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I. INTRODUCTION

This is a study about air pollution at street-level,
and how urban design can help to reduce both the con
centration of those pollutants and human exposure to
them. This subject is important for several reasons.
Much of the city's air pollution is emitted along the
street,1 and, in certain locales, concentration of
air pollutants may exceed the standard for one-hour
exposure, the length of a normal lunch break. The
street is also a place where people who live and work
in the city spend much of their time; some people like
policemen, street vendors, and taxi drive2s may even
spend their entire workday on the street. Street
level air pollution can also contribute to poor air
quality in building interiors; for example, when
entrances to buildings or intake vents for ventilation
systems are located in such a way that they suck in air
pollutants generated along the street.

Urban air quality has attracted much study in the past
two decades, but attention has been focused largely
upon ambient air quality. Air pollution varies
considerably from spot to spot within the city, how
ever, and studies of ambient air quality fail to give
an accurate picture of the considerable variation along
the street.

Air Quality Management: The Potential Contribution of
Urban Design

There are a number of approaches one might take to
protect city residents from the potentia3 ill effects
of transportation-related air pollution. Some of
these approaches are of concern mainly to air quality
managers and transportation engineers, while others
fall within the domain of public health officials or
urban designers. An air quality specialist, for
example, might be concerned with strategies that
involve detection of high pollution episodes and a
program of temporary measures to be implemented during
such air quality alerts. A transportation engineer, on
the other hand, might address the strategy of reducing
emissions or preventing their release through such
tactics as streamlining traffic flow. In contrast, a
public health official might be concerned with
strategies that make people healthier and therefore
less susceptible to the ill effects of urban air
pollution (e.g., smoking reduction, diet and exercise
to reduce susceptibility to cardiovascular disease) or
that prevent the contact of air pollutants with the
lungs (e.g., gas masks for persons who work in zones of
high pollution).

1.
In the city of Boston, for
example, transportation
accounts for 94 percent of
the carbon monoxide emitted
within the city.

2.
A study of the exposure of
Boston policemen to carbon
monoxide found that carbon
monoxide levels within
patrol cars over an eight
hour period exceeded EPA
standards.

3.
These approaches are
similar to those available
to prevent human or
economic loss from other
hazards, a subject that has
been well studied. See,
for example, Haddon, 1970.



2 To date, the range of approaches that have been imple
mented to reduce transportation-related air pollutants
and human exposure to them has been rather narrow.
These actions may not be sufficient in some cities to
meet national air quality standards (Horowitz, 1982);
and even if standards for ambient levels are met,
levels in some locales may still be high.

There is mounting evidence that local concentrations of
air pollutants are greatly affected by the form of the
city, but there has been relatively little attempt to
enhance street-level air quality through the manipu
lation of urban form. Urban design, especially if
integrated with other measures, could play an important
role in enhancing dispersion of street-level air pollu
tants and in limiting human exposure in areas where
pollutants are highly concentrated. Such an approach
is hampered by the fact that few urban designers have
an understanding of the factors that affect the genera
tion and dispersion of air pollution and that few air
quality specialists have an appreciation for the poten
tial contribution of urban design to air quality. This
report is intended as an initial effort to remedy that
situation. It discusses the major transportation
related air pollutants, their health effects and
exposure standards. It describes spatial and temporal
distribution of air pollutants and the factors that
contribute to their concentration and dispersion at
street-level. It provides a checklist for identifying
potential problem areas and describes a range of urban

.. design strategies. Fina11 y, it reviews how such
strategies can be integrated in a single city and
identifies future directions for action and research.

This report differs from others in its emphasis on the
contribution of urban design to air quality management.
While it recognizes the importance of other approaches
such as emission controls and traffic management
measures, it devotes little space to these strategies,
since they have been treated in detail elsewhere.

A Framework

This study is based on a review of the literature on
air pollution exposure standards, health effects, and
monitoring; on urban air pollution modelling, including
both physical and mathematical models; on air flow in
urban environments; on air pollution sinks; and o~ air
quality management and urban planning and design.
With the exception of an early review article by Rydell
and SChwartz (1968), the literature review identified

4.
This literature review was
the subject of a previous
report (Spirn and
Batchelor, 1985).



no source that dealt in a comprehensive way with air
pollution and urban form.

From this literature that information most relevant to
urban design was distilled. This report presents the
results of that distillation: a framework based upon
the processes of production, dispersion, concentration,
and filtration of transportation-related air pollutants
and the variable sensitivity of the human population to
exposure. Within this framework, the significant
factors that influence the quantity of air pollutants
emitted, and how, when, and where they are likely to be
concentrated or dispersed are identified. Six design
situation classes encompass combinations of these
variables, and appropriate 'urban design strategies are
identified for each. Each design strategy is
illustrated by several examples. These examples
demonstrate how designs at a particular scale of
concern can be tailored to a specific factor. They are
intended to be illustrative, not exhaustive.

Both the framework and the illustrative models are
presented here in the hope that they may encourage
urban design that is responsive to air quality, and
that they may serve as a bridge between urban designers
and planners, on the one hand, and air pollution
specialists, meteorologists, and public health experts,
on the other. The framework has exposed areas that
require further research; and it should be sufficiently
flexible to incorporate the results of that research.
Some of the strategies designed by the author, although
based upon data derived from empirical studies (wind
tunnel modelling and air pollution monitoring), are
hypotheses that should be tested by experimentation. A
logical next step would be to use the framework
presented within this report, applying it to a particu
lar case, a portion of downtown Boston, for example.
This report is a first step in what promises to be a
rich area of research. It is the author's hope that it
may lead to new collaboration between urban designers
and individuals in other fields concerned with air
quality management.





II. MAJOR TRANSPORTATION-RELATED AIR POLLUTANTS

Health Effects and Exposure Standards

Carbon monoxide, hydrocarbons, nitrogen oxides, ozone,
and particulates, including lead, are the major trans
portation-related air pollutants. The EPA has estab
lished ambient air quality standards for each of these
pollutants.

Carbon monoxide (CO) is a colorless, odorless gas whose
principal source is the incomplete combustion of
organic fuels (such as occurs in automobiles driven in
stop-and-go traffic). When inhaled, it combines with
hemoglobin in the blood stream, reducing the ability of
the blood to carry oxygen; in high doses it is fatal.
Although the urban atmosphere does not contain fatal
concentrations of CO, it may contain concentrations
sufficient to aggravate cardiovascular disease and
impair psychomotor functions. Studies of Los Angeles
commuters driving two hours a day in morning and
afternoon traffic, for example, found that drivers are
exposed to enough CO to elevate blood levels to a
"serious" level, a level sufficient to impair alert
ness, vision, and physical coordination (Haagen-Smit,
1966). In Boston, where transportation accounts for
94 percent of CO emissions (Horowitz, 1982), the EPA
eight-hour standard for CO is currently in violation,
and there may be local pockets that are in violation of
the one-hour standard.

Hydrocarbons (HC) are chemical compounds of carbon and
hydrogen, produced by internal combustion engines of
automobiles as well as other sources. Motor vehicles
account for 61 percent of the HC emissions in Boston,
for example (Horowitz, 1982). In quantities found in
the urban atmosphere, HC are not directly harmful, but
they play an important chemical role in the creation of
nitrogen dioxide and ozone.

Nitrogen-dioxide (NO ) is a brownish gas with a
strong odor, and is €he compound responsible for the
brownish haze of the urban skyline. It is a secondary
pollutant, meaning that it is not produced directly by
a given source, but is derived from another reactive
compound released into the atmosphere, in this case
nitric oXide, which is emitted by automobiles. Nitro
gen dioxide is an irritant to the lungs, increasing the
risk of respiratory infection and disease.

Ozone (0) is a colorless gas with a strong odor. Like
NO , it is a secondary pollutant and is formed by the
co~binationof hydrocarbons and nitrogen oxides which
react with sunlight to create ozone and other compounds
that are collectively known as "photochemical smog."



6 Particulates (TSP) are solid particles suspended in the
air, including dust, chemical aerosols, microscopic
droplets, and pollen. The health effects of these
particulates varies depending on their type and size.
Although most particulates in the urban atmosphere are
produced by industrial emissions, those emitted by
trucks, cars, and buses are ~f special concern since
they are emitted at street-level and include highly
toxic elements like lead. Lead causes damage to the
nervous system, kidney, and blood, and is particularly
dangerous to very young children. The main source of
lead particulates is from combustion of leaded fuels.
The dust and soil along heavily traveled streets
exhibit high concentrations of particulate lead (Smith,
1976). When play areas are located along such streets,
small children risk lead poisoning from inhalation or
ingestion of dust. Although leaded fuels are being
phased out, street-side soils remain contaminated and
automobiles continue to present a potential health
hazard.

Of the above pollutants, carbon monoxide and toxic
particulates are of particular concern here. They are
primary pollutants (i.e., emitted directly from the
source), their chief source is the automobile, and they
are highly poisonous. Their distribution is closely
linked to the local environment of the street, and is
directly affected by the manipulation of urban form in
the roadside environment. In contrast, the effect of
secondary pollutants like nitrogen dioxide and ozone is
often felt several hours later far from the site where
their components were originally emitted (Godin et al.,
1972).

Monitoring Air Pollutants

Both stationary and mobile monitors are used to measure
specific air pollutants. The standard practice is to
locate a few stationary monitors at strategic sites
throughout the city. In Boston, for example, the EPA
uses a stationary monitoring syste~ for CO that con
sists of four monitoring stations. Boston is not
unusual in the relatively few CO monitoring sites it
has; from 1977 to 1978, CO data were collected at
twelve sites in Philadelphia, nine sites in Washington,
D.C., and two sites in Pittsburgh (Horowitz, 1982).

Such a system may contribute to an
ambient air quality throughout the
not prov~de an accurate picture of
local air quality at street level.

understanding of
city, but it does
the variation in
Studies in several

5.
Kenmore Square, Washington
and Essex Streets, Kneeland
and Essex Streets, and
Brenman Street in East
Boston.



cities, including Boston, have demonstrated that road
side readings are consistently higher than those
measured at the stationary monitors. A study of CO
exposure in Boston, for example, found that the persons
studied were exposed to maximum CO concentrations 40
percent greater than the one-hour average concentration
measured at the fixed monitoring stations, while the
eight-hour concentrations to which the same individuals
were exposed were 35 percent less than those measured
at the downtown monitoring stations (Cortese and
Spengler, 1976). Ott and Eliasen reported pedestrian
CO exposures (eight-hour average) of from three to ten
times the values at stationary monitors (Ott and
Eliasen, 1972). Such findings demonstrate that while
stationary monitors may indicate that air pollution
levels fall within national air quality standards,
pedestrians at street level, especially people who must
work in close proximity to the street, may be exposed
to air pollution concentrations that exceed the
standards.

Mobile monitors are useful in obtaining measurements at
multiple locations throughout the city: at intersec
tions and midblock; from within automobiles; in tunnels
and parking garages. Carbon monoxide is frequently the
pollutant measured in such studies. The technology for
CO monitoring is relatively accurate, and since CO is
both a non-active gas and a primary pollutant, it is a
good indicator of pollutant concentration and varia
bility. Recently experimentors have measured the air
pollution exposure of individual persons as they move
through the city in their daily routines through the
use of mobile "personal exposure monitors" (PEMs). The
findings have matched expectations; the highest
exposure levels are in parking garages, tunnels,
parking lots, and automobiles in heavy traffic
(Hartwell, et al., 1984).

Despite their limitations, stationary monitors offer
several advantages: they collect data over the course
of the year, thereby affording comparison of pollutant
concentrations under varied traffic and climate condi
tions, and they provide more accurate, quantitative
data than do mobile monitors. Ideally, a city should
employ a system that combines stationary and portable
monitors, exploiting the accuracy of the first.and the
flexibility of the latter.

~





III. STREET-LEVEL AIR POLLUTION: PATTERNS OF
DISTRIBUTION AND EXPOSURE

Air Pollution Dispersion Models -2

Transportation-related air pollutants and their spatial
and temporal distribution differ greatly from spot to
spot within a city, a function of commuting patterns,
traffic volume and speed, meteorological conditions,
the topography of urban form, and the material of which
the city is composed. Pollution levels often vary by a
factor of six from one street corner to another, and
may differ by a factor of ten.

The prediction of how air pollutants will disperse
within the city is therefore a difficult and complex
task. Dispersion models have been developed to provide
an economically feasible means to predict where, when,
and to what extent air pollution concentrations will
occur, given a certain situation. Models can also
assist the urban planner in assessing the effectiveness
of alternative transportation plans and in selecting
locations for pollution-generating and pollution
sensitive land uses. There are two types of modeling
approaches: physical and mathematical.

Wind tunnel simulations are physical models that use a
scaled representation of eXisting and/or proposed
structures. This approach can identify wind stress and
building wake areas, but does not quantify air
pollution concentrations. Wind tunnel simulations also
do not fully characterize the thermal turbulence in the
atmosphere. They do, however, provide a means of
identifying local areas that are poorly ventilated and
therefore prone to the build-up of pollutants.

