
Chapter 6

Pedestrian Wind Environment Around Tall

Buildings

Ted Stathopoulos and Bert Blocken

Abstract Pedestrian-level wind conditions around tall buildings are described by

examining the aerodynamics of the urban environment and the various wind

comfort criteria established in the wind engineering field. Experimental and, pos-

sibly, computational assessment of pedestrian-level wind conditions in the urban

environment are described in detail. Particular emphasis has been placed on the

state of the art and the capabilities of Computational Wind Engineering to deter-

mine at least mean values of wind speeds in the vicinity of buildings in urban areas.

An approach toward the establishment of an overall comfort index taking into

account, in addition to wind speed, the temperature, and relative humidity in the

urban area under consideration, is presented.
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6.1 Introduction

The quality of open urban spaces has received a lot of attention in recent years.

There is a broad recognition that microclimatic conditions contribute to the quality

of life in cities, both from the economic as well as from the social viewpoint.

Consequently, universities and other research organizations, municipal and other

government forms, as well as construction and architectural companies have

expressed significant interest and allocated resources to examine microclimatic

conditions, particularly the effect of wind, on the outdoor human comfort. This

task is quite complex because, contrary to the more or less controllable indoor

comfort conditions, outside human comfort in an urban climate is generally

T. Stathopoulos (*)

Department of Building, Civil and Environmental Engineering, Concordia University,

Montreal, QC H3G 1M8, Canada

e-mail: statho@bcee.concordia.ca

B. Blocken

Department of the Built Environment, Eindhoven University of Technology, 5600 MB

Eindhoven, The Netherlands

Department of Civil Engineering, Leuven University, 3001 Leuven, Belgium

e-mail: b.j.e.blocken@tue.nl; bert.blocken@bwk.kuleuven.be

© Springer Japan 2016

Y. Tamura, R. Yoshie (eds.), Advanced Environmental Wind Engineering,
DOI 10.1007/978-4-431-55912-2_6

101

mailto:statho@bcee.concordia.ca
mailto:b.j.e.blocken@tue.nl
mailto:bert.blocken@bwk.kuleuven.be


affected by a wide range of variables such as wind speed and direction, air

temperature, solar radiation, possible precipitation in various forms, and the like.

In Europe, a 3-year (2001–2004) EU-funded project with extensive surveys

carried out at different open spaces has carried out approximately 10,000 interviews

(http://alpha.cres.gr/ruros). The project produced an urban design tool that provides

architects, engineers, urban planners, and other decision-makers with means to

assess effectively the construction of new buildings and the development of cities

from the economic, psychophysiological, and sociological perspective of human

comfort, air temperature, relative humidity, solar radiation, air quality, and human

activity. Work has also been carried out within the auspices of the European Action

C14 dealing with Impact of Wind and Storm on City Life and Built Environment,
with a working group interested in the effects of wind on pedestrians, their

assessment and comparisons, as well as the parameters that influence human

comfort and its evaluation. Results have appeared in the 2002 Workshop in Nantes,

e.g., Westbury et al. (2002) and in the International Conference in Urban Wind

Engineering and Building Aerodynamics organized by the von Karman Institute for

Fluid Dynamics in May 2004. In addition, the American Society of Civil Engineers

(ASCE) has put out a pertinent state-of-the-art document (2003) which was devel-

oped with input from the European Action C14.

This chapter describes the aerodynamics of the urban environment and the

reasons causing high wind speeds at sidewalks and, consequently, potential dis-

comfort or danger to pedestrians, particularly in the proximity of tall buildings; it

addresses the experimental and computational evaluations of the wind on people in

the urban environment and focuses on the state of the art of the development of

human outdoor comfort criteria by considering a wide range of parameters, includ-

ing wind speed, air temperature, relative humidity, solar radiation, air quality,

human activity, clothing level, age, and the like.

6.2 Aerodynamics of the Urban Environment

Strong winds are usually accelerated at the pedestrian level within the urban

environment, say around tall buildings, due to particular aerodynamic configura-

tions generally associated with tall buildings. In the case of a simple rectangular tall

building, it is the boundary layer flow that causes descending flows toward the street

level due to the pressure differences created by the velocity differences between

higher and lower levels. This downflow is significant due to the pressure propor-

tionality to the square of the velocity (Bernoulli equation) and the increase of the

latter with the building height. Figure 6.1 demonstrates this effect, which is termed

in the literature as downwash. Clearly, downwash is diminished drastically in the

absence of boundary layer flow, and this explains the lack of adequate representa-

tion of wind effects in the building environment for simulations carried out in the

past using aeronautical wind tunnels for building aerodynamics applications.

