius was espe-
cially concerned about winds and had detailed advice on how to avoid
their violent force by directing streets away from those quarters of the
compass from which the wind generally blows. Vitruvius’s writings were
studied in Spain’s colonial office and incorporated into the “Law of the
Indies,” proclaimed by King Philip II of Spain in 1573,2 and were some-
times applied in the layout of New World cities.

Thomas Jefferson, upon returning from England and France, com-
plained about the constantly gray skies of England and commented on
the collective psyche of the English as showing suicidal tendencies due to
lack of sunlight in the North. In America, he noted, the skies are usually
blue, but high humidity makes people suffer during the summer
months.? He designed an ideal city plan in the form of a checkerboard
where the black squares denote built-up city blocks, and the white
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squares denote garden squares with diagonally trav-
ersing roads. He expected the cooler air from the
shaded garden squares to create natural air circulation
between the gardens and the hotter built-up city
blocks.

The health benefits of direct sunlight and air cir-
culation became the focus of studies carried out by the
medical profession before the turn of the century and
into the first quarter of this century. The findings on
the relation between sunlight and, for example, bone
diseases or tuberculosis, and on ventilation as a factor
in health had a major effect on the practice of architec-
ture and urban planning worldwide.*

In the last half century, however, local climate con-
ditions have had less influence on the form, spacing,
and style of buildings. The architect Bruno Taut (1977,
69) was right when he observed that fellow members
of the modern movement had disregarded differences
in local climates: “The modern buildings built up high
in theé north [of Europe] have the same appearance as
those built along the Mediterranean Sea.”

Rach decade has brought new building styles, and
changes in functional and structural requirements
have changed building dimensions; but modern cities
have rarely been shaped by a concern for a comfortable
outdoor climare. The buildings of downtown Toronto,
located in a climate with cold winters and hot and
humid summers, are similar to those of downtown
Phoenix, located in the arid Arizona climate. Street di-
mensions and the spacing between tall buildings in
Houston, Texas are similar to those in Shinjuku,
Tekyo. Here, and in other downtowns, urban form has
worsened the local climates; streets and squares have
become windier, hotter, or colder. :

Although the relationship between the form of a
city and its climate has been intuitively understood,
intuitive predictions of how specific future buildings
will affect climate conditions are not generally feas-
ible. Nor does a comprehensive mathematical model
exist that can predict how proposed structures will af-
fect the comfort of pedestrians on sidewalks or in pub-
lic open spaces. A combination of experimental and
computational techniques is necessary to make com-
fort predicrions. By comfort, we mean here the thes-
mal conditions that affect the physiological and
psychological well-being of a person leisurely walking
along a sidewalk or sitting on a bench outdoors.

Six variables affect thermal comfort outdoors. So-
lar radiation provides warmth for the human ther-
moregulatory system. A human body exposed to wind
exchanges body heat through convection. Two other
climate variables, humidity and ambient air temper-
ature, also affect thermal comfort. Additional factors
are people’s activity levels and their clothing.

Depending on local climate and seasonable
weather conditions, a person may prefer to sit or walk
in warm sunlight or in the cool shadow of buildings,
may enjoy a cool breeze on her face and body, or may
take shelter in buildings or inside arcades. Cities have
been and can be built to provide these choices.

In 1990, the opportunity arose to carry out exten-
sive ‘modeling experiments on the effects of urban
form on microclimatic conditions in Toronto.’ Plan-
ners in Toronto were searching for a rationale to use
in setting new building height limits and density con-
trols for areas near the city’s financial district.

The research presented here examines, first, the ef-
fects of buildings on wind conditions at street level,
and second, the combined effects of sun and wind con-
ditions on pedestrian comfort. Rather than focusing
on individual buildings, this research evaluates the cu-
mularive effects of area-wide development. Laboratory
experiments compared existing development condi-
tions with development permissible under then- -
current Toronto planning controls and with develop-
ment under conrrols modified as recommended here.