Mathematical models are of two varieties. One variety
is based on empirically derived algorithms appropriate
to a particular situation. Street canyon models and
building wake models are examples of equations derived
from such study. Other models are based on mathemat
ical simulations of atmospheric processes affecting
plume rise and pollutant transport and dispersion.
These models are used to estimate the impact of indus
tries, roadways, parking facilities, transportation
facilities, and power plants. A variety of conditions
and design options can be tested relatively inexpen
siv,ely. Most mathematical models, as currently
constructed, are most useful in large-scale decisions
concerning location of new land uses, like a highway or
housing project, but are of limited value in small
scale urban design decisions concerning the size and
shape of a building or building complex.



10 Although stationary monitoring networks and large-scale
mathematical models do not give a precise picture of
urban air pollution at street-level, it is possible to
achieve an understanding of the factors that influence
the distribution, concentration, and dispersion of air
pollutants at this scale. This report presents an
alternative, but complementary, approach to mathe
matical and wind-tunnel modelling, one that permits the
identification of places of concern and the factors
that contribute to their formation. The following
pages summarize the factors that influence the
distribution of air pollutants at street-level and
pedestrian exposure to those pollutants. Many, but not
all, of these variables are incorporated into most
mathematical and physical models. Here these factors
are related directly to the form of the city, its open
spaces and buildings, the materials of which it is
composed, and the location of various uses and
activities, both pollution-generating and pollution
sensitive.

Factors

Emission Levels

The quantity of pollutants emitted varies from street
to street and even from spot to spot along the same
street, a function of traffic volume and speed. The
greater the number of vehicles traveling along a
street, the greater the quantity of pollutants that are
emitted. Vehicles emit fewer air pollutants at even
speeds, when engines operate more efficiently, and emit
greater quantities in stop-and-go traffic and while
idling at stoplights. Under calm conditions, the con
centration of air pollutants can therefore vary signif
icantly along a single street or between two streets a
block apart. CO emissions, for example, tend to peak
at intersections, where concentrations may be ten times
higher in the intersection than at a point eighty
meters further down the road (Horowitz 1982). In calm
weather, there are even variations within an intersec
tion; pollution levels tend to be higher, for instance,
along stopping or queuing lanes. The quantity of
pollutants emitted by a vehicle is also influenced by
thermal conditions; engines starting up in cold
weather, for example, emit more pollutants.



proximity to the Roadway

Under calm conditions in flat, open terrain, air
pollution concentrations tend to be highest near the
roadway and to decline with increasing distance from
it. One study along a highway in Los Angeles found
that CO dropped by more than a factor of ten between
the center of the road and points 300 to 450 feet away
on either side (Horowitz 1982). Atmospheric concentra
tions of particulate lead have been found to drop by a
factor of two at a point 50 meters away from the road
and by a factor of four at a point 100 meters away
(Smith, 1976). However, variation in meteorological
and topographic conditions can modify this distribu
tion.

Air Circulation

Meteorological and topographic conditions can either
enhance the dispersion of street-level air pollutants
or permit their build-up. Several conditions affect
air circulation at street-level: the degree to which
winds and breezes penetrate the city, the presence of
inversion conditions, and degree of spatial confine
ment.

Regional weather patterns and the modification of those
patterns by the city's physiographic context and its
overall form, as well as local topographic variation,
all contribute to the patterns of air circulation at a
given spot within the city. Plans to address air
circulation, whether at the scale of the city or the
street corner, should always be framed within the con
text of these three scales: the regional, the city-
wide, and the micro.

Regional climate, which varies significantly from city
to city, influences prevailing wind directions and the
relative frequency of different wind speeds and their
seasonal variation. The occurrence of stationary high
pressure areas that may lead to reduced air circulation
is also determined by regional climate.

Variations in a city's physiographic setting, the
presence of hills and valleys, for example, or large
bodies of water, modify regional climate and may
produce pronounced differences in air circulation in
cities with similar regional climate.

Local topographic variation such as that caused by the
height and shape of buildings can also influence air

11



12 circulation in a given locale. BUildings of varying
height, lining streets of varying width, interspersed
with open plazas and landscaped parks, together create
an urban form with a complex topography. Just as the
topography of hill and dale, field and forest, and.
canyon and peak contribute to the creation of multiple,
contrasting microclimates in the countryside, so does
the complex man-made, urban topography create a mosaic
of different microclimates in the city. Urban form can
deflect or channel winds; thus.windy street corners and
stagnant air pockets may occur side by side. Pollu
tants emitted within a well-ventilated situation may be
quickly dispersed, whereas pollutants trapped within
the wakes of buildings can become concentrated, result
ing in increased street-level pollution and even, if
entrained into the building, in increased pollution
within building interiors.

Even in cities with a relatively windy climate, the
speed and penetration of wind may be reduced at ground
level. The city has a very "rough" profile, when
compared with the relatively smoother surface of lakes
and fields. This rough profile tends to slow the wind
as it moves over and around the city. The orientation
and continuity of open spaces like streets and parks
influence whether regional winds are channeled into and
through the city, or whether they are deflected from
the interior. Large open spaces and isolated towers,
however, may permit winds to reach ground level
(Gandemer and Guyot, 1976).

As wind moves around an obstacle (whether a city, a
single building, or a row of trees), its direction and
speed are modified. Typically there will be both a
zone of accelerated speed and, on the lee side of the
obstacle, a protected zone with reduced ventilation.
When pollutants are emitted within this leeward wind
"shadow" or building "wake" their dispersion may be
retarded. In addition, these areas may also be prong,
under certain conditions, to downwash from chimneys.
The dimensions, orientation, shape, porosity, and
surface roughness of an obstacle influence the
occurrence, size, and shape of such wind shadows.

Dispersion is generally enhanced by increased wind
speeds, but concentrations tend to be higher on the
downwind side of the roadway than the upwind side,
unless the roadway is enclosed, as in a street canyon.
Studies of urban street canyons have demonstrated that
both their orientation and geometry have a significant
effect on local patterns of air movement and concom
itant distribution of air pollutants. When a street
canyon is perpendicular to the wind direction, a

6.
Though not within the scope
of this report on
transportation-related air
pollutants, stack emissions
are another very important
source of street-level air
pollution.



helical air flow may be created, causing a concentra
tion of pollutants on the upwind side of the street.
The CO concentration on upwind sidewalks may be two to
three times higher (Johnson, et al., 1973; Wright, et
al., 1975). The physical shape of an urban street
canyon also has a significant effect on the dispersion
of air pollutants. Regardless of wind direction, a
street canyon lined with buildings of varied heights
interspersed with open areas tends to disperse
pollutants and produce fewer areas of stagnation than a
street canyon lined solidly with buildings of similar
height (Wedding, et al., 1977).

For visualizing air flow within the complex topography
of urban form, wind tunnel modeling is quite useful.
It physically represents the intricacies of air flow
through a specific location in the city, enabling the
identification of areas where air movement is
accelerated and areas where it is stagnant. The
results obtained when alternative building proposals
are submitted to such study yields valuable data to the
urban designer.

The city of Boston is considering the adoption of a
pedestrian wind ordinance that would require wind
tunnel testing of proposed downtown development to
verify that certain pedestrian-level winds speeds will
not be exceeded. Although these studies are designed
primarily to identify uncomfortably windy conditions,
they could also be used to identify potential stagnant
areas in building "wakes." There are several tech
niques for wind-tunnel modeling; the use of hot-wire
anemometers permits quantification of specific local
wind speeds, while flow-visualization techniques permit
a better qualitative appreciation for wind movement in
both two and three dimensions. The combination of
these techniques, as currently employed by some
researchers (Durgin and Chock, 1982), affords the
ability to describe both quantitatively and graphically
the size, shape, and location of building "wakes" with
reduced air circulation.

Although most cities experience winds blowing at one
time or another from most points of the compass, not
,all wind directions are equally significant for the
dispersion of urban air pollutants. It is best to seek
the advice of a meteorologist in determining which wind
conditions are critical: the prevailing wind direction
for all speeds, for example, or the prevailing
direction under conditions of reduced speeds or during
a specific season.



14 In some cities, a sea breeze or hillside-to-valley
breeze may be more significant than regional winds.
These breezes form in calm, clear weather, as warm air
rises over a heated surface, and cooler air is sucked
in to replace it. Breezes may disperse pollutants or,
if blocked, may concentrate them against an
obstruction. The continuity and orientation of open
spaces is thus particularly important in determining
how far these breezes penetrate the city. A sea
breeze, for example, may penetrate a mile or more
inland (Landsberg, 1981).

Under certain conditions, the volume of air available
to dilute air pollutants can be reduced by a lowered
mixing height (the distance above the ground over which
pollutants are mixed and diluted). Such is the case in
a thermal inversion, whether at the city-wide or
microscale. Normally air temperature decreases with
height above the ground. A thermal inversion exists
when the temperature increases with height. This can
occur aloft, suppressing vertical mixing. Such thermal
inversions may occur across an entire city and may last
for days. When inversions occur at the surface, under
conditions of radiational cooling at night, cool air
off the ocean or lakes or cool air drainage into
valleys does not rise into 'the warmer air above, and
pollutants emitted at the surface are usually trapped.
In valley cities or cities in undulating terrain with
enclosed low spots, micro-inversions may occur over
night and extend into mid-morning.

Generally, the more spatially confined a location is,
the smaller the volume of air available to dilute air
pollutants. Unless vented, enclosed spaces like
tunnels or parking garages afford little opportunity
for the dispersion of air pollutants. In calm
weather, pollutants tend to accumulate against a wall
or embankment adjacent to the roadway; against a
highway embankment, for example, or along building
walls lining an urban street canyon (General Electric
Co., 1973). Of particular concern are recently built
downtown hotels where air pollutants emitted under
covered entrances may be sucked into the lobby or
atrium space. When confined spaces like tunnels and
parking garages are vented, the vents themselves may be
a source of considerable air pollution. In unvented
tunnels, the air movement set up by the motion of
traffic pumps air pollutants out the tunnel, creating
highly concentrated pollution sources at each end.



Air Pollution Sinks

Air pollution concentrations are a result of a dynamic
balance among emissions, dilution, and removal.
Removal mechanisms include chemical reactions, surface
deposition, and impaction and absorption on surfaces.
The latter mechanisms can be thought of as filtration,
since they result in removal of particles and gases as
they come into contact with vegetation, structures,
cloud droplets, or precipitation.

Plants are probably more effective at filtering par
ticulate pollution than they are at taking up gaseous
pollutants. Smith (1978) has identified several factors
which enhance a plant's ability to capture particu
lates: the presence of rough leaves, dense leaves, and
twigs; large stomatic pores; and a tolerance for
compacted soil, drought, and pollution. Optimally,
planted areas should be fairly large, and plants should
be of diverse height, in order to increase turbulence
and impaction collection of airborne particulates.
Plants are unlikely to have a significant effect on the
reduction of particulate pollution at the city-wide
scale. They can, however, if planted as a buffer
reduce particulate pollution somewhat.

The absorption of gaseous pollutants by plants is less
well understood. Since solubility is an important
factor in plant uptake, plants absorb insoluable gases
like CO and NO slowly or not at all. Plants should
probably not be considered as an effective means of
removing gaseous air pollutants.

Pollution-Sensitive Uses and Activities

Some people are more susceptible to injury or ill
health from air pollution than others. Young children,
the elderly, and persons with resiratory and cardio
vascular diseases are especially vulnerable to air
pollution. Smokers are particularly affected by
elevated carbon monoxide levels, as are pregnant women
and the fetuses they carry. Places used regularly by
,such individuals, like playgrounds, school yards, and
sitting areas, should therefore be located in zones of
low pollution. The duration and frequency of exposure
to air pollution is also of concern. Those who regu
larly work, play, or live in zones of high pollution
are at greater risk than individuals who spend little
time in such areas.



16 Street-level air pollution may also be sucked into
building interiors if building doors, windows, and
intake vents are poorly placed. A study of one office
building in Toronto, for example, compared interior
carbon monoxide levels with levels measured on the
sidewalk outside. Levels of CO on the first floor were
only 28 percent less than those measured on the side
walk; CO levels on the third floor were only 37 percent
less, and on the fifty-fourth floor were 60 percent
less, (Godin, et a1., 1972).

Current land use practice and recent downtown building
projects demonstrate that designers and planners have
little appreciation for the significance of the public
health problem posed by air pollution along streets.
Playgrounds for small children, for example, are
frequently located along major streets and sitting
areas are placed on traffic medians in busy
intersections.

Summary Charts: Patterns of Distribution and EXP2sure

The charts on the following pages summarize the factors
that influence the emission and distribution of street
level air pollution, as well as sensitivity of pedes
trians to exposure. Places and uses of particular
concern are identified.

Factors

Factor 1• Emission Levels

Factor 2. Proximity to Road

Factor 3. Air Circulation
A. Winds

1• Isolated Obstacles
2. The Street Canyon
3. The City

B. Breezes
C. Inversions
D. Spatial Confinement

Factor 4. Sinks

Factor 5. Pollution-Sensitive Uses and Activities



FACTOR 1. Emission Levels

principle

Traffic patterns have a direct
bearing on the quantity of air
pollutants emitted by motor
vehicles.

Variables

The quantity of pollutants
emitted by motor vehicles is
influenced by:

Traffic volume. The more
traffic, the more pollutants
emitted.

