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Abstract

The present paper deals with the dependence of outdoor thermal comfort on the design of an urban street. The effects of the street
vertical profile, including asymmetrical canyon shapes, the use of galleries and further shading devices on the façades, arranged in various
orientations are assessed. The study is conducted by means of numerical modelling by using the three-dimensional microclimate model
ENVI-met 3.0 which prognosticates the microclimatic changes within urban environments. Thermal comfort is evaluated for the daytime
hours across the canyon in high spatial resolution and by means of the physiologically equivalent temperature PET.

The results revealed that all design aspects investigated have a moderate impact on the air temperature and a strong effect on the heat
gained by a human body and hence on the resulting thermal sensation. The larger the openness to the sky of the canyon, the higher the
heat stress. For canyons with a smaller sky view, the orientation is also decisive: E–W canyons are the most stressful and deviating from
this orientation ameliorates the thermal conditions. Basically, galleries and further shading through overhanging façades or vegetation
enable a sensitive decrease of the period of time and of the area of thermal discomfort. Yet, this efficiency varies with the orientation and
the vertical proportions of the canyon. Therefore, if appropriately combined, all investigated design elements can effectively mitigate heat
stress in the summer and promote thermal comfort.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In urban climate research, which includes thermal, ener-
getic, wind flow and pollution issues, an urban street is typ-
ically described as a simple rectangular shape. This is
commonly known as the ‘‘urban canyon: UC’’ (e.g. Oke,
1988; Arnfield, 1990a; Givoni, 1997; Asimakopoulos
et al., 2001; Arnfield, 2003). The UC is then described by
a height-to-width ratio H/W and arranged according to a
certain orientation in relation to the sun. In real cases,
however, urban street geometry can be more complex
0038-092X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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(e.g. Moughtin, 2003), as to be asymmetrical, or include
design arrangements at street level or on the façades.
Indeed, many expressive examples of ‘‘textured’’ streets
were designed to cope with stressful climate conditions
(e.g. Ravéreau, 1981; Golany, 1982; Herzog, 1996;
Krishan, 1996; Moughtin, 2003).

Using galleries as a shading device, for instance, is
already known from the antic Greek portico (e.g. Lechner,
1991) and their use is common in hot climate in traditional
as well as in contemporary architectures (e.g. Roche, 1970;
Golany, 1982; Krishan, 1996; Littlefair et al., 2001). Vege-
tation was also reported to be climatically effective when
implemented in urban streets (e.g. McPherson, 1992;
McPherson et al., 1994).
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Moreover, urban streets may have asymmetrical vertical
profiles to make the urban buildings climate responsive, i.e.
with sufficient winter solar gains in spite of high plot den-
sities. This issue of solar access right has been increasingly
addressed (e.g. Knowles, 1981; Pereira and Minache, 1989;
Arnfield, 1990a; Givoni, 1997; Asimakopoulos et al., 2001;
Capeluto and Shaviv, 2001; Kristl and Krainer, 2001; Lit-
tlefair et al., 2001; Pereira et al., 2001; Thomas, 2003; Bour-
bia and Awbi, 2004). Explicitly, south buildings are set of
lower height to allow the opposite north walls facing the
sun a large period of exposure to solar irradiation in win-
ter. By contrast, either to shade the façade itself or to pro-
tect the street at pedestrian level, the façades are sometimes
offset over the street area as can be observed in traditional
architectures – e.g. the so-called mucharabiehs in the mid-
dle-east region (e.g. Krishan, 1996). These design concepts
have inspired the contemporary architecture which increas-
ingly makes use of detail arrangements as climatic control
strategies in open spaces (e.g. Capeluto, 2003; Herzog,
1996; Littlefair et al., 2001; Thomas, 2003).

However, the effectiveness of all these strategies has been
rarely investigated in relation to climate comfort quantita-
tively, especially outdoors (e.g. Swaid et al., 1993; Littlefair
et al., 2001) and this motivated the recent study of Ali-
Toudert (2005), which dealt extensively with these interde-
pendences. First results of this investigation were reported
in Ali-Toudert and Mayer (2006) which handled simple
symmetrical urban canyons with H/W varying from 0.5
to 4 and arranged in different orientations and simulated
for a hot–dry climate. In short, the main findings regarding
these symmetrical canyons are as follows:

• Comfort is very difficult to reach passively in the sum-
mertime in the subtropics but an improvement is possi-
ble through appropriate design.