Toronto’s Climate

Canadians face greater challenges from their cli-
mate than do people who live in cities at the same lati-
tude in Europe and Asia. Toronto, located at 43
degrees 40 minutes north latitude—the same position
on the globe as the Cantabrian coast of Spain, Mar-
seille in France, or Florence in Italy—has a winter sea-
son thatlasts for six months, from November to April.
During these six months the mean daily temperature
hovers around 4.5 degrees Celsius. Spring comes to
Toronto with some delay. During May and June the
weather is generally fine; temperatures are around 18
or 19 degrees Celsius.® Pedestrians can expect comfort-
able condirions on Toronto’s sidewalks and in parks,
if they are sunny. In July and August, when tempera-
tures rise above 25 degrees Celsius and the humidity
measures above 55 percent on most days, people in
Toronto take off jackets, seek shade, and, ideally, find
a light breeze in order to stay cool. They seek such con-
ditions at the shore of Lake Ontario or under trees in
one of the parks (Figure 1).

Fall, in Canada, is world-famous bur short. After
two months of mild weather, winter arrives and drives
people indoors or into insulated clothing.

The effect of buildings on Toronto’s climate was
first noticed in the late sixties, when the first stage of
Toronto Downtown Centre neared completion. The
buildings, designed by Mies van der Rohe and mod-
eled after the Seagram Building in New York, were the
first in Toronto's financial district to give up the street
orientation, instead standing surrounded by corpo-
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FIGURE 1. Bioclimatic chart for Toronto

The lines in the lower center of the chart connect Toronto’s monthly average maximum and
minimum temperature and humidity conditions. In the center of the chart, the boxed area in-
dicates those temperature and humidity conditions under which a person leisurely walking,
dressed in typical business clothing, would be comfortable in the shade. For most of the year,
air temperatures are generally too low; direct sunlight is needed for comfort at this clothing

level. The amount of radiation required to compensate for low air temperatures is indicated
by the lines below the lower edge of the comfort zone.

rately owned, open plazas. People walking through
these open plazas could not help but notice the harsh
microclimate the towers created. On windy days, walk-
ers had to brace themselves. The towers exacerbated
the force of the wind.

With the Toronto Downtown Centre came the un-
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derground mall, essentially a suburban shopping mall
placed underground and connected to the subway sys-
tem. Now, twenty years later, nearly every downtown
building can be reached through an underground net-
work of tunnels and passages with shops, restaurants,
and entrances to a clean and efficient subway system.



URBAN FORM AND CLIMATE

An office worker can leave an air-conditioned home,
be dropped off from an air-conditioned car at the train
station, arrive downtown, and walk underground
through a well-lit shopping mall righrt into the under-
ground lobby of a highrise building—without ever set-
ting foot on a sidewalk exposed to sky. The wind chill
factor reported on the radio is never experienced first-
hand; the specially insulated clothing remains in the
boot of the car.

Cafes serve lunch underground. After the evening
rush hour, the underground stores start to close, and
sections of tunnels are locked until the next workday.
The population of office workers appears to be well
served by the underground netwaork. Its convenience
may even contribute to the choice that sixty-one per-
cent of Torontonians make every day to take public
transport to work,” a percentage among North Ameri-
can cities second only ro that in New York Cicy.

The convenience comes at a price. Much of the
street life has been taken-away from the surface streets,

'The Three Study Areas

In 1990, presented with the task of planning for
an extension of the business district in an area located
between downtown and Lake Ontario on land once
covered by railroad tracks, planners asked whether it
was possible to line the new streers with buildings that
would not drive Torontonians underground. The
planners wanted to design streets that could function
instead as a pedestrian link berween the existing
downtown core and the lake front (Figure 2).