_ Traffic speed. Idling vehi
cles and vehicles in stop
and-go traffiC emit more
pollutants than vehicles
traveling at even speeds. At
intersections, highest
emissions are in areas where
cars are slowing or idling.
Corners at stop lanes tend to
have higher concentrations of
pollutants (under calm condi
tions) •

Places of Concern

The following places may there
fore have relatively high emis
sions of pollutants:

- Major streets and highways
(particularly those with
parking lanes)

- Busy intersections
(especially stop lanes)

- Taxi stands
- Bus depots
_ Parking garage entrances and

exhaust vents
- Tunnel entrances and exhaust

vents

.11.
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FACTOR 2. Proximity to Road

principle

There is a direct correlation
between the level of air
pollution and distance from the
roadway.

Variables

- Proximity to roadwal' In
flat, open terrain, under
calm conditions, air pollu
tion levels are highest
adjacent to the road and
decrease with distance from
it.

Places of Concern

The following places are adja
cent to the road and may there
fore have relatively high
levels of air pollutants:

- Median strips
- Traffic islands
- Curbsides
- Roadside zone (width varies

with traffic volume)
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FACTOR 3. Air Circulation

Principle ~

There is a direct correlation
between the level of air
pollution and the pattern and
degree of air circulation.
When air circulation is inhib-
ited, opportunity for disper-
sion is limited, and pollutants
emitted may build up.

Variables

The interaction of variables at
the regional scale, the city
wide scale, and the microscale
produces great variation in the
degree of air circulation from
spot to spot within the city:

- Regional weather patterns.
Overall wind direction and
speed, and the occurrence of
stationary high pressure
areas are determined by
regional climate.

- Macroclimate. The city's
physiographic context and its
overall form produce modifi
cations to the regional
climate that are felt city
wide and locally.

- Microclimate. The topography
of built form influences wind
direction and speed at a
given spot.

Places of Concern

Areas downwind of major air
pollution source and areas with
low air circulation (see Fac
tors 3A1, 3A2, and 3A3. Winds;
Factor 3C. Inversions; and
Factor 3D. Spatial Confine
ment).



FACTOR 3Al. Air Circulation: Winds Around an Isolated Obstacle
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Variables

The form of an obstacle, its
density, and its placement
relative to wind direction all
influence the pattern of air
flow around it.

Air flow around an isolated
obstacle (e.g., building, wall,
hedgerow) on a flat plane is
well understood. Such a situa
tion rarely occurs in the city,
but it is helpful to understand
the variables at this simpler
level. Patterns of air movement
around an obstacle are influ
enced by its:

Wind speed and direction are
altered as wind flows around an
obstacle, creating updrafts,
downdrafts, and swirling
eddies, zones of accelerated
wind speeds and zones of
reduced air circulation (wind
shadows) •

- Dimensions (height, width,
length) influence the size of
the wind shadow at ground
level and the volume of air
within it. The higher and
wider the building, the
larger the wind shadow it
casts. A solid, rectangular
obstacle casts a wind shadow
approximately four times its
height.

- Shape (in plan and profile)
An obstacle of pyramidal
shape tends to create a
smaller wind shadow and less
corner effect than one of
rectangular shape.

- Orientation (in relation to
wind direction)

20 Principle
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FACTOR 3A1. Air Circulation: Winds Around an Isolated Obstacle (cont.)

Porosity (including size and
location of openings. The
denser the building material,
the more pronounced the wind
shadow. A semi-porous ob
stacle will produce a wind
shadow that is less pro
nounced, but which extends
over a greater area and
permits some air circulation.

- Surface roughness. A multi
faceted or deeply indented
facade may slow winds
slightly through increased
friction.

Places of Concern:

The following places have
reduced air circulation and
pollutants emitted within them
may tend to build up:

- Wind shadows at leeward base
of buildings. In the city,
buildings rarely occur in
isolation. Certain areas may
therefore lie in the wind
shadow of different buildings
as wind direction varies.
Such spots can be identified
in wind tunnel studies (See
also Factors 3A2 and 3A3).

- Also of concern, though out
side the scope of this study
of transportation-related air
pollution, are areas where
smoke from chimney stacks may
be blown down to street
level)

The following places may have
relatively high pollution
concentrations:

- Areas downwind of pollution
source (see Factor 1. Emis
sions).
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FACTOR 3A2. Winds in the Street Canyon
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Variables

Principle

The variables that influence
patterns of air circulation
within the street canyon are
the same as those that influ
ence air flow around an iso
lated obstacle:

The same principles that influ
ence the patterns of air circu
lation around an isolated
obstacle also apply to the
street canyon. The form of a
street canyon, its porosity,
and its orientation relative to
wind direction all influence
the pattern of air flow within
it.

- Orientation (in relation to
wind direction)
Shape (in plan and profile).
In street canyons with a
rectangular cross-section
oriented perpendicular to
wind direction, pollutants
will tend to concentrate on
the windward side of the
street.

- Dimensions (height, width,
length).

- Porosity (dimensions and
locations of openings,
including plazas and
intersecting streets)

- Surface roughness (heights
and shapes of buildings in
relation to each other). The
more abrupt the changes in
building heights and the more
open areas around them,

22
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FACTOR 3A2. Winds in the Street Canyon (cont.)

- -----------------

the rougher the surface posed
to the wind and the greater
the turbulence created.
Street canyons lined with
buildings the same height
tend to have poorer air cir
culation than street canyons
lined with bUildings of
different heights or that are
interspersed with open areas.

These variables combine in
multiple ways to produce the
following effects:

- Channelization effect.
Winds may become channeled
when street canyons are
oriented parallel to the wind
direction. The occurrence of
this effect is a function of
total length, width, open
ings, and average height of
the canyon. Channelled winds
may be uncomfortable to pedes
trians, but will disperse air
pollutants generated at
street level.

- Venturi effect. When winds
are funneled through a rela
tively small opening, speeds
are accelerated. When com
bined with a channelization
effect, accelerated speeds
may prevail along the entire
length of the street canyon.
Although this may serve to
disperse air pollutants, it
can also produce uncomfort
able conditions for pedes
trians. The Venturi effect
is a function of the width,
total length, average height
of the sides, and the size of
openings.
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FACTOR 3A2. Winds in the Street Canyon (cont.)

24 Bar effect. When air flows
over a street canyon oriented
at a 45 degree angle to the
wind, an area of accelerated
wind speed may occur on the
leeward side. The bar effect
is a function of the width,
total length, average height
of the sides, and the size of
the openings.

The following variables also
influence the pattern of air
movement in street canyons:

- Orientation, dimensions,
shape, and porosity of
obstacles upwind (e.g.,
buildings, walls, hills,
woods). See also Factor 3A3.

- Orientation, dimensions, and
continuity of open spaces
upwind (e.g., streets, parks,
parking lots).

Places of Concern:

The following street-canyon
types may have reduced air
circulation and pollutants
emitted within them may tend to
build up.

- Deep, narrow street canyons
oriented perpendicular to pre
vailing winds, with long
blocks and buildings of
similar height

- Short street canyons blocked
at both ends

Poor air circulation may also
occur in local spots along
other types of street canyons,
but may be difficult to iden
tify without the use of a
modeling technique like a wind
tunnel study.
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FACTOR 3A3. Air Circulation: Wind and the City

Principle 25

The city is essentially a very
large obstacle with an extreme
ly complex form. As wind moves
over and through the city, its
speed is reduced and it is
channeled into some areas and
deflected from others. There is
a correlation between urban
form and the extent to which
wind penetrates the city. The
more wind penetrates the city,
the greater the opportunity for
dispersion of pollutants
emitted within it.

Variables

Wind patterns vary from city to
city and are influenced by:

- Regional climate. Prevailing
wind directions and relative
frequency of different wind
speeds may change seasonally.
Certain seasons may therefore
be more prone to air pollu
tion problems than others.
See also Factor 3C.

- Physiographic setting. The
presence of hills and valleys
or large bodies of water can
modify regional winds (e.g.,
a city in a valley may be
protected from winds, while a
city adjacent to a large lake
may be more exposed to
winds). See also Factor 38.

- Surface roughness of the
city's profile. The rougher
the profile (e.g., the more
abrupt the changes in build
ing height), the more winds
are slowed.
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26

FACTOR 3A3. Air Circulation: Wind and the City (cont.)

The degree to which winds
penetrate the city at street
level is influenced by:

- Orientation and continuity of
open spaces. Continuous
streets and parks oriented
parallel to the wind direc
tion will tend to channel
winds.

- Dimensions and shape of open
spaces. Large open areas,
even if not continuous, may
permit winds to reach street
level.

- Building topography. Abrupt
changes in building height
may result in the deflection
of winds to ground level.

Places of concern

Cities with relatively low
average wind speeds may have
poorer air circulation than
windier cities. However, even
in relatively windy cities, the
following places may have
relatively poor air circulation
due to reduced wind penetra
tion:

- Urban districts with narrow
streets, even building
heights, and long blocks with
few openings.

- Urban districts with an
irregular street pattern.

The following places may have
relatively high pollution con
centrations:

- Urban districts downwind of a
major pollution source (see
Factor 1. Emissions: Places
of Concern).
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FACTOR 3B. Air Circulation: Breezes

Principle

In calm, clear weather, breezes
(e.g., sea breeeze) may be ini
tiated by the temperature dif
ferential between adjacent
surfaces. As warm air rises
over a heated surface, cooler
air is sucked in to replace
it. These breezes may disperse
pollutants or, if blocked, may
concentrate them against the
obstruction.

Variables
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The occurrence and strength of
such breezes is influenced by:
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- Physiography. The presence
of hills and valleys, lakes
and oceans.

- Temperature differential
between adjacent surfaces.
The greater the temperature
difference, the stronger the
breeze.

The extent to which breezes
penetrate the city is influ
enced by:

...

,
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The same places of concern
identified in Factors 3A1, 3A2,
and 3A3. These may be of even
greater concern, given the
relative weakness of these
breezes.

- The continuity and orienta
tion of open spaces. Such
breezes are weak and are
easily blocked.

Places of Concern
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FACTOR 3C. Air Circulation: Inversions

28 principle
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(~CMrte ~ Hvl'VWftz I \q62 )

~acul'e )
\ IVlVevsioVl Co~tio~'

•

..
"

• •
• •

0, • ' 0 •••

',':-"-:'. ~

.---_.._~_._._'--"._'-'-'-'~'.~... •••• II • •• s:
C&11p6~~ ~

'Novm-aL CoV1a~~OVl I

Variables

Normally air temperature
decreases with height above the
ground. A thermal inversion
occurs when the temperature
increases with height. Such
inversions can inhibit vertical
mixing of air, thus slowing the
dispersion of air pollutants.
The formation of inversions can
be a function of regional
weather patterns and/or local
physiography.

The occurrence and duration of
inversions are influenced by:

- Regional weather patterns.
Inversions may occur across
an entire city and may last
for day~. They frequently
occur more often during
certain seasons, and they may
be associated with weak winds
from a predominant direction.

- Physiography. On calm, clear
nights, cool air blows onto
land off lakes or ocean and
flows down hillsides into
valleys. This cool air near
the ground may trap
pollutants until midmorning
sun warms the air near the
surface. (See also Factor 3B.
Breezes)
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FACTOR 3C. Air Circulation: Inversions (cont.)

Places of Concern

The following places may have
reduced air circulation during
the night and early morning in
calm, clear weather:

- Valley bottoms (especially
bowl-shaped, as opposed to
horseshoe-shaped valleys)

- Deep, narrow street canyons
oriented north-south
(especially those with long
blocks or in topographic low
spots)

The following places may have
both reduced air circulation
and higher air pollution levels
during inversions:
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Places downwind of major
pollution source. (See Factor
1. Emissions: Places of
Concern)



FACTOR 3D. Air Circulation: Spatial Confinement

Principle

The more enclosed a space is by
buildings, walls, embankments,
or canopies adjacent to or over
the roadway, the less opportu
nity pollutants within that
space have to disperse, and the
more likely that they will
build up. Conversely, opportu
nity for dispersion is greatest
in open terrain.

•
o

o •

Variables

Degree of confinement is influ
enced by:

Number of sides enclosed: The
more sides enclosed, the less
opportunity for air circula
tion.
Height of confining elements:
The higher the walls and the
lower the canopy, the less
opportunity for air circula
tion.
Length of confining elements:
The longer the walls or
canopy, the less opportunity
for air circulation.

Places of Concern

The following places may there
fore have reduced air circula
tion:

Street canyons, especially
deep and narrow, (See also
Factor 3A2).
Arcades, especially with low
canopy
Bus shelters
Interior atriums
Tunnels
Parking garages
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FACTOR 4. Sinks

Principle

Under some conditions, plants
may act as "sinks" for certain
air pollutants. Plants, for
example, can filter particulate
pollutants.

Variables

Both the characteristics of
individual plant species and
the manner in which they are
grouped are important. The
following characteristics will
increase the potential of
plants as effective sinks for
particulate pollutants:

Hardy species
Large leaf circumference

- Hairy leaves
Leaves with large surface
area

- Dense twigs
Planting in groups
Mixture of species (conif
erous and deciduous)
Layered structure (trees,
shrubs, groundcover)

Note: Plants are most effec
tive as filters in very large
plantations. The filtering
effect of a row of street
trees, for example, is insig
nificant compared to that of a
large, wooded park.



FACTOR 5. Pollution-Sensitive Uses and Activities

32 Principle

Certain uses or activities are
particularly sensitive to air
pollution and should therefore
receive an extra measure of
protection from exposure to
high pollution levels.

Variables

The degree to which a particu
lar activity or use may be
deemed sensitive to air pollu
tion is influenced by:

- Age and health of users.
Young children, the elderly,
and persons with respiratory
and cardiovascular diseases
are particularly vulnerable
to air pollution.