• Air temperature decreases moderately with increased
H/W and wind speed is strongly reduced for perpendic-
ular incidence to street axis, even for large canyons.

• Thermal comfort, expressed in terms of duration, time
of day and spatial distribution, is strongly affected by
both aspect ratio H/W and solar orientation. This was
mainly due to the decisive role of the solar radiation
fluxes which are strongly affected by the street geometry.
Streets with high aspect ratios and with a N–S orienta-
tion ensure the best thermal situation, while wide streets
oriented E–W are the most uncomfortable. Increasing
the building heights leads to an amelioration of the ther-
mal situation in particular for directions deviating from
E–W.

• Shading is the most decisive strategy in mitigating heat
stress, and this was confirmed experimentally in other
comfort studies (Ali-Toudert et al., 2005; Ali-Toudert
and Mayer, 2007).

Additional arrangements are therefore highly advisable,
in particular in pedestrian streets where comfort is required
all the day and in the whole area of the street. The present
paper presents a second set of results and is concerned with
complex geometries, including asymmetrical vertical pro-
files, galleries, overhanging façades and vegetation. These
architectural details are investigated as possible ways to
improve further the thermal comfort outdoors under
extreme hot summer conditions. The goal is to quantify
the contribution of each of these solutions in mitigating
the heat stress. The reader is advised to report to the first
part of the study, i.e. Ali-Toudert and Mayer (2006)
for details on the reference cases, as well as for some theo-
retical background and methodological aspects. The limits
of the model are described in Ali-Toudert (2005) and are
mentioned in the present discussion of results when
necessary.

2. Methods

One method for assessing thermal comfort outdoors is
to conduct field work based on the measurement of all rel-
evant meteorological variables and calculation of energy-
based thermal indices (e.g. Mayer, 1993; Ali-Toudert
et al., 2005; Ali-Toudert and Mayer, 2007). Their compar-
ison to data gathered on the basis of social surveys would
provide more information on the adaptive behaviour of
people (e.g. Nagara et al., 1996; Nikolopoulou et al.,
2001; Spagnolo and de Dear, 2003; Stathopoulos et al.,
2004). Numerical modelling is another method which is
getting increasingly popular (Arnfield, 2003). The latter
method was used in this investigation for two main rea-
sons: (1) numerical modelling is particularly suitable in
highlighting the connection between the physical urban
structure, the microclimate and comfort, making the trans-
lation of the results into practical design guidelines easier;
(2) it is fast and of low-cost in comparison to extensive
measurements and hence allows comparisons between
numerous case studies.

Current and well established human-biometeorological
methods for assessing thermal comfort outdoors rely on
rational indices determined by solving the human energy
balance equation. Some well known indices include the pre-
dicted mean vote PMV (Jendritzky et al., 1990), the out-
door standard equivalent temperature OUT_SET*

(Pickup and de Dear, 1999) and the physiologically equiv-
alent temperature PET (Höppe, 1993, 1999). Calculation of
these indices requires readings of the air temperature Ta, air
humidity (vapour pressure VP or relative humidity RH),
wind speed v and mean radiant temperature Tmrt.

ENVI-met 3.0, a three-dimensional numerical model
(Bruse, 1999, 2004) was used for the calculation of the
microclimatic changes implied by urban geometry. This
model was particularly suitable for the purpose of this
study: the high spatial resolution allows a fine analysis of
the microclimate at street level and the possibility of repre-
senting complex geometries including galleries and hori-
zontal overhangs as well as various vegetation covers.