102 T. Stathopoulos and B. Blocken

http://alpha.cres.gr/ruros


In general, buildings will only induce high wind speeds at lower levels if a

significant part of them is exposed to direct wind flows. It is actually the direct

exposure to wind rather than building height alone which causes the problem. This

is shown diagrammatically in Fig. 6.2. Another type of pedestrian-level winds is

formed when high-speed winds pass through openings between high-pressure air on

the windward wall and low-pressure regions on the leeward side of a building. Once

more, the fair character of nature, which does not like pressure differences, prevails

and strong flow is induced to correct the problem. Pedestrians in arcades of

commercial buildings can testify regarding this situation, which is unpleasant to

the store owners in these areas as well. Figure 6.3 shows this type of configuration

along with other flow-induced mechanisms creating disturbances to the urban

environment in the vicinity of buildings. These include but they are not limited to

the effects of the large standing vortex in front of a building, the vortex flows

generated after the flow separates and accelerates along the building front edges,

and the wake-induced disturbances via the interaction of the flow coming from the

building side faces and the recirculation flow regime created by the shear layer flow

above the building. Clearly, wind direction is a significant factor here, in addition to

the magnitude of the oncoming wind speed.

Additional common building configurations and potential influences on

pedestrian-level winds are shown in Fig. 6.4 taken from Cochran (2004). These

configurations include the effects of canopies, which may act as deterrents to the

strong downflow prior to impacting on sidewalks or other pedestrian-free access

z z

Constant velocity Boundary-layer
Velocity profileprofile

Fig. 6.1 Uniform and boundary layer wind flow around a tall rectangular building
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areas around the building. However, such measures may create other problems by

deflecting the wind from, say, a building entrance to another area around the

building corners or across the street. Setbacks on the building surfaces or pent-

houses are elements generally remediating the pedestrian-level winds and are used

rather extensively. Furthermore, a podium not intended for long-term pedestrian

activities or vegetation in terms of bushes and coniferous-evergreen trees can also

be used as a positive measure to amend harsh wind conditions at pedestrian level.

Porous screens are also successful in deflecting winds without relocating the

Fig. 6.2 Wind flow around buildings significantly taller than their surroundings (After Cochran

(2004))
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Fig. 6.3 Interaction of building with oncoming wind flow
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Fig. 6.4 Design features to change and/or ameliorate pedestrian wind conditions (After Cochran

(2004))
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adverse conditions on other places. An entrance alcove, as well as balconies, also

diminishes sidewalk winds in the cities. However, high winds may be transferring

on balconies themselves, particularly those near the edges of the building facades.

The previous discussion is really about isolated and mainly rectangular build-

ings. Curved buildings such as cylindrical shapes generally promote lateral flow, so

they behave better as far as effects of pedestrian-level winds are concerned.

Channeling effects appearing in the case of two or more buildings are generally

critical, particularly if the wind direction is along the street or corridor formed

between the buildings. Previous computational and experimental research by

Blocken et al. (2007, 2008a, b) indicated that the channeling effects are particularly

pronounced in the passage near ground-level, while at higher positions in the

passage, the flow speed actually reduces compared to free-field conditions. As a

result, the overall flow rate through the passage decreases compared to open-field

conditions, but the flow speed at pedestrian level increases. Based on these findings,

Blocken et al. (2007, 2008b) preferred the term “channeling effect” to be used

instead of Venturi effect, as the Venturi effect strictly only applies to confined flows

(Venturi 1799), while atmospheric flows are open flows.

If the wind conditions with one or two simple-shaped buildings in place can

become so complex, one can easily imagine what would really happen with

buildings of complex shapes interacting with the wind flow passing among them,

particularly when the effect of ground topography and all adjacent buildings is

taken into account. The problem becomes really difficult and for a number of years

could only be solved experimentally via appropriate simulation in a boundary layer

wind tunnel. However, with the significant progress in computational technology,

attempts were made to address the problem of pedestrian-level winds in the urban

environment computationally. More detailed discussion on the state of the art of

computational fluid dynamics (CFD) applied to – among others – the study of

pedestrian-level winds can be found in the review papers by Stathopoulos (1997;

2002) and in the review paper by Blocken (2014) on 50 years of Computational

Wind Engineering.

Regardless of the approach used to determine the impact of wind flows at the

pedestrian level, the previous comments have demonstrated that the direction of the

oncoming wind together with its magnitude, i.e., speed, will be of paramount

importance. If the wind climate in a city is distinctly directional, i.e., strong

winds come always from a particular narrow fetch, it is clear that this set of

directions should be really scrutinized because, in all likelihood, critical results

will occur when the wind comes from these particular directions.

As an example, the basic wind environment of Montreal in terms of wind speeds

and probabilities of exceedance from different directions is presented in Fig. 6.5. As

clearly shown, westerly and southwesterly winds dominate while north and north-

easterly winds may also be high. Note that these are upper level winds and

significant changes may occur near the ground areas. In addition, differences

exist between summer and winter wind data. Maximum summer winds are domi-

nant from west, while winter winds are certainly higher and they blow primarily

from southwest. In the great majority of pedestrian wind studies carried out for tall

buildings in Montreal, it has been found that winds from the west/southwest and, to
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a lesser extent from the northeast, have produced the most critical adverse

conditions.

In summary, there are two main flow types causing high pedestrian-level winds

in the urban environment: downwash flows and horizontally accelerated flows. The

former are diminished by podia and architectural features such as setbacks, balco-

nies, and the like; the latter are ameliorated by alcoves, chamfered corners, land-

scaping (vegetation), or porous screens.

