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1 In tro duc tion

1.1 Back ground
In 2000, the pro por tion of the world’s pop u la tion liv ing in the trop i cal
cli mate zone was es ti mated at about 40% (Landsberg 1984, OTS
2006). Most trop i cal coun tries are de vel op ing coun tries and most are 
ex pe ri enc ing rapid ur ban iza tion. Dur ing the pe riod from 1990 to
2020, the ur ban pop u la tion in the de vel op ing world is ex pected to in -
crease by about 25–45%, ex cept in Latin Amer ica and the Ca rib bean
where the ur ban pop u la tion al ready ex ceeds 70%. By 2020, the ur -
ban pop u la tion is ex pected to be greater than the ru ral pop u la tion in
all parts of the world ex cept sub-Sa ha ran Af rica and South Asia
(World Bank 2002). Rapid ur ban iza tion in de vel op ing coun tries is of -
ten re garded as neg a tive, caus ing poor hous ing con di tions, pov erty,
en vi ron men tal prob lems, ill-health, etc. How ever, de spite the prob -
lems brought by ur ban iza tion, ur ban ar eas are im por tant in a na -
tional per spec tive, since they ex pe ri ence a high level of eco nomic
growth (Tannerfeldt and Ljung 2006).

Ur ban ar eas act as cli mate mod i fi ers. Cli mate el e ments, such as
so lar ra di a tion, air tem per a ture, hu mid ity and wind are af fected by
the ur ban fab ric. Noc tur nal ur ban-ru ral tem per a ture dif fer ences of
6°C or more are com mon in the cen tres of ma jor cit ies (Oke 1987).
This in di cates that the av er age di ur nal tem per a ture rise due to ur -
ban iza tion may be greater than the es ti mated 1–3.5°C rise in tem per -
a ture due to global cli mate change over the next 100 years (IPCC
2001).

The ur ban cli mate in tem per ate re gions has been stud ied ex ten -
sively, mainly in mid-lat i tude cit ies in de vel oped coun tries. Fewer
stud ies have been con ducted in low-lat i tude, trop i cal cli mates
(Arnfield 2003). Most trop i cal stud ies have dealt with ur ban–ru ral dif -
fer ences and fewer with mi cro cli mate vari a tions within cit ies. More -
over, few stud ies have con sid ered intra-ur ban mi cro cli mate dif fer -
ences in re la tion to ur ban de sign (Ali-Toudert 2006).

This study fo cuses on the in flu ence of ur ban de sign on street-level 
ther mal com fort. It has been car ried out in two cli mate types com -
mon in many de vel op ing coun tries: hot dry and hot hu mid. The two
cit ies cho sen to rep re sent these cli mate types are Fez in Mo rocco
(hot dry) and Co lombo in Sri Lanka (hot hu mid).

1.2 Prob lem state ment
Poor out door ther mal com fort and its con se quences

In hot cli mates, ur ban warm ing will lead to de creased ther mal com -
fort in ur ban ar eas. This has a neg a tive ef fect on peo ple’s well-be ing
and can have se ri ous con se quences for health; it is well known that
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the fre quency of heat stroke and heart-dis ease in creases with in -
creased heat stress1. It is also a known fact that ef fi ciency in the per -
for mance of both men tal and phys i cal tasks di min ishes at un com -
fort ably high tem per a tures (McIntyre 1980).

How ever, the lack of out door ther mal com fort has gained lit tle at -
ten tion in de vel op ing coun tries. Al though peo ple adapt to dif fi cult cli -
mate con di tions, this is likely to be a hid den prob lem, es pe cially for
the ur ban poor, who spend much of their time out doors (see e.g.
Cor rea 1989) and whose build ings are poorly adapted to the cli mate
and thereby sen si tive to ur ban warm ing.

The lack of out door ther mal com fort is also likely to have neg a tive 
so cial and eco nomic con se quences. If the cli mate is too un pleas ant, 
peo ple will tend to spend time out doors only when nec es sary, that
is, in per form ing es sen tial tasks, such as trav el ling to work, shop ping, 
etc. Op tional and so cial ac tiv i ties – such as tak ing a walk, meet ing
peo ple in pub lic spaces, chil dren’s play, and so forth – will di min ish
(Gehl 2001, Baker et al. 2002, Givoni 2003 et al.). As a con se quence,
there is also a risk that out door com mer cial ac tiv i ties – such as cafés 
and res tau rants, street and open-air mar kets, cul tural events, etc. –
will suf fer.

Poor ur ban microclimatic con di tions will also, in di rectly, lead to
de te ri o rat ing in door com fort. This will have a neg a tive im pact on
per for mance and health, and will also lead to in creased use of air
con di tion ing, sub se quently re sult ing in higher en ergy costs for ur ban
dwell ers.

The con se quences of greater en ergy use in clude in creased air
pol lu tion through the con sump tion of fos sil fu els and higher pres sure 
on the en ergy sup ply, which may cause fre quent power out ages. In
warm coun tries, there is also a risk that a feed back loop will arise:
air con di tion ing units cool the in te rior of build ings but emit sen si ble
heat to the ex te rior, fur ther wors en ing out door con di tions and cre at -
ing a vi cious cir cle (de Schiller and Ev ans 1998, Baker et al. 2002).

Lack of cli mate-con scious ur ban plan ning and de sign

Al though ur ban ar eas can be de signed to of fer a fa vour able mi cro cli -
mate, pos si bly more pleas ant than that of sur round ing ru ral ar eas
(Givoni 2003), the op po site is nor mally the case. A ma jor rea son for
ur ban ar eas of ten be com ing un nec es sar ily un com fort able is that ur -
ban mi cro cli mate and out door ther mal com fort are gen er ally as -
cribed lit tle im por tance in ur ban plan ning and de sign pro cesses (Ev -
ans and de Schiller 1996, Eliasson 2000). Aynsley and Gulson (1999)
in ter pret the lack of cli mate con scious ness in ur ban plan ning and
de sign as fol lows: “Ur ban cli mate is of ten a largely un planned out -
come of the in ter ac tion of a num ber of ur ban plan ning ac tiv i ties […], 
an out come for which no au thor ity and no pro fes sion takes re spon si -
bil ity”. Stud ies have shown that knowl edge about cli mate is sues
among plan ners and ur ban de sign ers is of ten miss ing and that there
is a lack of suit able de sign tools for ur ban plan ners and de sign ers
(Eliasson 2000, Givoni 2003 et al.).
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In de vel op ing coun tries, rapid ur ban iza tion of ten im plies the un -
con trolled growth of cit ies through the for ma tion of sub stan tial in for -
mal set tle ments. In these set tle ments, cli mate as pects are of ten dis -
re garded.

One of the rea sons that planned set tle ments also be come un com -
fort able is that reg u la tions de ter min ing ur ban de sign are of ten in -
spired by plan ning ide als from tem per ate cli mates and con se quently 
poorly suited to lo cal con di tions (see e.g. Al-Hemaidi 2001 and Baker 
et al. 2002).

1.3 Aim of the the sis
There is a need to find ways of im prov ing ther mal com fort con di -
tions in trop i cal ur ban ar eas and of in creas ing the aware ness of cli -
mate con sid er ations among ur ban plan ners and de sign ers in these
cit ies.

The main aim of this the sis is to deepen the knowl edge about the
re la tion ship be tween ur ban de sign, mi cro cli mate and out door ther -
mal com fort in hot dry and hot hu mid cli mates through stud ies con -
ducted in the cit ies of Fez and Co lombo. The aim is also to high light
the im pact of ur ban plan ning on the ur ban mi cro cli mate.

To achieve these re search ob jec tives, the fol low ing ques tions
must be an swered:

• How do mi cro cli mate and out door ther mal com fort vary tem po -
rally and spa tially?

• Which are the main de sign pa ram e ters in flu enc ing the ur ban mi -
cro cli mate and out door ther mal com fort?

• To what ex tent are cli mate and ther mal com fort is sues con sid ered 
in the ur ban plan ning and de sign pro cesses?

• Do ex ist ing ur ban reg u la tions fa vour or hin der cli mate-con scious
ur ban de sign?

• How can new ur ban ar eas be de signed to im prove the mi cro cli -
mate and ther mal com fort at street level?

The re sults of this study could pro vide a foun da tion for the de vel op -
ment of guide lines and rec om men da tions for cli mate-con scious ur -
ban de sign in Fez and Co lombo, as well as in other cit ies with sim i -
lar cli mates.

1.4 Scope and lim i ta tions
The re search pre sented in this study con cen trates on how ur ban de -
sign af fects the mi cro cli mate and out door ther mal com fort. The
study is lim ited to the mi cro cli mate at street level, i.e. the ur ban can -
opy layer, roughly the space be tween the ground and the roof tops.

The study is lim ited to two cit ies, one in a hot dry cli mate and the
other in a hot hu mid cli mate. The in ten tion has not been to com pare 
the two cit ies. Al though some of the find ings are gen eral, the con clu -
sions of the study are not nec es sar ily valid through out the hot dry
and hot hu mid cli mate groups, since there are cli mate vari a tions
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within each of these and con sid er able vari a tions be tween dif fer ent
cit ies in terms of size, plan ning prin ci ples, prox im ity to the sea, to po -
g ra phy, etc.

The main fo cus is on res i den tial and mixed-use ar eas and, to a
lesser ex tent, on other land use ar eas. The study con cen trates on ur -
ban de sign and the de tailed plan ning level rather than on com pre -
hen sive plan ning as pects, such as the lo ca tion of ur ban ar eas within
a city. The study is lim ited to street de sign and does not in clude pub -
lic spaces such as squares and parks. Veg e ta tion is stud ied only for
shading purposes.

The cit ies stud ied con tain both “tra di tional” and “mod ern” ur ban
forms. These dif fer not only phys i cally but also re late to dif fer ences
in cul ture and life style. Here, how ever, ur ban form is dealt with
strictly in re gard to its geo met ri cal features.

Ther mal com fort is es ti mated by cal cu lat ing a com fort in dex
based on en vi ron men tal pa ram e ters that are ei ther mea sured, cal cu -
lated or sim u lated. The study does not in clude field stud ies on sub -
jec tive ther mal com fort as perceived by pedestrians.

The amount of air pol lu tion is af fected by ur ban ge om e try. How -
ever, air pol lu tion and its con se quences on health are not treated
here. More over, the ef fect of air pol lu tion on ther mal con di tions in
cit ies has proven to be small, at least in mod er ately pol luted cit ies,
such as those in cluded in this study.

The ef fect of anthropogenic heat is not con sid ered in this study as 
its ef fect on the ur ban cli mate has been found to be neg li gi ble in
most cases. En ergy use in build ings is not treated, mainly to limit the
study but also be cause the use of space con di tion ing is, to date, lim -
ited in both of the cit ies stud ied. Al though in di rectly af fected by the
ur ban cli mate, in door ther mal comfort is not treated.

1.5 Struc ture of the the sis
This the sis con sists of a sum mary and four an nexed jour nal pa pers.
The the sis sum mary is mainly based on the pa pers but also in cludes
the re sults of a study of ur ban reg u la tions and the consideration of
cli mate as pects in ur ban plan ning and de sign.

Chap ter 2 pro vides back ground on the two cit ies, Fez and Co -
lombo, and on ur ban de sign reg u la tions in each city. Chap ter 3 de -
fines gen eral con cepts re gard ing the char ac ter is tics of the ur ban cli -
mate as well as out door ther mal com fort. Chap ter 4 is a re view of lit -
er a ture rel e vant to ur ban cli mate, out door ther mal com fort and cli -
mate-con scious ur ban de sign in trop i cal cli mates. Chap ter 5 pres -
ents the dif fer ent re search meth od ol o gies and tech niques ap plied in
this study. Chap ter 6 con tains the re sults of mi cro cli mate mea sure -
ments and sim u la tions, cal cu la tions of ther mal com fort, as well as
the role cli mate as pects play in the ur ban plan ning pro cess. The in -
ter pre ta tions and im pli ca tions of the re sults are discussed in Chapter 
7.
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The the sis in cludes the fol low ing pa pers:

I Johansson, E.: In flu ence of ur ban ge om e try on out door ther mal
com fort in a hot dry cli mate: A study in Fez, Mo rocco. Build ing
and En vi ron ment, 2006, vol. 41, no. 10, pp. 1326–1338.

This pa per deals with mi cro cli mate mea sure ments and the cal cu la -
tion and anal y sis of out door ther mal com fort con di tions in the city of
Fez dur ing the win ter and sum mer sea sons.

II Em man uel, R., and Johansson, E.: In flu ence of ur ban mor phol ogy
and sea breeze on hot hu mid mi cro cli mate: the case of Co lombo, 
Sri Lanka. Cli mate Re search, 2006, vol. 30, no. 3, pp. 189–200.

This pa per deals with mi cro cli mate mea sure ments and the anal y sis
of the ef fect of ur ban de sign and sea breeze on mi cro cli mate in the
city of Co lombo dur ing the inter-mon soon pe riod in April–May.

III Johansson, E., and Em man uel, R.: The in flu ence of ur ban de sign
on out door ther mal com fort in the hot, hu mid city of Co lombo, Sri 
Lanka. In ter na tional Jour nal of Bio meteorology(in press).

This pa per treats the cal cu la tions of out door ther mal com fort in the
city of Co lombo based on the mea sure ments pre sented in pa per II.
The role of ur ban de sign and sea breeze on out door ther mal com fort 
is an a lyzed.

IV Johansson, E.: Sim u la tions of ur ban mi cro cli mate and out door
ther mal com fort in the hot dry city of Fez and in the hot hu mid
city of Co lombo. Manu script.

This pa per pres ents sim u la tions of mi cro cli mate and out door ther -
mal com fort in the cit ies of Fez and Co lombo and in cludes pro pos als 
for op ti mized de sign so lu tions for dif fer ent sea sons.

In pa pers II and III, the im ple men ta tion of the study, anal y sis of re -
sults and com po si tion were con ducted in co op er a tion be tween the
au thors.

Ar ti cles pub lished or in press have been re pro duced with the kind
per mis sion of the re spec tive jour nals.
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2 Cit ies stud ied

This Chap ter ex plains why the cit ies of Fez and Co lombo were cho -
sen for this study and pro vides back ground in for ma tion on the two
cit ies re gard ing their his toric de vel op ment and cur rent ur ban struc -
ture as well as a brief over view of the ur ban plan ning pro cess and a
more de tailed de scrip tion of the ur ban de sign reg u la tions in force. 
A glos sary of terms and def i ni tions is given in Ap pen dix 1.

2.1 Choice of cit ies
The cit ies were se lected as a re sult of both de lib er ate choice and
prac ti cal con sid er ations. The aim was to find two cit ies in de vel op -
ing coun tries lo cated in dif fer ent cli mate zones. An other re quire -
ment was the pop u la tion size of the cit ies. Very large cit ies such as
mega-cit ies may have high lev els of anthropogenic heat in flu enc ing
the ur ban cli mate. Con versely, cit ies that are too small may pres ent a 
lim ited vari a tion in ur ban de sign and there fore lim ited intra-ur ban
microclimatic dif fer ences. The choice was, how ever, also a re sult of
lo cal con tacts and on-go ing re search co op er a tion1 which fa cil i tated
the im ple men ta tion of the study.

The cit ies cho sen for this study, Fez in Mo rocco and Co lombo in
Sri Lanka, rep re sent two types of cli mate typ i cal of many ur ban ar -
eas in de vel op ing coun tries. Fez is sit u ated in the hot, dry cli mate of
North Af rica, whereas Co lombo be longs to the hot, hu mid cli mate of
South Asia (Fig. 2.1). The in ten tion has not been to com pare the two
cit ies, rather, they were cho sen to rep re sent two cli mate types in
which a large part of the de vel op ing world’s pop u la tion lives.
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Fig. 2.1 The lo ca tions of Fez and Co lombo.

1 The in sti tutes co op er at ing in this study were the Mo roc can Laboratoire Pub lic 
d’Essais et d’Etudes (LPEE) and the Sri Lan kan De part ment of Ar chi tec ture,
Uni ver sity of Moratuwa.



Hot dry cli mates are found at lat i tudes be tween ap prox i mately 15° 
and 35° north and south of the equa tor (Koenigsberger et al. 1974,
Ev ans 1980). They are char ac ter ised by dis tinct sea sons: a long hot
and dry sea son and a shorter wet or cool sea son. The dry sea son is
char ac ter ised by high day time tem per a tures, low hu mid ity and
sparse pre cip i ta tion. Mean day time max i mum tem per a tures vary be -
tween about 32°C and 45°C de pend ing on the re gion. Vapour pres -
sure var ies be tween 7.5 and 15 hPa. As a re sult of low hu mid ity and
clear skies, so lar ra di a tion is in tense and noc tur nal cool ing high, re -
sult ing in large di ur nal tem per a ture fluc tu a tions, of ten ex ceed ing
15°C. Some hot dry re gions have mild win ters with a short wet sea -
son, while oth ers, such as Fez, have a cold sea son with higher pre -
cip i ta tion and tem per a tures near the freez ing point at night (Fig.
2.2a). Hot dry cli mates are typ i cally found in North Af rica, the Mid dle
East, parts of Cen tral Asia, cen tral Aus tra lia and in parts of North and
South Amer ica.

Hot hu mid cli mates are found be tween lat i tudes ap prox i mately
20° north and south of the equa tor (Koenigsberger et al. 1974, de
Schiller and Ev ans 1998). In the re gion close to the equa tor, where
Co lombo is sit u ated, an nual tem per a ture vari a tions are small (Fig.
2.2b). Fur ther from the equa tor, to wards the sub-trop i cal zone, hot
hu mid con di tions may be found dur ing the sum mer sea son. The hot
hu mid cli mate is char ac ter ised by high av er age tem per a ture and hu -
mid ity. Mean day time max i mum tem per a tures vary be tween 27 and
32°C de pend ing on the re gion. Vapour pres sure var ies be tween 17.5
and 30 hPa. Pre cip i ta tion is high, but of ten var ies be tween wet ter
and dryer sea sons as a re sult of the mon soon winds. Due to high hu -
mid ity and rel a tively high cloud cover, both day time so lar ra di a tion
and noc tur nal cool ing are re duced, re sult ing in low di ur nal tem per a -
ture ranges, of ten be low 10°C. Since the hot hu mid trop ics lie within
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Fig. 2.2 Mean max i mum and min i mum tem per a tures as well as rain fall in (a) Fez (based on data from Fez 
air port at 33°58’N, 4°59’W, al ti tude 571 m) and (b) Co lombo (based on data from Co lombo city 
me te o ro log i cal sta tion at 6°54’N, 79°52’E, al ti tude 7 m).



the Inter-Trop i cal Con ver gence Zone, wind speeds are nor mally low. 
Hot hu mid cli mates are typ i cally found in West ern and Cen tral Af -
rica, South and South-East Asia, North ern Aus tra lia, the Ca rib bean,
Cen tral Amer ica and the north ern part of South Amer ica.

2.2 Fez
The city of Fez (34.0°N, 5.0°W) is lo cated in the in te rior of Mo rocco in 
a val ley at an al ti tude of about 400 m be tween the Rif moun tains to
the north and the At las moun tains to the south. Intra-ur ban al ti tude
dif fer ences are well above 100 m. Fez has dis tinct sea sonal vari a -
tions with hot, dry sum mers and fairly cold and wet win ters (Fig.
2.2a). Di ur nal tem per a ture fluc tu a tions are large, es pe cially in the
sum mer. Due to the lim ited amount of rain fall, the city has lit tle
green cover, few green ar eas, and is sur rounded by sparse veg e ta -
tion. See also Pa per I.

His toric de vel op ment
The city of Fez was founded fol low ing Arab con quests in North Af -
rica. The first set tlers ar rived in the 8th cen tury and the city was es -
tab lished in the fol low ing cen tury. When the Marinids ar rived in the
late 13th cen tury, they ex tended the city and made Fez the cap i tal of
Mo rocco. In the 15th cen tury, Fez had be come a com mer cial and
cul tural cen tre and had re la tions with Eu rope, Sub-Sa ha ran Af rica
and the Mid dle East (Ichter 1979). The city was built ac cord ing to
Arab-Is lamic ur ban de sign prin ci ples with court yard houses and nar -
row, wind ing al ley ways (Figs. 2.3a and 2.4a). Fez re mained the cul -
tural, eco nomic and spir i tual cen tre of Mo rocco un til 1912 when
most of pres ent-day Mo rocco be came a French pro tec tor ate. The
city, which had been the larg est in Mo rocco, then lost much of its
eco nomic im por tance, since the French chose Ra bat as the cap i tal
of the pro tec tor ate.

In the 1920s the New city (Dar Debibagh or Ville nou velle) was
founded on a pla teau south west of the walled Me dina (Fig. 2.9). The
new city was built in a “co lo nial” style2 and ex clu sively housed Eu ro -
pe ans. Its main streets con sisted of wide av e nues in a reg u lar grid
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Mo rocco (2006 es ti mates)

Pop u la tion 31.5 mil lion

Pop u la tion den sity 70 inhab./km2

An nual growth rate 1.48%

Ur ban pop u la tion 18.5 mil lion (59%)

Ur ban growth rate 2.7%

Ma jor cit ies Ca sa blanca (3.2 mil lion)

Ra bat-Salé (1.6 mil lion)

Fez (1.0 mil lion)

Marrakech (0.9 mil lion)

Sources: UN (2006), World Gaz et teer (2006).

2 The plan was con ceived by the French ur ban plan ner Henri Prost, who
planned sev eral co lo nial cit ies in Mo rocco dur ing the first de cade of the pro -
tec tor ate.



pat tern (Fig. 2.3b). The lo cal pop u la tion con tin ued to live in the Me -
dina (the old city), which was left fairly in tact by the French (Vacher
1991). To wards the end of the pe riod of the French pro tec tor ate, the
Ain Kaddous3 dis trict was planned on the hill side north west of the
Me dina (Fig. 2.9). This dis trict, which was built to re lease the pop u la -
tion pres sure on the Me dina, con sisted largely of “mod ern” res i den -
tial blocks and be came a dor mi tory city for low and mid dle-in come
groups (Bianca 2000). How ever, some parts of Ain Kaddous were
built with “neo-tra di tional” multi-fam ily court yard houses in tended
for low-in come res i dents.

Mo rocco’s pop u la tion grew rap idly to wards the end of the co lo -
nial pe riod and this growth ac cel er ated dur ing the ini tial de cades fol -
low ing Mo rocco’s in de pend ence in 1956 (Abu-Lughod 1980). This re -
sulted in rapid ur bani sa tion, which has con tin ued to the pres ent day
(Fig. 2.5). The planned ex ten sions of the city were pri mar ily to the
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Fig. 2.3 (a) A street in the Me dina and (b) an av e nue in the co lo nial part of the new city.

Fig. 2.4 Foot print area of build ings and road net work in (a) the core of the 
his tor i cal Me dina (Seffarine dis trict) and (b) a res i den tial sub urb in 
the new city (Adarissa dis trict). Map size: 200 m × 200 m.

3 The dis trict was planned by Michel Ecochard, who was the chief plan ner in
Mo rocco at the end of the pro tec tor ate (1945–53).



south and south west, as a con tin u a tion of the co lo nial city, and to
the north (Ain Kaddous). The for mer con sisted pri mar ily of Eu ro pean 
style con struc tion in the form of low-den sity res i den tial ar eas (Figs.
2.4 and 2.6), while the lat ter con sisted of low and mid dle-in come
set tle ments (Fig. 2.7a). The growth rate reached its peak dur ing the
1980s and re sulted in an in crease in in for mal set tle ments, which
grew up to the east and south east of the Me dina, in parts of Ain
Kaddous and around the new city. The in for mal sec tor in cludes il le -
gal, spon ta ne ous set tle ments, il le gally ex tended build ings, ru ral
build ing types and shanty towns (Ichter 1979) (Fig. 2.7b).

Fez and other ma jor Mo roc can cit ies faced in creas ing hous ing
short age prob lems due to rapid ur bani sa tion in the 1980s and 1990s.
To im prove the sit u a tion, the na tional 200,000 Dwell ings Programme
was ini ti ated in the mid-1990s. More over, the ur ban codes, many of
which dated back to the pro tec tor ate, were revised slightly.
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Fig. 2.5
Pop u la tion growth in the
city of Fez be tween 1900
and 2004. Dur ing this pe -
riod, the city’s area in -
creased sub stan tially.

Sources: Bouayad (1979),
Abu-Lughod (1980), Laborie
(1990), HCP (2004).

Fig. 2.6 Res i den tial build ings in the Adarissa dis trict on the south ern out skirts of 
the new city. (a) Apart ment build ings and (b) ter raced houses.



Cur rent sit u a tion
An nual ur ban growth in Fez, be tween the cen suses of 1994 and
2004, was 2.1% and, de spite lo cal and na tional ef forts to in crease
low-in come hous ing pro duc tion, the city has not man aged to pro -
vide ad e quate hous ing for the in creas ing num ber of low-in come res -
i dents. The con se quences have been over crowd ing in the old Me -
dina, mainly in volv ing ru ral mi grants, and the cre ation of a num ber
of in for mal low-in come set tle ments, of ten sit u ated on rough ter rain.
In 2000, an es ti mated 17% of the pop u la tion4 was liv ing in the in for -
mal sec tor, ei ther in il le gal set tle ments or in shanty towns.

An other prob lem in Fez is the un even dis tri bu tion of the pop u la -
tion. Low-in come res i dents in parts of the Me dina and the in for mal
sec tor live in very high pop u la tion den si ties, which stand in stark
con trast to the much lower den si ties of the for mal sec tor found in
the new city. In the late 1970s, the Me dina is be lieved to have had an 
av er age pop u la tion den sity of nearly 1,000 inhab./ha, whereas the
den si ties of Ain Kaddous and the new city were 350 and 55 inhab./ha 
re spec tively (Bouayad 1979, Ichter 1979)5.

The fail ure to pro vide hous ing for the ur ban poor has been a ma -
jor con cern among the na tional au thor i ties in re cent years (Tahiri
1999, MHU 2005). In an at tempt to re view cur rent ur ban reg u la tions
and re duce all forms of un san i tary hous ing, a new law aimed at
guar an tee ing suf fi cient low-in come hous ing and sim pli fy ing build ing
per mit pro ce dures was pro posed in 2004 (MHU 2006). A com plete
re vi sion of ur ban reg u la tions that is to re sult in a na tional Ur ban
Plan ning Code (Code de l’Urbanisme) is cur rently un der prep a ra tion.

The re cent de bate has also in volved the type of low-in come hous -
ing es tab lished na tion ally by the de cree of 1964, which is still in
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Fig. 2.7 Low-in come set tle ments in Ain Kaddous: (a) neo-tra di tional court yard houses 
(Hay Benzakour dis trict) and (b) an il le gal set tle ment (Hay Hassani dis trict).

4 This fig ure, which does not in clude the peo ple liv ing in over crowded parts of
the Me dina, is based on pop u la tion data by Observatoire de l’Habitat (2001)
and CERED (2004).

5 How ever, since the 1981 dec la ra tion of the old Me dina of Fez as a World Her -
i tage site, one aim has been to re duce its pop u la tion den sity and the cur rent
den sity is es ti mated at 550 inhab./ha. (Carfree.com 2006)



force. This type of hous ing con sists of the neo-tra di tional court yard
houses, men tioned pre vi ously, laid out on a reg u lar grid plan6. In re -
cent years, this has been criti cised for caus ing low pop u la tion den -
sity (Tahiri 1999) and for its lack of cul tural ad ap ta tion – the size and
dis tri bu tion of the rooms be ing in ap pro pri ate and the court yard not
be ing lo cated at the cen tre of each hous ing unit as in tra di tional
hous ing (Pinson 1994). An on-go ing study (MHU 2005) aims to re vise
the reg u la tions for low-in come hous ing in order to increase density
and reduce costs.