Along streets in other areas east of downtown but

FIGURE 2. Existing and proposed building foot-
prints, lake front

immediately adjacent, the planners envisioned a con-
centration of new inner-city housing with stores, de-
signed to encourage people to walk to work in che
business district (Figure 3},

Finally, in a third area, tall office towers had
sprung up near the intersecrion of the two subwa
lines. This cluster of buildings, which had grown for
two decades, was now approaching a lowrise neighbor-
hood and a colorful historic district with evening en-
tertainment, somewhar similar to sections of even
more colorful Montreal (Figure 4).

FIGURE 3.

Existing.building footprints, east
downtown

- ul

FIGURE 4. Existing building footprints, midtown,
Yorkville area
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These three areas were the' subject of detailed
studies in the laboratory. They were modeled at a large

scale for wind cunnel studies and shadow analysis (Fig-
ure 5),

Wind Velocities In Toronto

The wind tunnel studies confirmed what had been
measured in other cities. Winds along streets 20 me-
ters {66 feet) in widch, lined by buildings of up to four
stories in height, produce shelter. Winds here are only
25 percent to 50 percent as strong as winds in the open
countryside. For example, on Yorkville Avenue near
the intersection of Belair Street, in a section of Toron-
to’s Yorkville district, the average velocity of the wind
ts 23 percent to 52 percent of the wind velocity art the
weather station, for all wind directions tested. Along
this street are rows of buildings rarely exceeding four
floors (Figure 6). ‘

‘Two city blocks to the east from cthere, near the
cornet of Bloor and Yonge Streets, the wind velocities
are 94 percent to 150 percent of those measured at the
weather station (Figure 7).

Here, on days with northwest winds, the wind fre-
quently accelerates among several highrise towers, and
is deflected downward rowards the sidewalks on Bloor
Street. Apart from the wind’s chilling effect at low
temperatures, the accelerated wind speed exerts a me-
chanical force on pedestrians. Along the section of the
Bloor Street sidewalk where wind velocities of 150 pet-
cent were measured, a modest 8 mph wind as mea-
sured at the weather station is accelerated to 12 mph,
a wind speed that drives rain laterally, raises dust and
paper, and disarrariges people’s hair. If the wearher sta-
tion wind is stronger than 20 mph, as it is in Toronto
during the cold season, pedestrians at the foot of the
high buildings begin to have difficulties walking be-

FIGURE 5,
mitigated development for three Toronto areas

Modeling of existing, potential, and
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cause gusts within the 30 mph average wind exceed 44
mph, a wind speed criterion commonly accepted as the
limit for people’s safety.?

Standards for wind protection are stil] new in
North American cities, but models for developing
such standards exist.? They would, if applied consis-
tently, change the form of cities. In a city shaped to
manage wind velocities, building heights would rise -
less abruptly. In general, building heights would in-
crease gradually from the heights predominant in a
neighborhood, towards the city center. Building
heights in downtown areas would be set similar to the
contour lines of a hill, with the highest struceures pet-
mitted in the center. Wherever height zones abutted,
the change in height allowed would be less than half
of that allowed in the adjacent higher height zone.

These general criteria, which came originally from
wind tunnel experiments done by the authors with
models of San Francisco and New York City, were con-
firmed in the testing of the three Toronto areas. In
‘Toronto, it was observed that on future streets in the
former rail yard area, lined with tall buildings up to
130 meters (433 feet) in height, a far more generous
tower setback above a tower base was necessary than
previously thought. Hypothetical building alterna-
tives were constructed out of foam, and their wind
conditions were compared with those of buildings
possible under the then-current official plan. The hy-
pothetical buildings were constructed with a tower
base portion placed at the property lines, resulting in
a height of 24 meters (80 feet) along streets that mea-
sure 40 meters (133 feet) in width. The position of the
towers placed on top of the base portions was made
adjustable. Only when the towers were adjusted at a
20-meter {66-foot) setback, measured from the 24-
meter- (80-foot-) high street wall, could significant re-
ductions of wind speeds be observed at street level.
Less generous serback resulted in downward channel-
ing of the wind towards the sidewalks. Thus designers
of future buildings in Toronto should observe those
setback rules, unless future wind tunne! studies indi-
cate that other forms of wind blockage would provide
the necessary reductions in velocity.