6.3 Wind Comfort Criteria

Several criteria have been developed in the wind engineering community for

evaluating only the wind-induced mechanical forces on the human body and the

resulting pedestrian comfort and safety. There are significant differences among the

criteria used by various countries and institutions to establish threshold values for

Fig. 6.5 Probability distributions of hourly mean wind speed at 300 m overground for daylight

hours during the winter (derived from 10-year record of wind data obtained at a height of 10 m at

Montreal’s Trudeau Airport)
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tolerable and unacceptable wind conditions even if a single parameter, such as the

wind speed, is used as a criterion. These differences range from the speed averaging

period (mean or gust) and its probability of exceedance (frequency of occurrence)

to the evaluation of its magnitude (experimental or computational).

Table 6.1 shows the traditional Beaufort scale used in ship navigation in a

modified version applicable to land regions and for heights representative of

pedestrians. This table provides an idea of the mechanical effects of wind of

different speeds on the human body. Physiological effects are more complex

since they depend on additional factors and their interactions.

A simple rule of thumb has been provided by Wise (1970) and Pendwarden

(1973). This is based on mean speeds (V ) assuming the following effects:

Conditions for pedestrians are considered acceptable if V> 5 m/s less than 20 %
of the time (Penwarden and Wise 1975).

Recognizing the importance of frequency of occurrence along with the magni-

tude of wind speeds, Figs. 6.6, 6.7, and 6.8 provide threshold mean wind speeds for

various types of activity as functions of the average annual number of storm

Table 6.1 Extended land Beaufort scale showing wind effects on people (Lawson and Penwarden

1975; Isyumov and Davenport 1975)

Beaufort

number Description

Wind speed (m/s)

at 1.75 m height Effect

0 Calm 0.0–0.1

1 Light air 0.2–1.0 No noticeable wind

2 Light

breeze

1.1–2.3 Wind felt on face

3 Gentle

breeze

2.4–3.8 Hair disturbed, clothing flaps, newspaper diffi-

cult to read

4 Moderate

breeze

3.9–5.5 Raises dust and loose paper, hair disarranged

5 Fresh

breeze

5.6–7.5 Force of wind felt on body, danger of stumbling

when entering a windy zone

6 Strong

breeze

7.6–9.7 Umbrellas used with difficulty, hair blown

straight, difficult to walk steadily, sideways wind

force about equal to forward walking force, wind

noise on ears unpleasant

7 Near gale 9.8–12.0 Inconvenience felt when walking

8 Gale 12.1–14.5 Generally impedes progress, great difficulty with

balance in gusts

9 Strong gale 14.6–17.1 People blown over by gusts

• V¼ 5 m/s or 18 km/h Onset of discomfort

• V¼ 10 m/s or 36 km/h Definitely unpleasant

• V¼ 20 m/s or 72 km/h Dangerous
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occurrences. Naturally the mean wind speed threshold level drops significantly as

the yearly average number of occurrences increases.

Wind tunnel experiments and observations of pedestrian performance suggest

that κ¼ 3 is the most appropriate value. Figure 6.9 shows acceptance criteria for

wind speeds for various annual frequencies of occurrence proposed by Isyumov and

Davenport (1975). Note that these criteria are different from previous criteria in

that, instead of specifying a wind speed for various activities, frequencies of

occurrence are specified for different wind speeds. Murakami et al. (1986) produced

the wind comfort criteria described in Table 6.2.

Melbourne (1978) has produced separate criteria based on mean and gust speeds.

He proposed their application only for daylight hours and on the assumption that the

max 2-s gust speed will be roughly twice as large as the mean speed, he produced

the curves shown in Fig. 6.10. These curves identify threshold wind speed criteria

for different types of activity similar to those shown in Table 6.2. Criteria for

dangerous wind conditions were also specified. Such conditions are particularly

important for cities with harsh winter conditions where icy sidewalks become

source of frequent accidents when combined with high winds. Several cases of

this nature have been reported, most involving accidents happened on elderly

people. Liability issues are also interesting for such cases and courts have always

a hard time dealing with them.

Fig. 6.6 Wind tunnel exposure of people at 10–15 km/h winds
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On the basis of experience over a number of projects and wind tunnel studies, it

has been concluded that Melbourne’s criteria are on the strict side, i.e., if prevailing
conditions abide by the prescribed limits, most sets of other criteria available in the

literature or included in ordinances of various municipalities will be satisfied.

Consequently, these criteria can be used as upper limits for pedestrian-level

winds and, in this regard, are indeed valuable.

6.3.1 Wind Ordinances in Major Cities

There is great variation regarding wind ordinances in various cities around the

world. In some cases, specific legislation has passed, and new building permits are

not provided until the developers/owners demonstrate that the project will not

generate dangerous or even uncomfortable and undesirable pedestrian-level wind

conditions. In other cases, this is expected to happen as part of assumed good

engineering and architectural practice. In general, the following points can be

made:

Fig. 6.7 Wind tunnel exposure of people at 20 (left) and 40 (right) km/h winds
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• Most major cities (Montreal, Toronto, Sydney, etc.) have some guidelines

addressing the problem at the approval stage for new construction projects.