Ur ban de sign reg u la tions
Mo rocco is di vided into re gions, each of which is di vided into prov -
inces and pre fec tures. Each prov ince/pre fec ture is di vided into ru ral
and ur ban com munes (the lat ter some times called mu nic i pal i ties).
The city of Fez be longs to the Fez-Boulemane re gion, which has 1.6
mil lion in hab it ants and cov ers 20,000 km² (Fig. 2.8). This re gion is
sub di vided into three prov inces and the Pre fec ture of Fez, which, in
turn, con sists of two mu nic i pal i ties and three ru ral com munes.

In Mo rocco, re gional and ur ban plan ning is gov erned by “ur ban
agen cies” (agences urbains), which serve un der the Min is try of Re -
gional and Ur ban Plan ning, Hous ing and En vi ron ment7. Each of the
re gions in Mo rocco has one or more ur ban agen cies. The city of Fez
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Fig. 2.8  North ern Mo rocco and the re gion of Fez-Boulemane.

6 This type of hous ing was orig i nally in tro duced at the end of the pro tec tor ate
by Michel Ecochard, the chief plan ner in Ca sa blanca at the time, on an 8 m
by 8 m grid known as la trame Ecochard.

7 MinistPre de l’aménagement du territoire, de l’urbanisme, de l’habitat et de
l’environnement.



is cov ered by the Agency of Ur ban Plan ning and Pres er va tion of Fez8

(AUSF), which was founded in 1991. AUSF is re spon si ble for the co -
or di na tion of all plan ning is sues for the en tire re gion of Fez-Boule -
mane. AUSF’s mis sion com prises ur ban plan ning (in clud ing the es -
tab lish ment and im ple men ta tion of the mas ter plan, as well as the
es tab lish ment of ur ban reg u la tions), ur ban man age ment and tech ni -
cal as sis tance to the ru ral and ur ban com munes/mu nic i pal i ties
within the re gion re gard ing ur ban plan ning is sues (AUSF 2006).

Ur ban plan ning in Fez is gov erned by two reg u la tory doc u ments.
At a com pre hen sive level, ur ban ar eas are cov ered by a mas ter plan
(Schéma Directeur d’Aménagement Urbain), com pris ing land-use
and zon ing maps, as well as a writ ten re port ex plain ing the aims of
the plan and de scrib ing how to im ple ment it. At a de tailed level, land 
use plans (Plan d’Aménagement) cover a whole or part of a mu nic i -
pal ity or an ur ban cen tre. The mas ter plan, which is valid for a max i -
mum of 25 years, de ter mines, among other things, new zones of ur -
bani sa tion, the dates when de vel op ments are planned to start, the
lo ca tion of dif fer ent land-use zones and planned pop u la tion den si -
ties within res i den tial zones. The cur rent mas ter plan, which orig i -
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Fig. 2.9 The city of Fez and its three main parts: the old city (the Me dina), 
the new city and Ain Kaddous. The planned ex ten sions ac cord ing to 
the cur rent mas ter plan of 1991 are also shown.

Source: The mas ter plan of Fez, Agence Urbaine et de Sauvegarde de Fès.

8 Agence Urbain et de Sauvegarde de Fès.



nates from 1980 but was re vised in 1991, is shown in Fig. 2.9. Its
goals in clude the pro vi sion of 150 hect ares of new ur ban land per
year, half of which is re served for hous ing. The ur ban ex ten sions are
planned both as an ex ten sion of the city to the west, south west and
south as shown in Fig. 2.9 and as the de vel op ment of ur ban cen tres
out side the main ur ban area (AUSF 2006).

Land-use plans are valid for ten years, with the ex cep tion of zon -
ing reg u la tions which may be valid lon ger. These plans de fine dif fer -
ent land-use zones (res i den tial, in dus trial, etc), the road net work,
green ar eas, pres er va tion of his tor i cal mon u ments, etc. and con tain
spe cific rules pertaining to urban form.

Ur ban zones

The land-use plans for Fez di vide the mu nic i pal area into zones of
dif fer ent types of de vel op ment. The ex ist ing ur ban zones are shown
in Ta ble 2.1. Many of the zones are di vided into sub-zones, as can be
seen in Ta ble 2.2 and Ta ble 2.3. Ba si cally, these ur ban zones can be
found through out the city, ex cept zone M, which is unique to the old
city. How ever, zones A and B are mainly found in the city cen tre, i.e.
ba si cally the co lo nial part of the new city. To the west, south west
and south of the city cen tre the res i den tial zones C, D and E are
dom i nant.

Ta ble 2.1 Ur ban zones and de vel op ment types in Fez (AUSF 1988, 2006).

Zone Land use De scrip tion

A Mixed At tached apart ment build ings for res i den tial use, 
busi ness, of fices, pub lic ad min is tra tion and ho tels 
(city centre)

B Mixed At tached apart ment build ings for res i den tial use, 
busi ness, of fices, hand i craft, pub lic ad min is tra tion and 
hotels

C Res i den tial De tached apart ment build ings for res i den tial use, 
but also com mer cial ac tiv i ties, of fices and hotels

D Res i den tial De tached, semi-de tached and ter raced houses (“vil las”) 
in tended mainly for res i den tial use

E Res i den tial Neo-tra di tional court yard build ings on small plots for 
low-in come res i dents

In Com mer cial Build ings for in dus trial, com mer cial, hand i craft and 
of fice use

S Spe cial Res i den tial or non-res i den tial build ings sub ject to 
spe cial con di tions

M Old city (mixed) Mainly tra di tional court yard houses, in tended for a 
va ri ety of ac tiv i ties

Reg u la tion of ur ban form

The ur ban codes deal ing with ur ban form con sti tutes parts of the
land-use plans. The city of Fez has two reg u la tions that are in force:
the “Gen eral Reg u la tions for the Land Use Plan of the Wilaya of
Fez9” (AUSF 1988) and the “Reg u la tions for the Land Use Plan of the
Walled Me dina of Fez” (AUSF and ADER-Fès 1999). The for mer of
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9 Wilaya means ad min is tra tive re gion. The for mer Wilaya of Fez did not in -
clude the Prov ince of Boulemane, but this prov ince is now also cov ered by
the reg u la tion.



these doc u ments con cerns all ur ban ar eas ex cept the his tor i cal Me -
dina; it has been sub jected to some mi nor re vi sions lately (AUSF
2006). The lat ter reg u la tion con cerns the his toric old city (the Me -
dina). In ad di tion to these codes, the old by-law “Reg u la tion of Road
Net work and Build ing” (Ville de Fès 1969) is still in force.

In Fez, the new city has the great est va ri ety of build ing types com -
pris ing street-aligned at tached apart ment build ings (zones A and B),
de tached apart ment build ings (C), de tached low-rise houses (D)
and neo-tra di tional court yard houses for low-in come res i dents (E).
The rules gov ern ing the num ber of stor eys, build ing heights, dis -
tances be tween build ings, plot cov er age, floor area ra tio (FAR)10,
set backs, etc. are shown in Ta ble 2.2. Plot cov er age, FAR, plot front -
age and set backs are il lus trated in Fig. 2.10.

As can be seen in Ta ble 2.2, max i mum build ing height is re lated
to street width. The max i mum FAR var ies be tween only 0.2, for the
larg est de tached houses (vil las) in zone D5, up to 2.4 for four-storey
at tached apart ment build ings in zone B3 (for build ings of more than
four stor eys, there are no FAR lim i ta tions). There are ex ten sive vari a -
tions in min i mum plot sizes: from 60 m2 for low-in come hous ing
(zone E) to 4,000 m2 for the most lux u ri ous cat e gory of de tached
houses (zone D5). Sim i larly, plot cov er age var ies be tween only 10%
for de tached houses (zone D5) to 80% for low-in come hous ing (zone 
E1). There are no set back rules for apart ment build ings in the city
cen tre and low-in come court yard houses. How ever, de tached apart -
ment build ings and low-rise build ings have min i mum front, back
and side set backs. For street-aligned build ings (zones A, B and E),
pro jected up per floors are per mit ted above a height of 2.2 m (Ville
de Fès 1969).

In the Me dina (zone M), new con struc tion is rare and mainly
takes the form of infill build ings in ex ist ing built-up ar eas. Con se -
quently, reg u la tions dif fer com pletely from those ap plied in the new
city. The Me dina has ba si cally three types of build ings: old his tor i cal
build ings – res i den tial, com mer cial and pub lic – (zone M1), more re -
cently con structed neo-tra di tional build ings (M2) and mod ern res i -
den tial blocks (M3). There are also neo-tra di tional court yard houses
for low-in come res i dents (E2) and a zone of mod ern com mer cial
and in dus trial build ings (IM). See Ta ble 2.3.
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Fig. 2.10 Il lus tra tion of plot cov er age, FAR, plot front age and set backs.

10 FAR is cal cu lated as the to tal floor area of a build ing di vided by the to tal area
of the plot (Acioly and Davidson 1996).



Ta ble 2.3 gives max i mum build ing heights for the old city, al -
though ac tual height may not ex ceed that of ex ist ing, ad ja cent build -
ings. Only in zone E2 is max i mum FAR lim ited, at 2.2. Plot cov er age
for all zones is maxi mised to 75% (guar an tee ing that the court yard
oc cu pies at least 25% of the plot). There are no set back rules; on the
con trary build ings should be street-aligned and at tached on all other
sides.
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Ta ble 2.2 The reg u la tions per tain ing to ur ban form in the city of Fez (not in clud ing in dus trial 
build ings and build ings in the his tor i cal Me dina). 
FAR = floor area ra tio, H = build ing height, W = dis tance be tween build ings.

Min. Max.
Plot plot plot Max. Max. Minimum set backs

Type of Type of size front age Max. cov er - no. of H front rear side
Zone build ing use (m2) (m) FAR age (%) floors (m) a (m) (m) (m)

A1 Apart ment Res i den tial/ no no no no 7b 24 or — 0.5 H —
build ing com mer cial limit limit limit limit 1.5 W or 4

B1 Apart ment Res i den tial/ ≥ 250 10 no no 6b 21 or — 0.5 H —
build ing com mer cial limit limit 1.2 Wc or 4

B2 Apart ment Res i den tial/ ≥ 250 10 no no 5b 17.5 or — 0.5 H —
build ing com mer cial limit limit 1.2 Wc — or 4

B3 Apart ment Res i den tial/ ≥ 200 10 2.4d 70 4b 14.5 — 0.5 H —
build ing com mer cial or W or 4

B4 Apart ment Res i den tial/ ≥ 200 10 2.0 70 3b 11 — 0.5 H —
build ing com mer cial or W or 4

B5 Apart ment Res i den tial/ ≥ 120   8 1.6 60 3b 11 — 0.5 H —
build ing com mer cial or W or 4

C1 Apart ment Res i den tial, ≥ 5000 50 1.4 30 5b 17.5 5 0.5 H 0.5 H
build ing ho tel or W or 6 or 6

Of fice ≥ 2000 40

C2 Apart ment Res i den tial, ≥ 5000 50 1.2 35 4b 14.5 5 0.5 H 0.5 H
build ing ho tel or W or 6 or 6

Of fice ≥ 2000 40

C3 Apart ment Res i den tial, ≥ 5000 50 1.0 40 3b 11 5 0.5 H 0.5 H
 build ing ho tel or W or 6 or 6

Of fice ≥ 2000 40

D1 Ter raced Res i den tial ≥ 200 10 1.0 50 2   8 5 4 —
houses
Semi-de tached h. ≥ 300 15 0.8 40 2 8 5 4 4

D2 De tached Res i den tial 400– 20 0.6 30 2 8 5 4 4
houses 999

D3 De tached Res i den tial 1000– 25 0.5 25 2 8 5 6 6
houses 1999

D4 De tached Res i den tial 2000– 25 0.3 15 2 8 8 8 8
houses 3999

D5 De tached Res i den tial ≥ 4000 50 0.2 10 2 8 8 8 8
houses

E1 One-fam ily Res i den tial ≥ 60   6 1.6 80 2 8 — —e —
court yard

E2 Multi-fam ily Res i den tial ≥ 80   8 2.2 75 3 11 — —f —
court yard

a Par a pets for trafficable flat roofs of a max i mum of 1.2 m are per mit ted above this height.
b Ad di tional stor eys are per mit ted, pro vided a light an gle of 45° to wards the street is main tained and 

the max i mum build ing height (H) is re spected.
c If W ≤ 15 m.
d For apart ments build ings of ≥ 100 m2 there is no FAR limit.
e Min. court yard size = 12 m2, min. court yard width = 3 m.
f Min. court yard size = 20 m2, min. court yard width = 4 m.



Ta ble 2.3 Reg u la tions per tain ing to ur ban form in the his tor i cal Me dina
of Fez (not in clud ing in dus trial build ings). FAR = floor area ra tio,
H = build ing height, W = dis tance be tween build ings.

Plot Min. plot Max. plot Max. Max. Min.
size front age Max. cov er age no. of H W Minimum court yard

Zone (m2) (m) FAR (%) floors (m) (m) size width (m)

M1 < 100  — 75 3 14a  — 25%  3

≥ 100  5

M2 < 100  — 75 3 13a  — 25%  3

≥ 100  5

M3 < 100  — 75 2  9  — 25%  3

≥ 100  5

E2 ≥  80  8 2.2 75 3 12.2b H 20 m2  4

a Build ing height should, how ever, not ex ceed that of ad ja cent build ings.
b In clud ing the par a pet wall. Not in clud ing the par a pet, the max. height is 11 m.

Ar eas stud ied 

In this study, ur ban mi cro cli mate and out door ther mal com fort were
stud ied in de tail in one neigh bour hood be long ing to zone D1 (semi-
de tached and ter raced houses) in the new city and in one neigh -
bour hood with build ings of type M1 in the his tor i cal Me dina. The po -
si tions of the mea sure ment sites are shown in Fig. 5.1. An anal y sis of 
the con se quences of ur ban reg u la tions on out door ther mal com fort
is given in Sec tion 6.4.

2.3 Co lombo
The city of Co lombo (6.9°N, 79.9°E) is lo cated on Sri Lanka’s west
coast. It has a flat ter rain with the low est ar eas (some be ing marsh -
land) ly ing just be low sea level and the high est points at 18 m above
sea level (van Horen 2002). The cli mate is con stantly hot and hu mid
with a few rainy sea sons. The com bi na tion of high tem per a ture and
hu mid ity re sults in con sid er able heat stress, es pe cially dur ing the
day time. Due to abun dant rain fall, Co lombo is to a large ex tent a
very green city and is sur rounded by marsh lands, paddy fields and
rub ber es tates. See also Pa pers II and III.
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Sri Lanka (2006 es ti mates)

Pop u la tion 20.7 mil lion

Pop u la tion den sity 316 inhab./km²

An nual growth rate 0.88%

Ur ban pop u la tion 4.4 mil lion (21%)

Ur ban growth rate 0.8%

Ma jor cit ies Co lombo* (0.6 mil lion)

Dehiwala-Mt. Lavinia (0.2 mil lion)

Moratuwa (0.2 mil lion)

Jaffna (0.2 mil lion)

*Co lombo Mu nic i pal Coun cil

Sources: UN (2006), World Gaz et teer (2006).



His toric de vel op ment
Co lombo is be lieved to have first been set tled in the 8th cen tury in
what is now the Pettah dis trict. Due to its har bour, the city grew to
be come an im por tant com mer cial cen tre in the 13th cen tury (UDA
1999a). In the early 16th cen tury, Co lombo came un der co lo nial rule, 
be gin ning with the Por tu guese, fol lowed by the Dutch and end ing
with 150 years of Brit ish rule, which ended in 194811. It was in 1815,
dur ing the Brit ish co lo nial pe riod, that Co lombo be came the cap i tal
city and be gan to ex pand to the north, east and south. The Brit ish in -
tro duced a le gal and reg u la tory sys tem that, to a large ex tent, is still
in use (van Horen 2002).

The old est parts of the city are the old com mer cial quar ters
(Pettah) and the old co lo nial city cen tre (Fort). The for mer is char ac -
ter ised by street-aligned, me dium rise build ings of 3–4 stor eys and
nar row streets (Figs. 2.11a and 2.12a). The lat ter has street-aligned
co lo nial build ings laid out in a grid with fairly wide streets (Fig.
2.12b). The three to four-storey build ings have high ground floors
with pe des trian ar cades (Fig. 2.11b). The ar eas that were de vel oped
out side the his toric core be came very dif fer ent from the cen tre. Co -
lombo’s first city plan was adopted in 1921 with the aim of cre at ing a 
gar den city12. The plan was never fully im ple mented, but in cluded
the Cin na mon Gar dens, to day a low den sity, high-in come neigh -
bour hood char ac ter ised by a high level of green ery and its tree-lined
streets (UDA 1999a). At the end of the co lo nial pe riod, the “Aber -
crom bie Plan”13 was de vel oped with the aim of de cen tral is ing the
eco nomic ac tiv i ties of the city by cre at ing sat el lite towns around the
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Fig. 2.11(a) Street in the old com mer cial quar ters of Pettah and 
(b) co lo nial build ings in Fort.

11 Whereas the Por tu guese and Dutch only had con trol of the ma jor coastal 
cit ies, the Brit ish colo nised the en tire is land of Cey lon in 1815.

12 The plan was pre pared by the Brit ish ur ban plan ner Sir Pat rick Geddes.

13 Pre pared by the Brit ish ur ban plan ner Sir Pat rick Aber crom bie, who for mu -
lated the Greater Lon don Plan of 1945.



city of Co lombo. How ever, only a few of the satellite towns planned
were actually built (UDA 1999a).

Af ter Sri Lanka’s in de pend ence in 1948, Co lombo con tin ued to
grow and re in force its po si tion as the coun try’s ma jor ur ban area.
Eco nomic growth was ac com pa nied by rapid ur bani sa tion (Fig.
2.15). Due to the nat u ral lim its to the west (the In dian Ocean) and
the east (ex ten sive marsh lands), the ur ban area grew pri mar ily in a
north-south di rec tion along the na tional high ways. The ur ban fab ric
of Co lombo has, to a large ex tent, been char ac ter ised by low-rise
(sin gle to four-storey) build ings, wide streets and high amount of
green cover (Figs. 2.12c and 2.13). In the 1960s and 1970s, prob lems
of ur ban sprawl had be come se vere. A mas ter plan for Co lombo was 
com pleted in 1978 with the aim of achiev ing a more bal anced spa tial 
de vel op ment, al though this was never suc cess fully im ple mented
(van Horen 2002). How ever, the mas ter plan did lead to the es tab -
lish ment of the Ur ban De vel op ment Au thor ity (UDA), which re -
mained the main na tional plan ning au thor ity un til the cre ation of the
Na tional Phys i cal Plan ning De part ment in 200314.

Eco nomic re forms at the end of the 1970s led, among other
things, to a shift in hous ing pol icy. The Co lombo De vel op ment Plan
was pro duced by the UDA in 1985 and in cluded zon ing and build ing
reg u la tions for the city. The plan also pro posed the trans for ma tion of
the state to an “enabler” rather than a “pro vider” of hous ing. This
new strat egy was used in the Mil lion Houses Programme (1984– 
1989) and the 1.5 Mil lion Houses Programme (1990–1994) (van
Horen 2002). The new strat egy also in cluded the shift from rigid mas -
ter plan ning to a more per for mance-based strat egy. This is re flected
both in the Co lombo Met ro pol i tan Re gion Struc tural Plan of 1998 and 
in the City of Co lombo De vel op ment Plan (UDA 1999a). The for mer
takes into ac count the en tire Co lombo Met ro pol i tan Re gion, which
had 5.3 mil lion in hab it ants in 2001 (Fig. 2.14).

In creased for eign in vest ment since the end of the 1970s has led to 
the trans for ma tion of the south ern part of the co lo nial Fort area into
a cen tral busi ness dis trict with the con struc tion of high-rise build ings 
such as the twin tow ers of the World Trade Cen tre (van Horen
2002).
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Fig. 2.12Foot print area of build ings and road net work in (a) the old com mer cial 
quar ters (Pettah), (b) the cen tral busi ness dis trict (Fort) and (c) a res i den tial 
sub urb (Nugegoda). Map size: 200 m × 200 m.

14 This de part ment will deal with plan ning on a broader, na tional scale.



Cur rent sit u a tion
Many of the prob lems in Co lombo are re lated to ur ban growth (Fig.
2.15) and the high num ber of in for mal set tle ments. Al though ur bani -
sa tion in Sri Lanka is low com pared to many other Asian coun tries15, 
the city of Co lombo and its sub urbs, where most ur bani sa tion has
taken place, have not man aged to pro vide hous ing for the ur ban
poor. In re cent de cades, an nual ur ban growth of the Co lombo Mu -
nic i pal Coun cil has been only 0.4% (be tween 1981 and 2001), al -
though dur ing this pe riod, the neigh bour ing ur ban ar eas have also
grown, lead ing to a much larger ur ban ised re gion. The area de fined
by UDA as the Co lombo Core Area (Fig. 2.14) had a pop u la tion of
about 1.1 mil lion in hab it ants in 2001.

A ma jor con cern for the au thor i ties is that the city’s growth mainly 
in volves hor i zon tal ex pan sion with low-rise hous ing, caus ing sev eral
prob lems (UDA 1999a). This makes it more ex pen sive to pro vide in -
fra struc ture and ur ban ser vices, such as wa ter sup ply, sew er age and 
drain age. More over, land suit able for build ing is in suf fi cient (en -
croach ment into eco log i cally sen si tive marsh lands and flood-prone
low lands is caus ing a num ber of en vi ron men tal prob lems). How -
ever, ac cord ing to the UDA (1999a), avail able, developable land is
un der-uti lised – and in ap pro pri ately dis trib uted. More than half of the 
city’s pop u la tion is es ti mated to live in densely pop u lated slums16

and shanty towns, of ten lo cated on mar ginal land occupying only
11% of the area of the Colombo Municipal Council.

In 1997, pop u la tion den si ties within the Co lombo Mu nic i pal Coun -
cil var ied be tween be low 100 per sons/ha in high-in come ar eas to
300–400 in a few high-den sity ar eas. A sur vey of floor-space dis tri bu -
tion in Co lombo re vealed that the av er age plot cov er age was around 
43% and the av er age floor area ra tio (FAR) was less than one. This is
ev i dence of a dis persed city with poor land-use efficiency (UDA
1999a).
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Fig. 2.13(a) The coastal Galle Road, the main north-south trans port axis and 
(b) a street in the res i den tial sub urb Nugegoda.

15 Ac cord ing to of fi cial sta tis tics the ur ban pop u la tion is around 20%, 
but ac cord ing to Mendis (2003) a more re al is tic fig ure is around 30%.

16 Here, “slum” re fers to old ten e ments in very poor con di tion and lack ing 
ba sic san i tary fa cil i ties. 
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Fig. 2.15
Pop u la tion growth
and den sity of the 
Co lombo Mu nic i pal
Coun cil (CMC) be -
tween 1861 and 2001. 
Dur ing this pe riod the
area of of the mu nic i -
pal ity in creased from
about 2500 ha to
3700 ha.

Source: UDA (1999a),
Dept. of Cen sus and 
Sta tis tics (2005).

Fig. 2.14(a) Co lombo Met ro pol i tan Re gion (West ern Prov ince) and its three dis tricts. 
(b) Co lombo Core Area con sist ing of the Co lombo Mu nic i pal Coun cil and 
neigh bour ing ur ban coun cils.



The ob jec tive of the re cently is sued Co lombo De vel op ment Plan
(UDA 1999a, b) is to re duce the ex pan sion of slums and shanty
towns and to pro vide hous ing for an in creas ing ur ban pop u la tion
with out in creas ing the area des ig nated for res i den tial build ings. The
plan is to in crease pop u la tion den si ties by rad i cally in creas ing the
num ber of floors per mit ted in build ings (thus in creas ing FAR) in
some ar eas (see Ta ble 2.4 and Fig. 2.17). The plan also in cludes a vi -
sion re lated to out door ther mal com fort: the “es tab lish ment of
tree-lined bou le vards and malls for comfortable walking and visual
comfort”.

The ten dency to wards high-rise, high-den sity set tle ments is il lus -
trated by a re cent programme to re lo cate slum and shanty town res i -
dents to high-rise apart ment build ings. The programme, called Com -
pact Town ships, is fi nanced by sell ing prime land oc cu pied by il le gal 
set tle ments. How ever, of six re lo ca tion pro jects planned, only one
has been im ple mented (Fig. 2.16).

The re cent in creas ing num ber of high-rise build ings has been
criti cised, both for lead ing to abrupt so cial changes and for de stroy -
ing the char ac ter of Co lombo as a low-rise gar den city (see e.g.
Wijewardena 2005).

Ur ban de sign reg u la tions
Sri Lanka is di vided into prov inces, each of which is sub di vided into
dis tricts. In turn, the dis tricts are di vided into mu nic i pal and ur ban
coun cils, as well as Pradeshiya Sabhas (van Horen 2002). The mu -
nic i pal coun cils gov ern larger ur ban ar eas (with a pop u la tion typ i -
cally above 30,000 in hab it ants) whereas ur ban coun cils have smaller 
pop u la tions. Pradeshiya Sabhas are ad min is tra tive units in smaller
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Fig. 2.16(a) Il le gal shanty town (above) and slum ten e ments (be low). 
(b) High-rise res i den tial build ing for re lo cated slum and shanty town 
res i dents (the Sahaspura pro ject).



towns in pre dom i nantly ru ral ar eas. Co lombo is sit u ated in the West -
ern Prov ince, also called the Co lombo Met ro pol i tan Re gion, which
com prises three dis tricts (Fig. 2.14a).

In Sri Lanka, ur ban plan ning is gov erned by the Ur ban De vel op -
ment Au thor ity (UDA). This au thor ity is re spon si ble for ev ery ur ban
area in the coun try which it has de clared as be ing un der its ju ris dic -
tion (van Horen 2002). The UDA elab o rates both com pre hen sive and 
detailed urban plans.

In Co lombo, the City of Co lombo De vel op ment Plan (UDA 1999a,
b) deals with ur ban reg u la tions within the Co lombo Mu nic i pal Coun -
cil (Fig. 2.14b). Vol ume I of this doc u ment (UDA 1999a) deals with
land-use zon ing whereas Vol ume II (UDA 1999b) con tains rules re -
lated to con struc tion in clud ing spe cific rules re gard ing ur ban form.
Ad di tion ally, some es pe cially im por tant ar eas within the city of Co -
lombo will be cov ered by so-called de vel op ment guide plans which
give de tailed guid ance on en vi ron men tal char ac ter is tics, ur ban form
and ar chi tec tural de sign. Out side the bor ders of the mu nic i pal coun -
cil, the Hous ing and Town Im prove ment Or di nance (Gov. of Sri
Lanka 1980) stip u lates con struc tion-re lated regulations including
specific rules regarding urban form.

Land-use zones

The land-use zones that ap ply to the city of Co lombo are de scribed
in Ta ble 2.4 and shown in Fig. 2.17. The cur rent land-use zones sug -
gest con sid er ably higher den si ties than those ex ist ing to day. This
par tic u larly con cerns the Con cen trated de vel op ment zone, where
build ings should be at least ten stor eys high and the Pri mary res i den -
tial zone, where build ing heights up to ten stor eys are per mit ted. The 
for mer in clude Fort and Pettah as well as the area just south of Fort.
The lat ter is found along the coast south of Fort. The Spe cial pri mary
res i den tial zone is found in Cin na mon Gar dens, a tra di tional high in -
come area.