Many studies have reported the dominant effect of Tmrt,
which sums up the energy gained by a pedestrian, on com-



Table 1
Geometrical description of the simulated urban canyons

Spatial resolution 1 m horizontally, 2 m vertically
Street width 8 m
Building height H1 = 16 m, H2 = 8 m, H3 = 12 m
Building length L 6 · H (�urban canyon)
Building width W 12 m
Gallery 4 m high and 3 m width
Canyon materials Street: asphalt, gallery: pavement, buildings: brick
Overhanging façade 2 m width
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fort under sunny conditions (e.g. Mayer and Höppe, 1987;
Jendritzky et al., 1990; Ali-Toudert et al., 2005; Ali-Toud-
ert and Mayer, 2007). The calculation of Tmrt by ENVI-
met 3.0 takes into account the direct and diffuse short-wave
irradiances as well as the long-wave radiation fluxes origi-
nating from the ground, building surfaces and the free
atmosphere. All components are weighted by the sky view
factor SVF and it is assumed that 50% of the radiant heat
originates from the ground while the remaining half comes
from the upper hemisphere, i.e. buildings and visible sky.
The detailed mathematical expressions used in ENVI-met
3.0 for calculating Tmrt were presented in a previous paper
(Ali-Toudert and Mayer, 2006), and the whole model is
thoroughly documented (Bruse, 1999).

3. Case studies

A few street geometries were selected for this paper from
a large number of case studies. Each of these is concerned
with one or more design details simultaneously. Fig. 1 and
Table 1 give an overview of the investigated urban canyons
together with their actual dimensions. These include:

– an urban canyon of H/W = 2 with galleries (case I),
– an asymmetrical urban canyon with a wide opening to

the sky (case II),
– an asymmetrical urban canyon with overhanging faç-

ades and including galleries; this case study has the
smallest opening to the sky (case III),

– an urban canyon with H/W = 2 and including a lateral
row of trees (case IV),

– an urban canyon with H/W = 1 and including a large
central row of trees (case V).
Case I Cas

Case

Length L not at scale. Vertical profiles at scale 

H1

2 m 

H1

H

W

L

Fig. 1. Urban canyon geometries used in
Case studies I, II and III were arranged in four different
solar orientations, i.e. E–W, N–S, NE–SW and NW–SE.
Case studies IV and V were set up in E–W and N–S orien-
tations, respectively. The 3D grid resolution used for the
simulated area is 1 m horizontally and 2 m vertically. In
ENVI-met, the first grid above the ground (i.e. on z-axis)
is subdivided into five equal parts to enable a better under-
standing of the microclimate at pedestrian level. All the
results discussed in this paper are given for the part of
the canyon at mid-block distance from the street ends,
and for a height of 1.2 m above the ground. This height
is representative of comfort calculations for a standing
person.

The domain simulated is composed of two long build-
ings separated by a street of width 8 m. The building height
is variable according to the aspect ratio. The building
length equals six times its height to meet the dimensions
of an urban canyon (Oke, 1988). Since no heat storage in
the building materials is included in the model, the study
of the role of thermal capacity of the materials was not
relevant. Numerous test simulations were often necessary
to set the appropriate input data in absence of reliable
e II Case III 

 IV Case V 

H1
H3

H2

H2

the simulations with ENVI-met 3.0.
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references from the literature (e.g. soil, surface and air
humidity and temperatures). Wind was set at a speed of
5 m s�1 at 10 m height with an incidence perpendicular to
street axis. For some comparisons, it was also set to an
incidence parallel to street axis. Simulations were run for
a typical summer day in Ghardaia (32.40� N) located in
the Algerian Sahara and characterized by a hot and dry
climate (Roche, 1970; Ravéreau, 1981).

4. Discussion of results

4.1. Air temperature

Fig. 2 shows a comparison of air temperatures Ta at
street level for canyons including galleries, overhanging
façades as well as trees. Fig. 2a compares the mean air tem-
perature between an asymmetrical canyon with H1/W = 2
and H2/W = 1 (case II) and a symmetrical canyon with
H/W = 2 (case I) for the four orientations. Basically,
E–W streets are the warmest with the largest differences
occurring in the afternoon around 16:00 LST (up to
1.5 K between E–W and N–S orientation) because of a
longer exposure to direct solar radiation and hence more
sensible heat transferred to the air. NE–SW streets are also
slightly warmer than NW–SE and N–S canyons for the
same reason. Yet, the differences are minor between the
various geometries for the same orientation. Although war-
mer during the day (up to 0.6 K), case II shows a trend to
be cooler from 17:00 LST (�0.3 K) when the streets
become shaded. This confirms the potentially faster cooling
effect due to a larger opening to the sky (mean sky view fac-
tor SVF = 0.46 vs. 0.39).