Sun, Wind, and Comfort

The measurement of wind provides one of six vari-
ables that affect thermal comfort for people outdoors.
Solar radiation provides warmth for the human ther-
moregulatory system and can compensate for the
body’s heat loss on cold and windy days. Humidity
and temperature also affect thermal comfort. At a par-
ticular sidewalk location, the occurrence of all four cli-
mate variables can be predicted from weather records,
from calculations of the shade produced by buildings
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FIGURE 6. Yorkville area: wind velocities

Northwest wind velocity ratios in the Yorkville area of Torento {map), and velocities for west, southwest, and

east winds (table)

at specific times, and from wind tunnel measure-
ments. For example, a prediction can be made as to
whether a section of sidewalk is likely to be comfore-
able at a given day and time, from knowledge of the
statistically typical temperature and humidicy,
whether the sidewalk is in the shade, and the extent
to which winds over that section are accelerated or de-
celerated as observed in the wind tunnel. In order to
relate this climate prediction to its effect on human
comfort, assumptions also have to be made about the
activity level of people, and about their clothing and
how long they are likely to be exposed outdoors. With
these data, a computer model of the human body’s
thermal response to the environment, which predicts
comfort/discomfort for any given hour, can calculate
comfort probabilities. The result of such a computa-
tion would indicate, for example, the thermal comfort
of a person in a business suit leisurely strolling along
a sidewalk on a spring day at lunch time. Let us as-
sume that the air temperature measured 63°F (or
17°C) at the local weather station ar that hour; that
the humidity was moderate at $5 percent; and that the

wind came from the west at 20 miles per hour. Along
the Yorkville section of sidewalks lined with low build-
ings, conditions are assumed to be sunny, and wind
tunnel measurements show an expected wind speed of
8 mph, or 40 percent of the 20 mph measured at the
weather station. The computation shows that the per-
son walking in the business suit would be comfortable.

If we now assume a different building configura-
tion along a second stretch of sidewalk--for example,
two highrise towers instead of the previous four-story
buildings—then the sidewalk would be in the shade,
and wind tunnel measurements indicare that the two
towers would accelerate the northwest wind of 20
miles per hour as measured outside the city by 110
percent, or to 22 miles per hour along the sidewalk.
Temperature and humidity would stay the same; so
would the pedestrian’s activity level and clothing. But
the person in our example would now be uncomfort-
able, because the sidewalk would have become colder.
Lack of sun combined with increased wind would
make the person uncomfortable even after adding-an-
other layer of clothing, This computation may now be

APA JOURNAL »SPRING 1995 {231



PETER BOSSELMANN, EDWARD ARENS, KLAUS DUNKER, AND ROBERT WRIGHT

Pt. No. Wind Ratio .

NW ¥ SW E

1 1.088 1,163 0.149 0.898

2 0.385 0.998 0.228 1.091

3 1.105 0.617 0.253 0.52

4 1.4q5 1.2086 0.324 0.877

5 0.%41 ~ ¢0.832 0.208 0.441

& 1.276 0.787 0.318 0.651

7 0.768 0.661 0.354 0.704

8 0.94% C.639. 0.318 0,652
.9 0.5 ¢.526. 0.41 0.716

FIGURE 7. Bloor Street area: northwest wind veloc-

ity ratios at the intersection of Bloor and Younge
Streets (map), and wind velocities for west, southwest,
and east winds (table)

repeated for all lunch-time periods over the entire
spring season, and then for lunch periods during the
other three seasons, resulting in percentages of time

when pedestrians are likely to be comfortable or usn-
comfortable.