Ta ble 2.4 The land-use zones in Co lombo (UDA 1999a)

Zone Land use De scrip tion

1 Spe cial pri mary res i den tial Mainly res i den tial, max. three stor eys

2 Pri mary res i den tial Max. ten stor eys

3 Com mer cial Non-pol lut ing, light in dus tries

4 Mixed de vel op ment Mix of res i den tial and com mer cial

5 Con cen trated de vel op ment High den sity zone, min. ten stor eys

6 Port-re lated ac tiv ity

7 Rec re ational Rec re ation and res i den tial

8 En vi ron men tal con ser va tion Pre served na ture, lim ited rec re ation

Reg u la tion of ur ban form

Cur rent reg u la tions gov ern ing the num ber of stor eys, build ing height, 
dis tances be tween build ings, plot cov er age, floor area ra tio (FAR)17

and set backs are shown in Ta ble 2.5. (Plot cov er age, FAR, plot front -
age and set backs are il lus trated in Fig. 2.10.)
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17 FAR is cal cu lated as the to tal floor area of a build ing, di vided by the to tal area
of the plot.



As can be seen in Ta ble 2.5, the max i mum FAR is 1.5 for the
small est low-rise build ings and in creases up to 8 for mid dle-rise
build ings (and even higher for high-rise build ings). The max i mum
plot cov er age is al most in de pend ent of plot size and build ing type.
For build ings up to eight stor eys, it is 65% for res i den tial build ings
and as high as 80% for non-res i den tial pur poses. For these cat e go -
ries, there are set back rules for the front and the rear of the build -
ings, but not for the sides. How ever, build ings higher than eight stor -
eys are sub ject to set back re quire ments on all four sides. The min i -
mum street width and set backs in crease with the height of the build -
ings. Up to six stor eys, the front set back is only 1 m. How ever, this
dis tance may be greater if a street line in di cates possible future
widening of the street.

Roof over hangs or any type of shad ing de vices on the façade of a
build ing are per mit ted to pro ject up to 1.0 m be yond the build ing
line. Foot ways un der pro ject ing ve ran das or the like, along the front
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Fig. 2.17
The land-use zones for
the Co lombo Mu nic i pal
Coun cil as pro posed by
the UDA (1999a). 
(The num bers re fer to
the land-use zones in
Ta ble 2.4)



of the build ing, are only per mit ted if they are lo cated within the
building lot.

The build ing types shown in Ta ble 2.5 do not in clude the build ings 
found in the his toric core of the cen tral Fort area. Ac cord ing to the
pro posed de vel op ment guide plan for Fort (UDA 1999a), new or ren -
o vated build ings should be of the same type as ex ist ing ones, en tail -
ing, for ex am ple, that set backs are not stip u lated, although col on -
nades must be pro vided along all ve hic u lar and pedestrian roads.

Ar eas stud ied

In this study, ur ban mi cro cli mate and out door ther mal com fort was
stud ied in de tail in three neigh bour hoods within the Co lombo Mu -
nic i pal Coun cil (zones 4 and 5) and in two neigh bour hoods out side
the mu nic i pal coun cil. The po si tion of the mea sure ment sites are
shown in Fig. 5.1. An anal y sis of the con se quences of the ur ban reg -
u la tions on out door ther mal com fort is given in Sec tion 6.4.
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Ta ble 2.5 The reg u la tions per tain ing to ur ban form in the city of Co lombo. 
FAR = floor area ra tio, H = build ing height.

Min. Max. Min.
Plot plot plot Max. Max. road Minimum setbacks

Class of size front age Max. cov er age no. of H width front rear side
build ing Type of use (m2) (m) FAR (%) floors (m) (m) (m) (m) (m)

Low rise A Res i den tial 150–249  6 1.50 65  2  7.5  3 1a  2.3 —

Non-res i den tial 1.50 80

Low rise B Res i den tial 150–249  6 2.00 65  3 11.25  6 1a  3.0 —

Non-res i den tial 2.25 80

In ter me di ate Res i den tial 250–399  8 3.00 65  5 18.75  6 1a  3.5 —
rise A

Non-res i den tial 3.75 80

In ter me di ate Res i den tial 400–749 10 3.75 65  6 22.5  9 1a  4.5 —
rise B

Non-res i den tial 4.50 80

In ter me di ate Res i den tial 750–999 15 5.00 65  8 30  9 2  5.0 —
rise C

Non-res i den tial 6.00 80

Mid dle rise Res i den tial 1000–1999 30 7.50 65 12 45 12 3  6.5  6.5

Non-res i den tial 8.00 70

High rise ≥ 2000 40 —b 50 ≥ 13 ≥ 46 12 3 10.0 10.0

a If there are no build ing lines.
b To be is sued by the au thor ity.



3 Con cepts

This chap ter de scribes the state-of-the-art re gard ing two con cepts
cen tral to this study. The first sec tion con sid ers the in flu ence of the
built en vi ron ment on the mi cro cli mate within the ur ban can opy
layer. The sec ond sec tion deals with out door ther mal com fort, in -
clud ing both the o ret i cally de rived com fort in di ces and as pects of 
cli ma tic ad ap ta tion. A glos sary of terms and def i ni tions is given in 
Ap pen dix 1.

3.1 The cli mate of the 
ur ban can opy layer

Ur ban cli mate on dif fer ent scales
When coun try side air flows over a city, dif fer ent hor i zon tal lay ers of
air are formed, each of which de vel ops its own cli mate (Fig. 3.1). 
Ac cord ing to Oke (2004), three cli mate scales ap ply in ur ban ar eas:
the mi cro, lo cal and meso scales (Fig. 3.1). The hor i zon tal and ver ti -
cal ex ten sions of these scales are shown in Ta ble 3.1. The mi cro-
scale in cludes build ings, streets, squares, gar dens, trees, etc. The lo -
cal scale rep re sents ur ban neigh bour hoods, whereas the meso-scale 
rep re sents an en tire city.

Ta ble 3.1 Hor i zon tal and ver ti cal scales of ur ban at mo sphere 
(af ter Oke 2004).

Scale Ur ban level Hor i zon tal dis tance Ver ti cal layer

Mi cro Street can yons, < 200–300 m Rough ness sub-layer
squares, gar dens

Lo cal Neigh bour hood 100 m – 10 km In er tial sub-layer

Meso City > 10 km Mix ing layer

Ver ti cally, the mi cro-scale falls within the rough ness sub-layer, the 
height of which de pends on build ing den sity and at mo spheric sta bil -
ity (Roth 2000). It has been found to vary be tween about 1.5 and 4
times the av er age height of the build ings (Oke 2004). Above this
height, mi cro-cli mate ef fects from the build ings and ob jects be low
are phased out. The area be tween the ground and the roof tops is
called the ur ban can opy layer. This layer, which con sti tutes the
lower part of the rough ness sub-layer, com prises build ings and the
ar eas around them, such as gar dens, streets, squares and parks.

This the sis fo cuses on the cli mate in the ur ban can opy layer
(UCL), that is, the cli mate be tween the build ings (Fig. 3.1c). Within
this layer, the mi cro cli mate is site-spe cific and var ies greatly within
short dis tances (Arnfield 2003, Oke 2004).
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Fea tures of the built en vi ron ment

Built-up ar eas in flu ence the ab sorp tion and re flec tion of so lar ra di a -
tion, the abil ity to store heat, the ab sorp tion and emit tance of long-
wave ra di a tion, winds and evapotranspiration. The built en vi ron -
ment is also char ac ter ised by hu man ac tiv i ties af fect ing the cli mate,
such as the heat ing and cool ing of build ings, mo tor traf fic and in dus -
trial pro duc tion. These ac tiv i ties re lease heat and mois ture but also
pol lute the air, which af fects in com ing and out go ing ra di a tion.

Ur ban ge om e try and prop er ties of sur face ma te ri als

It is gen er ally agreed that the geo met ric form of the ur ban can opy
layer greatly in flu ences the ur ban cli mate (Arnfield 2003). A com -
mon el e ment within the can opy layer, par tic u larly in city cen tres, is a 
street flanked on both sides by rows of build ings. This sim pli fied el e -
ment of the ur ban en vi ron ment, re ferred to as the ur ban street can -
yon (Fig. 3.3), is de ter mined geo met ri cally by the ra tio be tween the
height of the façades and the width of the street (H/W ra tio). For
asym met ric can yons with vary ing build ing heights, the H/W ra tio is
cal cu lated us ing the av er age build ing height.

The ther mal prop er ties of sur face ma te ri als also greatly in flu ence
the ur ban cli mate (Arnfield 2003). The re flec tivity, or albedo, of sur -
faces, de ter min ing the amount of ab sorbed short-wave ra di a tion, de -
pends mainly on the col our of the sur face and var ies greatly in ur ban 
ar eas: be tween about 0.3 for light colours up to about 0.9 for dark
colours. Con versely, the abil ity to emit and ab sorb heat (long-wave
ra di a tion) is very sim i lar for ru ral and ur ban sur face ma te ri als whose 
emissivities lie around 0.9 (one ex cep tion be ing shiny me tal lic sur -
faces, which have considerably lower values).

Ther mal ad mit tance µ is iden ti fied by Oke (1987) as the key pa -
ram e ter in de ter min ing how much of the ra di a tion ab sorbed at the
sur face will be stored in the sub-sur face; the higher the ther mal ad -
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Fig. 3.1 Cli ma tic scales in ur ban ar eas: meso, lo cal and mi cro-scale 
(mod i fied from Oke 2004).



mit tance, the more heat will be stored in the ma te rial while less en -
ergy will be re leased as sen si ble heat. Ther mal ad mit tance, some -
times called the heat pen e tra tion co ef fi cient (McIntyre 1980), is cal -
cu lated as:

µ λ= ⋅ C (3.1)

where λ rep re sents ther mal con duc tiv ity and C the ther mal ca pac ity
of the ma te rial. Fig. 3.2 shows how ther mal ad mit tance in creases
with the den sity of build ing ma te ri als and mois ture con tent of soils.

In Fig. 3.2, it can be seen that dry soils have lower ther mal ad mit -
tance than typ i cal ur ban sur faces, such as con crete, as phalt and
stone. How ever, the val ues for moist soils are sim i lar to, or even
higher than, those of ur ban ma te ri als. How ever, due to the ir reg u lar
ur ban ge om e try, the ac tive sur face, i.e. the sur face ex posed to the
air, is con sid er ably larger in ur ban ar eas than in rural areas (Oke et
al. 1999).

Ther mal and sur face prop er ties for some com mon ur ban and ru -
ral ma te ri als are shown in Ap pen dix 2.

Anthropogenic heat

To a greater or lesser ex tent, all cit ies re lease heat from space heat -
ing, air con di tion ing, mo tor traf fic and other do mes tic and in dus trial
ac tiv i ties that re quire en ergy. Ac cord ing to Oke (1982), typ i cal val ues 
for anthropogenic heat in tem per ate cli mates vary be tween 5 W/m2

in res i den tial sub urbs and 50 W/m2 in the cen tres of large cit ies.
These val ues are low com pared to the ra di a tion en ergy flux in ur ban
ar eas (Fig. 3.6).

Air pol lu tion

Air pol lu tion from mo tor ve hi cles and in dus trial ac tiv i ties adds to the
aero sols in the air. Con se quently, in com ing so lar ra di a tion is at ten u -
ated and its dif fuse com po nent in creased. For most cit ies, the re duc -
tion of global so lar ra di a tion is nor mally be low 10%, but may ex ceed
20% in highly pol luted cit ies (Oke 1988b, Arnfield 2003). An other ef -
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Fig. 3.2
The re la tion be tween ther mal 
ad mit tance µ and den sity of 
build ing ma te ri als and soils. 
For soils, lower val ues are for 
dry soils and the higher val ues 
for sat u rated con di tions.

Sources: Ev ans (1980), Oke (1987) 
and Szokolay (2002).



fect of pol lu tion is that a larger part of the out go ing long-wave ra di a -
tion will be ab sorbed by the at mo sphere and re-emit ted to wards the
ground (Oke 1987).

Green ar eas and veg e ta tion

In ur ban ar eas, bare and veg e tated soils are largely re placed by hard, 
of ten wa ter proof, sur faces. Con se quently, much of the ground’s abil -
ity to re lease en ergy through evap o ra tion and tran spi ra tion is lost.
How ever, green ar eas within cit ies act sim i larly to ru ral ar eas and
are nor mally cooler than built-up ar eas, es pe cially by night. Ir ri gated
green ar eas can be con sid er ably cooler than their sur round ings,
even dur ing day time, es pe cially in semi-arid and arid ar eas.

Sin gle trees and small clus ters of trees can be ef fec tive in pro vid -
ing shade. The shad ing of so lar ra di a tion – in clud ing di rect, dif fuse
and re flected ra di a tion (from the walls and the street) – will keep ur -
ban sur faces cooler, in turn, de creas ing air temperature.

In flu ence of the built en vi ron ment on ur ban cli mate

Short and long-wave ra di a tion

The amount of ab sorbed so lar ra di a tion in an ur ban area de pends
both on the reflectivities of the ur ban sur faces and on the can yon ge -
om e try. The ab sorbed short-wave ra di a tion K* at a sin gle sur face is
cal cu lated as (Oke 1987):

K K K S D S D S D* ( ) ( ) ( )( )= ↓ − ↑ = + − + = − +α α1 (3.2)

where K↓ is the in com ing global ra di a tion, K↑ is the re flected ra di a -
tion, S and D are the di rect-beam and dif fuse ra di a tion com po nents,
re spec tively, and α is the re flec tivity of short-wave ra di a tion.

The di rect-beam ir ra di a tion S on a sur face de pends on its ori en ta -
tion and on the az i muth and al ti tude an gles of the sun. The amount
of dif fuse ir ra di a tion D re ceived at street level de pends on the sky
view fac tor (SVF), which ex presses the por tion of the sky seen from
the street as il lus trated in Fig. 3.3. D de creases with de creas ing sky
view fac tor.

Whereas there is of ten lit tle dif fer ence in re flec tivity be tween ur -
ban and ru ral sur faces (Ap pen dix 2), the over all re flec tivity of the ur -
ban fab ric is gen er ally lower than for ru ral sur faces. This is be cause
the ir reg u lar ur ban sur face tends to trap so lar ra di a tion. Due to mul ti -
ple re flec tions within the can yons, the amount re flected back to the
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Fig. 3.3 Sky view fac tor of an ur ban street can yon. At the mid dle of the street 
of an in fi nitely long can yon, SVF = cosβ.



at mo sphere is small. Steemers et al. (1998) stud ied the re flec tivity of
the en tire ur ban fab rics of some Eu ro pean cit ies, both through scale
mod el ling and sim u la tions us ing the tool Ra di ance, and found that,
com pared to a flat sur face of the same col our, the de crease in re -
flec tivity of ur ban fab rics can be as great as 40%. Us ing nu mer i cal
sim u la tions with a model that takes mul ti ple re flec tions into ac -
count, Arnfield (1990a) could show that the over all re flec tivity of
global so lar ra di a tion (S + D) for an ur ban can yon typ i cally var ies be -
tween 0.06 and 0.15 (Arnfield 1990a). Re flec tivity de creases ap -
proach ing the equa tor and with an in creas ing H/W ra tio.

The net long-wave ra di a tion L* at an ur ban sur face is cal cu lated
as (Oke 1987):

L L L* = ↓ − ↑ (3.3)

where L↓ is the in com ing long-wave ra di a tion from the sky and L↑ is 
the emit ted long-wave ra di a tion from the sur face. The out go ing long-
wave ra di a tion L↑ is al ways greater than the at mo spheric coun ter-
ra di a tion L↓ and there fore L* is neg a tive.

The mag ni tude of the in com ing long-wave ra di a tion from the sky
L↓ de pends on the air tem per a ture and at mo spheric emissivity. The
lat ter de pends, in turn, on the hu mid ity, the cloud cover and the type 
of clouds (Arnfield 1990b, Oke et al. 1991). L↓  is fairly con stant
through out the day and typ i cally var ies be tween about 300 W/m2 for
clear skies to about 400 W/m2 for skies with high hu mid ity and cloud 
cover (Oke et al. 1991, Jonsson et al. 2005). As with dif fuse ra di a tion, 
the amount of in com ing long-wave ra di a tion from the sky reach ing
street level de creases with de creas ing SVF.

The out go ing ra di a tion from an ur ban can yon is com plex. Apart
from ra di a tive ex change with the sky, the can yon sur faces will also
ex change ra di a tion with each other. For a sin gle sur face, the emit ted 
long-wave ra di a tion can be ex pressed as (Oke 1987):

L Ts↑ = ⋅ ⋅ε σ
4

(3.4)

where ε is the emissivity for long-wave ra di a tion at the sur face (see
Ap pen dix 2), σ is the Stefan-Boltzmann con stant = 5.67 ⋅ 10–8

W/m2K4 and Ts is the tem per a ture of the sur face (in de grees Kel vin). 
Sim i larly to in com ing long-wave ra di a tion, the out go ing long-wave
ra di a tion from a can yon is linked to the SVF; the lower the SVF, the
lower the L↑ from the can yon. Con se quently L* di min ishes with
lower SVF (higher H/W ra tio).

Air tem per a ture

The best known char ac ter is tic of the ur ban cli mate is that cit ies are
warmer than their ru ral sur round ings. The ur ban heat is land, which
is pri mar ily a noc tur nal phe nom e non, has been stud ied ex ten sively
through out the 20th cen tury (see e.g. Landsberg 1981, Oke 1982,
Arnfield 2003). Dur ing the day time, ur ban-ru ral tem per a ture dif fer -
ences are nor mally smaller and, as a con se quence of the noc tur nal
heat is land, the di ur nal tem per a ture range is less in ur ban ar eas than 
in ru ral ar eas.

Field stud ies in nu mer ous cit ies, mainly in tem per ate cli mates,
have shown that the mag ni tude of noc tur nal heat is lands in creases
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with in creas ing H/W ra tio (re duced SVF) of street can yons (see e.g.
Oke 1982). The link be tween the noc tur nal heat is land and can yon
ge om e try has been con firmed by Arnfield (1990b) and Oke et al.
(1991) through the sim u la tion of can yon sur face tem per a tures.
These stud ies also dem on strated that the size of the heat is land in -
creases with in creas ing ur ban-ru ral dif fer ences in ther mal ad mit -
tance. By day, the ur ban can yon is a good ab sorber of so lar en ergy
and, be cause of the rel a tively high ther mal ca pac ity of ur ban sur face
ma te ri als, this en ergy is stored in the fab ric and not re leased un til af -
ter sun set (Nakamura and Oke 1988). The size of the ur ban heat is -
land de creases with in creas ing emissivity from the sky (e.g. due to
in creased cloud cover) and with in creased wind speed (Oke 1982).
Con se quently, the larg est urban-rural temperature differences occur
during calm and cloudless nights.

By day, both heat and cool is lands can be found. Day time heat is -
lands are nor mally be lieved to be caused by anthropogenic heat,
whereas cool is lands are at trib uted to the shade cast by build ings
(Oke 1982).

An ex ten sive study of sum mer time air tem per a ture dis tri bu tion in
an ur ban can yon with H/W ≈ 1 in Kyoto (35°N), Ja pan, re vealed that
the air tem per a ture within the can yon was uni form ex cept for within 
about 1m from the can yon’s sur faces (Nakamura and Oke 1988).
This is be cause the air mixes well due to nat u ral and forced con vec -
tion.

The im pact of anthropogenic heat on air tem per a ture is of ten
small and sel dom a ma jor cause of ur ban warm ing, ex cept in some
cit ies where ex ten sive space heat ing or cool ing is com mon and
build ings are poorly in su lated (Oke et al. 1991, Arnfield 2003).

Air pol lu tion re duces both net in com ing short-wave ra di a tion K*
and net out go ing long-wave ra di a tion L* and con se quently the net
ef fect on the ra di a tion bud get (K* + L*) is small. This ex plains why
air pol lu tion has a sur pris ingly lim ited ef fect on air tem per a ture (Oke 
1987, Arnfield 2003).

Green ar eas and veg e ta tion can have a sig nif i cant im pact on air
tem per a ture. Larger parks are cooler than built-up ar eas. Tem per a -
ture dif fer ences of 1–2°C are com mon (Oke 1989) but can reach as
much as 5°C (Spronken-Smith and Oke 1998, Upmanis et al. 1998).
The ma jor rea sons for parks be ing cooler by night in clude more ef fi -
cient cool ing of the ground through net out go ing long-wave ra di a tion 
due to higher SVF and less heat stor age in sur faces com pared to
street canyons.

In arid re gions, ir ri gated green ar eas may be con sid er ably cooler
than built-up ar eas due to the so-called oasis ef fect (Oke 1987). If
there is an ex cess of wa ter, evap o ra tion from veg e ta tion and moist
soil be comes so strong that en ergy is taken from the air, caus ing it to 
cool. How ever, if ir ri ga tion ceases, the ef fect will eventually dis ap -
pear.

For sin gle trees and small clus ters of trees, the ef fect of evap o ra -
tion on air tem per a ture is mar ginal; Oke (1989) es ti mates this to be
lower than 0.5°C. How ever, due to shad ing of the ground, air tem per -
a tures may be re duced. Shashua-Bar and Hoffman (2000) found
2–4°C cooler air tem per a tures in tree-lined streets in Tel Aviv, Is rael.
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They also found that dur ing the night, the trees blocked the out go ing
long-wave ra di a tion from the can yon sur faces and noc tur nal cool ing
was there fore re duced. Con se quently, the trees helped cre ate a
more con ser va tive cli mate with cooler days and warmer nights.

Hu mid ity

In gen eral, ur ban-ru ral hu mid ity dif fer ences are small. How ever,
there is a ten dency for cit ies to be slightly more hu mid by night and
dryer by day than their ru ral sur round ings (Oke 1987). This phe nom -
e non is of ten called ur ban mois ture ex cess (Holmer and Eliasson
1999, Mayer et al. 2003). The fact that cit ies are, in gen eral, more hu -
mid by night is be lieved to en hance the heat is land ef fect slightly,
since the in com ing long-wave ra di a tion L↓ above cit ies in creases
com pared to the sur round ing ru ral ar eas (Oke et al. 1991).

Wind

The com plex geo met ri cal forms of ur ban ar eas, com pris ing build -
ings with sharp edges, strongly af fect re gional winds blow ing
through and over a city. Mea sure ments and wind tun nel tests have
shown that re gional hor i zon tal wind speed is re duced to 25–50%
(Glaumann and Westerberg 1988, Bosselmann et al. 1995). How -
ever, the wind pat tern is highly ir reg u lar and char ac ter ised by a high
level of gus ti ness. Lo cally, wind speeds in ur ban ar eas can ex ceed
those of the ru ral sur round ings, es pe cially in the pres ence of high-
rise build ings (Oke 1987, Bosselmann et al. 1995).

Be cause of the vari a tion in the size and shape of build ings and the 
dis tances be tween them, air move ments in ur ban ar eas be come ex -
tremely com plex and it is very dif fi cult to cal cu late or es ti mate prop -
er ties such as di rec tion, speed and gus ti ness. How ever, us ing wind
tun nel tests and field mea sure ments, some ba sic wind phe nom ena
have been ob served and are sum ma rised by Oke (1987, 1988a). For
sev eral par al lel and sym met ri cal ur ban can yons, the wind flow per -
pen dic u lar to the long-axis of the can yon will de pend on the H/W ra -
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Fig. 3.4 Air flow in street can yons with dif fer ent H/W ra tios (Mod i fied af ter Oke 
1987 and Santamouris 2001). The closer the build ings, the more the air 
flow tends to skim over them.



tio ac cord ing to Fig. 3.4. For H/W < 0.3, a low pres sure zone is
formed be hind the build ings on the lee ward side with a cir cu la tory
vor tex flow. At these low H/W ra tios, most of the wind flow en ters
the can yon. As dis tances be tween the rows of build ings de crease,
the vor tex flow will be re in forced be cause of down ward de flec tion
by the next build ing. For H/W > 0.65, a sta ble cir cu la tory vor tex de -
vel ops within the can yon and the cou pling with the air above the
can yon be comes weaker, caus ing most of the flow to skim over the
build ings. In deep can yons, a sec ond ary vor tex is com mon, lo cated
be neath the first and ro tat ing in the op po site di rec tion (Fig. 3.4c).
The cou pling be tween the can yon and the air above it thereby de -
creases with in creas ing H/W ratio. In deep canyons, this results in
the canyon air becoming isolated from the air above.

The wind pat terns may be more com plex for ir reg u lar ur ban
forms and for wind di rec tions other than per pen dic u lar. For wind
flows par al lel to an ur ban can yon, wind speeds may be in creased
due to chan nel ling (Oke 1987).

The en ergy bal ance of an ur ban can yon

In re cent de cades, ur ban cli mate re search has, to a great ex tent, fo -
cused on the en ergy bal ance of ur ban ar eas (Arnfield 2003). This bal -
ance in cludes all the en ergy pro cesses in volved in the for ma tion of
the ur ban cli mate and il lus trates the di ur nal vari a tion of dif fer ent en -
ergy fluxes and how they re late to each other. The ba sic idea is that
the in put from ra di a tion and anthropogenic heat has to be bal anced
with the re lease of sen si ble and la tent heat. How ever, there is also
heat en ter ing and leav ing the can yon through the hor i zon tal trans -
port of air (advection) and heat that is stored in the ur ban sur faces.

For a vol ume con sist ing of a street can yon (Fig. 3.5), or a larger ur -
ban area, the en ergy bal ance is nor mally ex pressed as (Oke 1987,
Arnfield 2003):

44

Ur ban De sign and Out door Ther mal Com fort in Warm Cli mates Erik Johansson

Fig. 3.5 The street can yon vol ume ac tive in the en ergy bal ance in equa tion 3.5. 
The bound aries of the vol ume con sist of the can yon top, the in ner 
sur face of the can yon walls and the lower limit of the ac tive soil.



(K* + L*) + QF = QH + QE + ∆QS + ∆QA  (3.5)

where K* and L* are net in com ing short and long-wave ra di a tion re -
spec tively, QF is anthropogenic heat, QH is sen si ble heat, QE is la tent
heat, ∆QS rep re sents net heat stor age and ∆QA is the net advection
through the sides of the vol ume. All fluxes are in W/m2.

The net ra di a tion1, K*+L*, is pos i tive dur ing the day be cause the
ab sorbed so lar ra di a tion is greater than the net out go ing long-wave
ra di a tion (Fig. 3.6). At night, how ever, when there is no so lar ra di a -
tion (K* = 0), net ra di a tion con sists en tirely of net out go ing long-
wave ra di a tion (L*) and is there fore neg a tive. As men tioned above,
anthropogenic heat QF is nor mally small com pared to the ra di a tion
in put.

The sen si ble heat QH re leased (or ab sorbed) de pends on the tur -
bu lence of the at mo sphere and the tem per a ture gra di ent be tween
the sur face and the air. The QH re leased from a sur face can be cal -
cu lated as (Arnfield and Grimmond 1998):

QH = h(Ts – Ta) (3.6)

where h is the over all heat trans fer co ef fi cient from ra di a tion and
con vec tion, Ts is the sur face tem per a ture and Ta is the air tem per a -
ture. From equa tion 3.6, it can be seen that QH in creases with in -
creased con vec tion and in creased air-sur face tem per a ture dif fer -
ence. Con se quently, QH is high dur ing the day when both sur face
tem per a ture and nat u ral con vec tion are high, par tic u larly on sunny
days (Fig. 3.6).