- Duration of activity. The
longer a person remains in a
particular place, the longer
the potential exposure to air
pollution.

- Frequency of use. The more
frequently a person uses a
place, the greater the
potential cumulative exposure
to air pollution.

- Intensity of use. The more
intensely a place is used,
the greater the number of
individuals exposed to air
pollution.

- Voluntary vs. involuntary
use. Obligatory activities or
;s (e.g '., bus stop, place
of work, schoolyard) afford
no opportunity for avoidance.



FACTOR 5. Pollution-Sensitive Uses and Activities (cont.)

- Timing. Activities which
must take place at a given
time (e.g., lunch hour,
commuting hours), afford
diminished opportunity for
avoidance.

Places of Concern

The following places are parti
cularly sensitive to air pollu
tion due to the uses they
serve:

- Playgrounds and school yards
- Sports fields
- Sitting areas (especially

those that will be used fre
quently by the same individu
als, or for a long period of
time, or by senior citizens
and convalescents)

- Outdoor cafes
Bus stops

- Building entrances, windows,
and intake vents
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]i The Design Situation

This chapter has reviewed the factors that influence
the quantity of air pollution emissions, the disper
sion or concentration of these emissions, and the
sensitivity of various human activities to air
pollution. For the sake of clarity, these factors
were considered separately. Air quality at any given
spot within the city, however, is rarely determined by
a single variable, but is most often a result of
several variables, whose overlap creates a distinct
situation to which the urban designer must respond.

The Places of Concern Checklist1 summarizes those
places prone to air pollution that were identified on
the charts in this chapter. It is organized by four
major categories: quantity of emissions; proximity to
the road; air circulation; and pollution-sensitive
uses. The checklist is intended as both an analytical
and a predictive tool; it permits the description of a
location in terms of the factors that influence
emissions, dispersion, and pollution sensitivity, and
also the prediction of potential problems and
opportunities that arise with certain combinations of
factors. By tabulating the overlap of conditions in a
single location, for example, potential "hot spots"
can be identified and then evaluated empirically. If
conducted at a district or city-wide scale, such a
tabulation could be utilized to design an air quality
monitoring network.

The Places of Concern checklist has been employed here
to classify design situations, each of which
represents a different combination of variables, and
each of which poses opportunities or constraints for
urban design. These are ranked from one to six, the
first affording the most opportunity and the sixth
posing the most constraints. Class One, with low or
no emissions, outside the roadside zone, and with good
air circulation has the least potential for
transportation-related air pollution, whereas Class
Six, with high emissions, within the roadside zone,
and with poor air circulation has the greatest
potential. Classes One and Two present an opportunity
for locating pOllution-sensitive uses, whereas Classes
Four, Five, and Six pose constraints for such
activities. Each design situation class also entails
an appropriate constellation of strategies for
reducing human exposure to street-level air pollution.

.. ~_-.."--,-------------

1.
This checklist is an
initial attempt to identify
places of concern. It may
be expanded or modified as
new research and empirical
data warrant.



STREET-LEVEL AIR POLLUTION: PLACES OF CONCERN CHECKLIST

High Emissions
- Major street or highway (especially with parking lanes)
- Busy intersection
- Taxi stand
- Bus depot
- Parking garage entrance and exhaust vents
- Tunnel entrance and exhaust vents

Proximity to the Road
- Median strip
- Traffic island
- Curbside
- Roadside strip

Poor Air Circulation: Winds
- Wind shadows at leeward base of buildings

Short street canyons blocked at both ends
Long street canyons perpendicular to prevailing winds
Urban districts with narrow, irregular street pattern

Poor Air Circulation: Breezes
- Locations upwind of pollution source
- Windward base of obstruction to breeze

Poor Air Circulation: Inversions
- Valley bottom
- Street canyon bottom

Poor Air Circulation: Spatial Enclosure
- High, narrow street canyons
- Arcade
- Bus shelter
- Interior atrium
- Tunnel
- Parking garage

Pollution-Sensitive Uses
- Playgrounds and schoolyards
- Sports fields
- Sitting areas used frequently or for a long period of time

by same individuals
- Sitting areas used by elderly or convalescents
- Outdoor cafes
- Bus stops
- Building entrances, windows, and intake vents
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STREET-LEVEL AIR POLLUTION: DESIGN SITUATIONS AND APPROPRIATE DESIGN STRATEGIES

Class One

- Low or no emissions
- Outside roadside zone
- Good air circulation

Class Two

- Low or no emissions
- Outside roadside zone
- Poor air circulation

Class Three

- Low to moderate emissions
- Within roadside zone
- Good air circulation

Class Four

Low to moderate emissions
- Within roadside zone
- Poor air circulation

Class Five

- High emissions
- Within roadside zone
- Good air circulation

Class Six

- High emissions
- Within roadside zone
- Poor air circulation

Opportunity for
Pollution

Sensitive Uses

Constraint for
Pollution

Sensitive Uses

Appropriate
Design

Strategies

2A, 2B, 2C
2D

3A
4B,4C

2A, 2B, 2C , 2D
3A
4A,4B,4C,4D

1A·
3A
4A,4B,4C,4D

1A
2A, 2B, 2C , 2D
3A
4A, 4B, 4C, 4D



IV. DESIGN STRATEGIES TO REDUCE PEDESTRIAN EXPOSURE

Urban Design Strategies

The objective of this report is to suggest the range of
strategies available to urban designers in order to
encourage comprehensive designs that are tailored to the
scale of concern and specific design situation. This is
not to imply that urban design strategies are more
important than other considerations, nor that urban
designers have a more significant role to play than public
health officials, air quality managers, or transportation
engineers. Urban design strategies are the subject of
this report, because they have been neglected elsewhere.

Of the potential design strategies to reduce pedestrian
exposure to street-level pollution, these have been
distilled here to four: the prevention or reduction of
emissions; the enhancement of air circulation; the removal
of pollutants from the air; and the separation of
pedestrians from zones of high pollution. These are all
strategies that involve the manipulation of urban form and
the location of land uses.

Strategy One: Prevent or Reduce Emissions. The reduction
of vehicular emissions can be addressed on multiple
levels, from those that deal with the individual vehicle
to those affecting city-wide traffic patterns. One tactic
is to prevent emissions either through the removal of
traffic from an entire street or district (1A1, 1A2) or by
removing high emission uses like a taxi stand (1A3). A
second tactic is to reduce emissions by limiting the
number of vehicles (e.g., by restrictions on private cars
or by or through improved public transit) or by improving
engine efficiency (e.g., traffic-flow improvements such as
bus lanes and on-street parking controls). A third tactic
is to reduce peak emissions (e.g., staggered work hours);
and a fourth tactic is to modify their spatial
distribution (e.g., concentrated or dispersed traffic).
Of particular concern to urban designers is the potential
designation of pedestrian districts and streets (see 1A1,
1A2) and the siting of high emission uses (see 1A3).

Strategy Two: Enhance Air Circulation to Disperse Air
Pollutants •. The second strategy addresses the dispersion
of air pollutants after they have been emitted. The aim
here is to enhance ventilation and thereby to increase the
volume of air available to dilute pollutants. Promoting
the penetration of winds and breezes (2A1, 2A2, 2A3, 2B1,
2B2), inhibiting local inversions (2C1), and reducing
spatial confinement (201 and 202) are all means of accom
plishing this objective.

Strategy Three: Remove Pollutants from the Air. A third
strategy is to remove pollutants from the air, through the



38 use of plants to filter particulates, for example (3A1,
3A2). This strategy is limited in its potential effective
ness, due to the large volume of .air that must be fil
tered. It may be an effective strategy at the microscale
in a confined situation with limited air circulation, but
it is unlikely to be a feasible city-wide strategy, unless
the introduction of very large forested reserves or belts
are contemplated.

strategy Four: Protect Pollution-Sensitive Uses. The
physical separation of pollution-generating and pollution
sensitive uses is often the most effective means of limit
ing pedestrian exposure to air pollution. This can be
accomplished by spatial separation (4A1, e.g., location of
playgrounds outside zones of high emissions), by temporal
separation (4D1,4D2, e.g., lunchtime bans on automobile
traffic), or by the interposition of a barrier (4C1, e.g.,
a wall between street and plaza).

Not all strategies are equally appropriate to every design
situation. The accompanying chart is intended to identify
strategies applicable to each class of design situation in
order to facilitate their combination. For Class Two, for
example, the concern is poor air circulation, and the
design strategy should be to improve air circulation. For
Class Three, the main concern is proximity to the road,
and design strategies should therefore be aimed at filter
ing pollutants and separating pollution-sensitive uses
from the road, either through distance or a barrier. All
four design strategies are appropriate for Class Six,
which is characterized by a combination of high emissions,
proximity to the roadway, and poor air circulation.

The implementation of measures to improve air quality in
one locale should always take cognizance of the potential
impact on another locale. Transforming a poorly-venti
lated, narrow, bUsy street into a pedestrian zone, for
example, may improve the situation locally, while increas
ing traffic and pollution on adjacent streets. Changes in
traffic patterns should therefore always be made within
the larger transportation context, even if the change is
localized. Attempts to improve air quality at the micro
scale should be part of a more comprehensive plan to
improve air quality at the city-wide scale, and vice
versa. For each of the design strategies, illustrations
are given at multiple scales, from street corner to dis
trict or city-wide.

Sometimes strategies to improve air quality may conflict
with other social objectives, such as comfort, security,
or commercial vitality; at times they may be comple
mentary. For example, increasing air circulation could
result in uncomfortable pedestrian winds; and the reduc-



tion of pedestrian winds could, in certain circumstances,
lead to poor air circulation. On the other hand,
stepped-back building facades and landscaped buffers
between street and sidewalk (as illustrated in strategies
2A2, 2C1, 2D1, and 4C1) could result in improved micro
climate at street-level (i.e. increased solar access and
reduced pedestrian-level winds). Urban design to improve
street-level air quality should always be integrated with
other urban design issues.



Summary Charts: Street-Level Air Pollution: Design
Strategies to Reduce Human Exposure

40 Strategies

Strategy 1. Prevent or Reduce Emissions

A. Remove source of emissions
B. Prevent release of pollutants
C. Improve engine efficiency
D. Improve traffic flow
E. Reduce number of vehicles
F. Reduce peak emissions

Strategy 2. Enhance Air Circulation

A. Promote penetration of winds
B. Promote formation and penetration of breezes
C. Inhibit inversions
D. Avoid spatial confinement

Strategy 3. Remove Pollutants from the Air

A. Plant landscape filters

Strategy 4. Protect Pollution-Sensitive Uses

A. Locate pollution-sensitive uses outside high
pollution zones

B. Locate high-emission uses judiciously
C. Buffer pollution-sensitive uses from high emission

uses
D. Regulate time of time of use to separate pollution

sensitive and pollution-generating uses



STRATEGY 1. Prevent or Reduce Emissions

Various measures have been im
plemented to prevent or reduce
emissions. These have involved
six major strategies:

lA. Remove Source (e.g., pedes
trian zones)

lB. Prevent Release of Pollu
tants (e.g., vapor recov
ery, controls on extended
vehicle idling)

le. Improve Engine Efficiency
(e.g., inspection/mainten
ance programs, alternative
fuels and engine design,
extreme cold start emission
reduction program)

lD. Improve Traffic Flow (e.g.,
on-street parking restric
tions, exclusive bus and
carpool lanes, street and
intersection improvements)

lE. Reduce number of vehicles
(e.g., private car restric
tions, carpool programs,
bicycle and pedestrian pro
grams)

IF. Reduce peak emissions
(e.g., improved public
transit, park-and-ride pro
grams, staggered work hours

Many of these strategies do not
fall within the domain of urban
design. The designer should be
aware of all, however, in order
to achieve an integrated,
comprehensive solution to
street-level air pollution.

---------_.- ------------------
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STRATEGY 1. Prevent or Reduce Emissions
A. Remove Source of Emissions

42 Removing the emission source
(whether it be the motor
vehicle itself or a use like a
taxi stand that generates high
emissions) is an effective way
to reduce or eliminate trans
portation-related air pollution
in a particular location.

The decision to create a car
free zone should always be made
at the district level; for
removing traffic from one
street may increase emissions
on another street. In certain
cases, it may be best to set
aside an entire district as a
pedestrian zone a single
pedestrian street. In other
cases, removing high emission
uses and activities may reduce
emissions to acceptable levels.

Removing the motor vehicle en
tirely is rarely feasible, but
under certain circumstances, it
may be the most attractive
alternative.

1A1. Designate Pedestrian
Districts.

Urban districts with narrow
streets, relatively even build
ing heights, and long blocks
with few openings or with a
highly irregular street pattern
may be good candidates for
designation as pedestrian zones
with restricted vehicular
access.

The center of Bologna, Italy,
has many narrow streets lined
by buildings with deep arcades
that trap pollutants emitted on
the street. Bologna designated
part of this area as a
pedestrian zone and part as a
zone with restriced vehicular
access.
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STRATEGY 1. Prevent or Reduce Emissions
A. Remove Source of Emissions (cont.)

1A2. Designate Pedestrian
Streets

In Copenhagen, Denmark, a
pedestrian route through the
dense city center links a
series of narrow streets.
"Stroget" connects important
landmarks, institutions, public
transit nodes, and shops and
provides a convenient pedes
trian route. It is intersected
by major streets, but vehicles
are not permitted on the pedes
trian street itself, except
during designated delivery
hours.