The Toronto Experiment
A combination of methods was used to study the

effect of buildings on Toronto’s climate. Methods in-

cluded modeling of existing and potential develop-
ment for wind tunnel experiments, and mathematical
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modeling of the human body’s thermoreguiatory sys-
tem. An important step in the research was to map the
results of wind tests and comfort condition modeling
on seasonal maps showing the exact locations where
measurements had been taken. Studying thege maps,
the research team analyzed the existing physical condj-
tions in the vicinity of the measurerment locations. For
selected sites, they then changed the model to show
potential development permitted under current plan-
ning controls, took new measurements at the identical
locations, and analyzed them. The team then modeled
a second set of future buildings, introducing setbacks
above street facades to reduce sidewalk wind velocities
and to permit sunlight into streets and open spaces.
They repeated the testing of the study areas with the
reconfigured future buildings in the wind tunnel and
repeated the modeling of human comfort conditions,
mapped the new results, and compared the net
changes between existing conditions and each of the
two alternative futures. The maps madé’ic possible to
analyze all comfort variables more closely, and allowed
the team to determine .which variables influenced
comfort the most.

In winter, for example, sunlight benefits comfort,
but does not alone produce sufficient warmth; side-
walks need protection from strong wind as well. Shel-
tered, sunny sidewalks are normally comfortable for a
petson in warm clothing, walking briskly.

During the spring and the fall, the pastimes of sit-
ting on benches or leisurely strolling are comfortable
only in direct sunlight. Sunlight is clearly the domi-
nant variable, given Toronto’s relatively cool air tem-
peratures. Protection from wind, if combined with
shade, will not be enough to ensure comfortable
streets in those seasons. During the summer, however,
shade combined with a light breeze is ideal, because of
frequently hot and humid weather (Figures 8 and 9).

Streets For All Seasons

A city in a cold winter/hot summer climate like
Toronto’s can have comfortable streets year round.
Many streets in Toronto’s inner city ate in fact com-
fortable, yet streets in the financial discrict are rarely
so. The highrise buildings proposed for the area of the
former railyards have larger floor plates than the To-
ronto Downtown Center does. On renderings and as
models, the proposed buildings evoke the images of
older highrise towers built in the 1920s, such as those
located on King Street at the Imperial Bank of
Commerce. In fact, though, the buildings proposed for
the former railyards are far taller and have greater
bulk.

Comfortable streets were a planning objective for
the former railyard area. But modeling showed that
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the total floor area for each building, rather than be-
ing 15 times the lot area, would have to be limited to
ten times the lot area. At that reduced building bulk,
it would be possible to design buildings thar would
not create strong winds on sidewalks. The towers also
could be placed to allow for three hours of sunlight
during midday, from March to September, on at least
one sidewalk of all streets between the existing down-
town and the lake front (Figure 10).

Recommendations For New
Planning Controls

The modeling in the laboratory has helped to es-
tablish building height limits and building bulk con-
trols. The team recommended the allowable heights of
new construction be set to produce three, five, ot seven
hours of sunlight daily from March to September. The
three-hour period was considered the minimum to
provide comfortable conditions around midday on
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FIGURE 9. East Downtown: comfort map for mitigated
development. Duration of comfort and percentage of time
on a typical spring day. :

commercial streets in the central district of Toronto .

{Figure 11).

In other downtown areas, the five-hour time win-
dow was proposed for all major pedestrian connectofs,
shopping streets, and historic or tourist areas. Finally,
seven hours of sunlight was proposed for all residen-
tial streets on the edge of downtown. All three time
windows were centered around noontime on the 21st
of September. For example, a building on a north-
south streer 20 meters (66 feet) in widech would have a
street facade of 27 meters (90 feet) in height; above
that height, upper floors would set back following a
plane of 60 degrees. Along streets that measured 30
meters (100 feet) in width, the street facade would rise
to 38 meters (124 feet).