Sim i larly to QH, la tent heat QE is de pend ent on air tur bu lence (the
more tur bu lent, the higher QE) and the hu mid ity gra di ent (the
greater the dif fer ence in hu mid ity be tween the sur face and the air,
the higher the QE). Con se quently, QE will be great when sur faces are 
moist and when the sur round ing air is dry. If the re lease of la tent
heat QE in creases due to evap o ra tion, the sen si ble heat QH will di -
min ish (at ex treme evap o ra tion rates, QH may be come neg a tive and
the air cools, caus ing the “oasis ef fect” men tioned above).
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Fig. 3.6
The en ergy bal ance 
ac cord ing to equa tion 3.5
for an ur ban can yon in
Van cou ver, Can ada. 
K*+L* = net short and
long-wave ra di a tion, 
QH = sen si ble heat, 
QE = la tent heat and 
∆QS = heat stor age. 
The anthropogenic heat 
QF and advection ∆QA

were not mea sured and
are in cluded in the other
heat fluxes. They are, how -
ever, as sumed to be small.
(Mod i fied af ter Oke 1987).

1 The all-wave net ra di a tion K*+L* is of ten de noted Q*.



The heat stor age com po nent ∆QS com prises heat stored in ur ban
sur faces, both in façades and in the ground down to the depth at
which each sur face is ac tive. Its mag ni tude de pends on the heat ca -
pac ity and ther mal ad mit tance of the can yon sur faces (see Ap pen dix 
2). As can be seen in Fig. 3.6, ∆QS is mainly pos i tive dur ing the day
(heat is stored in the ur ban sur faces) and neg a tive dur ing the night
(heat is re leased from ur ban sur faces).

The advective com po nent ∆QA, which con sists of hor i zon tal air
move ments be tween ur ban and ru ral sites, or be tween dif fer ent ur -
ban sites, de pends on the wind speed and how per me able the ur -
ban area is to air move ments. How ever, for ur ban sites sur rounded
by ar eas of sim i lar ur ban form and land use, ∆QA can of ten be ne -
glected, as sum ing no net hor i zon tal en ergy ex change, es pe cially if
wind speeds are low (Oke 1987, Oke 1988b).

In Fig. 3.6, it can be seen that net day time ra di a tion (K*+L*) re -
sults pri mar ily in sen si ble heat QH and heat stor age ∆QS. The can yon
in ques tion had a grav elled road, re sult ing in a small amount of la -
tent heat QE (for im per vi ous sur faces, QE is nor mally neg li gi ble).
More over, it can be seen that dur ing the night, the net out go ing long-
wave ra di a tion L* (neg a tive) equals the re lease of heat from the sur -
faces (∆QS is also neg a tive).

In this study, the en ergy bal ance of the ur ban can yon (equa tion
3.5) was used to iden tify strat e gies to im prove the mi cro cli mate, see
Sec tion 5.2 and Paper IV.

3.2 Out door ther mal com fort
Ac cord ing to ASHRAE, ther mal com fort is de fined as the “con di tion
of mind that ex presses sat is fac tion with the ther mal en vi ron ment”
(ASHRAE 1997). An other def i ni tion is the ab sence of ther mal dis -
com fort, that is to say, that an in di vid ual feels nei ther too warm nor
too cold (McIntyre 1980). The tem per a ture of this state is re ferred to
as the neu tral tem per a ture. How ever, ther mal sen sa tion is sub jec -
tive, mean ing that not all peo ple will ex pe ri ence com fort in the same 
ther mal en vi ron ment. For in door con di tions, com fort zones are typ i -
cally im ple mented to sat isfy 80% of peo ple (Foun tain and Huizenga
1994). The com fort zone is of ten ex pressed as a tem per a ture range
around the neu tral tem per a ture.

Out doors, the ther mal com fort range is wider than in doors, span -
ning from ther mal com fort to a stress ful en vi ron ment (Spagnolo and
de Dear 2003, Em man uel 2005a). More over, out door con di tions
show large tem po ral and spa tial vari a tions and the ther mal bal ance
of the body is sel dom in steady state as it is in con trolled in door en vi -
ron ments. In warm cli mates, which are the fo cus of this study, it is
well known that men tal and phys i cal per for mance de te ri o rates at
high tem per a tures and that heat stress may lead to heat-related
illness (McIntyre 1980).

The heat bal ance of the hu man body

A good way to il lus trate all of the vari ables that in flu ence ther mal
com fort, and how these inter-re late, is to study the en ergy bal ance of 
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the hu man body. Many of the most com mon ther mal in di ces for in -
door con di tions are based on this heat bal ance (McIntyre 1980).

The in put in the heat bal ance is the met a bolic heat pro duc tion of
the body and the out put is the sum of heat losses through sen si ble
heat flow from the skin, evap o ra tion from the skin and res pi ra tion.
The heat bal ance can be ex pressed as (see e.g. McIntyre 1980,
ASHRAE 1997, Höppe 1999):

M = (R + C) + (Edif + Esw) + (Cres + Eres) (3.7)

where M is the in ter nal heat pro duc tion of the hu man body, R and C
are the ra di a tion and con vec tion heat losses from the outer sur face
of the clothed body (or ex posed skin) re spec tively, Edif is heat loss by 
evap o ra tion of mois ture dif fused through the skin, Esw is heat loss
through the evap o ra tion of sweat and Cres and Eres are the con vec -
tive and evap o ra tive heat losses through res pi ra tion re spec tively.

From a thermo-reg u la tory per spec tive, equa tion 3.7 rep re sents
the re quire ment for ther mal com fort, i.e. heat pro duc tion must equal 
heat losses (McIntyre 1980, Höppe 2002). If the body is not in ther mal 
bal ance its tem per a ture will change and even tu ally be come un com -
fort able. How ever, the heat bal ance can be main tained by phys i o log -
i cal mech a nisms, e.g. sweat ing, even if the body is not ther mally
com fort able. There fore, an ad di tional re quire ment for the state of
ther mal com fort is that mean skin tem per a ture and the rate of
sweat ing should main tain appropriate levels (McIntyre 1980, Höppe
2002).

In this study, the en ergy bal ance of the hu man body (equa tion
3.7) was used to iden tify strat e gies to im prove the mi cro cli mate, see
Sec tion 5.2 and Paper IV.

Vari ables in flu enc ing ther mal com fort

There are four en vi ron men tal vari ables af fect ing the ther mal com fort 
of the hu man body: air tem per a ture, mean ra di ant tem per a ture, air
hu mid ity and air speed. Ad di tion ally, two per sonal vari ables in flu -
ence ther mal com fort: cloth ing and the level of ac tiv ity. How ever,
other per sonal fac tors re lated to ad ap ta tion and acclimatisation have 
proven to af fect ther mal sen sa tion and are dis cussed be low.

Air tem per a ture

The air tem per a ture, de fined as the dry-bulb tem per a ture in the
shade, is one of the most im por tant cli ma tic fac tors in flu enc ing ther -
mal com fort. Both the body’s con vec tive heat loss C and its dry res pi -
ra tion heat loss Cres de crease with in creas ing air tem per a ture. If the
air tem per a ture ex ceeds the sur face tem per a ture of the clothed
body, or of the ex posed skin, which is around 34°C, C is neg a tive and 
there will be con vec tive heat gain.

Ra di a tion

The ab sorp tion of so lar ra di a tion and the ex change of long-wave ra -
di a tion strongly af fect the state of ther mal com fort of the hu man
body. For in door con di tions, the con cept of mean ra di ant tem per a -
ture (MRT) was de vel oped. This is de fined as “the uni form tem per a -
ture of an imag i nary en clo sure in which ra di ant heat trans fer from
the hu man body equals the ra di ant heat trans fer in the ac tual non-
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uni form en clo sure” (ASHRAE 1997). In doors, where short-wave ra di -
a tion is nor mally ab sent, the body ex changes long-wave ra di a tion
with the six room sur faces and the MRT can be cal cu lated by weight -
ing the in flu ence of the tem per a tures of each sur face (see e.g.
McIntyre 1980, ASHRAE 1997). Out doors it is much more com pli -
cated to de ter mine MRT be cause of the ex ten sive vari a tion in ra di a -
tion from dif fer ent sources (Fig. 3.7). The hu man body may re ceive
so lar ra di a tion as di rect and dif fuse, as well as re flected ra di a tion
from build ing façades and the ground. More over, the body ex -
changes long-wave ra di a tion with the sky, with ur ban sur faces and
with ob jects such as trees. The mag ni tude of the ra di a tion from the
dif fer ent sources var ies greatly in space and time. The most ac cu rate 
way to de ter mine out door MRT is by mea sur ing the short and long-
wave ra di a tion from dif fer ent di rec tions and then cal cu lat ing MRT
(see e.g. VDI 1998, Spagnolo and de Dear 2003, Ali-Toudert et al.
2005). How ever, MRT can also be mea sured us ing a globe ther mom -
e ter (see e.g. Nikolopoulou et al. 2001) or can be es ti mated through
cal cu la tions (Matzarakis 2000, Ali-Toudert and Mayer 2006).

The ra di ant heat loss R of the hu man body de creases with in -
creas ing MRT. When MRT is higher than the tem per a ture of the
outer sur face of the clothed body (or ex posed skin), there is a ra di a -
tive heat gain. Oth er wise, R is pos i tive and there is a ra di a tive heat
loss.

Air hu mid ity

A change in the hu mid ity of the at mo sphere af fects ther mal sen sa -
tion in that a per son feels warmer, sweat ier and less com fort able
(McIntyre 1980). Es pe cially un der warm con di tions, when both con -
vec tive C and ra di a tive R heat losses are small, sweat evap o ra tion
Esw is an im por tant mech a nism in main tain ing com fort. When the
liq uid sweat on the skin sur face evap o rates, la tent heat is ex tracted
from the body and a cool ing ef fect is pro duced.
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Fig. 3.7
A per son in a street can -
yon ex posed to di rect
(S), dif fuse (D) and re -
flected (R) short-wave
ra di a tion as well as
long-wave ra di a tion
from the sky (L↓) and
the ur ban sur faces (Lw

and Lst).



The hu mid ity of the air in flu ences both evap o ra tive (Edif and Esw)
and re spi ra tory (Eres) heat losses. As hu mid ity in creases, evap o ra tive
losses will de crease. How ever, ac cord ing to Givoni (1998) hu mid ity
does not in flu ence ther mal sen sa tion be low a crit i cal level. This is
be cause, al though the evap o ra tive ca pac ity of the air di min ishes
with in creas ing hu mid ity, the body com pen sates for this by spread -
ing the sweat over a larger area of skin, thus main tain ing the re -
quired evap o ra tion rate. The same au thor claims, how ever, that
above a cer tain crit i cal level of hu mid ity, part of the la tent heat of
vapori sa tion is taken from the am bi ent air in stead of from the skin.
This will lead to more sweat pro duc tion and thus in creased dis com -
fort due to the feel ing of ex ces sive skin wet ness2. For sub jects with
sed en tary ac tiv ity, Givoni (1998) has de fined this limit to 80% rel a tive
hu mid ity for tem per a tures up to 25°C, cor re spond ing to a vapour
pres sure of about 25 hPa.

Air speed

Air speed is a ma jor fac tor af fect ing the state of ther mal com fort.
Out doors, winds change speed and di rec tion rap idly and a high de -
gree of tur bu lence makes the wind speed feel higher than the mea -
sured mean value (Glaumann and Westerberg 1988, Bosselmann et
al. 1995).

Both the con vec tive heat loss C and the evap o ra tion of sweat Esw

in crease with in creas ing air speed be cause both the con vec tive and
evap o ra tive heat trans fer co ef fi cients in crease in mag ni tude (the in -
su lat ing bound ary layer around the body be comes smaller). Strong
air move ment is thus a dis ad van tage in cold cli mates, but a clear ad -
van tage in hot cli mates.

Per sonal fac tors

Met a bolic heat M de pends on the level of ac tiv ity, which tends to
vary more out doors than in doors, typ i cally from sit ting to fast walk -
ing. Out doors, peo ple dress ac cord ing to sea sonal cli mate vari a tions. 
In creased cloth ing in su la tion leads to a lower tem per a ture dif fer -
ence be tween the outer sur face of the clothed body and the am bi ent 
air tem per a ture. Con se quently, the con vec tive C and ra di a tive R heat 
losses de crease with in creas ing cloth ing in su la tion.

Peo ple adapt phys i cally to an en vi ron ment by ad just ing how they
dress and move, e.g. slow walk ing in hot cli mates, and by avoid ing
ex po sure to ex treme cli mate sit u a tions etc. (Nikolopoulou and
Steemers 2003).

Psy cho log i cal fac tors also in flu ence ther mal com fort. These fac -
tors have gained more at ten tion in re cent years be cause dis crep an -
cies have been found be tween pre dic tions us ing ther mal in di ces
and sub jec tive ther mal sen sa tion. These dis crep an cies have been
found both in doors and out doors and give ev i dence to the fact that
peo ple adapt to their ther mal en vi ron ment (Brager and de Dear
1998, Em man uel 2005a). How ever, psy cho log i cal fac tors are likely to 
be greater out doors where the en vi ron ment is much more com plex
and dynamic (Nikolopoulou and Steemers 2003).
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at the skin sur face. At max i mum loss, the whole skin sur face is wet.



In the hot hu mid cli mate of Bang kok (14°N), Thai land, Busch
(1992) found that peo ple spend ing most of their time in nat u rally
ven ti lated (pas sive) build ings tended to ac cept higher in door tem -
per a tures than those spend ing most of their time in air con di tioned
build ings. He at trib uted the re sults to this dif fer ence in “back ground” 
ex pe ri ence: peo ple ac cus tomed to cool, air con di tioned en vi ron -
ments ex pected, and pre ferred, it to be colder, whereas peo ple who
spent most of their time in warm, non-air con di tioned en vi ron ments
ex pected it to be warm. In the warm-tem per ate cli mate of Syd ney
(34°S), Aus tra lia, Spagnolo and de Dear (2003) found that the com -
fort zone was wider out doors than in doors. Their ex pla na tion is that
peo ple’s ex pec ta tions are dif fer ent out doors be cause the ther mal
en vi ron ment var ies much more in time and space and there is no
way people can control it.

An other fac tor that has proven to in flu ence ther mal sen sa tion is
ther mal his tory, i.e. the cli mate a per son has re cently been ex posed
to (Spagnolo and de Dear 2003, Thorsson et al. 2004). E g, a per son
who has been ex posed to ex treme heat for a long time and moves to 
a shady lo ca tion will ex pe ri ence a dif fer ent ther mal sen sa tion than
some one who has spent a long pe riod of time in the shady en vi ron -
ment.

Ther mal com fort in di ces

A ther mal com fort in dex com bines two or more vari ables into one
sin gle in dex. A great num ber of in di ces try ing to pre dict the state of
ther mal com fort, mainly for in door ap pli ca tions but also for the out -
doors, have been de vel oped (McIntyre 1980, Em man uel 2005a).

Spe cial out door ther mal in di ces

Some ther mal com fort in di ces have been spe cially de vel oped for the 
out doors. Some in di ces, such as the In dex of Ther mal Stress (ITS)
(McIntyre 1980, Givoni 1998) and the Wet-Bulb Globe Tem per a ture
in dex (WBGT) (McIntyre 1980, Em man uel 1997 and 2005a), have
mainly been de vel oped for ex tremely warm out door con di tions,
such as hot work places and mil i tary ac tiv i ties. Con se quently, they
can be clas si fied as heat stress in di ces rather than com fort in di ces
(McIntyre 1980). An other in dex widely used in out door ap pli ca tions
is the tem per a ture-hu mid ity in dex (THI), which com bines air tem -
per a ture and rel a tive hu mid ity (McIntyre 1980, Bitan and Potchter
1995, Em man uel 1997, Deosthali 2000, Em man uel 2005b). How ever,
this in dex has the dis ad van tage of con sid er ing nei ther ra di a tion nor
air speed.

There also ex ist em pir i cally de rived multivariable re gres sion mod -
els, which cal cu late ther mal sen sa tion based on mea sured air tem -
per a ture, so lar ra di a tion, hu mid ity and wind speed (see e.g. Givoni
et al. 2003, Nikolopoulou et al. 2003). Re gres sion co ef fi cients are de -
rived from sub jec tive com fort votes given by in di vid u als. These mod -
els have proven to ac cu rately pre dict ther mal com fort but have the
dis ad van tage of be ing re stricted to the type of en vi ron ment and
climate in which the study took place.
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Ther mal com fort in di ces based on the heat bal ance

The most com monly used ther mal com fort in di ces for in door ap pli -
ca tions are based on the heat bal ance of the hu man body, e.g. the
new ef fec tive tem per a ture (ET*), the stan dard ef fec tive tem per a ture
(SET*), the pre dicted mean vote (PMV) and the phys i o log i cally
equiv a lent tem per a ture (PET). These in di ces have in com mon that
they take into ac count all en vi ron men tal vari ables in flu enc ing ther -
mal com fort.

Both ET* and SET*, which are ex pressed in °C, are cal cu lated
with the same two-node model, where the heat bal ance be tween
the en vi ron ment and a cyl in der is cal cu lated in an it er a tive pro cess
un til equi lib rium is reached, nor mally af ter one hour (Foun tain and
Huizenga 1994). The dif fer ence be tween them is that SET* also in -
cor po rates the level of ac tiv ity and cloth ing in su la tion. A spe cial fea -
ture of ET* and SET* is that in cold en vi ron ments, ther mal com fort is 
re lated to skin tem per a ture (which is a good pre dic tor of ther mal
sen sa tion) whereas in warm en vi ron ments it is de ter mined by the
skin wet ness. The rea son is that skin tem per a ture changes are small
in warm en vi ron ments where sweat ing oc curs (Foun tain and
Huizenga 1994). ET* and SET* have been val i dated by ex ten sive cli -
mate cham ber stud ies es tab lish ing the com fort zones (Foun tain and
Huizenga 1994). Re cently, Pickup and de Dear (2000) adapted SET*
to out door con di tions, call ing the in dex OUT_SET*, by developing a
model to calculate MRT in the complex outdoor environment.

PMV, which is the most widely used ther mal com fort in dex, has
proven to pro vide re li able re sults for ther mal en vi ron ments close to
ther mal com fort. Like SET*, the PMV in dex in cludes the level of ac -
tiv ity and cloth ing in su la tion. A lim i ta tion with PMV is that the heat
bal ance in cludes as sump tions that are valid only for low to mod er ate 
lev els of ac tiv ity and light in door cloth ing (Foun tain and Huizenga
1994, de Dear and Pickup 2000). It does not, e.g., take the vapour re -
sis tance of cloth ing into ac count, which means that the in dex over -
es ti mates the abil ity of sweat to evap o rate from the clothed body.
More over, when hu mid ity is high, PMV does not ac count for a re duc -
tion in sweat ing. The ther mal sen sa tion in hot hu mid en vi ron ments
will thus be worse than the PMV in dex pre dicts. PMV was re cently
ex tended to better pre dict in door com fort in nat u rally ven ti lated
build ings in warm climates by including an expectancy factor
(Fanger and Toftum 2002).

PET, which is ex pressed in °C, is based on a com bi na tion of the
heat bal ance model MEMI (Höppe 1993) and a parts of the two-node 
model used for ET* and SET* (Höppe 1999). It is de fined as “the
phys i o log i cally equiv a lent air tem per a ture at any given place (out -
doors or in doors) and is equiv a lent to the air tem per a ture at which,
in a typ i cal in door set ting, the heat bal ance of a hu man body is
main tained with core and skin tem per a tures equal to those un der
the con di tions be ing as sessed” (Höppe 1999). The con di tions of the
in door ref er ence cli mate en tail air tem per a ture equal to MRT, wind
speed of 0.1 m/s (“still” air) and vapour pres sure of 12 hPa. For a
sed en tary per son wear ing typ i cal in door cloth ing, ther mal com fort is
de fined as PET val ues be tween 18 and 23°C (Matzarakis et al. 1999).
PET dif fers from e.g. the PMV model in that it uses real val ues for
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skin tem per a ture and sweat evap o ra tion. The lat ter is a func tion of
both mean skin tem per a ture and the core tem per a ture of the body
(Mayer and Höppe 1987). Cal cu la tions of heat flux from the core to
the skin and to the outer surface of the clothing are similar to ET*
and SET* (VDI 1998).

There are sev eral lim i ta tions with the ther mal in di ces de scribed
above. A com mon fea ture is that they of ten fail to cor rectly pre dict
the ther mal sen sa tion in en vi ron ments out side the com fort zone or
un der dy nam i cally chang ing con di tions (Foun tain and Huizenga
1994). Ac cord ing to Oseland and Humphreys (1994) one rea son for
this is that sub jec tive ther mal sen sa tion can be quite dif fer ent from
the phys i o log i cal state of the body, es pe cially if cli ma tic con di tions
are not steady or if there are abrupt changes in ac tiv ity and cloth ing.
An other prob lem is that none of the in di ces have been properly
validated for the outdoors.

Al though the ap pli ca bil ity of the in di ces de scribed above is lim -
ited, they have sev eral ad van tages. For ex am ple, they take all en vi -
ron men tal vari ables into ac count and con se quently pro vide a com -
pre hen sive pic ture of the ther mal en vi ron ment. More over, they are
uni ver sal, which makes it is pos si ble to com pare re sults from dif fer -
ent thermal environments.

In this study, ac tiv ity and cloth ing have not been con sid ered, thus
ex clud ing the SET* and PMV in di ces. In stead PET was cho sen. It was 
pre ferred to ET*, since it has been more com monly ap plied in out -
door environments.
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4 Lit er a ture re view

This chap ter con tains a lit er a ture re view of top ics cen tral to this the -
sis. The first two sec tions deal with the ur ban mi cro cli mate and out -
door ther mal com fort re spec tively. Con trary to the gen eral over view
in Chap ter 3, the em pha sis here is on cit ies in hot dry and hot hu mid
cli mates. The third sec tion pres ents mod els and tools to pre dict the
ur ban mi cro cli mate and the fourth sec tion treats ur ban de sign guide -
lines for trop i cal cli mates. Sec tion five is a re view of the con sid er -
ation of cli mate as pects in ur ban plan ning and de sign.

4.1 Mi cro cli mate in trop i cal cit ies
Most stud ies in trop i cal cites have dealt with ur ban-ru ral dif fer ences,
but there are also a few stud ies on intra-ur ban mi cro cli mate vari a -
tion.

Ur ban-ru ral dif fer ences

Air tem per a ture

Jonsson and Lindqvist (2005) re viewed 13 stud ies and con ducted
two in trop i cal, pre dom i nantly hot hu mid, cli mates. Noc tur nal heat
is lands typ i cally var ied by be tween 2 and 5°C. In gen eral, heat is -
lands in the cit ies stud ied were of smaller mag ni tudes than those
found in tem per ate cli mates. More over, al most all stud ies show that
noc tur nal ur ban heat is lands are at their larg est dur ing the dry sea -
son. Jonsson and Lindqvist (2005) ex plain the smaller ur ban-ru ral
tem per a ture dif fer ences as be ing at trib ut able to more hu mid ru ral
sur round ings and higher sky emissivity. There are few stud ies from
hot dry cit ies, al though the sum mer time noc tur nal heat is land in
Phoe nix (33°N), Ar i zona (USA), is around 6°C, which is sim i lar to
tem per ate cli mates (Baker et al. 2002). How ever, Nasrallah et al.
(1990) found a heat is land of only 2°C in the hot dry mar i time cli mate 
of Ku wait City. They ex plain this low value as be ing at trib ut able to
the mod er at ing ef fect of the Per sian Gulf.

Day time con di tions have gained far less at ten tion than noc tur nal
heat is lands, al though the for mer are more im por tant from a hu man
com fort point of view. In their com par i son of trop i cal ur ban heat is -
land stud ies, Jonsson and Linqvist (2005) re port mainly day time heat 
is lands and very few cool is lands. Jáuregui (1997) found fairly high
day time heat is lands in the trop i cal high land city of Mex ico City
(19°N): 2.5°C in the wet sea son and 4–5°C in the dry sea son. He at -
trib utes the lat ter to the higher ab sorp tion of so lar ra di a tion by ur ban
sur faces com pared to sur faces in ru ral ar eas. Jonsson and Linqvist
(2005) found small but fre quent cool is lands in Ouagadougo (12°N),
Burkina Faso, es pe cially dur ing the wet sea son, and at trib ute these
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to evap o ra tive cool ing in the city (the ru ral sta tion was dryer). They
also found cool is lands in Dar es Sa laam (7°S), Tan za nia, but these
were smaller and less fre quent and are be lieved to be a re sult of the
sea breeze (the ru ral sta tion was sit u ated in land from the city).

Hu mid ity

There are few stud ies on ur ban-ru ral hu mid ity dif fer ences. In Mex ico 
City, Jáuregui and Tejeda (1997) found that the spe cific hu mid ity in
ur ban ar eas reached its peak in the eve ning and re mained high
through out the night. A few hours af ter sun rise, hu mid ity be gan to
fall, reach ing its min i mum in the af ter noon. This ten dency was also
found by Adebayo (1991), al though he stud ied only day time vari a -
tions. Con versely, Ali-Toudert et al. (2005) found that the vapour
pres sure in the hot dry desert city of Beni-Isguen (32°N), Al ge ria, was 
higher by day than by night. They sug gest that a pos si ble ex pla na tion 
for this may be the use of wa ter in the kitch ens, which are sit u ated
close to the streets.

Air tem per a ture vari a tions within ur ban ar eas

Field stud ies

A few au thors have stud ied the ef fect of ur ban ge om e try on day time
max i mum tem per a tures in hot dry cli mates. In the hot dry sum mer
of Se ville (37°N), Spain, Coronel and Alvarez (2001) com pared deep
can yons in the city cen tre with the above-roof tem per a ture out side
the city cen tre. By night, they found that the streets were warmer by
2–3°C, while dur ing day time, the deep street can yons were 4–8°C
cooler. In the hot dry desert city of El-Oued (33°N), Al ge ria, Bourbia
and Awbi (2004) com pared the tem per a ture dif fer ences be tween
one tra di tional and one con tem po rary neigh bour hood. For the sum -
mer pe riod, they found that the streets in the tra di tional neigh bour -
hood (H/W ≈ 1.5–2) were slightly warmer by night and 5–6°C cooler
by day than the streets in the con tem po rary neigh bour hood (H/W ≈
0.5–0.6). In their study of the mi cro cli mate in the hot dry desert vil -
lage of Beni-Isguen (32°N), Al ge ria, Ali-Toudert et al. (2005) also
found that the day time max i mum tem per a ture de creased with in -
creas ing H/W ra tio, al though the vari a tion was rather small (2–
2.5°C), de spite ex ten sive vari a tion in av er age H/W ra tios from 0.1 to
6. One pos si ble ex pla na tion sug gested by the au thors is that the
deep est can yon (H/W = 6) was sit u ated close to the city bound ary
and was thus af fected by the much warmer cli mate out side.