When the street includes horizontal shading from the
façades and is asymmetrical with H1/W = 2 and H3/
W = 1.5 (Fig. 2b), it tends to warm more in the morning
hours in comparison to regular canyons of H/W = 2
because of more exposure of the canyon surfaces. These dif-
ferences are reduced in the late afternoon, but the E–W
streets remain the warmest, yet the irregular E–W canyon
cools faster than the symmetrical canyon owing to its wider
sky view (e.g. Oke, 1981; Arnfield, 1990b).

For simple canyon geometry air temperature Ta has
been found to be sensitive to aspect ratio and to solar ori-
entation (Ali-Toudert and Mayer, 2006). However, Ta is
rather inert and reacts only moderately to geometrical
changes. This agrees with a number of field studies which
report on small differences of the canyon air warmth at
street level in comparison to a free location due to well-
mixing of air (e.g. Nakamura and Oke, 1988; Yoshida
et al., 1990/1991; Ali-Toudert et al., 2005; Ali-Toudert
and Mayer, 2007).

The presence of vegetation along the canyons was also
found to affect the air temperature considerably. Fig. 2c
shows a selection of case studies including rows of trees
with various crown densities and two wind incidences, par-
allel and perpendicular. Air temperature in planted can-
yons is up to 1.5 K lower in comparison with unplanted
streets with the same aspect ratio, i.e. 37.3 �C against
38.8 �C. The differences are larger for the case study with
H/W = 1 where the row of trees is larger (4 m). The differ-
ences are, however, much smaller among planted canyons
when changing the leaf area density (LAD) from dense to
light, as well as between a perpendicular and a parallel
wind. A maximum difference of 0.8 K was recorded
between 11:00 and 18:00 LST, most likely because of the
different aspect ratio and orientation.

4.2. Outdoor thermal comfort

The meteorological factors accounting for the human
comfort are the air temperature (Ta), wind speed (v), air
humidity (i.e. vapour pressure VP) and the short-wave
and long-wave irradiances gained by a person (i.e. Tmrt)
from the surrounding environment. The present simula-
tions revealed no change in the moisture content in the
air. Even where vegetation was available, the 30% soil
humidity assumed under the crowns had no effect on the
moisture content in the air due to rapid dissipation. The
wind speed at mid-block canyon distance was also found
to be very weak in all cases (�0.3 m s�1 at 1.2 m a.g.l.)
for a perpendicular wind incidence (Ali-Toudert, 2005).
Hence, both air humidity and air flow, even though impor-
tant in absolute values, did not play a modifying role in the
current comparisons. Moreover, the significance of the air
temperature in describing the comfort conditions in sum-
mer, as shown previously, is limited due to the well mixed
air within the street space in the daytime. By contrast, the
radiant environment is a lot more sensitive to geometrical
changes. The following analysis focuses on PET which
summarizes all these factors and highlights the effects of
Tmrt (Mayer and Höppe, 1987; Jendritzky et al., 1990;
Mayer, 1993; Ali-Toudert et al., 2005; Ali-Toudert and
Mayer, 2007).

4.2.1. Use of galleries

The following graphs (Figs. 3a–d) present a diurnal spa-
tial and temporal evolution of PET within urban streets of
H/W = 2 including galleries for four street orientations
(case I).