• San Francisco has adopted a very strict wind ordinance; they use ve¼ 42 km/h

with P (>Ve)¼ 0.01 % as safety criterion; this is significantly lower than that

proposed in most of the current literature.

• New York has strict air pollution standards, which tend to work against guide-

lines for the pedestrian wind environment; only 30 % of new developments have

to go through a review process.

• The Boston Planning Department specifies that a wind tunnel study is required to

assess wind environmental conditions near new developments for the following

cases:

(i) For any new building taller than 30 m (100 ft) and at least two times taller

than its adjacent buildings

(ii) For other buildings in special circumstances

As it is always the case with any adoption of code provisions or changes, passing

legislation regarding pedestrian wind conditions is always problematic. It is worth

mentioning that after several years of intense efforts by several experts, architects

and engineers, a new wind ordinance has been approved in the Netherlands. It

Fig. 6.8 Wind tunnel exposure of people at 70 km/h winds
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represents the first standard on wind nuisance and wind danger in the world (NEN

2006a, b), and it is based on research by Verkaik (2000, 2006), Willemsen and

Wisse (2002, 2007), Wisse and Willemsen (2003), and Wisse et al. (2007), among

others. It was incited by the wide range in procedures and criteria being used by

universities, research institutes, and consultancy companies across the country,

sometimes yielding very different outcomes for the same building or urban area.

In particular, the standard presents a uniform approach for each of the three main

components of a wind comfort or wind danger study: the statistical meteorological

data (including exposure corrections), the transformation of these data to the

building site, and the comfort and danger criteria. A remarkable feature of the

standard is that it explicitly allows the user to choose between wind tunnel model-

ing and CFD to determine the design-related contribution, as part of the transfor-

mation of wind statistics to the building site. Case studies applying this new
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Fig. 6.9 Acceptance criteria for wind speeds for various annual frequencies of occurrence (After

Isyumov and Davenport (1975))

Table 6.2 Wind environment criteria of Murakami et al. (1986)

Activity

Probability of

û¼ 36 kph

Exceedance

û¼ 54 kph

(P(>u))

û¼ 72 kph

Long-term and short-term station-

ary exposure

0.10 0.008 0.0008

Strolling 0.22 0.036 0.006

Walking 0.35 0.07 0.015
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Fig. 6.10 Probability distributions of Melbourne’s criteria for environmental wind conditions for

daylight hours for a turbulence intensity of 30 % and û¼ 2u (After Melbourne (1978))
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standard for different urban areas can be found in Blocken and Persoon (2009),

Blocken et al. (2012), Janssen et al. (2013), and Montazeri et al. (2013).

6.4 Experimental Procedure: Wind Tunnel Approach

6.4.1 General

The testing of scale models in a boundary layer wind tunnel capable of simulating

the mean velocity profile and turbulence, as well as the spectra of the natural wind,

has been shown to be a very effective method of prediction by comparison with

respective full-scale data. The wind tunnel model typically includes all buildings in

the surrounding landscape; thus, their effect is automatically included. Both

existing conditions and those with the new building(s) in place can be readily

measured, thus allowing the impact of the new building(s) to be identified. Fur-

thermore, the effects of changes to the building itself, or to landscaping, can also be

studied, particularly where undesirable wind conditions are found.

A typical setup of a wind tunnel model in a boundary-layer wind tunnel is

illustrated in Fig. 6.11. The building itself and the model of its surroundings are

mounted on the wind tunnel turntable, which can be rotated to allow various wind

directions to be simulated. Typical model scales for large buildings are in the range

from 1:200 to 1:500. Larger scales have been used for smaller buildings. The model

of surroundings enables the complex flows created by other buildings near the study

Fig. 6.11 Typical wind tunnel setup for a pedestrian wind assessment study in the atmospheric

boundary layer wind tunnel at Concordia University, Montreal
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building to be automatically included in the tests. However, it is also essential to

create a proper simulation of the natural wind approaching the modeled area. The

requirements for modeling the natural wind in a wind tunnel are described in the

ASCE Manual of Practice (1999), as well as in the ASCE Standard 49-12, ASCE

(2012). In typical wind tunnel tests, the airflow speed above the boundary layer is in

the range 10–30 m/s. The process followed in the experimental approach consists of

the following steps:

1. Meteorological records

2. Wind tunnel testing

3. Combination of (1) and (2)

4. Comparison with comfort criteria

5. Remedial measures

Details of this process will be presented in the following case study.

6.4.2 Case Study

This is an actual study in Montreal, but names have been withheld and sample

results presented are also coming from another unnamed study for reasons of

confidentiality. The study was conducted in the Building Aerodynamics Laboratory

of Concordia University using a 1:500 model of the buildings and their surround-

ings. Wind environmental conditions at the sidewalks around the new buildings

were assessed in terms of peak (gust) and mean speeds. The following configura-

tions were considered in the study:

1. Present conditions

2. Proposed development

The architects of the project provided the details of the design, and the building

models were placed on a maquette with the surroundings on a full-scale equivalent

radius of 300 m. Environmental wind conditions on sidewalks around the building

were assessed for the critical southwesterly and northeasterly wind directions – see

Fig. 6.5. Measurements were obtained at the locations shown in Figs. 6.12 and 6.13.