In the hot hu mid sum mer cli mate of Dhaka (24°N), Ban gla desh,
Ahmed (1994) found that day time tem per a tures had a ten dency to
de crease with in creas ing H/W ra tio. He found the av er age de crease
to be 4.5°C when the H/W ra tio in creased from 0.3 to 2.8. Sim i larly,
the im por tance of shade for air tem per a ture was in ves ti gated by
Nichol (1996) in hot hu mid Sin ga pore (1°N). She found sig nif i cant
dif fer ences be tween shaded and open places - where the ground
was shaded by ei ther high-rise build ings or shade trees, the av er age
day time air tem per a ture was 1.5–2°C lower than for non-shaded
ground of con crete or grass.
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In their can yon study in a hot dry desert cli mate, Pearlmutter et al. 
(1999) ex am ined the in flu ence of ori en ta tion on the can yon air tem -
per a ture. They found that, by day the north-west ori ented street was
slightly (<1°C) cooler than the east-west ori ented street. By night
there was no dif fer ence be tween the can yons. In a sim i lar cli mate,
Bourbia and Awbi (2004) also found that dur ing day time the north-
west ori ented streets were 1–2°C cooler than the east-west ori ented
streets.

Com puter sim u la tions

Ali-Toudert and Mayer (2005, 2006) sim u lated the mi cro cli mate of
the desert city of Beni-Isguen (32°N), Al ge ria us ing the com puter pro -
gramme ENVI-met (Bruse 2006). They found that dur ing hot dry sum -
mer con di tions, the tem per a ture de creased by about 3°C when the
H/W ra tio in creased from 0.5 to 4 and that north-south streets were
slightly cooler than those ori ented east-west. Their in ves ti ga tions
were re stricted to the sum mer sea son. Swaid et al. (2003) sim u lated
air tem per a tures for Tel Aviv (32°N), Is rael, us ing the CTTC model
(Swaid and Hoffman 1990) and also found lower air tem per a tures
for north–south than east–west streets.

Con clud ing re marks
Most stud ies show that noc tur nal heat is lands are gen er ally smaller
in trop i cal cit ies than in mid-lat i tude cit ies, par tic u larly dur ing the
wet sea son. A likely rea son is that wet soils in ru ral sur round ings
have sim i lar ther mal ad mit tance (see Fig. 3.2) as ur ban sur face ma -
te ri als (see e.g. Oke et al. 1991). By day, the ur ban ar eas may be
warmer or cooler than their sur round ings. The re sults on hu mid ity
are some what con tra dic tory, but it ap pears that cit ies are moister by
night than their ru ral sur round ings.

A ma jor ity of the field stud ies on intra-ur ban vari a tions show that
the ur ban ge om e try has a sig nif i cant in flu ence on air tem per a ture
and that day time max i mum tem per a tures tend to de crease with in -
creas ing H/W ra tios. How ever, the ef fect of street ori en ta tion on air
tem per a ture has proven lim ited. How ever, field stud ies in hot dry cli -
mates have been re stricted to the warm sea son and only a few stud -
ies have been con ducted in hot hu mid cli mates. The few ex ist ing
sim u la tion stud ies con firm the link be tween ur ban ge om e try and air
tem per a ture. The sim u la tions have not in cluded the ef fect of pa ram -
e ters such as surface reflectivity and the thermal mass of canyon
surfaces.

4.2 Out door ther mal com fort in 
trop i cal cit ies

Of ex ist ing in ves ti ga tions on out door ther mal com fort in hot dry and
hot hu mid cli mates, two types can be dis cerned: those only com pris -
ing the o ret i cal cal cu la tions of ther mal com fort (based on mea sure -
ments or sim u la tions of cli ma tic pa ram e ters) and those con sist ing of 
field cam paigns com bin ing cli mate mea sure ments (of ten com bined
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with in dex cal cu la tions) and ques tion naire sur veys on sub jec tive
ther mal sen sa tion.

Cal cu lated ther mal com fort
Pearlmutter et al. (1999) com pared the en ergy ex change of a cyl in -
der rep re sent ing the hu man body within and above an ur ban can yon 
with H/W = 1 in the hot dry Negev High lands (31°N), Is rael. Later
Pearlmutter et al. (2005) used the same ap proach in a phys i cal scale
model placed in the open air with H/W ra tios of 0.33, 0.66, 1.0 and
2.0. In the sum mer, they found that day time en ergy gain di min ished
with in creas ing H/W ra tio. More over, they con cluded that street ori -
en ta tion is im por tant: north-south ori ented streets were sig nif i cantly
more com fort able due to more ef fi cient shad ing of di rect-beam ra di -
a tion. Only re sults from the sum mer pe riod were pre sented and
none of the con ven tional com fort in di ces were cal cu lated, which
makes it dif fi cult to com pare the re sults with other stud ies.

Swaid et al. (1993) used the CTTC model (Swaid and Hoffman
1990) to sim u late the re la tion ship be tween street de sign and ther mal 
com fort, ex pressed as the In dex of Ther mal Stress, in the warm
Med i ter ra nean sum mer cli mate of Tel-Aviv (32°N), Is rael. They found 
that the ther mal com fort was better for H/W = 0.5 than H/W = 1 as
well as in north–south com pared to east–west streets.

Ali-Toudert et al. (2005) and Ali-Toudert and Mayer (2005, 2006)
stud ied the re la tion ship be tween street de sign and ther mal com fort
in the old desert city of Beni-Isguen (32°N), Al ge ria, by both mea sur -
ing and sim u lat ing the mi cro cli mate. Ex ten sive field mea sure ments
(Ali-Toudert et al. 2005) in cluded eight streets and squares with dif -
fer ent H/W ra tios and ori en ta tions. The phys i o log i cally equiv a lent
tem per a ture (PET) was cal cu lated af ter mea sur ing all nec es sary en -
vi ron men tal vari ables. PET was found to vary con sid er ably, mainly as 
a re sult of ex ten sive vari a tions in mean ra di ant tem per a ture (MRT).
Both the MRT and the PET were found to de crease with in creas ing
H/W ra tio. In the af ter noon, PET val ues were around 55°C for the
open square (H/W = 0.1) and the shal low can yon (H/W ≈ 1) and
around 40°C for the deeper can yons (H/W be tween 4 and 6), which
pro vided shade. At around noon, not even the deep can yons could
pro vide shade and val ues were high for all sites. How ever, the
deeper can yons were found to have the ad van tage of short en ing the
du ra tion of high PET val ues. An in ter est ing find ing was that the long-
wave ra di a tion ab sorbed by pe des tri ans ex ceeded the short-wave
ab sorp tion and the au thors stress the im por tance of shad ing the
walls in or der to re duce sur face tem per a tures. The sim u la tions
(Ali-Toudert and Mayer 2005 and 2006) us ing ENVI-met (Bruse 2006)
con firmed the mea sure ments as re gards the re la tion ship be tween
PET and H/W ra tio. They pointed out that MRT de creases much
more than the air tem per a ture as the H/W ra tio in creases. Ad di tion -
ally, they found north-south streets to be more com fort able than
east-west streets and that PET was lower un der col on nades and
shade trees than in non-shaded parts of the ur ban can yon. Fi nally,
they sug gested that streets be ori ented north east-south west or north -
west-south east to achieve a fa vour able com pro mise be tween sum -
mer com fort and so lar ac cess in the win ter.
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Ques tion naire sur veys of ther mal sen sa tion
In his sum mer time field study in hot hu mid Dhaka (24°N), Ban gla -
desh, Ahmed (2003) re corded sub jec tive ther mal sen sa tion votes
and mea sured en vi ron men tal vari ables. He found com fort able con -
di tions at con sid er ably higher tem per a tures and lev els of rel a tive hu -
mid ity than nor mally ac cepted in doors in tem per ate cli mates. The
re ported com fort zone is 27.5–32.5°C, where, how ever, the up per
limit de creases for rel a tive hu mid ity lev els ex ceed ing 75%. More over, 
he con cluded that semi-en closed spaces, where air move ment is re -
stricted but where shade is pro vided, were some times per ceived as
com fort able dur ing the hot test pe riod of the day. This is con tra dic -
tory to the com mon be lief that the most im por tant de sign strat egy in
the hot, hu mid trop ics is to pro vide air move ment.

Ahmed (2003) also found ev i dence of the in flu ence of psy cho log i -
cal fac tors, such as ad ap ta tion, ex pec ta tions and ther mal his tory
(see Sec tion 3.2). For ex am ple, he found that both the tem per a ture
and rel a tive hu mid ity per ceived as com fort able were higher af ter a
lon ger stay in the same place and that of fice work ers ac cus tomed to
a rel a tively cool in door en vi ron ment, per ceived the out door en vi ron -
ment as warmer than street trad ers did, who spent the whole day
out doors. How ever, Ahmed did not cal cu late a com fort in dex, which 
makes it difficult to compare the results with other studies.

Both Spagnolo and de Dear (2003) and Nikolopoulou et al. (2003)
com pared ob jec tive microclimatic mea sure ments (and cal cu la tion
of ther mal in di ces) with the sub jec tive ther mal sen sa tion votes of a
large num ber of sub jects in the warm-tem per ate cli mates of Syd ney, 
Aus tra lia (34°S) and Ath ens, Greece (38°N) re spec tively. They found
a dis crep ancy be tween the mea sured and cal cu lated ther mal com -
fort and sub jec tive ther mal sen sa tion. In gen eral, peo ple ac cepted a
wider range of ther mal con di tions than in doors. Both stud ies point
out the im por tance of phys i cal ad ap ta tion to the out door ther mal en -
vi ron ment, which in cludes sea sonal vari a tion in cloth ing, changes in
met a bolic heat through the con sump tion of cool drinks and changes 
in pos ture and po si tion. Psy cho log i cal fac tors, such as ex pec ta tions
and ther mal his tory also ex plain the dis crep an cies. For ex am ple,
when out doors, peo ple ex pect more cli ma tic vari a tion than indoors,
and this may increase their tolerance.

Con clud ing re marks
The stud ies re viewed show that cal cu lated heat stress di min ishes
with in creas ing H/W ra tios, at least for H/W above about 1, and that
the heat stress is lower for north-south ori ented streets than east-
west streets. How ever, the stud ies have mainly dealt with the sum -
mer sea son in hot dry and warm-tem per ate cli mates and no stud ies
of this kind have been con ducted in hot hu mid cli mates.

As re gards sub jec tively per ceived ther mal com fort, the stud ies in -
di cate a poor cor re la tion with cal cu lated ther mal com fort in di ces.
The stud ies con clude that the com fort range is wider out doors than
in doors. One of the field stud ies re viewed also in di cates that shade
may be suf fi cient to achieve ac cept able ther mal com fort in hot hu -
mid cli mates.
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4.3 Mod els and tools 
pre dict ing ur ban mi cro cli mate

This sec tion is mainly on nu mer i cal com puter mod els that pre dict
microclimatic pa ram e ters, but some other mod els and tools are
treated briefly.

Nu mer i cal mod els
A large num ber of nu mer i cal mod els pre dict ing dif fer ent ur ban cli -
mate vari ables have been de vel oped. In the choice of mod els and
tools for this re view, the em pha sis has been on those pre dict ing mi -
cro-cli mate vari ables such as tem per a ture, hu mid ity, ra di a tion and
wind speed within the ur ban can opy layer. How ever, pure wind sim -
u la tion mod els based on ad vanced com pu ta tional fluid dy nam ics
(CFD) have not been re viewed al though they are ac cu rate and use -
ful tools (see e.g. Tablada de la Torre 2006). The rea son is that most
CFD programmes are com plex and re quire a high level of ex per tise.
Lo cal and meso-scale mod els deal ing with en tire ur ban ar eas and
cit ies have not been con sid ered.

ENVI-met

ENVI-met is a com puter programme that pre dicts mi cro cli mate in ur -
ban ar eas (Bruse 2006). It is based on a three-di men sional CFD and
en ergy bal ance model and is de scribed in de tail by Bruse (1999). A
com pre hen sive sum mary of the model is also pro vided by Ali-
Toudert (2005). See also Pa per IV.

The model takes into ac count the phys i cal pro cesses be tween the 
at mo sphere, ground, build ings and veg e ta tion and sim u lates the cli -
mate within a de fined ur ban area with a high spa tial and tem po ral
res o lu tion, en abling a de tailed study of microclimatic vari a tions. The
hor i zon tal model size is typ i cally from 100 m × 100 m to 1000 m ×
1000 m with grid cell sizes of 0.5–5 m. The fact that the programme
re quires lim ited in put data and that the mod el ling of the ur ban area
is sim ple, makes it user friendly.

The in put data con sist of the phys i cal prop er ties of the ur ban area
of study and lim ited geo graph ical and me te o ro log i cal data. The re -
quired in put data for the build ings are di men sions, re flec tivity, U-
value and in door tem per a ture. Re flec tivity and U-value are the same
for all walls and roofs and the in door tem per a ture is con stant and
the same for all build ings. The model uses de tailed data on soils, in -
clud ing ther mal and mois ture prop er ties. Both the evapotranspira -
tion and shad ing from veg e ta tion is taken into ac count.

The re quired geo graph ical and me te o ro log i cal in put data are lon -
gi tude and lat i tude, ini tial tem per a ture and spe cific hu mid ity of the
at mo sphere at 2500 m (up per model bound ary), rel a tive hu mid ity at
2 m height, wind speed and di rec tion at 10 m height, and cloud
cover. The model pro vides a large amount of out put data in clud ing
wind speed, air temperature, humidity and MRT.

De spite be ing highly com pre hen sive, the ENVI-met model has a
few short com ings. A ma jor lim i ta tion is that it does not take into ac -
count the ther mal mass of build ing en ve lopes (ther mal ca pac ity is
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only in cluded for the ground). This is a sig nif i cant draw back as the
heat stor age of façades ex posed to so lar ra di a tion is not taken into
ac count. An other lim i ta tion is the fact that the in door tem per a ture of
build ings has to be con stant dur ing the sim u la tion pe riod, which is
not re al is tic for nat u rally ven ti lated build ings. Both of the short com -
ings men tioned will af fect the sur face tem per a tures of façades and,
con se quently, mean ra di ant tem per a ture and air temperature.

ENVI-met can be clas si fied as a tool in tended for re search pur -
poses, rather than for de sign ap pli ca tions, since it re quires de tailed
knowl edge of ur ban cli ma tol ogy to be used prop erly. It has been
suc cess fully ap plied to a num ber of ur ban ar eas in a wide range of
cli mates (see e.g. Lahme and Bruse 2004, Ali-Toudert 2005, Ali-
Toudert and Mayer 2005, 2006, Jansson 2006 and Yu and Hien 2006).
How ever, both Ali-Toudert (2005), who sim u lated the hot dry cli mate 
of Ghardaia (32°N), and Jansson (2006), who sim u lated the tem per -
ate cli mate of Stock holm (59°N), found that the programme un der -
es ti mated di ur nal tem per a ture vari a tions.

CTTC

The Clus ter Ther mal Time Con stant (CTTC) model was de vel oped
by Swaid and Hoffman (1990) and cal cu lates di ur nal air tem per a ture 
vari a tion in an ur ban street can yon. The model uses the daily mean
tem per a ture, to which it adds a tem per a ture in crease due to so lar
ra di a tion and subtracts a tem per a ture re duc tion due to the net out -
go ing long-wave ra di a tion. The so lar ad di tion term is based on the
as sump tion that only the por tion of the street heated by di rect so lar
ra di a tion heats up the air in the can yon. The so lar term in cludes the
em pir i cal CTTC term, whose mag ni tude de pends on the ur ban ge -
om e try. Al though the model is sim ple, sim u lated re sults have agreed 
well with field mea sure ments from the sum mer in Je ru sa lem (32°N)
(Swaid and Hoffman 1990). How ever, ac cord ing to Swaid and
Hoffman (1990), the model is re stricted to clear weather con di tions
and the sum mer sea son.

Elnahas and Wil liam son (1997) pro posed fur ther de vel op ment of
the CTTC model. Their mod i fied model takes into ac count both dif -
fuse and re flected so lar ra di a tion and uses hourly, rather than daily
mean, val ues of the near est weather sta tion. This mod i fied CTTC
model, which also in cor po rates cloud cover and anthropogenic
heat, has shown a good cor re la tion with re sults mea sured in Syd ney
(34°S), Aus tra lia.

Later Shashua-Bar and Hoffman (2002) de vel oped the Green
CTTC model, which is a fur ther de vel op ment of the orig i nal CTTC
model by Swaid and Hoffman (1990). The Green CTTC in cludes the
ef fect of shade trees on can yon air tem per a ture.

A ma jor dis ad van tage with the orig i nal (Swaid and Hoffman 1990) 
and Green (Shashua-Bar and Hoffman 2002) CTTC mod els is that
they are re stricted to the sum mer sea son. The mod i fied CTTC model 
by Elnahas and Wil liam son (Elnahas and Wil liam son 1997, Erell and
Wil liam son 2006) may have wider ap pli ca bil ity. How ever, an other
lim i ta tion with these mod els is that they are geo met ri cally re stricted
to or di nary street can yons and only pro vide one pa ram e ter, the air
tem per a ture, as their out put. More over, none of the mod els have, to
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the au thor’s knowl edge, been val i dated for cli mates other than those 
for which they were developed.

Other ur ban can opy layer mod els

A num ber of nu mer i cal mod els have been de vel oped for the ur ban
can opy layer based on the en ergy bal ance of ur ban sur faces and tak -
ing into ac count the ther mal mass of build ings. These in clude, for
ex am ple, the mod els of Mills (1997b) and Kusaka and Kimura
(2004). A key dis ad van tage with these mod els is that they do not ex -
ist as user-friendly com puter programmes and thus re quire a cer tain
level of com pu ta tional skill. More over, sim i larly to CTTC they pro vide 
few out put vari ables and the mod el ling of the ur ban en vi ron ment is
very un re fined (ei ther iden ti cal build ing di men sions and spac ing or
only a sin gle can yon).

Mod els pre dict ing so lar ra di a tion and sur face tem per a tures

The RayMan com puter programme (Matzarakis 2000, Matzarakis et
al. 2000) is a tool for the cal cu la tion of MRT and ther mal in di ces such 
as PET, PMV and SET*. To cal cu late MRT, the programme re quires
build ing ge om e try (length, width and height), in for ma tion about
trees (type, height, width of can opy), global so lar ra di a tion and cloud 
cover. The cal cu la tion pro ce dure is de scribed in de tail in Pa pers I
and III. RayMan’s prin ci pal short com ing is the un cer tainty that ex ists
re gard ing how it cal cu lates sur face tem per a tures. The programme
does not re quire ther mal prop er ties, such as the ther mal ca pac ity
and con duc tiv ity of the sur faces, and it is not pos si ble to set dif fer ent
reflectivities for the street and walls. Nev er the less, it is re ported that
MRTs cal cu lated us ing the programme have shown a good cor re la -
tion with val ues mea sured in cer tain ur ban en vi ron ments
(Matzarakis et al. 2000).

The Solène com puter programme sim u lates, among other things,
short and long-wave ra di a tion, as well as so lar ac cess and shade in
ur ban spaces (CERMA 2006). It re quires de tailed geo met ri cal in for -
ma tion of the built en vi ron ment, as well as ma te rial and sur face
prop er ties. It cal cu lates sur face tem per a tures, mak ing it pos si ble to
es ti mate MRT in ur ban en vi ron ments.

TownScope (Teller and Azar 2001, Azar 2006) is a com puter pro -
gramme that, among other things, cal cu lates so lar ac cess and shade 
in ur ban ar eas and on build ings. TownScope can also cal cu late ther -
mal com fort ex pressed as the PMV in dex, al though the ac cu racy
could be ques tioned since me te o ro log i cal in put data is based on
monthly mean values.

Other mod els and tools

Scale mod els

An al ter na tive to field stud ies and com puter sim u la tions is to es tab -
lish small-scale phys i cal mod els. Scale mod els of this kind can be
used to de ter mine the ef fects of one or more vari ables on the ur ban
cli mate. The best-known scale model re gard ing ur ban cli mate is the
wind tun nel. Other scale mod els have in ves ti gated phe nom ena such 
as the noc tur nal cool ing of ur ban sur faces (Oke 1981), the re la tion -
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ship be tween ur ban ge om e try and in door tem per a tures (Mills 1997a) 
and the so lar ab sorp tion of dif fer ent ur ban fab rics (Steemers et al.
1998). Some re cent scale mod el ling, such as Kanda et al. (2005),
Pearlmutter et al. (2005) and Pearlmutter et al. (2006), com prises
com pre hen sive long-term mea sure ments of sev eral vari ables in
mod els of built-up ar eas in the open air.

The main short com ing of scale mod el ling is that it re quires re -
sources in space and time (the mod els are com pli cated to build up). 
More over, they of ten be come ex pen sive, which may ex plain why
e.g. wind tun nel tests have rarely been per formed in ur ban de vel op -
ment. Con se quently, phys i cal scale mod el ling is gen er ally more suit -
able for re search than as a design tool.

Cli ma tic maps

Cli ma tic maps are graph i cal tools in tended to help plan ners and ur -
ban de sign ers. They ex ist in many dif fer ent forms and scales, from
re gional to de tailed plan ning lev els (Lindqvist and Mattsson 1989,
Katzschner 2000). At re gional and land-use plan ning lev els they pro -
vide cli mate in for ma tion, help ing de ter mine where to build new ur -
ban ar eas. Maps aimed at the de tailed plan ning level, i.e. the neigh -
bour hood scale (scales 1: 5 000 or 1:1 000), typ i cally show air flows
around build ings, ar eas ex posed to strong winds, ther mally un com -
fort able ar eas, du ra tion of sun shine, heat is lands, etc. (Lindqvist and
Mattsson 1989, Katzschner 2000). Re cently, ther mal com fort maps of
dif fer ent scales (city, neigh bour hood or pub lic space) have been de -
vel oped (Svens son et al. 2003, Katzschner et al. 2004). In these
maps, a ther mal in dex is cal cu lated, mak ing it pos si ble to see which
ar eas are more com fort able than oth ers.

One short com ing of cli ma tic maps is that they sel dom give de -
tailed ad vice to plan ners. Their use re quires some ex pe ri ence re -
gard ing cli mate is sues and how cli mate data can be trans formed
into ur ban de sign principles.

Con clud ing re marks
There are few user-friendly com puter programmes and tools that
can pre dict the in flu ence of ur ban de sign on the ur ban mi cro cli mate 
with good pre ci sion. Ex ist ing programmes tend to be ei ther too com -
pli cated or their out put is too lim ited. In this study, ENVI-met was
con sid ered the most ap pro pri ate tool for the sim u la tion part of the
study (see Sec tion 5.2 and Pa per IV). De spite cer tain short com ings, it 
is one of the few nu mer i cal mod els in which a de tailed mod el ling of
the ur ban en vi ron ment is pos si ble and which pro vides de tailed
microclimatic out put. RayMan was used to cal cu late MRT in this
study (see Sec tion 5.1 and Pa pers I and III) in spite of the pos si ble in -
ac cu racy in de ter min ing sur face tem per a tures.
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4.4 Ur ban de sign guide lines for 
trop i cal cli mates

Sev eral stud ies in clude guide lines for cli mate-con scious ur ban de -
sign, both for hot dry and hot hu mid cli mates (e.g. Givoni 1992,
Swaid 1992, Em man uel 1993, Golany 1996, de Schiller and Ev ans
1998, Givoni 1998, Aynsley and Gulson 1999, Em man uel 2005a).
These guide lines cover a wide range of as pects, such as street ori en -
ta tion, ur ban form, shade in pub lic spaces, sur face ma te rial prop er -
ties and build ing types. Many of the guide lines also cover as pects
such as the choice of lo ca tion and the use of green ar eas, al though
these are not treated here.

Guide lines for hot dry cli mates
The ur ban de sign guide lines for hot dry, and sim i lar, cli mates that
have been stud ied are in cluded in Givoni (1992 and 1998), Swaid
(1992), Golany (1996) and Grundström et al. (2003). As re gards street 
ori en ta tion, the sug ges tions by Golany (1996) are in-line with so lu -
tions tra di tion ally found in desert cit ies. He sug gests nar row, wind -
ing, zig zag ging al leys in or der to cre ate max i mum mu tual shad ing by 
build ings and claims that deep can yons of this type pro vide both so -
lar pro tec tion dur ing the day and re main warm dur ing the night.
More over, he claims that this street pat tern pro vides good pro tec tion
against warm and cold winds. Givoni (1998) ar gues that the ori en ta -
tion of streets is pri mar ily re lated to ac cess to, and pro tec tion from,
the sun, whereas ven ti la tion is of sec ond ary im por tance in hot dry
cli mates, since it is mainly needed at night. In con trast to Golany
(1996), his opin ion is that street ori en ta tion should en cour age so lar
heat ing of build ings in win ter and pro tect against so lar ra di a tion in
sum mer. His so lu tion to these vir tu ally in com pat i ble re quire ments is
wide, east-west ori ented streets (0.5 ≤ H/W ≤ 0.7) and nar row, north-
south ori ented streets (3 ≤ H/W ≤ 5). Sim i larly, Grundström et al.
(2003) pro pose a blend of H/W ra tios of 2, 1 and 0.7, where the
lower H/W ra tios are in tended for east-west ori ented streets.

As re gards ur ban form, Golany (1996) sug gests a com pact ur ban
form. He pro poses that build ings be var ied in height in or der to max i -
mize shade and sug gests that pub lic open spaces should be small,
dis persed and well pro tected. Ac cord ing to Givoni (1998), an ur ban
form should be cho sen that both max i mizes the shad ing of pe des tri -
ans and as sures suf fi cient ven ti la tion. Givoni (1992) ar gues that at -
tached houses, such as ter raced houses, are better than de tached
houses, since they have fewer walls ex posed to the sun.

The above-men tioned guide lines em pha size the need for shade
in ur ban pub lic spaces, such as side walks and squares. Ac cord ing to 
Golany (1996), much of the shade is achieved by high H/W ra tios.
Givoni (1998), on the other hand, sug gests shad ing of side walks by
build ing de tails such as over hang ing roofs, hor i zon tal shad ing de -
vices above the side walks or col on nades un der pro ject ing up per
floors. A more un con ven tional ap proach is given by Swaid (1992),
sug gest ing ad just able shad ing screens at roof level in the form of ver -
ti cal screens (to in crease build ing heights), over hangs and lou vers.

62

Ur ban De sign and Out door Ther mal Com fort in Warm Cli mates Erik Johansson



These screens are in tended to be used by day to in crease shade and 
to be re moved at night in or der to in crease the SVF to stim u late noc -
tur nal cool ing. Both Golany (1996) and Givoni (1998) pro mote shade
trees, which also help cool the air through evapotranspiration, al -
though the lat ter points out that planted ar eas re quire ir ri ga tion and
may be ex pen sive to main tain in hot dry cli mates.

Givoni (1998) stresses the im por tance of keep ing sur face tem per -
a tures low to re duce the en ergy ab sorbed by the ur ban fab ric. This
can be achieved through shad ing by build ings and by us ing veg e ta -
tion, but also through high sur face re flec tivity. He ar gues that roofs in 
par tic u lar should use light colours.

Guide lines for hot hu mid cli mates
The ur ban de sign guide lines for hot hu mid cli mates that have been
stud ied are in cluded in Givoni (1992 and 1998), Em man uel (1993
and 2005), de Schiller and Ev ans (1998) and Ainsley and Gulson
(1999). As re gards street ori en ta tion, Givoni (1992) em pha sizes that
this is of im por tance in densely de vel oped rather than sparsely built
ar eas. He ar gues that the op ti mum ori en ta tion of wide av e nues is at
an an gle of 30–60° to the pre vail ing wind di rec tion to en able the
wind not only to pen e trate into the city but also to pro vide cross-
ven ti la tion of in di vid ual build ings.