In the main space of the street, the E–W canyon experi-
ences the longest period of discomfort and the highest val-
ues of PET, i.e. up to 67 �C. The relatively high aspect ratio
is only effective in protecting the north-facing part of the
street, whereas the south-facing side is continuously irradi-
ated and hence uncomfortable. A comparison of the indi-
vidual meteorological factors involved in the calculation
of PET (see Ali-Toudert, 2005) shows that Tmrt is by 7 K
higher for an E–W street against a N–S street at hours of
highest discomfort. Air temperature Ta shows slight differ-
ences according to orientation, i.e. about 1–2 K at the same
hours. Moreover, PET is maximal around 10:00 LST and
16:00 LST in case of direct exposure because the solar
beams irradiate the standing person laterally (i.e. projec-
tion factor fp is maximal) and thus increases the amount
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Fig. 2. Average air temperature Ta at street level (1.2 m a.g.l.) for (a) asymmetrical urban canyons, (b) overhanging façades, and (c) urban canyons with
trees, in comparison to symmetrical urban canyons of H/W = 2 and 1.
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Ghardaia, 32.40˚ N, 3.80˚ E, 01 August
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Fig. 3. PET distribution across symmetrical urban canyons including galleries on both sides (case I) for (a) E–W, (b) N–S, (c) NE–SW, and (d) NW–SE
oriented streets (H/W = 2).
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of direct short-wave irradiances absorbed. Clearly, N–S,
NE–SW and NW–SE oriented streets are for shorter time
uncomfortable in comparison to E–W streets. PET maxima
are by a few degrees lower, mostly because the pedestrian
absorbs less direct short-wave irradiance as the sun is
higher (fp lower) and less radiant heat from the ground
which experiences lower surface temperature due to a
shorter period of irradiation.

In the area of the galleries, the thermal situation is basi-
cally better than at irradiated locations within the street.
The covered areas have minimal PET values, which range
between 34 �C and 42 �C. However, these covered spaces
can also experience short periods of high thermal stress,
in form of an extension of the discomfort zone when
observed at the sidewalks. This is due to the exposure of
the pedestrian and the ground surface to direct solar beam
despite the relatively high aspect ratio. This depends on the
orientation of the street combined with the dimensions of
the gallery itself, i.e. height and width (Littlefair et al.,
2001).

With respect to orientation, Fig. 3a shows that the two
galleries along an E–W street are well protected and the
extent of discomfort in the galleries is very limited. The gal-
lery on the south-facing side is partially stressful before and
after noontime and contrasts strongly with the extreme
PET values in the adjacent open area. This is attributable
to the effectiveness of horizontal shading for an E–W orien-
tation (e.g. Givoni, 1976; Lechner 1991; Littlefair et al.,
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2001). The gallery on the north-facing side is as expected
shaded, except shortly around 17:00 LST because of lateral
and skimming sun’s rays. Similarly, the gallery SE in a NE–
SW street remains in shade all time with the lowest PET
values, even when the street is highly uncomfortable
(Fig. 3c). Galleries SW and E are at most stressful in
one-third of their width during 1 h. In the other galleries
(W, NE) extreme PET values were recorded in about two-
third of the covered area for about 2 h for H/W = 2. In
fact, the aspect ratio of the gallery in combination with
the orientation and aspect ratio of the street are all decisive.
Hence, the extent of the discomfort observed in these
examples is expected to decrease for deeper profiles and
to increase for wider streets and higher galleries. This is fur-
ther discussed in the next examples. Moreover, the period
of extreme discomfort does not occur at the same time in
comparison to the main street area, especially for interme-
diate orientations (except for gal. N). This period is
‘‘shifted’’ to about 1 h before or after the most critical time
within the open street. This suggests that an alternative is
given for people to move into shade from or to the gallery.