The 1:500-scaled model of the proposed development and the surroundings was

mounted on the turntable of the boundary layer wind tunnel. Wind velocities were

measured at 31 ground-level locations, but results for only six points are shown

herein. Five of the sampling points (3, 5, 6, 7, and 8) were located on S street and

one point (15) was located in the courtyard.

Pedestrian wind data were obtained with a hot film sensor located at a full-scale

equivalent height of 2 m above the ground. The reference mean velocity in the wind

tunnel at a full-scale equivalent height of 300 m, U300, was also measured. The ratio

Ûlocal/U300was determined for each wind direction, where Ûlocal is the gust velocity

at ground level. The test results were then combined with meteorological data
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recorded at the P.E. Trudeau (Dorval) International Airport for a 10-year period in

order to predict wind speeds with a particular return period for each test location.

The Trudeau data, consisting of mean hourly wind speeds obtained in open country

terrain at a height of 10 m, have been used to derive probability distributions of

wind speed and direction for Montreal. These wind speeds were adjusted to an

urban exposure at a height of 300 m using the following formulas:

Fig. 6.12 Plan view of proposed development showing measurement locations

Fig. 6.13 Plan and elevation view of proposed development showing measurement locations near

and on buildings
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U300,open country ¼ U10,Dorval
300

10

� �0:15

and

U300,urban ¼ U300,open country

300

450

� �0:34

sinceU450,urban ¼ U300,open country. Note that the exposure category characterizes the

terrain several kilometers upwind of the site.

Probability distributions of wind speed and direction for a suburban exposure at

a height of 300 m similar to that presented in Fig. 6.5 have been evaluated for

summer and winter, respectively. These distributions, which are based on data for

daylight hours (07:00–19:00), indicate that strong winds occur most often from W,

WSW, and SW directions and occur more frequently during the winter than in the

summer. Data also show that the probability of strong winds from the NE is

relatively high. The probability of exceedance [P(>)] corresponding to once per

month and once per year are approximately 10�2 and 10�3, respectively. For

instance, a westerly wind at a height of 300 m is expected to exceed 48 kph

approximately once per month during the winter. Although the proposed develop-

ment will be highly exposed to winds from the east quadrant, the probability of

strong winds from the east is relatively low. It should be noted that the influence of

Mount Royal on Montreal’s wind climate is not evident in the meteorological data

used, since the probability curves were derived from data obtained at Trudeau

(Dorval) Airport. It is anticipated that the presence of Mount Royal should reduce

the probability of strong winds at the site for westerly and southwesterly winds.

Therefore, the results presented in this study are expected to be generally

conservative.

Melbourne’s criteria shown in Table 6.3 have been used for the characterization

of wind comfort conditions at the pedestrian level. The peak wind speed acceptable

for walking was reduced to 32 kph for the winter months to take into account the

effect of temperature on pedestrian comfort. As suggested in ASCE (2004), the

summer wind speed should be reduced by one Beaufort number for every 20 �C
reduction in temperature. The second criterion indicates that wind conditions are

hazardous if the gust velocity exceeds 83 kph more than once per year. At this wind

speed, people can be blown over.

Table 6.3 Melbourne’s
pedestrian comfort criteria

(Melbourne 1978)

Wind condition Ûlocal P(>Ûlocal)

Acceptable for walking

Summer 48 kph 0.01 (once per month)

Winter 32 kph 0.01 (once per month)

Hazardous 83 kph 0.001 (once per year)

6 Pedestrian Wind Environment Around Tall Buildings 117



6.4.3 Sample Test Results

Data obtained under the current conditions and with the proposed development are

plotted in polar form in Fig. 6.14 for a typical set of four measurement points. As

suggested in Westbury et al. (2002), the data are plotted in terms of the velocity

pressure ratio (Ûlocal/U300)
2. Melbourne’s wind environment criteria for winter

conditions have been included on the diagrams, in terms of curves determined by

incorporating the probability distributions shown in Fig. 6.10. These curves show

the limiting wind pressure values for walking comfort and for extreme hazard.

Figure 6.14 shows whether the proposed development does adversely affect the

wind climate at different locations. For instance, the building causes an increase in

gust speed at locations 6 and 8 for westerly and southwesterly winds and at location

6 for northeasterly winds. For these cases, Melbourne’s comfort criteria were

exceeded. However, it should be noted that the proposed development will improve

wind conditions at all points for at least some wind directions. It can also be noted

that at location 7, wind conditions were improved for all of the tested wind

directions. The results of the study indicate that the proposed buildings will have

relatively little adverse effect on the pedestrian wind environment. Winter winds,

which are presented in Table 6.3, are more critical than those occurring during the

summer. For the proposed development, the maximum wind gust expected to occur

once per month in the winter is approximately 43 kph. Under current conditions

(i.e., without the new building), the peak monthly gusts in the winter are approx-

imately 33 kph at the same location.