The guide lines stud ied agree that streets with long rows of closely 
spaced build ings per pen dic u lar to the wind di rec tions should be
avoided as they may block the wind for en tire ur ban ar eas. This is
par tic u larly im por tant in coastal ar eas where the af ter noon sea
breeze can im prove com fort con di tions con sid er ably. Con se quently,
ur ban spaces should, if pos si ble, be aligned in the di rec tion of the
breeze. Aynsley and Gulson (1999) rec om mend that coastal ur ban
spaces have a width at least four times the height of sur round ing
build ings. More over, they em pha size that re quired shad ing veg e ta -
tion and shad ing de vices should be lo cated and de signed to min i -
mize resistance to breeze penetration.

As re gards ur ban form, Givoni (1992) points out that com pact ur -
ban ar eas have poor ven ti la tion and high noc tur nal heat is lands. The
au thors agree that the best ur ban con fig u ra tion in a hot hu mid cli -
mate in cludes dis persed high, slen der build ings, pref er a bly tower
blocks or with the short end per pen dic u lar to the wind di rec tion.
Aynsley and Gulson (1999) rec om mend that such tow ers, which
could rise above a layer of two to three-storey build ings, should be
spaced at least six tower widths apart. This ur ban form is also the
most ad e quate for build ing ven ti la tion and en ables higher pop u la -
tion den si ties. Givoni (1992), how ever, points out that such build ings
are ex pen sive to con struct, op er ate and maintain.

For high-rise build ings, de Schiller and Ev ans (1998) rec om mend
vari a tions in height, ir reg u lar spac ing and open pas sages at ground
level in or der to en cour age the chan nel ling of breezes, help ing di rect 
them to the pe des trian level. They pro pose a sim i lar strat egy for me -
dium-rise build ings in clud ing vari a tions in build ing height, form and
spac ing be tween build ings. For low-rise (one to two-storey) build -
ings de Schiller and Ev ans (1998) sug gest court yard build ings,
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where as Givoni (1998) sug gests de tached houses. The for mer gives
ex am ples of how to group and de sign build ings to pro mote air
move ments for high, me dium and low-rise con struc tion.

The above-men tioned guide lines em pha size the need for shade
in ur ban spaces, which can be achieved through shade trees, shad -
ing de vices such as can vas screens, as well as col on nades for pro -
tec tion from the sun and rain. It is pointed out that shade trees
should be tall with wide can o pies, al low ing them to pro vide pro tec -
tion against di rect so lar ra di a tion at high so lar el e va tions while per -
mit ting air move ment at pe des trian level. Em man uel (2005a), how -
ever, points out that find ing space for trees in dense city cen tres may 
be prob lem atic and that tree main te nance is of ten lack ing. Con trary
to the gen eral con cept of the ma jor ity of the guide lines that hot hu -
mid cli mates re quire a dis persed ur ban form, Em man uel (1993) sug -
gests more closely spaced build ings to en able shad ing. He pro poses
a method called “shadow um brella”, which seeks to de ter mine ad e -
quate building heights for shading purposes (Emmanuel 1993 and
2005a).

The guide lines stud ied point out the im por tance of shad ing the
ground to keep sur face tem per a tures low. To achieve this, they sug -
gest us ing shad ing de vices and veg e ta tion. De Schiller and Ev ans
(1998) also pro pose us ing colours that are as light as pos si ble for
façades and roofs to re duce so lar ab sorp tion in ur ban sur faces. Em -
man uel (2005a), how ever, points out the dif fi culty of keep ing sur -
faces light in ur ban ar eas due to dirt and pol lu tion. More over, he
points out the risk of glare if excessively light surfaces are used.

Con clud ing re marks
To some ex tent, the ex ist ing guide lines are vague, since, with few
ex cep tions, they do not de fine or quan tify de sign as pects such as the 
space be tween build ings, build ing heights, H/W ra tios, etc. In part,
this prob a bly is due to the fact that these guide lines are gen eral for a
larger re gion. De Schiller and Ev ans (1998) point out that their guide -
lines must be ad justed to lo cal cli ma tic fac tors and to other lo cal
con di tions, such as to pog ra phy, ex ist ing ur ban form and build ing tra -
di tions. How ever, the “vague ness” of the guide lines may also be a
re sult of lack of re search on the ac tual ef fects of ur ban de sign on the 
mi cro cli mate.

For hot hu mid cli mates, the ma jor ity of the guide lines re viewed
ar gue for an open, dis persed city plan. This con flicts with the need in 
many trop i cal coun tries to in crease pop u la tion den si ties in cities.
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4.5 Con sid er ation of cli mate as pects in 
ur ban plan ning and de sign

This sec tion re views stud ies on the con sid er ation of mi cro cli mate
and out door ther mal com fort in ur ban plan ning and de sign.

Good and bad ex am ples of 
cli mate-con scious ur ban de sign
Ex am ples of cli mate-con scious ur ban plan ning and de sign in de vel -
op ing coun tries in trop i cal cli mates are scarce. How ever, Ev ans and
de Schiller (1990/91, 1996) re port a few cases where mi cro cli mate
as pects have been suc cess fully im ple mented in ur ban de sign in Ar -
gen tina. A pro ject for the planned new Cap i tal City in cluded an ur -
ban de sign that pro vided wind pro tec tion and al lowed for so lar ac -
cess, al though this pro ject was post poned. More over, the plan ning
code of a mu nic i pal ity in the Bue nos Ai res (34°S) re gion was re vised
to al low tower blocks in stead of a con tin u ous street front age along
River Plate (Rio de la Plata) to en cour age the sea breeze to en ter the 
ur ban area.

Al-Hemaidi (2001) re ports from a res i den tial area in the hot dry
city of Ri yadh (25°N), Saudi Ara bia, where cli mate-con scious de sign
prin ci ples were suc cess fully im ple mented. This was achieved by us -
ing a com pact ur ban de sign with court yard build ings with out set -
backs, ori ented to max i mize shade and wind ex po sure. Eben Saleh
(2001) also re ports from some re cent, more com pact res i den tial ar -
eas in Saudi Ara bia where a fa vour able mi cro cli mate was one of the
pri or i ties, al though there is no in for ma tion on the level of success of
the concept.

How ever, many stud ies from warm coun tries re port that cli mate
is sues are gen er ally not con sid ered in con tem po rary ur ban de sign.
Both Al-Hemaidi (2001) and Eben Saleh (2001) re port that cur rent ur -
ban de sign in Saudi Ara bia has led to an un de sir able mi cro cli mate
around build ings. They ex plain this with the pre scrip tion of an ex -
tremely dis persed ur ban de sign where the pro vi sion of shade is to -
tally lack ing. The cur rent ur ban form is char ac ter ized by grid iron
plans with wide streets where the de tached, low rise “villa” is the
most com mon type of house. Baker et al. (2002) re port from a sim i -
lar ex pe ri ence in hot dry Phoe nix (33°N), in Ar i zona (USA): wide
streets, dis persed low-rise build ings and over sized park ing lots have
con trib uted to ur ban warm ing. Bouchair and Dupagne (2003) found
a sim i lar sit u a tion in the Mzab val ley (32°N), Al ge ria, where con tem -
po rary ur ban de sign lacks the microclimatic qual i ties of the tra di tio -
nal cit ies in the re gion.

Con straints for 
cli mate-con scious ur ban de sign
Ur ban plan ning is a com plex field where dif fer ent as pects have to be 
con sid ered, in clud ing land-use, in fra struc ture, pub lic trans port, aes -
thet ics, etc. More over, econ omy and pol i tics strongly af fect the plan -
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ning pro cess, which may have the ef fect that im por tant ur ban de sign 
as pects are over looked (Owens 1986, Ev ans and de Schiller 1996,
Eliasson 2000). The mi cro cli mate is thus only one as pect in a plan -
ning pro cess char ac ter ised by a mul ti tude of of ten con flict ing in ter -
ests.

Sev eral con straints that can ex plain the lim ited use of cli mate in
ur ban plan ning have been iden ti fied. Both Ev ans and de Schiller
(1996), in their study in Ar gen tina, and Eliasson (2000), in her study
in Swe den, found that nec es sary cli ma tic in ves ti ga tions are of ten
lack ing in town plan ning pro jects due to bud get and time con -
straints. Ev ans and de Schiller (1996) pointed out the lack of com mu -
ni ca tion be tween cli ma tol o gists and plan ners as a prob lem. Re ports
from cli mate con sul tants of ten de scribe only lo cal cli ma tic phe nom -
ena with out giv ing any con crete ad vice to plan ners and ar chi tects on 
how to de sign the particular area.

Eliasson (2000) found ev i dence that cli mate had low pri or ity in
the plan ning pro cess. Is sues such as traf fic safety and build ing de -
sign were con sid ered more im por tant. More over, she iden ti fied the
lack of knowl edge on ur ban cli mate as a ma jor con straint, ham per -
ing plan ners’ ar gu ments in dis putes on con flict ing in ter ests. She also
found that the use of tools for cli mate-con scious ur ban de sign was
lim ited.

Ur ban codes are of ten men tioned as a con straint for cli mate-
con scious ur ban de sign. Se vere prob lems caused by in ap pro pri ate
build ing codes have been re ported from hot dry cli mates. Al-Hema -
idi (2001) and Eben Saleh (2001) both blame the poor out door com -
fort con di tions in Saudi Ara bian cit ies on West ern-in spired plan ning
codes. Baker et al. (2002) re port a sim i lar ex pe ri ence from Phoe nix,
Ar i zona, where cur rent plan ning codes fol low prin ci ples de vel oped
in cold cli mates and lacking requirements for shading.

Many of the world’s ur ban codes have their roots in West ern plan -
ning ide als from the first half of the 20th cen tury. These plan ning
prin ci ples, which were a re ac tion to the ex tremely poor san i tary con -
di tions that ex isted in many West ern cit ies dur ing the 19th cen tury
and be gin ning of the 20th cen tury (Pinson 1994, Bosselmann et al.
1995, Hall 2002), sought to guar an tee “sun light, fresh air and green -
ery” around build ings for health rea sons. Dis tances be tween build -
ings were, for ex am ple, de signed to al low for a suf fi cient num ber of
hours of so lar ex po sure per year (Pinson 1994).

Ways to in cor po rate cli mate is sues in 
plan ning and ur ban de sign
Sev eral stud ies dis cuss how cli mate is sues can be better in cor po -
rated in the plan ning pro cess. Ev ans and de Schiller (1996) urge the
de vel op ment of eas ily un der stood guide lines and de sign rec om men -
da tions in clud ing the graphic pre sen ta tion of ur ban de sign as pects.
They claim that plan ners need guid ance on fac tors such as build ing
den si ties, max i mum build ing heights and build ing forms.

Bitan and Potchter (1995), Ev ans and de Schiller (1996) and Elias -
son (2000) all stress plan ners’ need for guid ance early in the plan -
ning pro cess and the fact that cli ma tic is sues should be in cor po rated 
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through out the pro cess. They point out the im por tance of es tab lish -
ing a di a logue be tween cli ma tol o gists, plan ners, ar chi tects and oth -
ers in volved in ur ban de vel op ment. Eliasson (2000) claims that if cli -
mate as pects are brought in late in the pro cess, plan ners and ar chi -
tects tend to be un will ing to change their de signs. Sim i larly, de
Schiller and Ev ans (1998) em pha size that in cor rect de ci sions at the
town plan ning level are nor mally im pos si ble to cor rect at a later
stage. Ainsley and Gulson (1999) ar gue that out door ther mal com fort 
should be a rou tine as pect of ur ban de vel op ment and that cli ma tic
as pects should be in cluded in ur ban codes at different planning
levels.

Con clud ing re marks
The stud ies re viewed show that cli mate is rarely con sid ered in ur ban 
plan ning and de sign and also in di cate that codes and reg u la tions are 
poorly adapted to lo cal cli ma tic con di tions, of ten act ing as ob sta cles
to cli mate-con scious ur ban de sign. How ever, there are few stud ies
from hot dry and, par tic u larly, hot hu mid cli mates. Most of the stud -
ies stress the im por tance of in creas ing knowl edge on cli mate as -
pects among ur ban plan ners and de sign ers and of in creas ing co op -
er a tion be tween plan ners and ur ban cli ma tol o gists dur ing the en tire
plan ning pro cess.

4.6 Con clu sions
The main con clu sions from this lit er a ture re view are:

• Ur ban de sign has proved to have a con sid er able im pact on ur ban
mi cro cli mate in hot dry and hot hu mid cli mates. Out door ther mal
com fort gen er ally im proves with in creas ing H/W ra tios in ur ban
can yons due to in creased shade.

• There are few user-friendly com puter programmes aimed at pre -
dict ing ur ban mi cro cli mate that pro vide both re li able re sults and
de tailed out put.

• Ur ban de sign guide lines in hot dry and hot hu mid cli mates are of -
ten gen eral in char ac ter and not al ways based on re search. They
need to be im proved through spe cific guid ance on de sign pa ram -
e ters, such as H/W ra tio, ori en ta tion, sur face prop er ties and the
spac ing of build ings.

• Cli mate as pects are rarely con sid ered in ur ban plan ning and de -
sign and ur ban codes are of ten poorly adapted to lo cal cli mate
con di tions and may there fore hin der cli mate-con scious ur ban de -
sign.

How ever, al though these top ics have gained in creased at ten tion in
trop i cal cli mates in re cent years, the num ber of stud ies re mains
small, es pe cially con cern ing hot hu mid cli mates and the cold sea son 
in hot dry cli mates.

This study seeks to bridge some of the gaps men tioned above by
deep en ing the knowl edge on how ur ban de sign in flu ences the ur -
ban mi cro cli mate and out door ther mal com fort through stud ies in
the hot dry city of Fez, in clud ing both sum mer and win ter con di tions, 
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and in the hot hu mid city of Co lombo. The study tries to link mea -
sure ments and sim u la tions of the ur ban mi cro cli mate with an in ves -
ti ga tion of the role of cli mate as pects in the ur ban plan ning and de -
sign pro cesses and an anal y sis of the ef fects of ex ist ing ur ban reg u la -
tions on ur ban mi cro cli mate. The meth ods, re sults and discussion
are presented in the following chapters.
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5 Meth od ol ogy

The re search in this study is multidisciplinary in char ac ter. Its main
ob jec tive is to un der stand how the phys i cal char ac ter is tics of the
built en vi ron ment in flu ence mi cro cli mate and ther mal com fort in ur -
ban ar eas. How ever, the study also ex am ines how cli mate-re lated is -
sues are con sid ered in the ur ban de sign and plan ning pro cesses.

To pro vide re sponses to the re search ques tions pre sented in Sec -
tion 1.3, it was nec es sary for the de sign of the re search pro cess to
com bine var i ous re search meth od ol o gies. The over all de sign could
be clas si fied as ex per i men tal, al though it in cludes a com bi na tion of
the fol low ing re search meth od ol o gies1 (Groat and Wang 2002):

• Ex per i ment

• Sim u la tion

• Qual i ta tive study.

In the com bined ap proach of this the sis, the quan ti ta tive (ex per i -
ment and sim u la tion) meth od ol o gies dom i nate over the qual i ta tive
meth od ol ogy. Within each meth od ol ogy, dif fer ent meth ods, or tech -
niques, have been used.

The aim of the ex per i men tal part of this study was to map vari a -
tions in mi cro cli mate and out door ther mal com fort within each city.
This en tailed field mea sure ments in ar eas with sig nif i cantly dif fer ent
char ac ter is tics, in clud ing vari a tions in ur ban ge om e try, ground cover 
and dis tance to the sea.

How ever, mi cro cli mate vari a tion in cit ies is large and cov er ing all
dif fer ences would re quire ex ten sive mea sure ments. These would
also be re stricted to ex ist ing con di tions in each city. The aim of the
nu mer i cal sim u la tions was to cover a wider range of ur ban de sign.
More over, by us ing a sim u la tion meth od ol ogy, it is pos si ble to iso late 
in de pend ent vari ables in or der to de ter mine their re spec tive im pact.
It may also be pos si ble to pre dict the ef fects of new ur ban de sign op -
tions on the mi cro cli mate and to op ti mize the de sign from a mi cro -
cli mate and ther mal com fort per spec tive.

The pos si bil ity of im ple ment ing such de sign prin ci ples will, how -
ever, de pend on cur rent plan ning and de sign prac tices, aware ness
among pro fes sion als, de sign lim its stip u lated by ur ban codes and so
forth. The aim of the qual i ta tive part of the re search was to ob tain
ba sic knowl edge of the ur ban plan ning and de sign pro cesses, in -
clud ing the role of cli mate and ther mal com fort as pects.

The three meth od ol o gies were com bined in dif fer ent ways in or -
der to ob tain more re li able re search re sults. For ex am ple, the phys i -
cal and at mo spheric pro cesses gov ern ing ur ban cli mate are com -
plex. This makes them dif fi cult to sim u late and the ac cu racy of ex ist -
ing mod els is some times ques tioned. Con se quently, the ex per i men -
tal study was im por tant in val i dat ing and cal i brat ing the re sults of the 
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sim u la tion study. The qual i ta tive study was used to as cer tain
whether the op ti mum de signs ob tained from the sim u la tion study
com plied with cur rent reg u la tions and cur rent ur ban de sign prac -
tices. The mixed meth od ol ogy also helped in iden ti fy ing the
strengths and weak nesses of ex ist ing ur ban codes with re gard to cli -
mate-con scious ur ban de sign.

5.1 Ex per i men tal meth ods
The ex per i men tal part of the study, which is de scribed in de tail in
Pa pers I, II and III, com prised mea sure ments of cli mate vari ables in
ur ban en vi ron ments and es ti ma tions of out door ther mal com fort.
With a few ex cep tions, the mea sure ments were per formed within
the ur ban can opy layer, see Fig. 3.1c.

The pe ri ods dur ing which the ex per i men tal stud ies were con -
ducted were timed to cover the sea sons with the worst ther mal
stress. In the case of Fez, which ex pe ri ences dis tinct cli mate sea -
sons, both the hot dry sum mer and the cold win ter pe ri ods were
cov ered (see Fig. 2.2a). For Co lombo, where an nual cli mate vari a -
tions are small, the cli mate mea sure ments were con ducted dur ing
the most ther mally un com fort able pe riod, which is the inter-mon -
soon pe riod in April–May (see Fig. 2.2b).
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Fig. 5.1 The lo ca tion of the mea sure ment sites in (a) Fez and (b) Co lombo.



Cli mate mea sure ments in 
ur ban street can yons

Mea sure ment sites

The test ing en vi ron ment con sisted of a set of ur ban street can yons –
two in Fez and five in Co lombo. The lo ca tion of the mea sure ment
sites within each city is shown in Fig. 5.1. These ur ban sites were
com pared with a ru ral sta tion out side each city. In Fez, the cli mate
at the of fi cial weather sta tion2, sit u ated at Saïs Air port, about 15 km
south of the city cen tre, was con sid ered rep re sen ta tive of ru ral con -
di tions. In Co lombo, mea sure ments were taken in a ru ral area near
Avissawella, some 30 km east of Co lombo city cen tre.

The can yons were cho sen to be rep re sen ta tive of their re spec tive
neigh bour hoods. The two can yons in Fez were com pletely dif fer ent
in terms of ur ban ge om e try (H/W ra tio) and the amount of the
ground cov ered by build ings. In Co lombo, the dif fer ences in ge om e -
try be tween the five ur ban sites were sig nif i cant, al though not as
great as in Fez. How ever, other pa ram e ters var ied, such as the
amount and type of veg e ta tion, the type of ground cover and the
prox im ity to the sea. The sites in ves ti gated in Fez are shown in Fig.
5.2 and de scribed in de tail in Pa per I. The Co lombo sites are shown
in Fig. 5.3 and de scribed in de tail in Pa pers II and III. The char ac ter -
is tics of the urban canyons studied are shown in Table 5.1.

The ther mal char ac ter is tics of the ur ban sur faces were sim i lar for
all sites in the two cit ies, com pris ing mainly dense ma te ri als, such as 
as phalt, con crete, brick and plas ter. The pre dom i nantly im per vi ous
ground cover of the ur ban sites con trasted with the per me able soils
in the ru ral sur round ings. Whereas mo tor traf fic was very lim ited at
the two sites in Fez, it was in ten sive at some of the Co lombo sites.
How ever, since the im pact of mo tor ve hi cles on the ur ban cli mate
has proven to be very lim ited – ex cept re gard ing air qual ity – it was
not con sid ered in this study. Sim i larly, anthropogenic heat was as -
sumed to have an in sig nif i cant im pact on the mi cro cli mate, since
the heat ing and cool ing of build ings and other heat-generating
activities are limited in both cities.

Vari ables mea sured

• The vari ables mea sured were:

• Air tem per a ture

• Sur face tem per a tures

• Rel a tive hu mid ity

• Wind speed.

At each ur ban site, the tem per a ture and hu mid ity of the air was
mea sured con tin u ously with min ia ture data log gers, which were
shielded against ra di a tion. The log gers were placed at least 3 m
above ground, be cause of pe des trian traf fic and the risk of theft, and
at least 1 m from the near est façade. The mea sure ments are as -
sumed to be rep re sen ta tive of the con di tions at the pe des trian level,
since tem per a ture and hu mid ity vari a tions within ur ban can yons
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have proven to be small ex cept near ur ban sur faces (Oke 2004). The 
com ple men tary, in stan ta neous mea sure ments of air tem per a ture
and hu mid ity were taken at a height of about 2 m. In Fez, sur face
tem per a tures were mea sured both con tin u ously and in stan ta -
neously, whereas in Co lombo, only in stan ta neous mea sure ments
were taken. Wind speed was only mea sured in stan ta neously and on 
a lim ited num ber of oc ca sions.

The pa ram e ters mea sured dur ing each cam paign are shown in
Ta ble 5.2 and the po si tions of the mea sure ment probes are shown in 
Figs. 5.2 and 5.3. The type of equip ment, as well as plans of the mea -
sure ment sites, in clud ing the po si tions of the mea sure ment probes,
are pre sented in Pa per I (for Fez) and Pa pers II and III (for
Colombo).
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Fig. 5.2 The can yons stud ied in Fez and the po si tion ing of the mea sure ment probes.
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Fig. 5.3 The can yons stud ied in Co lombo and the po si tion ing of the mea sure ment probes.



Ta ble 5.2 The cli mate pa ram e ters mea sured dur ing the mea sure ment 
cam paigns for the can yon stud ies.
(Ta = air tem per a ture, Ts = sur face tem per a ture, 
RH = rel a tive hu mid ity, W = wind speed).

City No. of sites Con tin u ous In stan ta neous Time pe riod

Fez 2 Ta, Ts, RH Feb. 2000–Aug. 2001

Ta, Ts, RH, W 2–6 Feb. and 
26–30 June 2000

Co lombo 5 Ta, RH 30 April–12 May 2003

Ta, Ts, RH, W 30 April–8 May 2003

The Fez study also in cluded above-can yon mea sure ments of air
and sur face tem per a tures. More over, ad di tional in stan ta neous mea -
sure ments were taken in can yons with vary ing H/W ra tios and ori en -
ta tion within the two neigh bour hoods stud ied dur ing one sum mer
and one win ter week in 1998 (Rosenlund et al. 2000). In Co lombo,
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Ta ble 5.1 The char ac ter is tics of the ur ban can yons stud ied and their im me di ate sur round ings. 
The ground cover was es ti mated for a ra dius of 200 m around each site. 

Dist.
to Al ti - Ground cover (%)

Land- sea tude Built- Roads,
Site Key Gen eral de scrip tion use Build ings H/W (km) (m) up pav ing Green

Fez

Adarissa, ADA Low-den sity sub urb south of Res i den - Me dium- 0.6 150 420 30 55 15
new city the city cen tre. tial rise (2–3

Some small street trees. stor eys)

Seffarine, SEF Very com pact neigh bour hood Res i den - Me dium- 9.6 150 280 80 20  0
old city in the heart of the old city. tial rise (3–4
(the Deep can yons, de void of (mixed) stor eys)
Me dina) veg e ta tion.

Co lombo

Bank of BoC City cen tre lo ca tion Com mer - High-rise, 0.8   0.2   5 40 55  5
Cey lon, (the cen tral busi ness dis trict). cial/ some
Fort Close to sea-shore, some trees. of fice very high

tow ers

Prince DMP High den sity city cen tre Com mer - Me dium- 1.2   0.5   5 60 40  0
Street, lo ca tion, the old com mer cial cial/resi- rise (3–4
Pettah quar ters, just east of Fort. dential stor eys)

Away from the shore, al most 
de void of veg e ta tion.

Galle GRB Com mer cial sec tor south  Com mer - Low to 0.3   0.3   5 35 55 10
Road, of Fort, some trees. Close to cial/ me dium
Bambala- sea shore, but build ings act as of fice rise (3–4
pitiya a bar rier to sea breeze. res i den - stor eys)

tial

Pa goda NUG Mixed-res i den tial sec tor  Res i den - Low rise 0.1   4  10 30 50 20
Road, south-east of the city cen tre. tial
Nuge- Few street trees, but green 
goda gar dens. Away from the sea.

Uni ver sity UoM Low-den sity, sub ur ban In sti tu - Me dium 0.5   3   5 20 20 60
of Mora- lo ca tion south of the city. tional rise
tuwa High amount of green cover. 

Away from the sea.



tem per a ture, hu mid ity and global ra di a tion above roof level were
mea sured at the Uni ver sity of Moratuwa (UoM) site.

Def i ni tion of sea sons and types of days

For the long-term mea sure ments in Fez, the sum mer pe riod was de -
fined as the pe riod from the end of May to mid-Sep tem ber 2000. Dur -
ing this 3.5-month pe riod, the mean daily max i mum tem per a ture
was above 30°C ex cept for a few days. The win ter pe riod was de -
fined as the three months with the low est mean daily tem per a ture:
Feb ru ary and De cem ber 2000 and Jan u ary 2001.

The two-week mea sure ment pe riod in Co lombo in 2003 in cluded
a va ri ety of weather con di tions rang ing from fairly clear days to over -
cast days, some times with rain fall. The mea sure ment data were di -
vided into clear, partly cloudy and over cast days and nights. In this
study, the def i ni tion of “clear” was cloud cover of <5 octas, “partly
cloudy” 5–7 octas and “over cast” >7 octas. For day time con di tions,
these groups cor re sponded to the fol low ing daily global so lar ra di a -
tion ranges: >5000 Wh/m2, 2000–5000 Wh/m2 and < 2000 Wh/m2 re -
spec tively.

Cal cu la tion of out door ther mal com fort
Out door ther mal com fort was es ti mated through the o ret i cal cal cu la -
tions. The Phys i o log i cally Equiv a lent Tem per a ture (PET) in dex,
which takes all en vi ron men tal fac tors in flu enc ing ther mal com fort
into ac count and is ex pressed in °C, was cho sen for this study. The
in dex is de scribed in Sec tion 3.2. The cal cu la tion of PET re quires
data on air tem per a ture, vapour pres sure, wind speed and mean ra -
di ant tem per a ture (MRT). All of the nec es sary cli ma tic vari ables
were mea sured ex cept cer tain ra di a tion fluxes needed to cal cu late
MRT. Vapour pres sure was de rived from air tem per a ture and rel a tive 
hu mid ity.

For all can yons ex cept the deep can yon in Fez (see Pa per I), MRT
was cal cu lated us ing the RayMan 1.2 com puter programme (Matza -
ra kis 2000), which is de scribed briefly in Sec tion 4.3. The in put data
needed are global so lar ra di a tion (at pe des trian level), cloud cover
and the ur ban ge om e try of the site.