The Denver Transitway is an
attractive pedestrian mall with
two bus lanes in downtown
Denver. Transitways like the
Denver Transitway and Downtown
Crossing in Boston are more
prevalent in the United States
than zones that are entirely
vehicle-free.

1A3. Remove High-Emission Uses

Even if the elimination of
traffic from a district or
street is not feasible,
emissions at a particular spot
may be significantly reduced by
relocating uses that generate
high emissions (e.g. taxi
stands, bus depots, loading
zones, and parking garage
entrances and exhaust vents).
Locate such sources in well
ventilated locations, away from
pollution- sensitive activities
(see Strategy 4B).



STRATEGY 2. Enhance Air Circulation

44 Air circulation can be enhanced
by promoting the penetration of
winds and breezes (Strategies
2A and 28), inhibiting the for
mation of local inversions
(2C), and avoiding spatial con
finement (2D).

An understanding of the larger
meteorological context is
essential, whether one is con
cerned with promoting air cir
culation throughout the city or
in a particular spot.

It is difficult, even
impractical, to create a design
or plan that responds equally
well to all wind directions.
It is therefore essential to
determine what the most
important wind directions are
in a given city and whether
there are seasonal variations.
For example: The direction of
prevailing winds under
inversion conditions when
vertical dispersion of pollu
tants is inhibited may be
different than the prevailing
wind direction for all weather
conditions. If inversions are
frequent phenomena, prevailing
winds under these conditions
may be the most significant.

---- --- -------------------.--------------------------



2A 1. Or<I~NT STReETS AND Of'BN ';PAcE TO CHANtv£L
WINPS

STRATEGY 2. Enhance Air Circulation
A. Promote the Penetration of Winds

To be most effective, a design
to enhance air circulation at
any given spot should be framed
within the larger context of
street, district, and city.
Failure to account for this
larger context may nullify
efforts at the local scale.

The most reliable way to pre
dict air flow through the com
plex aerodynamic surface of a
city is to test a scale model
in a wind tunnel, manipulating
the form of buildings and open
areas to achieve adequate air
circulation. The following
recommendations are based upon
wind tunnel studies (Gendemer
and Guyot, 1976; Bosselman, et
ale, 1984).

Note: The potential negative
impact of increased winds
should always be considered.

2A1. Design major open spaces
to enhance the penetration of
winds into the city.

River and stream valleys, high
ways, parkways, railroad corri
dors, and linear parks are all
potential channels for winds to
move through the city at ground
level. To exploit this poten
tial:

" .
. .
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- Create wide, continuous cor
ridors oriented to channel
winds from desired directions
into and through the city.

Create large open areas (400
m x 400 m, optimally) to
bring winds to ground level
in densely built districts

I
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STRATEGY 2.
A.

Enhance Air Circulation
Promote the Penetration of Winds (cont.)

46 2A2. Design street canyons to
promote the penetration of
winds.

The following strategies may
increase ventilation in street
canyons perpendicular to the·
wind direction:

I
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- Vary building setbacks to
create a "rough," irregular
profile.

Street canyons oriented paral
lel to wind direction will tend
to channel winds, thereby dis
persing pollutants, but may
decrease pedestrian comfort.
The channelization effect can
be avoided or reduced by the
first four strategies listed
above and the following
strategy:

- Widen the street canyon
- Step buildings back from

street
- Increase openings in the

street canyon, either by fre
quent intersections or by the
addition of open areas mid
block

- Design buildings of pyramidal
or irregular shape

- Encourage uneven building
heights

- Design intersections to
deflect winds into the street
canyons



STRATEGY 2.
A.

Enhance Air Circulation
Promote the Penetration of Winds (cont.)

2A3. Promote air circulation
around the base of buildings
and other obstacles.

Wind shadows at the leeward
base of bUildings can be
reduced:

- Orient obstacle to pose
minimum surface area to wind
Design obstacle with pyram
idal shape

- Use openings or porous
building material to permit
air flow

- Place another obstacle nearby
to deflect and direct winds
into wind shadow

" .
", . ..
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Avoid creating uncomfortably
windy areas by using canopies
and permeable windbreaks to
deflect winds from pedestrians.

Zones of reduced winds may be
desirable under certain condi
tions. A sun pocket, for exam
ple, is an outdoor space orient
ed south to southwest and pro
tected from winds, thereby
creating a place where people
may sit comfortably on cool
days. A sun pocket, however,
should not be located adjacent
to a source of air pollution
emissions.

t
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STRATEGY 2.
B.

-_..._------------,------------

Enhance Air Circulation
Promote the Formation and Penetration of Breezes

48 Cities that have a sea, lake,
or hil1side-to-va11ey breeze
can exploit them to enhance air
circulation.

2B1. Design major open spaces
to enhance the penetration of
breezes into the city.

Establish wide, continuous
corridors oriented to funnel
breezes into and through the
city. River and stream val
leys, highways, parkways,
railroad corridors and linear
parks are potential breeze
channels.

Stuttgart, West Germany, has
implemented a system that links
hillside parks, stairs, and
terraces with boulevards and a
linear park in the valley
bottom. This system channels
air flowing off the hillsides
in the evening into and through
the city (See Chapter V).

2B2. Exploit the potential of
large parks to initiate local
breezes.

When very large wooded parks,
especially those that include a
reservoir or large lake, are
surrounded by an urban dis
trict, a local breeze may be
initiated under calm conditions
by the difference in ground
level air temperature between
the park and adjacent streets.
Such breezes might enhance air
circulation in adjacent
streets.
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STRATEGY 2.
C.

Enhance Air Circulation
Inhibit Local Inversions

Shorten the duration of micro
inversions in enclosed low
spots ("radiation inversions")
by permitting the penetration
of early morning sun at ground
level.

/
".~

2C1. Design street canyons to
enhance solar access.

Street canyons, especially when
located in a topographic low
spot, should be designed to
permit sun to reach the ground
relatively early in the morn
ing. In streets oriented
north-south:

Widen the street canyon
Lower bUilding heights

- Set buildings back from east
side of street
Step bUildings back from east
side of street

Inversions can also be inhib
ited promoting the flow of
breezes through the city to
enhance air circulation during
inversions (see Strategy 2B).



STRATEGY 2. Enhance Air Circulation
D. Avoid Spatial Confinement

50 Avoid spatial confinement in
locations with relatively high
air pollution emissions, such
as heavily travelled streets.
When this is not possible, as
in tunnels and parking garages,
ventilate the space and site
exhaust vents judiciously. (See
Strategy 4B.)

2D1. Design Street Canyons to
Reduce Spatial Confinement

Reduce the degree of spatial
confinement in street canyons:

- Widen the street canyon
- Increase openings in the

street canyon by frequent
intersections, or by adding
open areas midblock

- Lower building heights
- Set buildings back from

street
Step buildings back from
street

2D2. Design Street-side
Shelters to Reduce Spatial
Confinement

Design street-side arcades, bus
shelters, and covered bus
depots so as not to trap pollu
tants:

- Open side(s)
Raise canopy or roof
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STRATEGY 3. Remove Pollutants from the Air

Landscaped or wooded areas have
a limited potential to filter
particulate pollutants from the
air.

Note: particulate pollutants
removed from the air do not
"disappear", but are merely
transferred to the surface of
leaves, branches, and bark. If
leaves are raked, they will
therefore pose a disposal
problem; leaf-burning will
return pollutants to the air.
Such leaves should also not be
composted and used as a soil
amendment in vegetable
gardens. It is best (though
not always feasible) to design
the roadside landscape as a
relatively closed system, where
leaves and twigs may remain
where they fall.



STRATEGY 3. Remove Pollutants from the Air
A. Plant Roadsides to Filter Particulate Pollutants

52 Plant the roadside zone to fil
ter the air. The effectiveness
of such "filters" can be en
hanced greatly by design.
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3A1. Design the landscape of
major streets to filter partic
ulate pollutants.

Grassy meadows with scattered
trees possess little potential
to filter particulates. The
effectiveness of roadside
vegetation as a filter can be
increased by the above, as well
as the following, strategies:

3A2. Design the landscape
within highway rights-of-way to
filter particulate pollutants.

Design major streets with a
roadside easement of sufficient
breadth to accommodate a dense,
layered plantation. Pedestrian
protection will be enhanced if
such strips are also designed
as buffers (see Strategy 4C).
Note: Street trees planted in a
single row have an
insignificant impact. The
following strategies will
enhance roadside strips as
filters:

- Plant species with a dense
branching and twig structure,
rough bark, large and/or
hairy leaves

- Plant both coniferous and
deciduous species

- Plant a layered structure of
trees, shrubs, and ground
cover.

- Encourage the growth of
woodland (leave a mowed strip
next to road for safety)

- Line the roadway with a
sloped embankment.



STRATEGY 4. Protect Pollution-Sensitive Uses

It is neither feasible nor
necessary to eliminate
pedestrian exposure to air
pollution. It is important,
however, to limit exposure of
the most sensitive populations
(e.g., young children senior
citizens, convalescents) and to
ensure that places used
frequently and/or for extended
periods of time by the same
inidividuals have relatively
low levels of air pollution.

The physical separation of
pollution-sensitive uses is
often the most effective means
of limiting pedestrian exposure
to air pollution. this can be
accomplished by spatial
separation (Strategies 4A and
4B), by temporal separation
(Strategy 4D), or by the
interposition of a barrier
(Strategy 4C).



STRATEGY 4. Protect Pollution-Sensitive Uses
A. Locate Pollution-Sensitive Us~s Outside High-Pollution Zones

54 Pollution-sensitive uses and
activities (e.g., playgrounds
and schoolyards, sitting areas,
outdoor cafes, and building
entrances and intake vents)
should be located in zones with
low pollution (see Design
Situation chart, Classes One
and Two) and away from high
pollution zones (see Design
Situation Chart, Classes Five
and Six).

d

4A1. Locate pollution-sensitive
uses in areas of good air
circulation, with low to
moderate emissions, upwind of
major pollution sources.

4A2. Maintain distance between
pollution-sensitive uses and
major streets and highways.

Separation from the roadway may
be accomplished by either ver
tical or horizontal distance.
Benches and bus shelters should
be sited well back from the
curb. Locate school yards,
playgrounds, and outdoor cafes
off major streets, especially
if air circulation is limited.

4A3. Discourage the use of
high-pollution zones for
pollution-sensitive uses.

Do not place benches or play
equipment adjacent to high
emission uses, such as major
streets and highways, parking
garage entrances and vents, or
near tunnel entrances. Discour
age the use of such areas
(e.g., by planting with dense
shrubs and/or trees).
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STRATEGY 4. Protect Pollution-Sensitive Uses
8. Locate High-Emission Uses JUdiciously

New uses that may generate high
emissions should be located in
order to both protect existing
pollution-sensitive uses and to
enhance dispresion of
pollutants.

481. Site high-emission uses
away from existing pollution
sensitive uses.

New highways, bus depots, and
parking garage and tunnel
entrances should not be located
adjacent to existing
playgrounds, schoolyards, or
small parks •..
482. Site hiah-emission uses in
areas with good air circulation.

483. Site high-emission uses
downwind of existing pollution-
sensitive uses.
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STRATEGY 4. Protect Pollution-Sensitive Uses
C. Buffer Pollution-Sensitive Uses from High-Emission Uses

56 Pollution-sensitive uses must
sometimes be located in zones
of relatively high emissions.
Commuters must use the street
every day, for example, and
busy streets are often exciting
places to be. Pedestrians can
be protected to some extent
through physical buffers.

4C1. Use barriers to separate
pollution-sensitive and pollu
tion-generating uses.

Walls, planters, and berms can
all be used to protect pollu
tion-sensitive uses like sit
ting areas and outdoor cafes.
Planted berms will not only
provide a barrier, but can also
be designed to filter particu
late pollutants (See Strategy
3A 1).
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STRATEGY 4. Protect Pollution-Sensitive Uses
D. Regulate Time of Use to Separate Pollution

Sensitive and Pollution-Generating Uses

The use of the same space by
pollution-sensitive and pollu
tion-generating uses is some
times unavoidable. In such
cases a temporal separation may
be the ideal solution to reduc
ing pedestrian exposure to
unacceptable levels of air
pollution.

4D1. Establish vehicle-free
time zones during intensive
pedestrian use.

The time of most intensive
pedestria~ activity downtown is
during morning and afternoon
commuting periods and during the
mid-day lunch hour. Traffic
might be banned or restricted in
some downtown districts between
noon and two o'clock.

4D2. Restrict traffic during
times of limited air circu1a-"
tion.

If local radiation inversions
are a frequent morning
occurrence, traffic might be
restricted during that period.
Deliveries, for example, might
be limited to afternoon hours.





V. A COMPREHENSIVE APPROACH TO STREET-LEVEL AIR
QUALITY

In the seventeenth century, John Evelyn described the
air pollution of London and proposed a comprehensive
plan to alleviate that problem. Evelyn's plan, out
lined in Fumifugium: The Aer and Smoake of London
Dissipated (1661), employed the four basic urban design
strategies outlined in the preceding chapter. Evelyn
recommended the prohibition of high-sulphur coal, the
relocation of polluting land uses, like tanneries, from
central London to outlying areas downwind, and the
plantation of entire square blocks with trees and
flowers, interspersed throughout the city, to sweeten
the air. Rarely, since that time, has there been so
comprehensive a proposal to improve urban air quality.
Most programs in the United States today focus mainly
on the reduction of emissions and ignore the potential
of other strategies.