It is worth noting, however, that PET minima in the gal-
leries are not lower than those recorded in shaded parts of
the ‘‘open’’ street as would be expected. The PET maxima
are anomalously higher in the gallery by up to 4 K. One
explanation to this is the insignificant differences in the
air temperature and wind speed found across the street.
Another reason is probably related to the way Tmrt is cal-
culated by the model (for details see Ali-Toudert, 2005).
Around 11:00 LST, when the gallery is irradiated, a stand-
ing person absorbs more direct irradiation than at noon-
time when the street centre becomes irradiated. This is
due to a lower sun position which implies a higher projec-
tion factor fp (0.24 at 11:00 LST vs. 0.17 at 12:00 LST). The
upwards heat from the ground increases slightly in the gal-
lery when the ground surface becomes shortly irradiated.
The ground surface at street centre heats more and irradi-
ates more because of a longer period of exposure and also
because of the asphalt material used, whereas the gallery’s
floor is set as pavement. Moreover, the gallery is reported
to receive more diffuse radiation than the street centre,
i.e. up to 55 W m�2. This surprising overestimation is
attributable to the lower sky view factor of the gallery
(0.12 vs. 0.57) which leads to an important increase in
the diffusely reflected radiation (Ali-Toudert and Mayer,
2006, Eq. (6)). For the same reason, the covered area
receives less radiant heat from the sky (27 W m�2 against
133 W m�2 on average) and more radiant heat from the
walls, i.e. 87 W m�2 against 178 W m�2. For these reasons,
it is expected that the mitigation of thermal stress under the
galleries is underestimated. In spite of these uncertainties,
the model gives a good differentiation of Tmrt between irra-
diated and shaded situations because ENVI-met takes into
account accurately the direct irradiation of the body and
the ground surface, both decisive in these cases. However,
a different parameterisation than the sky view factor seems
to be necessary for estimating the various fluxes accounting
in Tmrt for the particular cases of covered urban spaces.
Experimentally, Ali-Toudert et al. (2005) found that a cov-
ered street space located in an old desert city in summer
experiences about 2 K lower Ta in comparison to a free
location. Noticeably lower ground and wall surfaces tem-
peratures were also recorded, which confirm that sheltered
locations do have better comfort conditions. No further
measured data in galleries could be found in the literature
for more comparison. Hence, attention is drawn here on
the relevance of more on-site measurements for assessing
the microclimate and comfort in sheltered locations such
as galleries.

4.2.2. Effects of the canyon asymmetry

The following examples (Fig. 4) introduce a design alter-
native which is opposite to the previous one. Case II is an
asymmetric street with a greater opening to the sky,
intended to keep a higher potential of solar access in the
winter. Enlarging the sky view implied by this asymmetry
also promotes a faster cooling at night as suggested by
Fig. 2a. Obviously, it is expected that this geometry leads
to more exposure of the street to the sun in summer; galler-
ies are added as a way of protecting the street edges and are
simultaneously assessed.

The first graph is an E–W oriented street. The asymmet-
rical profile is more stressful than a corresponding regular
street (i.e. H/W = 2, in Fig. 3a). The warming of the street
reaches 20 K on the PET scale if compared to H/W = 2 for
an additional 1/8 of the street width on the south side. Yet,
no further effect on the north half part is observed, which is
equally stressful. Also, no difference is found if compared
to H/W = 2 after 17.00 LST in the whole street area. In
comparison to a symmetrical canyon with H/W = 1 (Ali-
Toudert and Mayer, 2006), the spatial and temporal evolu-
tion of PET is noticeably similar. However, some advan-
tage for the asymmetrical street is noticed in the early
morning and after 16:00 LST when the sun’s rays coming
laterally from the sides are blocked by the higher façades
and lead to a better thermal situation. The comfort situa-
tion in the galleries spaces along an E–W oriented street
remains almost not affected by the aspect ratio, suggesting
that galleries for this orientation are a good strategy even
for wider streets.

This asymmetry offers an intermediate thermal situation
between the regular streets H/W = 2 and H/W = 1. It allows
a shorter period of time of discomfort than H/W = 1 in the
afternoon, while keeping a higher plan density with a rela-
tively small disadvantage on comfort in comparison to
H/W = 2. Further, more solar caption in winter is ensured
together with a faster heat release in summer (and possibly
better pollutant dispersion).

A comparison of each radiation component for the two
profiles (case I and case II) allows understanding to what
extent these are responsible in the variances observed in
the thermal comfort (for details see Ali-Toudert, 2005).
The asymmetrical street has a larger sky view factor (about
0.1 larger in average) and leads on one hand to more diffuse
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Fig. 4. PET distribution across asymmetrical urban canyons with H1/W = 2 and H2/W = 1 (case II) including galleries on both sides for (a) E–W, (b) N–S,
(c) NE–SW, and (d) NW–SE oriented streets (H/W = 2).
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radiation (612 W m�2) but on the other hand to less
diffusely reflected radiation (�25 W m�2). The total diffuse
radiation received at street level is, therefore, less for an
asymmetrical profile than in a symmetrical canyon, but
the differences are minor. Hence, the main reason for
higher Tmrt is found to be the greater exposure to direct
solar irradiance of the pedestrian and the ground surface
which is attributable to the wider opening to the sky.