In cal cu lat ing global ra di a tion at pe des trian level, it was nec es sary 
to take shad ing from build ings into ac count. For Fez, where no mea -
sure ments of so lar ra di a tion were taken, global ra di a tion was as -
sumed to be equal to av er age val ues based on the pe riod 1960–90
ob tained us ing the Meteonorm soft ware (Meteotest 1999). For Co -
lombo, the un ob structed global ra di a tion mea sured at the of fi cial
weather sta tion3, sit u ated cen trally in the Cin na mon Gar dens, was
used (see Fig. 5.1). Af ter di vid ing the global ra di a tion into its di rect S
and dif fuse D com po nents, the global ra di a tion at pe des trian level
K↓street was es ti mated as:

K↓street = S + SVF ⋅ D (5.1)

where the sky view fac tor (SVF) is cal cu lated at pe des trian level (1.1
m). This is a sim pli fi ca tion, since re flected ra di a tion from the
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façades is not con sid ered. How ever, such re flec tion is as sumed to
be lim ited com pared to other ra di a tion fluxes.

Each site was geo met ri cally mod elled in RayMan, in clud ing the
size and po si tion of build ings and trees. The re flected short-wave ra -
di a tion from the street and the in com ing long-wave ra di a tion from
the sky and ur ban sur faces was cal cu lated us ing RayMan. The pro -
gramme then cal cu lates MRT ac cord ing to VDI (1998), see Papers I
and III.

Fi nally, PET was cal cu lated us ing the RayMan soft ware. How ever,
the ther mal com fort zone for PET in hot dry and hot hu mid cli mates
has not been de fined. In this study, the up per dis com fort limit pro -
posed by Ahmed (2003) for the sum mer in Dhaka, Ban gla desh, see
Sec tion 4.2, which roughly cor re sponds to PET = 33°C (see Pa per
III), has been in cluded as a ref er ence for Co lombo and the sum mer
in Fez. The lower dis com fort limit sug gested for tem per ate cli mates
– PET = 18°C (Matzarakis et al. 1999) – has been in cluded as a ref er -
ence for the win ter in Fez. It should be noted, how ever, that this limit 
con cerns a seated in di vid ual wear ing typ i cal indoor clothing (see
Section 3.2).

5.2 Sim u la tion meth ods
The sim u la tion part of the study in cluded com puter sim u la tions of
the ur ban mi cro cli mate and cal cu la tion of ther mal com fort.

Choice of model and cal i bra tion
Among the nu mer i cal mod els re viewed in Sec tion 4.3, ENVI-met,
ver sion 3.0 was judged to be the most suit able for the sim u la tion
study. The programme is de scribed briefly in Sec tion 4.3 and in Pa -
per IV.

One mea sure ment site in each city was mod elled in ENVI-met
and the sim u lated mi cro cli mate was com pared with the mea sured
re sults. As a re sult of the de vi a tion be tween mea sured and sim u -
lated re sults, in put data, such as ini tial tem per a ture, the hu mid ity of
the air and soil, as well as the ther mal prop er ties of the ground were
ad justed. The mag ni tude of the so lar ra di a tion was also ad justed to
agree better with the values measured.

The di ur nal tem per a ture vari a tions were found to be un der es ti -
mated by the programme for both the Fez and Co lombo sim u la tions. 
How ever, by low er ing the wind speed in the Fez sim u la tions from 2
m/s to 0.6 m/s, more re al is tic tem per a ture fluc tu a tions could be ob -
tained (the rea son be ing that the programme uses a dif fer ent tur bu -
lence model at such low wind speeds). This ma noeuvre did not
work for the Co lombo case. How ever, in Co lombo, the di ur nal vari a -
tions are less and, con se quently, the dif fer ence be tween simulated
and measured variations was also less.

As men tioned in Sec tion 4.2, ENVI-met 3.0 does not take into ac -
count the ther mal ca pac ity of the build ing en ve lopes. This was com -
pen sated for by in creas ing the ther mal ad mit tance (see Sec tion 3.1)
of the street. The ef fect of in creased build ing den sity was in cluded
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by in creas ing the ther mal ad mit tance of the ground with increasing
H/W ratio.

The cal i bra tion for the Fez and Co lombo cases is de scribed in de -
tail in Pa per IV.

Para met ric mod el ling

Model area and typ i fied street can yons

The test ing en vi ron ment in the sim u la tion part of this study was a
street can yon (Fig. 5.4). The height of the build ings was kept con -
stant at 12 m whereas the width of the can yon var ied. In or der to
avoid in flu ences from the ends of the can yon, the can yon was long,
with a con stant length-to-width ra tio of 15, and with the wind al ways
per pen dic u lar to the long-axis of the can yon. The two build ings were 
en closed by a wall of the same height as the build ings (12 m) in or -
der to re duce the ef fect of advection from the sur round ing “ru ral”
area. The dis tance be tween the build ings and the wall was set equal 
to the width of the street (W). The rea son for choos ing a small
model area was to limit the num ber of grids in or der to re strict com -
pu ta tion time. The area in Fig. 5.4a is to be seen as a part of a larger
ho mo ge neous area.

For each of the cit ies, a base case was cre ated com pris ing a sim -
pli fied ur ban can yon with typ i cal geo met ric char ac ter is tics (H/W ra -
tio), ma te rial prop er ties, façade colours  and ground el e ments. The
in put data of the base cases, which had no veg e ta tion or shad ing de -
vices, are shown in Ta ble 5.3. 
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Ta ble 5.3 In put data for the base cases in Fez and Co lombo.

Fez sum mer Fez win ter Co lombo

Build ing height, H (m)   12   12   12

Street width, W (m)    6    6    9

H/W ra tio    2    2    1.3

In door tem per a ture (°C)   26   20   26

U-value, walls (W/m2°C)    1.5    1.5    1.5

U-value, roof (W/m2°C)    1.5    1.5    1.5

Re flec tivity, façades    0.3    0.3    0.4

Re flec tivity, roofs    0.4    0.4    0.4

Re flec tivity, street    0.3    0.3    0.3

Ther mal ad mit tance a µ, 4100 4100 3500 
 street (J/m2s0.5°C)

a In clud ing the ther mal ad mit tance of the lower parts of the walls, see Pa per IV.

Strat e gies for para met ric mod el ling

The en ergy bal ance of a street can yon (see Fig. 3.6 and equa tion 3.5) 
was used to iden tify strat e gies to im prove the mi cro cli mate of the ur -
ban can yons mod elled for each city. If advection and anthropogenic
heat are ne glected, which is rea son able if the area stud ied is as -
sumed to be suf fi ciently large and if build ings are nei ther heated nor
cooled, sen si ble heat QH can be ex pressed as:

QH = K* + L* –QE –∆QS (5.2)

where K* is the ab sorbed so lar ra di a tion, L* is the net out go ing long-
wave ra di a tion, QE is the la tent heat from evapotranspiration and
∆QS is the net heat stor age in the can yon sur faces.

In a warm cli mate, such as that of Co lombo and of the sum mer in 
Fez, the strat egy to im prove the mi cro cli mate would be to min i mize
sen si ble heat QH. In the day time, the strat e gies will thus in clude:

• De creas ing ab sorbed so lar ra di a tion K* = K↓ – K↑. This can be
achieved through in creased shade (to re duce the in com ing so lar
ra di a tion K↓), ei ther by in creas ing the H/W ra tio or by us ing shad -
ing de vices or shade trees. By us ing light colours, re flected ra di a -
tion K↑ can be in creased. It should be noted that a de cline in K*
through ad di tional shade will au to mat i cally re duce cool ing
through long-wave ra di a tion L*. How ever, since K* is dom i nant
over L* dur ing the day time, the main strat egy is to lower K*.

• In creas ing la tent heat QE. This can be achieved by us ing per me -
able sur faces and veg e ta tion to in crease evap o ra tion and tran spi -
ra tion. The in crease in QE is par tic u larly ef fi cient in hot dry cli -
mates where evap o ra tion is strong. How ever, as rain fall is scarce,
abun dant ir ri ga tion is nec es sary.

• In creas ing heat stor age ∆QS. This can be achieved by us ing heavy
ma te ri als with high ther mal ad mit tance in façades and ground el -
e ments. It should be noted that a high day time ∆QS may be neg a -
tive in a cli mate with warm nights, such as that of Co lombo, since
the heat stored in ur ban sur faces dur ing the day will be re leased
af ter sun set.
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The strat e gies for a cold cli mate, such as the win ter pe riod in Fez,
would be the re verse of those pro posed above, that is, to max i mize
QH. Con se quently, it is nec es sary to iden tify a com pro mise be tween
sum mer and win ter re quire ments.

Sim i larly, the heat bal ance of the hu man body (equa tion 3.7) can
be used to iden tify strat e gies to im prove ther mal com fort in dif fer ent
cli mates. In warm con di tions, the heat loss through the evap o ra tion
of mois ture dif fused through the skin Edif, as well as con vec tive Cres

and evap o ra tive Eres heat loss through res pi ra tion are nor mally small
com pared to the other heat fluxes in the heat bal ance equa tion (see
e.g. Höppe 1999). Con se quently, the en ergy bal ance is main tained
pri mar ily through a bal ance be tween met a bolic heat pro duc tion M,
con vec tive and ra di ant heat losses (C+R) and the loss of heat
through the evap o ra tion of sweat Esw. How ever, the lat ter may also
be re stricted in hot hu mid con di tions, such as in Co lombo, due to
the high lev els of hu mid ity. More over, in warm cli mates, the sen si ble 
heat loss (C+R) is small and R can of ten be neg a tive (ra di a tive heat
gain). It is there fore very im por tant to max i mize ra di a tive and con -
vec tive heat losses. Un der warm con di tions, the strat e gies to im -
prove com fort con di tions in clude:

• In creas ing ra di ant heat loss (or mini mis ing heat gain) R. This is
achieved by low er ing MRT, mainly through the pro vi sion of shade.
Shade is needed both to min i mize ex po sure to so lar ra di a tion and
to lower sur face tem per a tures. Sur face tem per a tures can also be
low ered through the use of lighter colours.

• In creas ing con vec tive heat loss C. This is achieved by in creas ing
air move ments.

In a cold cli mate, such as dur ing the win ter in Fez, the strat egy
would be pre cisely the op po site.

Para met ric study

The sim u la tions were per formed as a para met ric study in which dif -
fer ent parameter char ac ter is tics of the ur ban can yons were sub -
jected to adjustment. Only one pa ram e ter was changed at a time in
or der to de ter mine the rel a tive in flu ence of each. The ef fect of the
fol low ing de sign pa ram e ters on mi cro cli mate and ther mal com fort
were stud ied:

• H/W ra tio

• Street ori en ta tion 

• Reflectivities (colours) of ground and façades

• Ther mal prop er ties of ground ma te ri als

• Col on nades for shad ing of pe des tri ans

• Shad ing trees

• Wind cor ri dors per pen dic u lar to the street (Colombo).

The de sign pa ram e ters stud ied are shown in Ta ble 5.4. The H/W ra -
tios were cho sen to re flect the mea sure ment sites and the ra tios
com monly found in each city. Street ori en ta tion for all sim u la tions
was east-west. How ever, the north-south ori en ta tion was also stud -
ied for each H/W ra tio. Re flec tivity val ues rep re sent re al is tic ranges,
vary ing from dark to light façades, as well as from dark to me dium-
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dark streets. As re gards the ef fect of ther mal mass, the lower ther -
mal ad mit tance value cor re sponds to light ma te ri als in the form of
wooden façades and ground in the form of a light dry soil. The
higher value cor re sponds to façades and ground of high den sity
stone. The ther mal ad mit tance of the street has been en hanced by
add ing the ther mal ad mit tance of the lower parts of the façades, see
Pa per IV.

Ta ble 5.4 The sim u la tion cases for Fez and Co lombo.

Base
case

H/W ra tioa, Fez 0.5 1.0 2 4 8

Co lombo 0.12 0.6 1.3 2 4

Re flec tivity, façades 0.2 0.4b 0.6 0.8

ground 0.1 0.2 0.3 0.4

Ther mal adm., street 600 2500 4100 6500
(J/m2s0.5°C)

Col on nades No Yes

Shad ing trees No Yes

Wind corridors No Yes

a Both east-west and north-south ori en ta tions were tested.
b The re flec tivity of the façades was 0.3 in the base case for Fez.

The ef fect of col on nades was sim u lated ac cord ing to Fig. 5.5. In
both Fez and Colombo east-west ori ented street with col on nades on 
both sides of the street was used. The ef fect of shad ing trees was
sim u lated by plac ing a con tin u ous row of trees along one of the
façades in the base case, see Fig. 5.6.

As a fi nal step, all of the changes found to im prove the mi cro cli -
mate and ther mal com fort at street level were com bined to form a
“best case” sce nario. In the case of Fez, so lu tions were sought that
could im prove ther mal con di tions for both the sum mer and win ter
seasons.
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with col on nades on both sides of the street. (a) Fez, (b) Co lombo.



Sim u la tion of mi cro cli mate and 
cal cu la tion of ther mal comfort
The sim u la tions nor mally started at around sun rise and ran for at
least 12 hours. The time step var ied be tween two and ten sec onds.
The lower value was for high so lar al ti tudes and the higher value for
low so lar al ti tudes and night time.

The Fez sim u la tions were made for 15 Jan u ary and 15 July. For
these days, the so lar ra di a tion was ad justed to rep re sent av er age
con di tions for the win ter and sum mer pe ri ods re spec tively. The Co -
lombo sim u la tions were made for 3 May 2003, which was a “clear”
day and rep re sen ta tive of the most un com fort able weather con di -
tions (see Pa per II). The PET in dex was cal cu lated (see Sec tion 5.1)
on the ba sis of sim u lated hourly val ues for air tem per a ture and MRT,
as well as mea sured val ues for vapour pres sure and wind speed as
ex plained in Pa per IV. The de tailed out put of the ENVI-met model,
which gives the spa tial vari a tion of the cli mate pa ram e ters within the 
can yon vol ume, makes it pos si ble to cal cu late how the PET in dex
var ies within the can yon (e.g. the dif fer ence in PET be tween ar eas in 
shade and areas exposed to solar radiation).

5.3 Qual i ta tive meth ods
The qual i ta tive study com prised an anal y sis of ex ist ing reg u la tions
re lated to ur ban de sign, as well as in ter views with pro fes sion als in -
volved in the ur ban plan ning and de sign pro cesses.

Anal y sis of ur ban reg u la tions
The doc u ments stud ied con sisted of reg u la tions on ur ban de sign as -
pects, such as build ing heights, spac ing be tween build ings and the
por tion of the ground per mit ted to be oc cu pied by build ings. A list of
the doc u ments stud ied in Fez and Co lombo is shown in Ta ble 5.5.
These doc u ments have also been re ferred to in Chap ter 2.
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Ta ble 5.5 The ur ban reg u la tions stud ied in Fez and Co lombo.

Doc u ment Year Type of reg u la tions

Fez

Land-use plan for the Wilaya of Fez (AUSF 1988) 1988 Zon ing and 
build ing reg u la tions

Land-use reg u la tion of the walled me dina of 
Fez (AUSF and ADER-Fès 1999) 1999 Build ing reg u la tions

By-law con cern ing gen eral reg u la tions of road 1969 Plan ning and
net work and build ing (Ville de Fès 1969). build ing reg u la tions

By-law con cern ing gen eral reg u la tions of road 1952 Plan ning and
net work and build ing (Ville de Ca sa blanca 1952) build ing reg u la tions

Co lombo

City of Co lombo De vel op ment Plan. 1999 Zon ing reg u la tions
Vol ume I (UDA 1999a)

City of Co lombo De vel op ment Plan. 1999 Plan ning and 
Vol ume II (UDA 1999b) build ing reg u la tions

Hous ing and Town Im prove ment Or di nance 1980 Plan ning and 
(Gov ern ment of Sri Lanka 1980) build ing reg u la tions

The main aim of the anal y sis of the ur ban codes was to find out
which rules ap ply in each of the two cit ies stud ied. This in cluded the 
fol low ing in for ma tion:

• Zone types (res i den tial, com mer cial, in dus trial, etc.)

• Build ing types in each zone (at tached, semi-de tached, de tached,
block, etc.)

• Max i mum build ing heights

• Min i mum street widths

• Max i mum plot cov er age

• Min i mum set backs

• Max i mum floor area ra tio (FAR).

The ur ban de sign reg u la tions were trans lated into max i mum H/W
ra tios for both the street and the back yards/court yards. The ur ban
reg u la tions were an a lyzed to as cer tain whether they fa cil i tate or hin -
der cli mate-con scious ur ban de sign.

In ter views with peo ple in volved in ur ban
plan ning and de sign pro cesses
In ter views were held with ur ban plan ners, ur ban de sign ers, ur ban
de vel op ers and ar chi tects. The main aim of the in ter views was to
ob tain in for ma tion re gard ing the ex tent to which cli mate and ther -
mal com fort as pects are con sid ered in cur rent ur ban plan ning and
de sign. An other aim was to ob tain gen eral knowl edge re gard ing the
plan ning pro cess in each city, which is im por tant in be ing able to
pro pose ap pro pri ate plan ning and de sign guide lines.

In for mants were se lected to rep re sent pro fes sion als in volved at
dif fer ent lev els of the ur ban plan ning and de sign pro cesses and in -
cluded rep re sen ta tives of both the pri vate and the pub lic sec tors.
They con sisted of se nior of fi cials at plan ning au thor i ties, uni ver sity
teach ers, pri vate con sul tants in ur ban and ar chi tec tural de sign and
public and private urban developers.
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In Fez, in for mants were se lected through con tacts with ur ban au -
thor i ties in both Fez and Ca sa blanca (Kursis 2001). The in ter views
and meet ings with the in for mants were con ducted as part of a co op -
er a tive pro ject with the Laboratoire Pub lic d’Essais et d’Etudes
(Grund ström et al. 2003). In Co lombo, the key in for mants were se -
lected in co op er a tion with the De part ment of Ar chi tec ture at the Uni -
ver sity of Moratuwa. The num ber of in for mants rep re sent ing dif fer -
ent lev els of plan ning and organization are shown in Table 5.6.

Ta ble 5.6 Num ber of in for mants rep re sent ing dif fer ent lev els of 
ur ban plan ning and de sign, as well as dif fer ent or ga ni za tions.

Feza Co lombo

Pub lic au thor i ties

Na tional plan ning  1

Com pre hen sive plan ning 1  1

De tailed plan ning 2

Land scape plan ning  1

Pri vate con sul tants

De tailed plan ning/ur ban de sign  2

Ar chi tec tural de sign 2  1

Ur ban de vel op ers

Pub lic ur ban de vel oper 1  2

Pri vate ur ban de vel oper  1

Uni ver si ties

Town and coun try plan ning  1

To tal 6 10

a In clud ing one in for mant from Ca sa blanca.

The in ter views in Fez were per formed dur ing the pe riod 1998–
2000 and in Co lombo in May 2003.

In Fez, the in ter views were not struc tured and in stead took the
form of group dis cus sions and per sonal meet ings. In Co lombo,
semi-struc tured in ter views (Widerberg 2002) were con ducted. The
aim of the in ter views was to ob tain in for ma tion on the ex tent to
which cli mate as pects are con sid ered in ur ban plan ning and de sign,
the in for ma tion and tools used, the role of the ur ban codes, con -
straints for cli mate-con scious ur ban de sign, as well as the in ter est in
and de mand for cli mate-con scious ur ban de sign. The interview
guide is shown in Appendix 3.

The anal y sis con sisted of group ing the out put from the in ter views
into themes from which con clu sions could be drawn.
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6 Re sults

The first two sec tions of this chap ter pres ent mea sure ments and the
re sults of cal cu la tions of out door ther mal com fort. The third sec tion
shows re sults from sim u la tions of the ur ban mi cro cli mate and ther -
mal com fort. The fi nal sec tion deals with the re sults of the study on
the con sid er ation of cli mate in the ur ban plan ning and de sign pro -
cesses in the cit ies of Fez and Co lombo.

6.1 Mi cro cli mate mea sure ments
This sec tion sum ma rises the re sults of the cli mate mea sure ments in
Fez and Co lombo. The re sults are pre sented in de tail in Pa pers I and 
II.

Mi cro cli mate in Fez
The re sults pre sented here de rive mainly from long-term mea sure -
ments in the “deep” and “shal low” ur ban can yons shown in Fig. 5.2
and de scribed in Ta ble 5.1. How ever, re sults from short-term mea -
sure ments in the com pact neigh bour hood of Seffarine (in the an -
cient Me dina) and in the dis persed, new sub urb of Adarissa are also
pre sented. The mea sure ment cam paigns are de scribed in Sec tion
5.1.

Sea sonal ur ban–ru ral air tem per a ture vari a tions

The av er age tem per a ture vari a tions for the sum mer and win ter pe ri -
ods de fined in Sec tion 5.1 are shown in Figs. 6.1a and 6.2 along side
the ru ral tem per a tures (Fez air port). The deep street can yon at the
Seffarine (SEF) site had lower max i mum tem per a tures than both the 
shal low can yon at the Adarissa (ADA) site and the ru ral site, both
dur ing the sum mer and win ter. Con versely, day time tem per a tures in 
the shal low can yon were sim i lar to those of the ru ral site, be ing a
few °C warmer in the sum mer pe riod and about 1°C cooler in the
win ter pe riod. Dur ing the night, both can yons dis played typ i cal heat
is lands, whose in ten sity was greater in the deep can yon.

Intra–ur ban air tem per a ture vari a tions

In Figs. 6.1 and 6.2, it can be seen that the af ter noon dif fer ence be -
tween the can yons was es pe cially pro nounced dur ing sum mer. Dur -
ing the warm sea son, the dif fer ence in mean max i mum day time
tem per a tures be tween the two can yons was 6°C, al though the dif fer -
ence was even greater on hot, sunny days (Fig. 6.1b). Dur ing the
win ter pe riod, the max i mum dif fer ence be tween the can yons was
only 3°C.

From the short-term, in stan ta neous mea sure ments at five lo ca -
tions in each neigh bour hood (see Pa per I), it was found that the
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max i mum air tem per a ture tended to de crease with in creas ing H/W
ra tio. Con se quently, in the com pact neigh bour hood in the Me dina, a
dif fer ence as great as 10°C was found be tween dense res i den tial ar -
eas and the more open ba zaar area, only 100–150 m away. In the
sub ur ban, dis persed neigh bour hood, where all streets have a sim i lar 
H/W ra tio, the tem per a ture differences were insignificant.

The short-term mea sure ments did not re flect any sig nif i cant in flu -
ence from street ori en ta tion on air tem per a ture in ei ther neigh bour -
hood.

Sur face tem per a tures

While the sur face tem per a tures of the façades of the deep can yon at 
the SEF site were sta ble, due to al most com plete shade and low
SVF, the shal low can yon at the ADA site showed ex ten sive vari a tion
in sur face tem per a tures de pend ing on ori en ta tion, sur face col our
and height above ground. Dur ing the sum mer pe riod, the max i mum
and min i mum sur face tem per a tures of the deep can yon façades
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Fig. 6.1 Av er age tem per a tures for the can yons in Fez: (a) for the whole sum mer pe riod and 
(b) for the 15 warm est days of the sum mer. (For site keys, see Ta ble 5.1.).

Fig. 6.2
Av er age tem per a tures for
the can yons in Fez dur ing
the win ter pe riod. (For site
keys, see Ta ble 5.1.).



were 28°C and 24°C re spec tively, and the street showed sim i lar tem -
per a tures. In the shal low can yon, on the other hand, the tem per a -
tures of the light-col oured façades var ied be tween 21 and 40°C,
whereas the dark-grey street sur face was the warm est with tem per a -
tures reach ing 50°C. Dur ing the win ter, the ten dency was sim i lar, al -
though tem per a ture fluc tu a tions were smaller. Façade tem per a tures 
var ied be tween 11 and 14°C in the deep can yon and be tween 7 and
23°C in the shal low can yon. How ever, lower por tions of façades in
the shal low can yon dis played lower max i mum and higher min i mum 
sur face tem per a tures due to veg e ta tion pro vid ing so lar shad ing by
day and pre vent ing ra di a tive cool ing by night (see Fig. 5.2).

Hu mid ity

Rel a tive hu mid ity was highly sta ble in the deep can yon at the SEF
site but showed large di ur nal vari a tion in the shal low can yon at the
ADA site, both in sum mer and win ter (Fig. 6.3). Al though rel a tive hu -
mid ity was higher dur ing the win ter pe riod, the hu mid ity in the air –
ex pressed as vapour pres sure – was lower (Fig. 6.3). Both in sum -
mer and win ter, the deep can yon dis played higher vapour pres sure
than the shal low can yon, a dif fer ence that was par tic u larly pro -
nounced on sum mer af ter noons.

Wind speed

The wind speed, which was mea sured in stan ta neously on three oc -
ca sions per day, var ied greatly from day to day and ac cord ing to the
time of the day. Wind speeds were lower and more sta ble in the
deep can yon. The av er age wind speed in the deep can yon was 0.4
m/s dur ing both the sum mer and win ter mea sure ment pe ri ods. The
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Fig. 6.3 Av er age rel a tive hu mid ity (RH) and vapour pres sure (VP) in the can yons 
in Fez dur ing (a) the sum mer pe riod and (b) the win ter pe riod. 
(For site keys, see Ta ble 5.1.).



shal low can yon had an av er age wind speed of 0.7 m/s in sum mer
and 0.8 m/s in win ter.

Mi cro cli mate in Co lombo
The re sults pre sented here de rive from the mea sure ments in the ur -
ban can yons shown in Fig. 5.3 and de scribed in Ta ble 5.1. The mea -
sure ment cam paign is de scribed in Sec tion 5.1.

Ur ban-ru ral air tem per a ture vari a tions

The ur ban-ru ral air tem per a ture dif fer ences dur ing the mea sure ment 
pe riod were sig nif i cant. Un der clear con di tions, dif fer ences were
greater by day than by night. Fig. 6.4 shows the ur ban sites along side
the ru ral site on clear and partly cloudy days. On clear days, most of
the ur ban sites were cooler (up to 4°C) than the ru ral sta tion, where -
as on partly cloudy days, the ur ban sites dis played max i mum tem -
per a tures sim i lar to those of the ru ral site (within ± 1.5°C). Dur ing
clear and partly cloudy nights, a small, but dis tinct, heat is land of
about 3°C was able to de velop (Fig. 6.6). There was a ten dency for
the heat is land ef fect to di min ish with in creased cloud cover.

Intra-ur ban air tem per a ture vari a tions

The intra-ur ban dif fer ences were far greater by day than by night, es -
pe cially on clear, days, but also on partly cloudy, days (Figs. 6.4 and
6.6). On clear days, the intra-ur ban dif fer ence reached 7°C. On over -
cast days, tem per a ture dif fer ences be tween the fixed sta tions were
neg li gi ble, which was to be ex pected since so lar ra di a tion is lim ited
and the sea breeze weak.

Sites with higher H/W ra tios, such as the Bank of Cey lon (BoC)
and the Uni ver sity of Moratuwa (UoM) can yons, were sig nif i cantly
cooler than the shal low Nugegoda (NUG) can yon. The ten dency for
the max i mum tem per a tures (here de fined as the tem per a ture at
14:00 h) to de crease with in creas ing H/W ra tio on clear days is
shown in Fig. 6.5. Al though less pro nounced, the same trend was
also ob served on partly cloudy days. Dur ing the night, there were
small dif fer ences be tween the ur ban sites (Fig. 6.6). The re la tion ship 
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Fig. 6.4 Av er age tem per a tures for the can yons in Co lombo on (a) clear days and 
(b) partly cloudy days. (For site keys, see Ta ble 5.1).



be tween H/W ra tio and noc tur nal heat is lands was weak but to -
wards the end of the night, just be fore sun rise (at 06:00 h), the ten -
dency of in creas ing heat is lands with increasing H/W ratio could be
discerned.