If an air quality program is to be effective and
efficient, it is critical that it integrate multiple
strategies and that it coordinate efforts at both
city-wide and street-corner scale. The specifics of
such a program will vary from city to city, depending
on climatic setting, transportation patterns, and
existing urban form. What works in one city may be
inappropriate or impractical in another. Whatever its
specifics, however, a plan to address air pollution
should always acknowledge the issues of energy conser
vation and climatic comfort. Increased air pollution
is often the by-product of profligate energy use and,
in some cases, efforts to conserve energy have
increased air pollution in building interiors. The
promotion of climatic comfort in outdoor spaces may
contribute to decreased air circulation and a build-up
of air pollutants: for example, when sidewalks and
building entrances are protected by deep arcades with
vehicular access or when winds that might ventilate a
space are deflected from it.

In devising an air quality management program, it is
also important to assess the significance of the air
pollution problem relative to other issues facing the
city and to integrate air quality as part of an overall
plan to improve environmental quality. The fragmenta
tion of environmental concerns leads to plans that are
inefficient, expensive, and that can precipitate
additional problems, even as they solve the single
problem for which they were designed. Plans designed
to serve multiple purposes, on the other hand, may
improve air quality, even as they help resolve problems
of water quality, storm drainage, and flood, earth
quake, or landslide hazards. Certain strategies or
combinations of strategies may also be more feasible
economically, culturally, or politically than others.



60 The Stuttgart Experience

Over the past several decades, Stuttgart, West Germany,
has implemented a comprehensive program to manage its
air quality and climate. Although air quality is one
of Stuttgart's most important problems, the city has
also incorporated other environmental concerns into its
plan: the protection of water resources; the stabili
zation of landslide-prone slopes; management of forest
resources; the provision of recreation opportunities;
and the enhancement of the city's aesthetic image.
Stuttgart is a city of 160,000; its center lies at the
bottom of a horseshoe-shaped valley. The climate of
Stuttgart is greatly influenced by this physiographic
situation. Winds are generally weak, and inversion
conditions occur two days out of three. Before the
city devised a plan to alleviate the situation, indus
trial emissions, car and truck exhaust, and smoke from
furnaces were trapped near the ground during these
inversions.

Climatologists, air quality specialists, and urban
planners and designers have worked together for several
decades to monitor air quality, identify sources of air
pollution, and to study patterns of air movement within
the city. Together they have designed a multi-faceted
air quality management program that applies that under
standing. Stuttgart's program is exemplary, on many
counts: for the way it exploits an understanding of
the city's climate; for the way it coordinates multiple
strategies to reduce air pollution; and for the way it
integrates planning at the city-wide scale with incre
mental improvements at the microscale.

The city maintains a monitoring network comprised of
both stationary and portable monitors, including a
small van designed as a mobile laboratory. Industrial
emissions, the smoke from thousands of individual fur
naces, and vehicular exhaust were all identified as
important sources of air pollution. The city has since
reduced emissions significantly. Chimney stacks at the
municipal incinerator and local industries were fitted
with filters and were increased in height to enhance
dispersion. The filtered material and cinder residue
from the incinerator are now used as aggregate material
in road construction. The incinerator was also con
verted to a power plant where burning garbage heats
water that is piped to homes and businesses in the
downtown and nearby residential neighborhoods. This
provides both heat and hot water, thereby eliminating
the need for furnaces in this entire area.



Other strategies have been employed to reduce emissions
of air pollutants in poorly ventilated portions of the
downtown. One narrow street, historically the city's
most important route, was converted to a pedestrian
street, with trolleys and buses placed below in an
underground transitway. This street and transitway
connect the main train station at one end of downtown
with the old market square at the other end. New
buildings and old, important institutions, offices,
shops, and restaurants line the shaded pedestrian mall
with its convenient transit stations.

Climatologists identified the daily pattern of hill-to
valley air movement and demonstrated its significance
for city-wide ventilation. On calm, clear nights, cool
air flows off the hillsides down small canyons to the
valley floor where, if unimpeded, it pushes warmer,
polluted air in the city center down the river valley.
The city has therefore mapped these airflow channels
and has ensured their continued effectiveness by incor
porating them into a public open space system. A
linear downtown park, several miles long and several
hundred yards wide, was built in the valley between the
Neckar River and the city center. At its downtown
terminus, it is linked to a pedestrian street and is
connected to hillside airflow channels by streets that
run perpendicular to it. Thus have forests at the
city's edge, wooded hillside canyons, a pedestrian
mall, and a large central park been linked in a compre
hensive system that ventilates the city, cooling and
cleansing it. The pedestrian is well-served in
Stuttgart. Hillside stairs step down the airflow
channels providing shortcuts to downtown as well as
sweeping views of the city. Even downtown, pedestrian
routes are well separated by planted buffers from heavy
traffic on major streets. Several major streets have
been widened without increasing traffic lanes, thereby
enhancing ventilation and providing more room for the
separation of cars and sidewalks.

Stuttgart has integrated concerns for air quality,
energy conservation, and climatic comfort. The same
airflow that helps disperse pollutants also cools the
city on hot summer nights, when the city would other
wise be considerably warmer than outlying suburbs. The
conversion of the municipal incinerator to provide
district heating has reduced energy consumption as well
as air pollution emissions. The shady parks and walk
ways that funnel air through the city are far cooler
than nearby streets and plazas and provide a pleasant
place to be on hot summer days.
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62 Stuttgart now employs several full-time specialists to
monitor climate and air quality. But the original
concept was worked out and implemented without the aid
of the sophisticated monitoring system the city now
maintains. The nightly pattern of downslope airflow
was demonstrated during World War II, by smoke bombs
that were discharged on the hillsides to hide the city
from enemy aircraft. Based upon this experience,
climatologists mapped probable airflow channels, and
these have since been verified empirically. The broad
outlines of the program were sketched in the 1950s and
have been refined and augmented ever since. The early
conceptual framework has guided both comprehensive and
incremental improvements for several decades. The
miles-long linear park, for example, was built in
several stages; each stage was designed and built when
Stuttgart hosted the German garden show, a time when
there was great public support for major expenditures
on park development. Even when pressures to develop
the hillsides have prevailed, the city has usually been
able to persuade developers to leave air flow channels
open, either as streets, walkways, or private open
space.

The Stuttgart experience is not equally applicable to
all cities in its details. But in its broader concept,
it is applicable to every city: in its incorporation
of an understanding of climatic setting into a compre
hensive program to reduce emissions, enhance ventila
tion, and reduce exposure to air pollutants; in its
integration of concerns for air quality, energy conser
vation, and climatic comfort; in its balance of these
with other urban issues; in its successful integration
of small details that are consistent with the overall
scheme; and in its evolution and staged implementa
tion.



VI. THE LESSONS FOR BOSTON

Climatically, Boston's situation is quite different
from that of Stuttgart; inversions are relatively
infrequent, and windless days are rare. In fact, Bos
ton is a windy city, and even on calm days, the sea
breeze blows onshore in late afternoon and evening.
Despite the generally favorable conditions, however,
there are locations and even entire districts that have
relatively poor air circulation. Combined with Bos~

ton's snarled traffic and attendant high emissions at
street-level, there may well be ground for concern.

Places of Concern

The oldest parts of downtown Boston have an irregular
pattern of narrow, winding streets. Prior to the
construction of office towers in the past two decades,
these narrow street canyons were rarely more than four
or five stories high. New construction, however, par
ticularly in the financial district, has transformed
that pattern. These office structures have contributed
to Boston's economic vitality,but have resulted in
increased downtown traffic with an attendent increase
in emissions and, in some places, in poor air circula
tion. The office workers that fill downtown streets
and plazas during lunch in spring, summer, and fall
compete with heavy traffic for street-level space and
may be exposed during lunch hour to pollution levels
that exceed the one-hour standards. Indoor air pollu
tion levels (carbon monoxide, for example) may also be
of concern in older buildings with window air condi
tioners or in some new buildings with large, enclosed
atrium spaces. Where entrances of such atriums, for
example, are sheltered by deep arcades with vehicular
access, emissions could be entrained into the interior
public space.

The central artery and entrances and exits to the
Sumner and Callahan Tunnels are sources of high
emissions in downtown Boston. When the sea breeze
blows these emissions back into the city, nearby
buildings upwind, especially if they pose a long, high
obstacle to the breeze, may be exposed to relatively
high pollution levels at their base. If plans to
depress the central artery go forward, great care
should be taken in the location and height of vents.

Boston is a windy city, and the many new tall buildings
have sometimes created uncomfortable, even dangerous,
pedestrian-level wind conditions. The city has wisely
taken steps to arrest this problem. In reducing winds
in pUblic spaces, however, care should be taken not to



64 create stagnant wind shadows in locations with high
emissions.

There are many examples, in both public and private
spaces where pollution-sensitive uses are located in
inappropriate spots. Of special concern are play
grounds such as the one situated above the Callahan
Tunnel entrance in the North End. Also of concern is
the trend for restaurants like McDonalds and Burger
King to build playgrounds adjacent to major streets and
highways.

Opportunities

Boston possesses great opportunities to reduce pedes
trian exposure to street-level air pollution both in
existing parts of the city and through new development.
The sunlight/air circulation project of which this
study is a part provides an opportunity to integrate
issues of climatic comfort and air quality. The fact
that the results of this project have become available
at a time when the city is undertaking a comprehensive
open space plan for the downtown means that a concern
for improving air quality can be incorporated into the
redesign of existing open space and the design of
future open space. Boston is currently experiencing a
building boom, one that will influence the form of the
city for many years to come. This is an opportunity to
redesign portions of the city to address air quality as
well as other environmental, social, and economic con
cerns.

In designing its open space plan and in guiding new
development, Boston should seek to reduce emissions,
especially in parts of the city with poor air circula
tion. Cultural and physical factors provide a favor
able context for reducing vehicular emissions. There
is already a strong constituency for public transporta
tion. Boston is better served by public transportation
than most American cities, and many residents already
travel through, to, and from the downtown by bus or
subway. It is therefore likely that improvements to
that system, in combination with other incentives,
could significantly decrease traffic. Bicycle and
pedestrian programs are also more likely to succeed in
Boston than many other American cities. Downtown Bos
ton has a pedestrian scale; the entire downtown is
approximately two miles across. Pedestrian streets
linking major destinations and open spaces could form a
convenient and pleasant pedestrian network. Given the
high density of pedestrians downtown during the day,



the creation of daytime pedestrian districts might be
more acceptable and more feasible in Boston than in
many other cities.

Given Boston's windy climate and the existence of open
space channels like the Charles River and the Southwest
Corridor, good air circulation can be maintained in
most districts through careful deployment of new build
ing, street, and open space construction. The Common,
the Public Garden, and the Esplanade are also large
public open spaces that probably function as sinks for
air pollutants emitted nearby.

Next Steps

This study represents an initial piece of the ground
work necessary to incorporate air quality considera
tions into urban design for Boston. The following are
some suggestions for continuation of this work:

1. Identify places of concern. This may not be
feasible for the entire downtown area ini
tially. The city might start with an area
like the financial district or one in which
intensive future development is likely.
Places of concern and design situation classes
should be identified and mapped for each dis
trict.

2. Assess significance of street-level air pollu
tion. Portable monitors should be used to
measure air pollution levels in the identified
places of concern, especially where there are
overlapping factors, as in design situation
classes five and six. Previous studies have
identified local "hot spots" that exceed
standards to a significant degree. These
findings should be compared with the places of
concern maps to ascertain correlations. Both
spatial and temporal (daily and seasonal) var
iation should be addressed. Public spaces in
building interiors (atriums) should be includ
ed in the study. The contribution of non
transportation sources should also be consid
ered. Air pollution monitoring should include
one-hour exposure during times of most inten
sive pedestrian activity (e.g. 8:00 to 9:00
a.m., 12:00 to 2:00 p.m., 5:00 to 6:00 p.m.).

3. Use wind tunnel studies to identify eXisting
and potential zones of poor air circulation.
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4.

5.

When wind tunnel studies are conducted to
measure pedestrian wind levels, areas of
limited air circulation should be identified
as well.

Incorporate air quality considerations into
urban design plans for the downtown. Devise
an approach appropriate to each district's
urban form and use. Consider solutions that
may extend beyond the district.

Implement air quality measures through
incremental public and private development.

Boston's breezy climate and its legacy of convenient
public transportation and generous open space are all
resources that should be exploited to improve street
level air quality downtown. In its efforts to develop
a new Open Space Plan for the Downtown, the BRA should
give particular attention to the contribution of open
space to air quality: as buffer between pollution
generating and pollution-sensitive uses; as pedestrian
network separate from high pollution zones; as channel
for airflow; as sink for particulate pollutants; as
low-pollution oasis.



VII. FUTURE DIRECTIONS

This report has established a framework within which
air pollution considerations can be addressed by urban
designers and, hopefully, through which air pollution
specialists can better visualize the contribution of
urban design to the improvement of street-level air
pollution. The strategies outlined in this report are
based on the experimental literature, including both
modelling studies of scaled or idealized urban condi
tions and measurements within actual urban settings.
Further research is now needed to test, refine, and
augment these strategies through empirical studies.