Similarly, Fig. 4 illustrates the thermal comfort situation
for the same asymmetrical geometry for N–S, NE–SW and
NW–SE orientations, with the highest wall facing E, SE
and SW, respectively. Complementary observations can
be summarized as follows:
– For N–S orientation, the extreme discomfort period
extends to the morning hours for 2/3 of the street can-
yon in comparison to H/W = 2. If compared to H/
W = 1 (see Ali-Toudert and Mayer, 2006), the street
shows a substantial improvement in the thermal situa-
tion (up to 24 K lower) between 14:00 and 17:00 LST
for 75% of the street width. The intermediate orienta-
tions show similar trends.

– With regard to the areas of galleries, these figures show
clearly that the effectiveness of the galleries is reduced if
the aspect ratio decreases. Explicitly, the duration of
extreme discomfort within the galleries becomes longer
depending on the orientation.
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– For N–S, NE–SW and NW–SE orientations, the period
of extreme discomfort is longer (about 2–3 h) due to the
combination of relatively low sun position and lateral
incidence of direct solar beam. This suggests that the
galleries are moderately effective for wide street canyons
(H/W 6 1) oriented NE–SW or NW–SE.
4.2.3. Effects of overhanging façades

Case III is more complex and combines the use of galler-
ies, asymmetry and overhanging façades. The exposure of
the walls to the sun is larger in the winter in comparison
to a symmetrical canyon with H/W = 2 but the street level
is expected to be more shaded in summer due to the offset
Fig. 5. PET distribution across urban canyons with overhanging façades, asym
both sides for (a) E–W, (b) N–S, (c) NE–SW, and (d) NW–SE oriented street
of the façades over it. The geometry used here is simplified
owing to the limits induced by the model capabilities. Hor-
izontal shading devices can also be in form of balconies or
inclined façades, etc.

PET patterns in Fig. 5 allow following observations:

– The area and period of highest discomfort is noticeably
lower for all 4 orientations when compared to a symmet-
rical profile of higher aspect ratio, i.e. H/W = 2 (Figs.
3a–d). PET maxima are also basically lower, i.e. 62 �C
against 58 �C.

– Overhanging façades are most efficient for N–S and
NW–SE streets and less for NE–SW and E–W streets.
metrical with H1/W = 2 and H3/W = 1 (case III) and including galleries on
s (H/W = 2).
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The E–W oriented street remains the most uncomfort-
able. Yet, offsetting the façades leads to a better protec-
tion of the street sidewalks.

– The N–S oriented street is the most comfortable with a
very restricted area of extreme values, namely at street
centre at noontime only, with a full protection of the
galleries.

– Intermediate orientations show an appreciable amelio-
ration in the thermal comfort situation in summer, how-
ever the gallery NW of the NE–SW street still
experiences maximum PET values around 10:00 LST.
PET is maximal for only 2 h for each point across the
street, indicating that during the whole day an alterna-
tive is always available to walk in a comfortable part
of the street.
4.3. Use of vegetation

The advantages of urban vegetation in mitigating the
heat stress are well documented and a literature review
can be read in Ali-Toudert and Mayer (2005). The present
case investigates these effects at a microscale level in rela-
tion to people’s thermal sensation.

Fig. 6 shows the PET patterns for the E–W oriented
street with H/W = 2 including a narrow row of trees on
the north side against a treeless canyon. The use of trees
leads to a decrease of PET up to 22 K directly under the
tree crowns because of less solar irradiation.
Fig. 6. PET distribution across urban canyons oriented E
Basically, the decrease in the received direct solar irradi-
ance at 1.2 m a.g.l. (DS) ranges between 200 W m�2 and
850 W m�2 as shown in Fig. 7. The attenuation of solar
irradiance is function of an extinction coefficient and leaf
area index LAI. For the direct solar beam, LAI as calcu-
lated by the model, takes into account the actual distance
‘‘traversed’’ by the sun’s rays for the integration of LAD,
i.e. an optical length (for equations see Bruse, 1999). This
optical length is increased when the sun’s rays are nearly
‘‘parallel’’ to the row of trees and depends on the sun posi-
tion together with the orientation. Thus, the largest inter-
ception occurs between 9:00 and 10:00 LST as well as
from 16:00 to 17:00 LST for an E–W orientation and
results in the greatest heat stress mitigation (Fig. 3).
Another explanation for the decrease of PET is the strongly
reduced heat absorbed by the ground surface (up to
200 W m�2) under the vegetation and hence the heat emit-
ted upwards and absorbed by a human body (Fig. 7). How-
ever, these graphics also show that the cooling effect is
appreciable mostly under the tree crowns and does not
extend to the surroundings. This is in good agreement with
field observations reported by Shashua-Bar and Hoffman
(2000).