Fig. 6.14 Measurement of velocity pressure ratio at locations 5, 6, 7, and 8
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6.4.4 Comparison with Montreal’s Wind Criteria

The city’s wind comfort criteria, specified in Article 39 of the Règlements refondus
de la ville de Montréal, refer to mean wind speeds rather than gust speeds. The
critical mean wind speeds, Ulocal, for winter and summer are 14.4 kph (4 m/s) and

21.6 kph (6 m/s), respectively, and the maximum acceptable probabilities of

exceeding these values are as follows:

As previously mentioned, the wind tunnel data are expressed in terms of the

local peak velocity pressure ratio, which is given as (Ûlocal/U300)
2, where Ûlocal is

the local gust velocity and U300 is the mean wind speed measured at the reference

full-scale height of 300 m for an urban exposure. Using these data, the local mean

velocity pressure ratio (Ulocal/U300)
2 is obtained by assuming that the peak velocity

is two times the mean value, Ulocal (see Art. 38.5). Given the probability of

exceedance of U300, the probability of exceedance of any local mean wind speed

– in this case, 14.4 kph (4 m/s) for winter conditions – can be determined for each

wind direction. The total probability of exceedance is obtained by simply adding

the probabilities determined for each wind direction.

For example, the gust velocity pressure ratio obtained at the assumed windiest

location 6 with the proposed development for a west-southwesterly wind is 0.935

(see Fig. 6.14). Taking the square root and dividing by 2 gives the local mean

velocity ratio ofUlocal/U300¼ 0.48. SettingUlocal equal to 14.4 kph gives the critical

reference velocity of U300¼ 30 kph for this wind direction. Based on wind speed

data from Trudeau (Dorval) Airport, the probability of exceedance of this wind

speed during daylight hours (07:00–19:00) in the winter months (November–April)

is approximately 0.036 (3.6 %). Following this procedure for the other tested wind

directions gives a total probability of occurrence of 0.0837 (8.37 %). For the wind

directions not tested, the probability of Ulocal> 14.4 kph is expected to be very

small – of the order of 1 %. Thus, the total probability of Ulocal> 14.4 kph at

location 6 is approximately 9.37 %, as shown in Table 6.4. Consequently, the

Montreal winter criterion for wind comfort on main streets (Ulocal> 14.4 kph less

than 15 % of the time) is satisfied at location 6.

Furthermore, since location 6 is the windiest point in the project area, the

Montreal standard is satisfied at all other locations and for all configurations tested

in the study. This includes locations in an adjacent park, tested previously, even

though the criterion is stricter for park areas (Ulocal> 14.4 kph less than 10 % of

the time).

Location

Probability of

exceedance of Ulocal

Main streets 15 %

Secondary streets 25 %

Parks 10 %

6 Pedestrian Wind Environment Around Tall Buildings 119



The preceding example illustrates that strong winds at ground level are not likely

to occur for a given wind direction unless (Ûlocal/U300)
2 is large, and the probability

of strong winds from that direction is also large. Regarding the wind comfort

criterion for the summer months, analysis of the data shows that the criterion will

also be met at all locations. Due to the larger acceptable wind speed (21.6 kph) and

the reduction in the frequency of high winds for the summer months, the probability

of exceeding the summer criterion is less than that for the winter criterion at each

location.

With respect to the city’s criteria concerning hazardous wind conditions (Art.
40, Règlements refondus de la ville de Montréal), the wind conditions around the

proposed development were found to be acceptable. The wind tunnel results show

that predicted gust speeds with a probability of exceedance of 0.01 (once per

month) are well below the criterion of 72 kph (20 m/s) at all measurement locations.

For all design options, the maximum monthly gust in the winter is expected to be

approximately 43 kph at locations 6 (on S street) and 15 (on passageway). Finally, it

should be recalled that the anticipated wind speeds are based on statistical expec-

tations and actual wind conditions during a particular storm may be different.

Future building developments in the surrounding area may also affect the pedes-

trian wind environment, but this has not been considered in the present study.

6.5 Computational Procedure: CWE

In Computational Wind Engineering (CWE), the computer simulation essentially

replaces the physical simulation in the boundary layer wind tunnel, at least in

principle. Computational fluid dynamics (CFD) methods involve very large

amounts of computation even for relatively simple problems, and their accuracy

is often difficult to assess when applied to a new problem where prior experimental

Table 6.4 Comparison with Montreal’s wind criteria

Wind

direction

(Ûlocal/

U300)
2

Ûlocal/

U300

Ulocal/

U300

U300 (kph) at

Ulocal¼ 14.4 kph

Probability

Ulocal> 14.4 kph

NNE 0.421 0.649 0.32 45.0 0.0016

NE 0.456 0.675 0.34 42.4 0.0040

SSW 0.643 0.802 0.40 36.0 0.0008

SW 0.701 0.837 0.42 34.3 0.00095

WSW 0.935 0.967 0.48 30.0 0.0360

W 0.834 0.913 0.46 31.3 0.0300

WNW 0.381 0.617 0.31 46.3 0.0018

Other

directions

0.0100

Total 0.0937

Expected probabilities of exceeding the Montreal winter criterion (Ulocal> 14.4 kph) at location

6 due to the proposed development
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verification has not been done. Castro and Graham (1999), Stathopoulos (1997;

2002) and Blocken (2014) summarized the concerns expressed with respect to these

issues. However, there have been cases for which the application of CFD method-

ologies appears to give somewhat satisfactory responses. These are cases requiring

the determination of mean flow conditions and pressures, i.e., those related primar-

ily with environmental issues. Typical problems of this category include but are not

limited to pedestrian-level winds, snow dispersion and accumulation, dispersion of

pollutants in the near-building and/or urban environment, ventilation, and the like.