Several areas of potential future research promise to
yield significant results. The effects of urban form
on the dispersion of street-level air pollutants at
both city-wide and project scales should be investi
&ated. At the city-wide and 'district scales, the
effects of varying size, geometry, and arrangement of
buildings, streets, and open areas should be tested and
compared. At the project scale, the manipulation of
landform, planted form, and building form should be
studied. Wind tunnel experiments to test and refine
the proposed strategies would be particularly valuable
if related to actual development projects. Measure
ments taken before and after construction could help
verify the "truth" of these studies. The implementa
tion of built models (or the identification of existing
models) that incorporate the proposed design strategies
would also afford the opportunity to assess their
effectiveness through comparison with a control site.
Since the most effective design solutions may involve
intervention at multiple scales (city-wide, district,
and street corner), work that integrates these scales
is needed. Such research efforts will entail the col
laboration between urban designers, wind engineers, and
air pollution meteorologists and could yield substan
tial benefits for the health of city residents.





BIBLIOGRAPHY

Ahmadi, A.R., and Hayden, R.E. "Fluid Modeling Studies of Platform Ventilation 69
and Stack Configurations for the Proposed South Station Transportation Center."
Report No. 5346. Cambridge, MA: Bolt Beranek and Newman, May 1983.

Arnold, George, and Edgerley, E., Jr. "Urban Development in Air Pollution Basins:
An Appeal to the Planners for Help." Journal of the Air Pollution Control
Association 16 (1966): 597-600.

Athens," Demitrios; King, William M.; Faramarz, Dowlatshahi; and Julian, Barbara.
Identifying CO Hot Spots. Boston, MA: Metropolitan Planning organization,
Beston Metropolitan Planning District, March 1981.

Barltrop, D.; Strehlow, C.D.; Thronton, I.; and Webb, J.S. "Absorption of Lead from
Dust and Soil." Postgraduate Medical Journal 51 (1975): 801-804.

Benarie, Michael M. Urban Air Pollution Modelling. Cambridge, MA: MIT Press,
1980.

Benesch, Frank. Carbon Monoxide Hot Spot Guidelines Vol. II: Rationale. Report No.
EPA 450/3-78-34 Research Triangle Park, N.C.: Environmental Protection Agency,
August 1978.

Benesch, Frank. Carbon Monoxide Hot Spot Guidelines Vol. V: User's Manual for the
Intersection-Midblock Model. EPA-450/3-78-037. Research Triangle Park, NC:
Environmental Protection Agency, August, 1978.

Bidwell, R.G.S., and Fraser, D.E. "Carbon Monoxide Uptake and Metabolism by
Leaves." Canadian Journal of Botany 50 (1972): 1435-39.

Bosselman, Peter; Flores, Juan; Gray, William; Priestley, Thomas; Anderson, Robin;
Arens, Edward; Dowty, Peter; So, Stanley; and Kim, Jong-Jim. Sun, Wind, and
Comfort: A Study of Open Spaces and Sidewalks in Four Downtown Areas.
Berkeley, CA: Institute of Urban and Regional Development, University of
California, 1984.

Boston Redevelopment Authority, Traffic and Parking Department. Efficient
Operation of Off-Street Parking in Boston. Boston, MA: Metropolitan Area
Planning Council, 1984.

Beve, John L., and Sienenberg, Stanley. "Airborne Lead and Carbon Monoxide at 45th
Street, New York City." Science 167 (1970): 986-87.

Boyce, David E. "Modeling the Impacts of Transportation Systems Management on
Vehicle Emissions, Phase I." Report No. 79/09. Chicago, IL: Institute of
Natural Resources, 1979.

Brambilla, Roberto, and Longo, Gianni. A Handbook for Pedestrian Action.
Washington, D.C.: U.S. Government Printing Office, 1977.

Brambilla, Roberto, and Longo, Gianni. The Rediscovery of the Pedestrian.
Washington, D.C.: U.S. Government Printing Office, 1977.



70 Brambilla, Roberto, and Longo, Gianni. Bannin~ the Car Downtown. Washington, D.C.:
U.S. Government Printing Office, 1977.

Brambilla, Roberto; Longo, Gianni; and Dzurinko, Virginia. American Urban Malls.
Washington, D.C.: U.S. Government Printing Office, 1977.

Brice, Robert M., and Roesler, Joseph F. "The Exposure to Carbon Monoxide of
Occupants of Vehicles Moving in Heavy Traffic." Journal of the Air Pollution
Control Association 16 (1966): 597-600.

Brief, R.S.; Jones, A.R.; and Yoder, J.D. "Lead, Carbon Monoxide and Traffic, A
Correlation Study." Journal of the Air Pollution Control Association 10 (1960):
384-388.

Brunekreef, Bert; Noy, Dook; Biersteker, Klaas; and Boleij, Jan. "Blood Levels of
Dutch City Children and Their Relationship to Lead in the Environment." Journal
of the Air Pollution Control Association 33 (1983): 872-876.

Bullin, J.A.; Bower, S.C.; Hinz, M.M.; and Moe, R.D. "Aerosols Near Urban Street
Intersections." Journal of the Air Pollution Control Association 35 (1985):
355-358.

Burgess, William; DiBerardinis, Louis; and Speizer, Frank E. "Exposure to Auto
mobile Exhaust." Archives of Environmental Health 26 (1973): 325-328.

Busic, John R. and Hagerty, Peter. "Inventory of Sources with Emissions Greater
than 100 Tons/Year Subject to organic Material Regulations in Metropolitan
Boston AQCR." EPA/901/1-79/008. July 1979.

Carter, John Wesley. An Urban Air Pollution Prediction Model Based on Demographic
Parameters. Ph.D. Dissertation. Univ. Oklahoma. 1973.

Central Transportation Planning Staff. Transportation Element of the State Imple
mentation Plan for the Boston Region. Boston, MA: December 1978.

Cermak, J.E. "Air Motion in and Near Cities: Determination by Laboratory Simula
tion." In Atmospheric Turbulence and Diffusion and their Influence on Air
Pollution. Lecture Series 58. Belgium: Von Karman Institute for Fluid
Dynamics. May 1973.

Cermak, J.E. "Wind Tunnel Simulation of Atmospheric Flow and Dispersion." In
Atmospheric Turbulence and Diffusion and their Influence on Air Pollution.
Lecture Series 58. Belgium: Von Karman Institute for Fluid Dynamics, May 1973.

Chandler, T.J. Urban Climatology and Its Relevance to Urban Design. Technical Note
149. Geneva: World Meteorological organization, 1976.

Chaney, Lucian. "Carbon Monoxide Automobile Emissions Measured from the Interior of
a Traveling Automobile." SCience 199 (1978): 1203-1204.

Chang, T. Y.; Norbeck, J.M.; and Woinstock, B. "Urban Center CO Air Quality Projec
tions." Journal of the Air Pollution Control Association 30 (1980):
1022-1030.



Chng, K.M.; Towers, D.A.; Thorpe, M.J.; Iacovino, F.N.; Allen, C.M. Air Quality and 11
Noise ImEact Analyses of the North Station Urban Renewal Project. Cambridge,
MA: Bolt Beranek and Newman, June 1982.

cortese, A.D., and Spengler, J.D. "Ability of Fixed Monitoring Stations to Repre
sent Personal Carbon Monoxide Exposure." Journal of the Air Pollution Control
Association 26 (1976): 1144-1150.

"Criteria for Lead." (Summary from "Air Q,lality Criteria for Lead" published by
the Environmental Protection Agency in December 1977.) Washington, D.C.: The
Bureau of National Affairs, Inc., 1978.

Daines, Robert H., Motto, Harry, and Chilko, Daniel M. "Atmospheric Lead: Its
Relationship to Traffic Volume and Proximity to Highways." Environmental
Science and Technology 4 (1970): 318-322.

Davenport, A.G. "The Relationship of Wind Structure to Wind Loading." Proceedings
of the Conference of Wind Effects on Structures. London: Her Majesty's
Stationary Office, 1965.

Desanto, R.S.; Glaser, R.A.; McMillen, W.P.; MacGregor, K.A.; and Miller, J.A. Open
Space as an Air Resource Management Measure. Vol. II: Design Criteria. Research
Triangle Park, NC: U.S. Environmental Protection Agency, 1976.

Desanto, R.S.; Smith, W.H.; Miller, J.A.; McMillen, W.P.; and MacGregor, K.A. Open
Space as an Air Resource Management Measure Volume IA: Appendix to Sink
Factors. Research Triangle Park, NC: Environmental Protection Agency, October
1976.

DeTar, D.F. "A New Model for Estimating Concentrations of Substances Emitted from
a Line Source." Journal of the Air Pollution Control Association 29 (1979):
138-142.

DeTar, Delos F. "Further Remarks on 'A New Model for Estimating Concentrations of
Substances Emitted from a Line Source.'" Journal of the Air Pollution Control
Association 30 (1980): 53-56.

Djuric,
Air
and
NM:

D., and Thomas J.C. "A Numerical Study of Convective Transport of a Gaseous
Pollutant." In Proceedings of the Symposium on Air Pollution, Turbulence
Diffusion, Dec. 7-10, 1979. Ed. by H.W. Church and R.E. Luna. Albuquerque,
Sandia Laboratories, Atmospheric Fluid Dynamics Division.

Drinkwater, B.L.; Raven, P.B.; Horvath, S.M.; Gliner, J.A.; Ruhling, R.O.; Bolduan,
N.W.; and Taguchi, S. "Air Pollution, Exercise, and Heat Stress." Archives of
Environmental Health 28 (1974): 177-181.

Durgin, Frank, and Chock, Alfred W. "Pedestrian Level Winds: A Brief Review."
Journal of the Structural Division, Proceedings of the American Society of Civil
Engineers 108 (1982): 1751-67.

"Efficient Operation of Off-Street Parking in Boston." Report prepared by the
Boston Redevelopment Authority for the Traffic and Parking Department. Boston,
MA: Metropolitan Area Planning Council, 1984.



72 Evans, John S.; Spedden, Sarah E.; and Cooper, Douglas W. "A Study of the Relation
ship Between Wind Speed and Total Suspended Particulate Levels." Journal of the
Air Pollution Control Association 31 (1981): 395-397.

Evelyn, John. Fumifugium: Or the Inconvenience of the Aer and Smoake of London
Dissipated (1661). Oxford: Old Ashmolean Reprint, 1930.

Everett, Michael D. "Roadside Air Pollution Hazards in Recreational Land Use
Planning." AlP Journal 40 (March 1974): 83-89.

Fauth, G.R.; Gomez-Ibanez, J.A.; Howitt, A.M.; Kain, J.F.; and Wilkins, H.C.
Central Area Auto Restraint: A Boston Case Study. Research Report R78-2.
Cambridge, MA: Department of City and Regional Planning, Harvard University,
December, 1978. NTIS Publication No. PB 290913.

Fennelly, Paul F. "The Origin and Influence of Airborne Particulates." American
Scientist 64 (1976): 46-56.

Flachsbart, Peter G., and Ott, Wayne R. Field Surveys of Carbon Monoxide in
Commercial Settings Using Personal EXp?sure Monitors. Washington, D.C.: U.S.
Environmental Protection Agency Office of Research and Development.

Franke, Erhardt, ed. City Climate: Data and Aspects for City Planning. Translated
for EPA by Literature Research Company. TR-79-0795. Stuttgart, West Germany:
Karl Kramer, 1976.

Friedlander, S.K. Smoke, Dust, and Haze. New York: John Wiley and Sons, 1977.

Gandemer, J., and Guyot, A. Integration du phenomene vent dans la conception du
milieu bati. Paris: Minist~re de la Qualit~ de la Vie, 1976.

Geiger, Rudolf. Climate Near the Ground. 2nd ed. Cambridge, Mass: Harvard Univer
sity Press, 1965.

Green, Nicholas J.; Bullin, Jerry A.; and Polasek, John C. "Dispersion of Carbon
Monoxide from Roadways at Low Wind Speeds." Journal of the Air Pollution
Control Association 29 (1979): 1057-1061.

Godin, Gaetan; Wright, Geoff; and Shepard, Roy J. "Urban Exposure to Carbon
Monoxide." Archives of Environmental Health, November 1972: 305-313.

Haagen-Smit, A.J. "Carbon Monoxide Levels in City Driving." Archives of Environ
mental Health 12 (1966): 548-51.

Haddon, Willi am. "On the Escape of Tigers: An Ecologic Note." Technology Review,
MIT, May 1970, p. 44.

Hagevik, George; Mendelker, Daniel R.; and Brail, Richard K. Air Quality Management
and Land Use Planning. New York: Praeger, 1974.

Harkov, Ronald. "Long-Term Trends in Ambient Lead Levels at Five Locations in New
Jersey." Journal of the Air Pollution Control Association 31 (1981): 783-784.



Hartwell, T.D.; Clayton, C.A.; Ritchie, R.M.; Whitmore, R.W.; Zelon, H.S.; Jones, 73
S.M.; and Whitehurst, D.A. Study of Carbon Monoxide Exposure of Residents of
Washington, D.C. and Denver, Colorado. Research Triangle Park, NC: U.S.
Environmental Protection Agency, Environmental Monitoring Systems Laboratory,
April, 1984.

Hill, A. Clyde. "Vegetation: A Sink for Atmospheric Pollutants." Journal of the
Air Pollution Control Association 21 (1971): 341-46.