Further, Fig. 8 gives the PET values for the N–S street
with H/W = 1 including a large central row of trees and
galleries compared to a street without trees or galleries.
In this case, PET was up to 24 K lower than in a street
without trees. One can see that the best screen effects of
–W with H/W = 2 with and without a row of trees.



Fig. 7. Differences in (a) direct solar irradiance (DS) and (b) long-wave irradiance (DL-upwards) emitted by the ground surface between a street with a row
of trees against a street without trees.

Fig. 8. PET pattern within a street oriented N–S with H/W = 1 without trees and a street with a large central row of trees (––– limit of gallery, - - -
projection of trees’ area).
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the vegetation occurs in the central part of the vegetated
area whereas less effective at the edges when the optical
length is minimal, i.e. with low LAI, e.g. grid x = 6 m
around 14:00 LST.



F. Ali-Toudert, H. Mayer / Solar Energy 81 (2007) 742–754 753
Other simulations showed that N–S orientation allows
more sun within the galleries than an E–W orientation, in
particular for large aspect ratios. Fig. 8 shows, in addition,
that a central row of trees does not protect the galleries fur-
ther. These covered areas experience about 2 h of highest
discomfort on the west side in the morning and on the east
side in the late afternoon.

Furthermore, the extent to which a tree is an efficient
strategy for mitigating heat stress depends on its density
(i.e. LAD, LAI) and geometry (dimensions). Light density
trees normally allow less shading but more air circulation
under the crown than a dense crown tree. Test simulations
(not shown here) were also made for light and dense crown
trees as well as for a parallel wind incidence (e.g. channel-
ling in-canyon) in order to assess whether promoting shad-
ing is more critical than allowing more ventilation or
inversely. PET results showed small differences between
the two cases, with a minimal advantage for a dense tree,
for which PET values are about 2–4 K lower than under
light-dense trees during 1 h.

5. Conclusion

This paper reports on outdoor thermal comfort in urban
street canyons with various shapes and orientations. These
findings complement the first ones published previously
(Ali-Toudert and Mayer, 2006) and prove quantitatively
the intuitive knowledge that shading is the key strategy
for mitigating heat stress outdoors under hot summer
conditions. The most evident result reported here was to
show how this shading can be reached through design
strategies.

Basically, PET patterns give a good picture on the cor-
rective measures for improving the climate quality of an
urban street. For example, an E–W large street appears
to be the one where comfort is the most difficult to ensure.
Yet, galleries in this case are efficient and therefore advis-
able. Planting trees in E–W streets is also sensible since
the duration and area of discomfort will be, otherwise, crit-
ical. For all other orientations, a judicious combination of
all design details, i.e. asymmetry, gallery, overhangs, vege-
tation, along with an appropriate H/W and orientation can
lead to a substantial amelioration of the microclimate at
street level, together with keeping a certain level of indoor
solar access in winter for upper parts of the street canyon
(e.g. Fig. 8).

The ambition of this paper was to bring some elements
into discussion regarding the climate responsiveness of
urban forms through design. However, it does not support
any deterministic solutions which are not possible and the
optimal design solution differs from case to case.

Finally, we believe that evaluating the effects of all these
urban design aspects on the indoor climate and energy con-
sumption of urban buildings is a logical extent to this work
and is hence a further issue to investigate. This will help to
decide on the most efficient urban forms not only regarding
summer comfort but on a yearly basis.
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