There is increasing evidence that for such problems CFD-based techniques may

provide adequate responses – see Stathopoulos (2002) and Blocken (2014).

Pedestrian-level winds can be described quite adequately in terms of mean

velocities in the presence and absence of a new building within a specific urban

environment. Although it can be argued that pedestrians are mostly affected by gust

effects and mean wind speeds may not be sufficient to produce satisfactory results,

the fact remains that several major cities require only the satisfaction of certain

mean (sustainable) speeds with a specified probability of exceedance. A number of

computational studies for the evaluation of pedestrian-level winds and the compar-

ison of their results with respective experimental data are encouraging. The process

of comparison between computational and experimental results has already been

challenged and appears problematic on its own. For instance, is it more meaningful

to carry out point-by-point comparisons or does it make more sense to examine

pedestrian-level wind speeds affecting a particular zone or area of influence for a

specific activity within the urban environment? Furthermore, and after due consid-

eration to the fact that pedestrian-level wind speeds measured in the proximity of

buildings, i.e., in areas of high turbulence, are not very accurate, it may be

conceivable that “errors” in the results might be better described in terms of their

impact on design decisions. Clearly, this may be more reasonable, at least in the

context of engineering perspective.

6.5.1 Case Studies

Bottema (1993) has attempted the evaluation of pedestrian-level wind conditions in

the vicinity of an isolated building by using the CWE approach and a simple

turbulence model but with only limited success. Studies published by Stathopoulos

and Baskaran (1996) have demonstrated that by using a simple version of k-ε
model, one may obtain computational results very comparable with corresponding

values originating from respective wind tunnel studies. The comparison of com-

puted and measured velocity ratios at 2 m above the ground level in the presence

and absence of a proposed building is generally satisfactory with a maximum

discrepancy of the order of 30 %. It is noteworthy that the maximum discrepancies

between the experimental and numerical data appear in highly complex

recirculating flow regions, for which neither the measured nor the computed values

can be considered very accurate.
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This type of data response has been found and confirmed by several authors. For

instance, Timofeyef (1998) evaluated the wind flow around a five-storey-high

development in Kazakhstan and produced full-scale results, wind tunnel data, and

numerical results by using the discrete vortex method (two-dimensional flow).

Surprisingly enough, computational results compare better with corresponding

full-scale data than the latter with wind tunnel results. This means that this rather

crude computational approach provides more representative results than wind

tunnel testing, at least in this particular case. In a cooperative study between

Portugal and Canada, Ferreira et al. (1999) produced wind flow around a group of

low-rise buildings (Expo’ 98 – Lisbon). Both wind tunnel and field data were

compared with numerical results obtained with the standard formulation and the

renormalization group (RNG) extension of the k-ε turbulence model. By and large

the comparisons are satisfactory, at least for engineering design purposes.

Hu and Wang (2002) have also attempted the evaluation of street-level winds in

a built-up area by using CFD. Computational velocity ratios obtained through the

commercially available code “PHOENICS” agree reasonably well with the exper-

imental results for surrounding blocks of similar height. However, the comparison

results deteriorate when the surrounding blocks consist of buildings with different

heights. Such trends are possibly due to the more significant interaction of hori-

zontal separated flow with the downflow originating from the pressure difference at

different heights.

Wind tunnel and CFD data have been compared for a complex development in

central London, which includes a 40 m high apartment block adjacent to an 80 m

tower block, and a number of other buildings – see Miles and Westbury (2002).

This study forms part of a research program at BRE, which aims to assess whether

CFD is “fit for purpose” for use during the design process and to determine the

major sources of inaccuracy associated with user modeling decisions. The inlet

mean velocity profile measured in the wind tunnel, representing an urban boundary

layer, has been used in the CFD simulation. Turbulence kinetic energy and dissi-

pation rate profiles have been derived using boundary layer parameters obtained

from fitting the logarithmic law to the measured velocity profile, combined with

expressions from Richards and Hoxey (1992). Wall boundary conditions were

defined using a rough-wall turbulent wall function applied at the ground, and a

smooth-wall function applied to the building envelopes. A number of turbulence

models have been tested – see details in Westbury et al. (2002).