As a result of the analysis, recommendations were
made to revise the building height limits and bulk
controls. Districts in Toronto limiting buildings to 30
meters in height were generally less affected by the tec-
ommended revisions than were districts that permit-

APA JOURINAL, = SPRING 1995
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FIGURE 10. Comfort controls: allowable buildin

at least one sidewalk of all streets during midday

ted higher structures. Likewise, districts with an
allowed building bulk of up to 4 to 6 times the lot area
were less affected than were districts with higher floor-
area ratios (Figure 12).

The research was completed in December 1990.
Toronto’s city council held hearings on the recom-
mendations, combined with hearings on various other

234| APA JOURNAL“SPRING 1995

g height envelopes to ensure 3 hours of sunlight on

aspects of a new plan for the center city area; and in
the spring of 1993, in voting to amend the general
plan, the council adopted the recommendation. in
part. No reduction in height limits or bulk controls
took effect in the railyard area near Lake Ontario, nor
along many of the streets studied to the east and
north of the financial district, but reductions did
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FIGURE 11. Sun access standards: for 3 hours, 5 hours,
and 7 hours, encompassing midday

apply to all main streets leading from the city core area
into the neighborhoods. The council also approved
adoption of wind protection standards and wind tun-
nel testing consistent with the recommendations,

City Climate and Trees

Visitors to the city leave impressed by Toronto’s
many beautiful neighborhoods, which are enhanced
by the significant use of street trees. At maturity, the
trees easily reach across streets, creating an enclosed
“roof” that improves the microclimate, especially dur-
ing the summer. The same effect could be achieved
along downtown streets,'® Sun access controls would
provide direct sunlight during spring and fall, when it
is needed for comfort and when trees are without fo-
liage. During the summer, Torontonians could have 2
choice of walking in the sun or in the shade, de-
pending on weather conditions. On wide sidewalks
like those along University Avenue, double rows of
trees could be planted, turning the 50-meter- (163-
foot-} wide street into a boulevard. Walking and
sitting under rows of majestic maple trees would im-
prove comfort even on hot humid days, because the
shaded areas under the trees being somewhat cooler
than the sunlit asphalt surfaces, and the highrise fa-
cades would produce heat exchanges, resulting in light
breezes (Figure 13).

Buildings have to provide shelter during the win-
ter. Along the new commercial streets on the former
railyards, continuous arcades could run parallel to
sidewalks, and instead of extended underground walk-
ways, open arcades could shelter pedestrians from
snow and rain. The sidewalks outside the arcades
could be wide enough to provide sunny walks during
the times when people prefer sunlight. During warm
seasons, the arcades would be attractive places for out- '
door restaurants. The high residential density pro-
posed for the railyard area and the lake front, the
office towers, the City’s largest sports facility, and the
City’s main commuter rail terminal—all would bring
pedestrians to the sidewalks in walking distance of the
lake front: a unique opportunity to use city design so

-that streets are enjoyable during all seasons.

Comfort Model and Application of

the Methodology in Other Cities

The mathematical comfort model (Gagge 1986)
used in the Toronto experiment is briefly described as
follows. The model assumes a cylindrical human body
with skin layer and clothing evenly distributed over
the inner core (Arens 1986). Before exposure to the
environment, the body is thermally neutral. Exposure
begins by reading in the four climate and two personal
variables for a particular time of day and year. The

APA JOURNAL+SPRING 1995 1235



236

PETER BOSSELMANN, EDWARD ARENS, KLAUS DUNKER, AND ROBERT WRIGHT

Streets and Parks
in the Central Core
Subject to Sunlight Standards

E Centrat Gore Boundary

Parks and Publicly Actessibie
Open Spaces

Rosedale Ravine

Queen's Park

St. Michaei's

Mowat Block Garden
College Park

Ryerson Guad

Osgoede Gardens, Osgocde Mall &
Nathan Philips Square
Metropolitan United Chureh
9 St James Park

10 Berczy Park

Rt B B L ]

[+4]