Horowi tz, Joel L.
Cambridge, MA:

Air Quality Analysis for Urban Transportation Planning.
MIT Press, 1982.

Hotchkiss, R.S., and Harlow, F.H.
Report No. EPA-R4-73-029 1973.
Protection Agency, 1973.

Air Pollution Transport in Street Canyons.
Research Triangle Park, NC: U.S. Environmental

Ingalls, Melvin N. Estimating Mobile Source Pollutants in Microscale Exposure
Situations. Report No. EPA-460/13-81-021. San Antonio, TX: Environmental
Protection Agency Southwest Research Institute, 1981.

Ingraham, Gregory K., and Fauth, Gary R. "A Review of the Transportation Analyses
Underlying the Boston Transportation Control Plans." In Urban Planning Policy
Analysis and Administration. Cambridge, MA: Harvard University, Department of
City and Regional Planning, 1974.

Ingraham, Gregory K., and Fauth, Gary R. "Tassim: A Transportation and Airshed
Simulation Model Vol. I Case Study of the Boston Region." Report No.
DOT-QS-30099-5. Washington, DC: Department of Transportation, 1974.

Inman, Robert E.; Ingersoll, Royal B.; and Levy, Elain A. "Soil: A Natural Sink
for Carbon Monoxide." Science 172 (1971): 1229-1231.

Johnson, Warren B.; Ludwig, F.L.; Dabberdt, W.F.; and Allen, R.J. "An Urban
Diffusion Simulation Model for Carbon Monoxide." Journal of the Air Pollution
Control Association 23 (1973): 490-98.

Johnson, Warren B.; Sklarew, Ralph C.; and Turner, D. Bruce. "Urban Air Quality
Simulation Modeling." In Arthur C. Stern, ed. Air Pollutants: Their
Transformation and Transport. 3rd. ed. New York: Academic Press, 1977.

Kleiner, Beth C., and Spengler, John D. "Carbon Monoxide Exposures of Boston Bicy
clists." Journal of the Air Pollution Control Association 26 (1976): 147-49.

Konopinski, Virgil J., and Upham, James B. "Commuter Exposure to Atmospheric
Lead." Archives of Environmental Health 14 (1967): 589-593.

Kurtzweg, Jerry A. "Urban Planning and Air Pollution Control: A Review of Selected
Recent Research." AlP Journal (1973): 82-92.

Lamb, R.G., and Seinfeld, J.H. "Mathematical Modeling of Urban Air pollution:
General Theory." Environmental SCience and Technology (March 1973): 253-261.

Landsberg, Helmut E. The Urban Climate. New York: Academic Press, 1981.



Lassey, K.R. "The Interception and Retention of Aerosols by Vegetation--I. The Formu
lation of a Filtration Model." Atmospheric Environment 16 (1982): 13-24.

Lave, Lester B., and Seskin, Eugene P. Air Pollution and Human Health. Baltimore:
Johns Hopkins University Press, 1977.

Lincoln, David R., and Rubin, Edward S. "Contribution of Mobile Sources to Ambient
Particulate Concentrations in a Downtown Area." Journal of the Air Pollution
Control Association 30 (1980): 777-781.

Lioy, Paul J.; Mallon, R. Peter; and KneIp, Theo. J. "Long Term Trends in Total Sus
pended Particulates, Vanadium, Manganese, and Lead at Near Street Level and
Elevated Sites in New York City." Journal of the Air Pollution Control Associa
tion 30 (1980): 153.

Ludwid, F. L.; Javits, H. S.; and Valdes, A. "How Many Stations Are Required to Esti
mate the Design Value and the Expected Number of Excedences of the Ozone
Standard in an Urban Area?" Journal of the Air Pollution Control Association 33
(1983): 963-967.

Madders, Martin, and Lawrence, Margaret. "Techniques No. 39: Air Pollution Control
by Vegetation Buffer Zones." Landscape Design 136 (Nov., 1981): 29-31.

Melaragno, Michele. Wind in Architectural and Environmental Design. New York: Van
Nostrand Reinhold, 1982.

Midurski, Theodore P.; and Schewe, George J. Carbon Monoxide Hot Spot Guidelines
Vol. I: Techniques Report No. EPA-450/3-78-033. Research Triangle Park, NC:
Environmental Protection Agency, 1978.

Midurski, Theodore P. Carbon Monoxide Hot Spot Guidelines Vol. III: Workbook Report
No. EPA-450/3-78-035. Research Triangle Park, NC: U.S. Environmental Protection
Agency.

Midurski, Theodore P.; and Corbin, Victor L. Characterization of the Washington,
D.C. Carbon Monoxide Problem Report No. EPA-450/3-77-053. Research Triangle
Park, NC: U.S. Environmental Protection Agency, October 1977.

Millar, LB., and Cooney, P.A. "Urban Lead--A Study of Environmental Lead and Its
Significance to School Children in the Vicinity of a Major Trunk Road."
Atmospheric Environment 16 (1982): 615-620.

Munn, R.E. Descriptive Micrometeorology. New York: Academic Press, 1966.

Nagda, N.L., and Koontz, M.D. "Microenvironmental and Total Exposures to Carbon
Monoxide for Three Population Subgroups." Journal of the Air Pollution Control
Association 35 (1985): 134-137.

"National Primary and Secondary Ambient Air QJali ty Standards," Code of Federal
Regulations 40 CFR 50, revised as of 1 July 1980.



Nelli, J.P.; Messina, A.D.; and Bullin, J.A. "Analysis and Modeling of Air QJality 75
at Street Intersections." Journal of the Air Pollution Control Association 33
(1983): 760-764.

Noll, K.E.; Miller, T.L.; Claggett. "A Comparison of Three Highway Line Dispersion
Models" Atmospheric Environment 12 (1978): 1323-1329.

Orski, C. K.
ment."

"Car-free Zones and Traffic Restraints:
Highway Research Record, No. 406, 1972.

Tools of Environmental Manage-

Ott, Wayne R. "An Urban Survey Technique for Measuring the Spatial Variation of
Carbon Monoxide Concentrations in Cities." Ph.D. Dissertation. Stanford
University, 1971.

Ott, Wayne R. "Development of Criteria for Siting Air Monitoring Stations." Journal
of the Air Pollution Control Association Journal 27 (1977): 543-547.

Ott, Wayne R., and Eliassen R. "A Survey Technique for Determining the Representa
tiveness of Urban Air Monitoring Stations with Respect to Carbon Monoxide."
Journal of the Air Pollution Control Association 23 (1973): 685-690.

Ott, Wayne, and Flaschbart, Peter. "Measurement of Carbon Monoxide Concentrations
in Indoor and Outdoor Locations Using Personal Exposure Monitors." Environment
International 8 (1982): 295-304.

Ott, Wayne R., and Mage, David T. "A Method for Simulating the True Human Exposure
of Critical Population Groups to Air Pollutants." Paper presented at the
Symposium on Recent Advances in the Assessment of Health Effects of
Environmental Pollution. Paris, June 28, 1974.

Ott, Wayne R. and Mage, David T. "Measuring Air QJality Levels Inexpensively at
Multiple Locations by Random Sampling." Journal of the Air Pollution Control
Association. 31 (1981): 365-369.

Page, A.L., and Ganje, T.J. "Accumulation of Lead in Soils for Regions of High and
Low Motor Vehicle Traffic Density." Environmental Science & Technology 4
(1970): 140-142.

Pasquill, F. Atmospheric Diffusion. Chichester: Ellis Horwood Ltd., Halsted
Press: New York, 1974.

Perham, Chris. "Green Protectors." EPA Journal 4 (February 1978): 16-17.

"Personal Pollution Monitoring." EPA Journal 5 (March, 1979): 22-23.

"Portable CO Monitors." EPA Journal 8 (Nov.-Dec., 1972): 18-19.

Rao, S.T.; Sistla, G.; Keenan, M.T.; and Wilson, J.S. "An Evaluation of Some
Commonly Used Highway Dispersion Models." Journal of the Air Pollution Control
Association (1980): 239-242.



76 Rashudi, M., and Massoudi, M. S. "A Study of the Relationship of Street Level Carbon
Monoxide Concentrations to Traffic Parameters." Atmospheric Environment 14
(1980): 27-32.

Remsberg, E.E.; BugUa, J.J.; and Woodbury, G.E. "The Nocturnal Inversion and Its
Effects on the Dispersion of Carbon Monoxide at Ground Level in Hampton,
Virginia." Atmospheric .Environment 13 (1979): 443-447.

Robel, Franz; Hoffman, Ulrich; and Riekert, Anselm. Daten und Aussagen zum Stadt
klima von Stuttgart auf der Grundlage der Infrarot~Thermographie. Stuttgart,
FRG: Chemisches Untersuchungsamt der Landeshauptstadt Stuttgart, Klimatologische
Abteilung, 1978.

Roberts, John J., Croke, Edward J., and Booras, Samuel. "A Critical Review of the
Effect of Air Pollution Control Regulations on Land Use Planning." Journal of
the Air Pollution Control Association 25 (1975): 500-520.

Rydell, C. Peter, and SChwarz, Gretchen. "Air Pollution and Urban Form: A Review
of Current Literature." AlP Journal (1968): 115-120.

Schmitt, N.; Phillion, J.J.; Larson, A.A.; Harnader, M.; and Lynch, A.J. "Surface
Soil: as a Potential Source of Lead Exposure for Young Chi ldren." CMA Journal
121 (1979): 1474-1478.

Sheih, C.M., and Hellman, W. Preliminary Investigations of Pollutant Distribution
in a Two-Dimensional Street Canyon. Argonne: Argonne National Laboratory,
Radiological and Environmental Research Division.

S~ith, William H. Air Pollution and Forests. New York: Springer-Verlag, Inc.,
1981.

Smith, William H. "Lead Contamination of the Roadside Ecosystem." Journal of the
Air Pollution Control Association 26 (1976): 753-66.

Smith, William H. "Metal Contamination of Urban Woody Plants." Environmental
Science and Technology 7 (1973): 631-36.

Smith, William H. "Urban Vegetation and Air QJality." In Proceedings of the
National Urban Forestry Conference November 13-16, 1978, edited by George
Hopkins. Syracuse, NY: State University of New York, College of Environmental
Science and Forestry, 1980.

Smith, William H., and Staskawicz, Brian J. "Removal of Atmospheric Particles by
Leaves and Twigs of Urban Trees: Some Preliminary Observations and Assessment
of Research Needs." Environmental Management 1 (1977): 317-30.

Spirn, Anne Whiston. "Designing for Pedestrian-Level Winds: The Integration of
Wind Engineering Technology and Urban Design." CELA Proceedings. Guelph,
Ontario: University of Guelph, 1984.

Spirn, Anne Whiston. The Granite Garden: Urban Nature and Human Design. New York:
Basic Books, 1984.



Spirn, Anne Whiston, and Batchelor, William George. Street-Level Air Pollution and 77
Urban Form: A Review of Recent Literature. Cambridge, Mass.: Harvard Graduate
School of Design, 1985.

Stern, Arthur C., ed. Air Pollutants: Their Transformation and Transport. 3rd ed.
New York: Academic Press, 1976.

Stern, Arthur C., ed. Air Quality Management. 3rd ed. New York: Academic Press,
1977.

Stern, Arthur C., ed. Engineering Control of Air Pollution. 3rd ed. New York:
Academic Press, 1977.

Stern, Arthur C., ed.
3rd ed. New York:

Measuring, Monitoring, and Surveillance of Air Pollution.
Academic Press, 1976.

Stern, Arthur C., ed. The Effects of Air Pollution. 3rd ed. New York: Academic
Press, 1977.

u.S. Environmental Protection Agency. Air Quality Criteria for Lead Report No.
EPA-600/8-77-011. Washington, D.C.: December 1911.

u.S. Environmental Protection Agency. "Carbon Monoxide: Proposed Revisions to the
National Ambient Air Quality Standards." Federal Register 45 FR 55066, 18
August 1980.

U.S. Environmental Protection Agency. Carbon Monoxide Study--Seattle, Washington.
Report No. EPA-910/9-78-054b. Seattle, WA: December 1918.

U.S. Environmental Protection Agency. National Air Quality and Emissions Trends
Report, 1982. Report No. EPA/4-84-002. March 1984.

Wanta, Raymond C., and Lowry, William P. "The Meteorological Setting for Dispersal
of Air Pollutants." In Arthur C. Stern, ed. Air Pollutants: Their Transforma
tion and Transport. 3d. ed. New York: Academic Press, 1971.

Wedding, James B.; Lombardi, David J.; and Cermak, Jack E. "A Wind Tunnel Study of
Gaseous Pollutants in City Street Canyons." Journal of the Air Pollution
Control Association 21 (1911): 571-566.

Wilson, D.J., and Netterville, D.D.J. "Interaction of a Roof-level Plume with a
Downwind Building." Atmospheric Environment 12 (1918): 1051-1059.

Witz, Samuel, and Moore, Abe B., Jr. "Effect of Meteorology on the Atmospheric
Concentrations of Traffic-Related Pollutants at Los Angeles Site." Journal of
the Air Pollution Control Association 31 (1981): 1098-1101.

Zamurs, John. "Assessing the Effect of Transportation Control Strategies on Urban
Carbon Monoxide Concentrations." Journal of the Air Pollution Control Associa
tion 34 (1984): 631-642.