Finally, it is worth mentioning an intensive Japanese effort to compare CWE

results in terms of pedestrian-level wind speeds with respective experimentally

measured values in an actual environment – see Tominaga et al. (2004). The

correspondence between the CFD and the experimental results is fairly good with

the exception of the wake region.
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6.6 Outdoor Comfort Issues

Outdoor human comfort in an urban climate depends on a wide range of weather

and human factors. Studies have shown integrated effects of wind speed, air

temperature, relative humidity, and solar radiation on the human perception, pref-

erence, and overall comfort in an urban environment. Some analysis of these issues

has been presented in the ASCE SOA Report, ASCE (2004). Furthermore, the

studies by Nicolopoulou et al. (2001) and Nicolopoulou and Lykoudis (2002) also

address the influence of microclimatic characteristics in outdoor urban spaces and

the comfort implications for the people using them. A significant characteristic is

the psychological adaptation, which has also been addressed. An equivalent tem-

perature has been defined and related to the outdoor human comfort by considering

acclimatization and other biometeorological principles (Stathopoulos et al. 2004;

Zacharias et al. 2001). However, the implications of this approach are far fetching

and the overall assessment problems are still quite intriguing. Some basic ideas are

presented here.

6.6.1 Temperature and Relative Humidity

Both can have a significant impact on a person’s comfort, since sensation of

comfort in cold conditions is linked to the heat balance of the human body, i.e.,

the balance of heat generated by metabolic processes and heat lost by conduction,

convection, radiation, and evaporation. In convective and evaporative losses, the

effects of temperature and humidity are closely linked with the wind conditions and

cannot be treated in isolation from wind speed. This is why, for example, in the

colder regions of Europe and North America, the wind chill equivalent temperature

is used to provide a more meaningful description of how cold weather will really

feel, rather than simply giving air temperature. The equivalent temperature is

obtained by calculating the temperature in standard wind (set at 1.8 m/s¼ 4 mph)

that would give the same rate of heat loss from the exposed skin at 33 �C as occurs

in the actual wind and temperature conditions. Generally, in cold conditions,

humidity is low and has little direct effect on thermal comfort, although there

may be indirect effects, such as humidity changing the insulation value of clothing.

In hot conditions, the human body needs to increase heat losses to maintain thermal

comfort. This is largely achieved by reducing clothing and through sweating and

the corresponding heat losses associated with the latent heat of evaporation. Since

the efficiency of evaporation is decreased as the relative humidity of the air

increases, the relative humidity becomes a much more important parameter in hot

climates. Also, since the efficiency of evaporation is increased with wind speed, in

cold climates it is often desirable to reduce wind speeds, but the opposite is

sometimes the case in hot climates. The well-known humidex is an effective

temperature, combining the temperature and humidity into one number to reflect
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the perceived temperature and to quantify human discomfort due to excessive heat

and humidity. In general, almost everyone will feel uncomfortable when the

humidex ranges from 40 to 45, and many types of labor must be restricted when

the humidex is 46 and higher. The incorporation of relative humidity effects into the

overall assessment of thermal comfort is discussed in Stathopoulos et al. (2004).

6.6.2 Solar Radiation

Any assessment of thermal comfort must account for the effects of sun/shade

conditions. The angle of the sun, the amount of radiation absorbed by clouds,

dust and particles in the atmosphere, and the sunlight absorbed and reflected by

buildings need to be taken into account.

6.6.3 Precipitation

In heavy rain conditions, people are less likely to be outside, thus their wind and

thermal comfort will usually be less critical compared with other microclimate

factors. However, it may be of interest to evaluate how far under a sheltering

canopy roof the precipitation will infiltrate and how often this will happen. Damp-

ness of clothes may also be of interest because it will affect thermal comfort.

A working group of the International Society of Biometeorology has developed

a new standardized universal thermal climate index (UTCI), which can also be used

in the development of a criterion for human outdoor comfort (Hoppe 2002). An

example of application of such an approach is shown in Stathopoulos et al. (2004).

The dependence of the overall comfort is expressed on the basis of a group of

survey respondents as a function of the difference of two equivalent temperatures:

one based on the weather norm, Te,n, and the other based on the actual outdoor

conditions, Te,a. Equivalent temperatures take into account the effect of relative

humidity and solar radiation as well. It should be noted that (Te,a – Te,n) is the most

influential factor on the overall comfort of the respondents. The study shows that

(1) most comfortable conditions occur when the equivalent temperature difference

is about 5 �C, which may be attributed to the preference of local residents for higher

air temperature, as well as the temperature difference between an urban environ-

ment downtown and the airport; (2) lower comfort occurs with a negative temper-

ature difference, or when the actual equivalent temperature is lower than the norm;

and (3) if the temperature difference is beyond a certain limit, say greater than

10 �C, less comfortable (overall comfort< 1) outdoor conditions may be perceived,

although more field data are necessary to confirm this observation. At present, it is

still considered premature to draw a curve for a definite mathematical relationship

of overall comfort and equivalent temperature difference.
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6.7 Concluding Remarks

This chapter has dealt with pedestrian-level wind conditions, their origin, their

experimental and, possibly, computational assessment in the urban environment, as

well as with the criteria used for outside human comfort. Particular emphasis has

been placed on the state of the art and the capabilities of Computational Wind

Engineering to determine at least mean values of wind speeds in the vicinity of

buildings in urban areas. An approach toward the establishment of an overall

comfort index taking into account, in addition to wind speed, the temperature,

and relative humidity in the urban area under consideration, was presented.
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