FIGURE 12.  Toronto central city areas, subject to sun access standards {adopted 5/93)

model solves the body’s heat balance, minute by mi-
nute, for the assumed length of time the person is ex-
posed. At the end of the exposure, the model evaluates
the new skin temperature and/or skin wettedness due
to sweating, It then moves to the next hour and
repeats the process. The entire year is thus assessed.
Laboratory studies have provided well accepted rela-
tionships between the physiological measures (skin
temperature and wetness) and thermal comfort, for

APA JOURNAL=SPRING 1995

indoor conditions. A condition is considered comfort-
able if these variables are within the limits used in the
American Society of Heating, Refrigeration, and Air
Conditioning Engineers’ thermal environment stan-
dard (ASHRAE 1992).

Applying the computer model to the city of To-
ronto required careful evaluation of each variable. The
first two variables, metabolic rate and clothing, are
based upon our estimates of typical activities and sea-
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FIGURE 13. Typical street sections in height zones of 30 meters and below
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sonal dress for the Toronto population. In addition,
typical lengths of exposure in the outdoors were as-
sessed and 20 minutes chosen for the variable. The
four climate variables, air temperature, air velocity, so-
lar radiation, and humidity, are the environmental
conditions that people experience at street level. A
standard form of hourly weather data, the “typical me-
teorological year,” was used as a data set for the four
climate variables. Local street-level air velocity was de-
termined by adjusting the hourly wind speeds at the
weather station, using the results of wind tunnel tests.

The model in its current form could nort be used
in an absolute sense to test compliance of individual
building proposals with established standards for out-
door comfore conditions. Such standards do not exist
yet, and to create them the model would have to be
calibrated and validated for the Toronto population in
a substantial feld test. Also, administrative decisions
would be necessary; for example, how does one weight
the possible comfort advantages of a building pro-
posal under summer conditions against disadvantages
that it might create at other times of the year? Devel-
opment of a performance standard for outdoor ther-
mal comfort is a complex process and still the subject
of research.

In its current form, the comfort model has been
applied to other cities in different climate zones. In
San Francisco (Bosselmann 1984}, a city with a cool,
windy climare, the model served to test potential de-
velopments in four downtown areas, San Francisco
has become the first city in North America to adopt
height limits and bulk controls, and a wind velocity
standard designed to profect pedestrian comfort,

In future, the method might be applied in a city
like Phoenix in the arid Arizona climate, or cities in
the hot and humid climate of the southern United
Statres and Mexico, -

Likewise, as demand for larger and higher office
structures increases in the capital cities of Eutope and
Asia, council members and administrators might want
to know how planning decisions affect conditions for
those who walk the streets and use the parks.

The method explained here takes us to the begin-
ning of ordering city form: cities have first of all
provided shelter, so all other activities, economic, cul-

tural, and social, both public and private, can be con-
ducted equitably.

AUTHORS’ NOTE

This study was commissioned by the City of Toronto, Plan-
ning Development Department, Robert E. Millward, Com-
missioner, and was carried out between April 1990 and April
1951 under the supervision of the Architecture and Utban
Design Division, City of Toronto, Marc Baraness, Director;
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Wendy Jacobson was the project director for the City of To-
ronto. The advisory group included Dr. Christopher Mot-
gan, Gary Wright, and Thomas C. Keefe, all staff members of
the Planning and Development Department. The following
graduate students helped with feld studies, Iaboratory ex-
periments, and report graphics: James Bergdoll, Mar¢ Foun.-
tain, David Ernest, Jane Ostermann, Kevin Gilson, Tim
Mitchell, Adil Sharag-Eldin, Zhang Hui, David Lehrer, Ali-
son Kwok, Brian Gotwals, Tom Powers, Colin Drobnis,
Elaine Garrett, Kai Gutchow, Masato Marsushita, Peter
Cheng, Tracy Pitt, Krystof Pavek, Claudio Cellucci, Ken De-
Wall, Henrik Dunker, Bruno Aletro, Mario Natarelli, and
Lisa Laywine.

NOTES

1. For a review of the writings on city form and climate
during Roman antiquity (Cornelius Tacitus and Marcus
Vitruvius), see Joyseph Rykwert, The Ides of a Town
(Princeton, NJ: The Princeton Press, 1976).

2. Roval Ordinances Concerning the Laying Out of New Cities,
Towns or Villages, Archivo Nacional, Madrid, Ms. 3017,
Bulas y Cedulas para el Gobierno de las Indias, San Lorenzo,
July 3, 1573, translated by Zelia Nurrall in The Hispanic
American Historical Review-5, 2 (May 1922): 249-54. Also
see Axel Mundigo and Dora P, Crough, The City Planning
Ordinances of the Laws of the Indies Revisited, Liverpool Town
Planning Review 48 (1977): 147-68.

3. Jeffersonville, Indiana, designed 1800~1805 to induce
ventilation for the prevention of disease. Thomas Jeffer-
son, letter to C.F. C. DeVolney, Washington, February
1805. See John Reps, Town Planning in Frontier America,
Princeton, NJ: Princeton University Press {1969): 280,

4. A summary and review of the medical research finding
was prepared by the Regional Plan Association in 1929
and presented in the monograph “Sunlight and Day-
light for Urban Areas,” by Wayne D. Heydecker and Ex-
nest  Goodrich; it appeared in Neighborhood and
Community Planning, Vol. 7 (New York, 1929): 142-202.

5. An account of these findings was prepared for the City
of Toronto, See Peter Bosselmann, Edward Arens, Klaus
Dunker, and Robert Wreight, Sun, Wind, and Pedestrian
Comfort, City of Toronto, Cityplan 91. Copies available
from the City of Toronto Department of Planning and
Development, (416) 392-1135.

6. “Toronto Climarte Data,” in The Times Book World Weather
Guide (New York: New York Times, 1984),

7. “Toronto Transportation Survey, 1986,” cited in City
Plan 91 (City of Toronto: June 1991), '

8. There are no benches on this secrion of Bloor Street;
however, in an area with benches or places to sit, the
acceptable limit of wind velocity amounts to 7 mph. For
example, winds stronger than 7 mph would make it im-
possible to hold a newspaper. Setting a standard to pro-
tect those times when people are likely to use the
benches, a planner would have to decide on the percerit-
age of time when wind speed should be allowed to ex-
ceed this criterion, ‘ :

9. Por adiscussion of wind speed limits, see Edward Arens,
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“On Considering Pedestrian Winds During Building
Design,” in Wind Tunnel Modeling for Civil Engineering Ap-
plication: Proceedings of the International Workshap on Wind
Tunnel Modeling Criteria and Techniques, ed. T. Reinhold
(Cambridge, England: Cambridge University Press,
1982): 8-26; E. Arens et al,, “Developing the San Fran-
cisco Wind Ordinance and its Guidelines for Compli-
ance,” Building an Environment 24, 4 (1989): 297-303;
A. G. Davenport, “An Approach to Human Comfort Cri-
teria for Environmental Wind Conditions,” CIB/WMO
Colloquia; Teaching the Teachers, Swedish Natjonal
Building Award Institute {(Stockholm, Sweden, 1972
J. C.R. Hune, E. C. Poulton, and J. C. Mumford, “The
Effects of Wind on People,” Building and Environment,
Vol. 11 (Pergamon Press 1976): 15-28; A. D. Penwarden,
“Acceptable Wind Speeds in Towns,” Building Science,
Vol. 8 (Pergamon Press, 1973); 259-267.

10. Very few street trees exist in Toronto's downtown core
area, so none of the streets modeled for wind tunnel
and sunlight studies had trees. However, the effect of
trees on comfort could be tested by developing physicat
models of a larger scale than those used for this study.
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