The clear est ev i dence of the sea breeze ef fect can be seen by
com par ing the BoC site with the sites at Galle Road (GRB) and
Pettah (DMP), see Fig. 6.4. All three sites are lo cated roughly equi dis -
tant from the sea. None the less, GRB and DMP are much warmer.
The sea breeze is pre vented from reach ing these sites be cause they

are blocked by a con tin u ous front age of me dium-rise build ings act -
ing as a wind bar rier. The sea breeze is also a fac tor con trib ut ing to
the dif fer ence be tween the cool BoC site and the warm NUG site,
which is about 4 km in land and not affected by the sea breeze.

The ther mal prop er ties of sur face ma te ri als may also have con -
trib uted to the intra–ur ban tem per a ture dif fer ences. For ex am ple,
the only site where per me able ground ex isted (the grav elled road at
the UoM site) was among the cool est by day. At the GRB and NUG
sites, the max i mum heat is land was ob served just af ter sun set. This
may be at trib uted to the dense and dark sur face ma te ri als, which
ab sorb and store large amounts of heat dur ing the day and re lease it
af ter sun set. The phe nom e non was par tic u larly no tice able on nights
fol low ing clear days with high solar radiation.

Sur face tem per a tures

The sur face tem per a tures of façades, side walks and streets var ied
con sid er ably de pend ing on ori en ta tion and sur face col our. Un der
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Fig. 6.5
The re la tion ship be tween
max i mum day time tem -
per a tures (at 14:00 h) and 
the H/W ra tio in Co lombo
on clear days. (For site
keys, see Ta ble 5.1).

Fig. 6.6
Av er age temperatures of
the Co lombo sites dur ing
clear nights. 
(For site keys, 
see Ta ble 5.1).



clearer con di tions, hor i zon tal sur faces, such as con crete pav ing and
as phalt, which are fairly dark (i.e., hav ing low re flec tivity), dis played
tem per a tures of be tween 50 and 60°C in the early af ter noon. The
tem per a ture dif fer ence be tween sun lit and shaded ar eas lo cated
close to one an other was be tween 10 and 20°C.

In gen eral, façades were cooler than hor i zon tal sur faces, es pe -
cially around noon when dif fer ences reached 10–20°C. The rea son
was mainly be cause the an gle of in ci dence was smaller, re sult ing in
lower flux den sity of so lar ra di a tion. How ever, it should also be
noted that some façades were of lighter colours than the streets and
side walks. None the less, un der sunny con di tions, façades were
5–15°C warmer than the surrounding air.

Hu mid ity

The rel a tive hu mid ity var ied be tween sites, but was, on av er age,
around 75% dur ing the day time and around 90% at night. On clear
days, how ever, the rel a tive hu mid ity dropped to 55% at the warm est
sites (Fig. 6.7a). At the ur ban sites, vapour pres sure at night was
found to be slightly higher than at the ru ral site (Fig. 6.7b). Dur ing the 
day, how ever, vapour pres sure was much lower in the ur ban ar eas.
The ob served pos i tive noc tur nal ur ban-ru ral vapour pres sure dif fer -
ence agrees well with other stud ies which also found ur ban ar eas to
have a mois ture ex cess by night (Jáuregui & Tejeda 1997, Holmer &
Eliasson 1999, Mayer et al. 2003).

Wind speed

Wind data re ported from the of fi cial weather sta tions showed low
wind speeds – av er ag ing less than 2 m/s at the city sta tion. The lim -
ited num ber of in stan ta neous mea sure ments in the cho sen street
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Fig. 6.7 (a) Av er age rel a tive hu mid ity (RH) for clear days in Co lombo. 
(b) Av er age vapour pres sure (VP) at the ur ban sites on clear and partly 
cloudy days com pared with the ru ral site. (For site keys, see Ta ble 5.1).



can yons in di cated that wind speeds are higher in shal low can yons
(NUG, GRB) and at the site open to the sea (BoC) than in the deeper
can yons (DMP, UoM).

6.2 Cal cu lated out door ther mal com fort
This sec tion pro vides re sults from cal cu la tions of ther mal com fort
ex pressed as the phys i o log i cally equiv a lent tem per a ture (PET). The
cal cu la tions, as well as the es ti ma tion of dis com fort lim its, are de -
scribed in Sec tion 5.1. The re sults are pre sented in de tail in Pa pers I
and III.

Out door ther mal com fort in Fez
The cal cu lated PET for the sum mer and win ter pe ri ods de fined in
Sec tion 5.1 are shown in Fig. 6.8 for a per son stand ing in the mid dle
of the street. In sum mer, the PET val ues in the deep can yon at the
SEF site were very sta ble within a range of 23 to 28°C (the peak at
14:00 h is a re sult of the so lar beam, which reached down to the
street for a short pe riod) and well be low the as sumed dis com fort
level of PET = 33°C. In con trast, the shal low can yon at the ADA site
had PET val ues that were ex tremely high, ex ceed ing the as sumed
dis com fort thresh old be tween 10:00 h and 18:00 h and reach ing al -
most 50°C in the early af ter noon. In win ter, the deep can yon had low 
PET val ues, both by day and night, whereas the shal low can yon had
very low val ues dur ing the night but reached “com fort able” PET lev -
els in the early af ter noon. It should be noted, how ever, that the dis -
com fort level con cerns a sed en tary per son wear ing in door cloth ing.
The level of dis com fort will be con sid er ably lower for a per son wear -
ing more cloth ing and/or be ing in volved in a higher level of ac tiv ity.

The large dif fer ences in PET be tween the can yons are mainly at -
trib ut able to air tem per a ture vari a tions (see Figs. 6.1 and 6.2) and
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Fig. 6.8 Cal cu lated PET in the mid dle of the street for Fez dur ing (a) the sum mer 
pe riod and (b) the win ter pe riod. The as sumed up per (sum mer) and 
lower (win ter) com fort lim its are in cluded as a ref er ence (dashed lines). 
(For site keys, see Ta ble 5.1).



mean ra di ant tem per a ture (MRT). The lat ter is strongly linked to the
H/W ra tio. In the deep can yon, where peo ple find them selves in al -
most con stant shade dur ing the day, with very lit tle ex po sure to the
cold sky vault, MRT var ied be tween 25 and 28°C (ex cept at 14:00 h,
see Fig. 6.8a) in sum mer and be tween 11 and 13°C in win ter. Con -
versely, there were ex ten sive di ur nal swings in MRT in the shal low
can yon, where both in com ing so lar and out go ing long-wave ra di a -
tion are strong, af fect ing not only peo ple in the street but also the
tem per a ture of the can yon sur faces (see Sec tion 6.1). Dur ing the
sum mer pe riod, di ur nal MRT val ues var ied be tween 16 and 63°C
and, during the winter period, between 2 and 38°C.

The H/W ra tio also in flu ences the wind speed, but the dif fer ence
be tween the can yons turned out to be rather small de spite the ex -
ten sive geo met ri cal dif fer ence. The cal cu lated PET val ues in Fig. 6.8
are based on the as sump tion that the wind speeds have con stant
val ues of 0.4 and 0.8 m/s in the deep and shal low can yons re spec -
tively (see Section 6.1).

Out door ther mal com fort in Co lombo
The cal cu lated PET val ues for a clear day are shown in Fig. 6.9. In
the cal cu la tions, the wind speeds from this day (3 May) have been
as sumed to be con stant through out the day, al though mea sure -
ments were taken on only a sin gle oc ca sion at each site (and not si -
mul ta neously). Fig. 6.9a shows PET for a per son ex posed to so lar ra -
di a tion (i.e. choos ing to walk on the sunny side of the street). At all
sites, val ues are above the as sumed up per com fort zone limit be -
tween 11:00 h and 17:00 h. In the early af ter noon, they far ex ceed
this thresh old, reach ing 40-50°C. Fig. 6.9b shows the cal cu lated PET
val ues for some one choos ing the shady part of the street (when
shade ex ists). At sev eral sites, this im proves ther mal com fort con di -
tions con sid er ably.

The main rea son for ex tremely high day time PET is the ex po sure
to di rect so lar ra di a tion. In tense so lar ra di a tion also re sults in tem -
per a tures of sun lit can yon sur faces be ing con sid er ably higher than
those of the sur round ing air dur ing clear and partly cloudy days. The
sum of these two ef fects leads to high MRT, reach ing val ues above
60°C in the early af ter noon dur ing clear weather con di tions. MRT is
linked to the H/W ra tios of the ur ban can yons, but also to the po si -
tion of the per son within the can yon, i.e. whether ex posed to the sun 
or in the shade. At most of the sites, the ef fect of shade on clear days 
can be seen as a sharp fall in PET (Fig. 6.9b). At the DMP and GRB
sites, for ex am ple, PET drops by more than 10°C when shade is avail -
able. The ef fect is es pe cially no tice able at the UoM site, where hor i -
zon tal shad ing de vices along the north ern façade fa cil i tate shade
through out the day. How ever, note that, around noon, none of the
other sites pro vide suf fi cient shade be cause of the high so lar al ti -
tude. At the NUG site, where the avail abil ity of shade is neg li gi ble,
con di tions are very poor through out the day. Here, shade is available 
only in the early morning and late afternoon.

In a hot hu mid cli mate where weather con di tions vary greatly, the 
mag ni tude of MRT is strongly re lated to sky con di tions. Fig. 6.10
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shows PET on partly cloudy days for some one ex posed to the sun.
On this day (7 May), only a few wind speed mea sure ments were
taken, but the rel a tive dif fer ence be tween the sites was as sumed to
be the same as on 3 May. For the partly cloudy day, the dif fer ences
in PET be tween the sites were smaller than un der clear sky con di -
tions (Fig. 6.9a). How ever, al though the so lar ra di a tion was con sid er -
ably less, the PET val ues were above the as sumed dis com fort
thresh old be tween 11:00 and 16:00 h. Con se quently, shad ing will
also have a pos i tive ef fect dur ing partly cloudy days. When the sky
was com pletely over cast, and so lar ra di a tion weak, PET did not ex -
ceed the dis com fort level and intra-ur ban vari a tions were neg li gi ble,
al though areas with higher wind speeds tended to be more
comfortable.

The sea breeze has a mod er at ing ef fect on PET in that it low ers
the air tem per a ture. The ef fect of the sea breeze can be seen by
com par ing the BoC site, which is open to the sea breeze, with the
GRB and DMP sites. The lat ter sites are also sit u ated close to the sea, 
al though the breeze is blocked by un in ter rupted street front ages, re -
sult ing in poorer ther mal com fort. The ef fect of wind speed can also
be dis cerned in the PET re sults. For ex am ple, the com pact ur ban
form of the DMP site, with the high est H/W ra tio, re duces wind
speed, resulting in high PET values.
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Fig. 6.9 Cal cu lated PET on a clear day in Co lombo (3 May 2003) for a per son 
(a) ex posed to so lar ra di a tion and (b) in shade, where avail able. 
The as sumed up per com fort limit is in cluded as a ref er ence (dashed 
lines). (For site keys, see Ta ble 5.1.).

Fig. 6.10
Cal cu lated PET on a partly 
cloudy day (7 May 2003)
for a per son ex posed to
so lar ra di a tion. The as -
sumed up per com fort
limit is in cluded as a 
ref er ence (dashed lines).
(For site keys, 
see Ta ble 5.1.).



At night, PET is fairly low (Figs. 6.9 and 6.10). The low est val ues
were ob served in the shal lower can yons, which have the high est
wind speeds and the high est lev els of ra di a tive cooling.

6.3 Sim u la tions of mi cro cli mate and 
out door ther mal com fort

This sec tion pres ents the re sults from mi cro cli mate sim u la tions us -
ing the ENVI-met soft ware and sub se quent cal cu la tions of ther mal
com fort. Only day time con di tions are con sid ered. The re sults are de -
scribed in de tail in Pa per IV.

Re sults from the para met ric study
Once the model had been cal i brated against the mea sure ments (see 
Pa per IV), the ef fect of the dif fer ent de sign pa ram e ters de scribed in
Sec tion 5.2 was stud ied. The area mod elled and the street can yons
stud ied are shown in Figs. 5.4–5.6. The re sults are pre sented as cal -
cu lated PET, al though the ef fects of H/W ra tio and street ori en ta tion
on air tem per a ture are also pre sented.

Para met ric study of Fez

Ef fect of H/W ra tio and ori en ta tion

The re la tion ships be tween the max i mum day time air tem per a ture
(de fined as the tem per a ture at 14:00 h) and the H/W ra tio for both
the sum mer and win ter in Fez are shown in Fig. 6.11. For both sea -
sons, the trend is for air tem per a ture to de crease with in creas ing
H/W ra tio. In sum mer, day time air tem per a ture was found to peak
for H/W ra tios of about 1, see Fig. 6.11a. A sharp de crease in air tem -
per a ture was found for H/W ra tios of ≥ 2 in sum mer and for H/W ra -
tios of ≥ 1 in win ter.

In the sum mer case, the day time tem per a ture was found to be
lower in can yons with a north-south ori en ta tion. This is be cause
east-west ori ented streets re ceive so lar ra di a tion dur ing a lon ger pe -
riod of the day. In the win ter case, the east-west streets showed
lower air tem per a tures than the north-south streets, al though the dif -
fer ence was only about 1°C. For both sea sons, the im pact of street
ori en ta tion is neg li gi ble for H/W ra tios of ≥ 2.

Day time PET val ues, cal cu lated as av er age PET at pe des trian level 
(at 1.5 m height), for the Fez can yons are shown in Fig. 6.12 (sum -
mer) and Fig. 6.13 (win ter). The as sumed up per and lower com fort
lim its (see Sec tion 5.1) are in cluded for ref er ence. Dur ing both sea -
sons, and for both east-west and north-south ori ented streets, the
trend is for PET val ues and the du ra tion of high PET val ues to de -
crease with in creas ing H/W ra tios. How ever, for the same H/W ra tio, 
north-south ori ented streets are more com fort able than east-west
ori ented streets, dur ing both sum mer and win ter. The dif fer ence is
most pro nounced for H/W ra tios of be low about 4 since for higher
H/W ra tios the amount of so lar ra di a tion that reaches the street is
small, re gard less of ori en ta tion.
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The peaks at 09:00 h and 15:00 h in the east-west can yon in sum -
mer are due to the fact that the sun is po si tioned due-east and due-
west re spec tively at these times and, con se quently, the en tire can -
yon is ex posed to so lar radiation.

It should be noted that Figs. 6.12 and 6.13 show av er age val ues for 
the whole can yon width. In east-west ori ented streets, for ex am ple,
PET val ues on the north ern side of the street will reach mag ni tudes
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Fig. 6.11Max i mum day time air tem per a ture (at 14:00 h) as a func tion of H/W 
ra tio in Fez for (a) the sum mer (15 July) and (b) the win ter (15 Jan u ary).

Fig. 6.12PET at pe des trian level (av er age for the en tire can yon width at 1.5 m 
height) for the dif fer ent H/W ra tios for the sum mer in Fez (15 July). 
(a) East-west ori ented streets and (b) north-south ori ented streets. The 
as sumed up per com fort limit (dashed line) is in cluded as a ref er ence.



above 20°C dur ing hours of so lar ex po sure in the win ter (see, e.g.
Fig. 6.18b).

Ef fect of sur face re flec tivity

Sur face re flec tivity proved to have a mi nor ef fect on PET at street
level. The dif fer ence in max i mum PET be tween the cases with the
high est and low est re flec tivity was 5°C in sum mer and 2°C in win ter.
How ever, what was un ex pected was that the MRT (and con se -
quently PET) in creases with in creas ing re flec tivity. This sug gests that, 
in these sim u la tions, the ef fect on MRT of in creased re flec tion was
greater than the ef fect of lower sur face tem per a tures. This may be
due to the fact that ENVI-met 3.0 does not take the ther mal mass of
the façades into ac count by. That is to say, the façades are un able to
store the ab sorbed so lar ra di a tion. This has the ef fect that af ter noon
tem per a tures will be un der es ti mated, par tic u larly for dark sur faces.

Ef fect of ther mal mass

PET tended to de crease with in creas ing ther mal ad mit tance µ of the
street sur face. This was ex pected, since the in creased heat pen e tra -
tion into the sub strate will lead to lower sur face tem per a tures in the
day time (and con se quently lower MRTs), as well as less sen si ble
heat. How ever, the ef fect was greater for the sum mer case than for
the win ter case. In sum mer, the dif fer ence in max i mum PET be -
tween the low est and high est µ was about 8°C. In the win ter, the dif -
fer ence was only 2°C. This is be cause less so lar ra di a tion reaches
the street level in the win ter.

Ef fect of shad ing at street level

The ef fect of shad ing by col on nades and a row of trees on max i mum 
PET for the sum mer is shown in Fig. 6.14. It is clear that over head
shad ing sig nif i cantly im proves ther mal com fort con di tions. Be neath
the col on nade, PET is about 18°C lower than in the cen tre of the can -
yon and just be low to the as sumed dis com fort thresh old (Fig. 6.14a). 
The row of trees is a lit tle less ef fi cient than a col on nade since the
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Fig. 6.13PET at pe des trian level (av er age for the en tire can yon width at 1.5 m height) 
for the dif fer ent H/W ra tios for the win ter in Fez (15 Jan u ary). (a) East-west 
ori ented streets and (b) north-south ori ented streets. The as sumed lower 
com fort limit (dashed line) is in cluded as a ref er ence.



tree can o pies have some trans par ency. Be neath the trees, PET is
about 14°C lower than in the cen tre of the can yon, but clearly above
the as sumed dis com fort limit (Fig. 6.14b).

Parametric study of Co lombo

Ef fect of H/W ra tio and ori en ta tion

Con trary to the case of Fez, and con trary to mea sure ment re sults,
the sim u lated air tem per a tures var ied only mar gin ally be tween the
Co lombo cases. The sim u lated max i mum day time tem per a tures
were about 32°C for all sites. The dif fer ences be tween dif fer ent H/W
ra tios and street ori en ta tions were less than 0.5°C. This is prob a bly
due to the tur bu lence model used by ENVI-met, which dif fered from
that used in the Fez sim u la tions be cause of lower wind speeds, see
Sec tion 5.2. See also Pa per IV.

Day time PET (av er age value at a height of 1.5 m) for the Co lombo
can yons on a clear day is shown in Fig. 6.15. The as sumed up per
com fort limit (see Sec tion 5.1) is in cluded as a ref er ence. As with the 
Fez sum mer case, the trend is for both PET val ues and the du ra tion
of un com fort ably high PET val ues to de crease with in creas ing H/W
ra tio. For very low H/W ra tios (be low 0.6), the in flu ence of street ori -
en ta tion is mar ginal, but as the H/W ra tio de creases, north-south ori -
ented streets are more com fort able than east-west ori ented streets.
The for mer have lower max i mum val ues and the du ra tion of un com -
fort able PET val ues is shorter than for the lat ter. To achieve a no tice -
able im prove ment in out door ther mal com fort, east-west streets
would need to be very deep, at least H/W = 4. For north-south ori -
ented streets, a no tice able effect is seen for H/W ratios as low as
about 2.

Ef fect of sur face re flec tivity

Sur face re flec tivity proved to have a mi nor ef fect on sim u lated max i -
mum day time PET at street level. As in the case of Fez, there is an
un ex pected ten dency for PET val ues to in crease with in creas ing re -
flec tivity (see the com ment on the Fez re sults above). For the Co -

97

Chapter 6 Re sults

Fig. 6.14Ef fect of shade on max i mum PET (at 15:00 h) for the sum mer in Fez 
(15 July): (a) east-west street with col on nades on both sides, 
(b) east-west street with a row of trees along one of the façades.



lombo case, the dif fer ence in PET be tween the dark est and light est
al ter na tive was 2°C.

Ef fect of ther mal mass

As in the case of Fez, PET tended to de crease with in creas ing ther -
mal ad mit tance ì of the street. How ever, the dif fer ence in max i mum
day time PET was only 5°C be tween the low est and high est ì value.

Ef fect of shad ing at street level

The ef fect of shad ing by col on nades and rows of shad ing trees on
max i mum PET is shown in Fig. 6.16. Max i mum PET was about 10°C
lower un der the col on nades than in the cen tre of the can yon. None -
the less, the sim u lated val ues are still higher than the as sumed dis -
com fort thresh old. The trees are a lit tle less ef fi cient than a col on -
nade, since tree can o pies pro vide some trans par ency and their abil -
ity to re duce PET was lim ited to about 7°C.
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Fig.6.15 PET at pe des trian level (av er age for the en tire can yon width at a height 
of 1.5 m) for dif fer ent H/W ra tios on a clear day in Co lombo (3 May). 
(a) East-west ori ented streets and (b) north-south ori ented streets. 
The as sumed up per com fort limit (dashed line) is in cluded as a ref er ence.

Fig. 6.16Ef fect of shade on max i mum PET (at 15:00 h) in Co lombo (3 May). 
(a) East-west street with col on nades on both sides, 
(b) east-west street with a row of trees along one of the façades.



Ef fect of wind corridors

Al though sim u lated wind speeds were un re al is ti cally low, the open -
ing up spaces per pen dic u lar to the street can yon of the base case
clearly led to in creased wind speeds at pe des trian level. The sim u -
lated wind speed in the street more than dou bled and at in ter sec -
tions, the wind speed was about twice of that in the can yon.

Op ti mised street de sign
The re sults of the para met ric study showed that the H/W ra tio, street 
ori en ta tion and pro vi sion of hor i zon tal shad ing had the great est in flu -
ence on ther mal com fort at street level. It was also shown that heavy 
build ing ma te ri als are fa vour able in a warm cli mate, whereas the in -
flu ence of ma te rial prop er ties proved to be neg li gi ble dur ing the cold 
sea son in Fez. Since the ground sur face and build ing ma te ri als most
com monly used in both Fez and Co lombo, such as as phalt, con -
crete, burnt clay bricks, con crete blocks and plas ter, are al ready of
me dium to high den sity (see Fig. 3.2), the ther mal ad mit tance val ues 
used in the base cases were kept. Sim i larly, the re flec tivity val ues of
façades and the ground were not changed, since these proved to
have an in sig nif i cant im pact on ther mal com fort in the sim u la tions.

Op ti mised de sign for Fez

The fact that Fez has one warm and one cold sea son makes it dif fi -
cult to op ti mise the de sign. What is a de sign ad van tage in the sum -
mer is nor mally a dis ad van tage in the win ter. One way to over come
this prob lem is to com bine streets that are com fort able in the sum -
mer with streets that show fa vour able win ter char ac ter is tics.

The re sults from the para met ric study showed that a street with
fa vour able sum mer char ac ter is tics should have a high H/W ra tio.
How ever, the ap pro pri ate H/W ra tio will de pend on street ori en ta -
tion. North-south ori ented streets should pref er a bly have H/W ≥ 2.
East-west streets, on the other hand, need to be deeper (H/W ≥ 4), to 
pro vide ad e quate shade in the sum mer. For lower H/W ra tios than
those sug gested above, streets should be pro vided with some type of 
hor i zon tal shad ing such as pro ject ing first floors, col on nades, shad -
ing trees or other de vices to pro vide shade around mid day in sum -
mer.

99

Chapter 6 Re sults



To achieve com fort able con di tions in win ter, east-west streets
should have a H/W ra tio suf fi ciently low to al low di rect so lar ra di a -
tion to reach pe des trian level. If the H/W ra tio is less than 0.7 and
there is a col on nade on the north ern side, so lar ac cess can be pro -
vided on that side of the street for a large part of the day dur ing the
win ter months. More over, the col on nade will pro vide shade in sum -
mer. How ever, such streets should also pref er a bly have some form
of over head shad ing, such as trees, on the south ern side to im prove
the shade in sum mer. North-south ori ented streets re quire a H/W ra -
tio of ≤ 2 to pro vide some com fort in win ter.

The var i ous de sign con sid er ations were com bined to form “best
cases”, pre sented as the street de signs shown in Fig. 6.17 (sum mer)
and Fig. 6.18 (win ter). The day time vari a tion in PET for these can -
yons is also shown in the fig ures. North-south streets with H/W = 2
have been se lected for both sea sons since they con sti tute a com pro -
mise be tween sum mer and win ter com fort. Col on nades have been
added on both sides of the street to pro vide nec es sary shade in sum -
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Fig. 6.17Op ti mum de sign of street can yons for the sum mer in Fez. (a) North-south 
street of H/W = 2 with col on nades on both sides, (b) east-west street of 
H/W = 4 with a col on nade on the north ern side. The graphs show the 
day time PET vari a tion for 15 July and in clude the as sumed up per com fort 
limit (dashed line).



mer dur ing times of so lar ex po sure. In win ter, the north-south can -
yon of H/W = 2 reached “com fort able” lev els around noon. The
shal lower east-west can yon of H/W = 0.67, which has a col on nade
on the north ern side, can pro vide “com fort able” con di tions for a
larger part of the day (be tween about 11:00 h and 15:00 h). This pe -
riod will be slightly shorter in December but longer in February.

Op ti mised de sign for Co lombo

As in the case of Fez, the para met ric study showed that streets
should have high H/W ra tios to im prove ther mal com fort con di tions.
How ever, to achieve im proved com fort con di tions for street can yons 
ori ented east-west, the most prob lem atic ori en ta tion, H/W ra tios
would have to be as high as 4. North-south ori ented streets should
have H/W ra tios of at least 2. Re gard less of H/W ra tio and ori en ta -
tion, streets in Co lombo re quire hor i zon tal shad ing – through pro -
ject ing first floors, col on nades, shad ing trees or other hor i zon tal
shad ing de vices – to im prove com fort able con di tions be tween about 
11:00 h and 16:00 h.
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Fig.6.18 Op ti mum de sign of street can yons for the win ter in Fez. (a) North-south 
street of H/W = 2 with col on nades on both sides, (b) east-west street of
H/W = 0.67 with a col on nade on the north ern side and a row of shad-
ing trees on the south ern side (show ing the so lar ex po sure at around 
noon). The graphs show the day time PET vari a tion for 15 Jan u ary and 
in clude the as sumed lower com fort limit (dashed line).



In Co lombo, it is also im por tant to fa cil i tate air flow. Con se -
quently, long, un in ter rupted street front ages are dis ad van ta geous,
since they block the wind. One way of pro vid ing shade and air
move ment is to use de tached, rather high blocks, which would pro -
vide shade at street level and al low the wind to be chan nelled be -
tween the build ings. Build ings could also be var ied in height and
raised on col umns to in crease air move ment at pe des trian level.
Since the sea-breeze in Co lombo co mes from the west, a good strat -
egy would be to al low fairly wide east-west ori ented streets near the
coast to maxi mise the penetration of the sea breeze.

Ex am ples of op ti mum de sign for street can yons are shown in Fig.
6.19 (north-south ori en ta tion) and Fig. 6.20 (east-west ori en ta tion),
in clud ing day time PET vari a tion for these can yons. It can be seen
that a north-west ori ented street with H/W = 2 and col on nades
causes only slight dis com fort dur ing the hot test hours (12:00 h –
16:00 h). The case is very sim i lar for the east-west ori ented street of
H/W = 4. The shal low east-west can yon (Fig. 6.20b) is as sumed to
be near the coast and there fore the wind speed was in creased by
100% com pared to the base case. Still the can yon is ex tremely un -
com fort able. How ever, un der the col on nades the com fort is much
better, al though it is above the as sumed dis com fort level between
12:00 h and 17:00 h.
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Fig. 6.19

Optimum de sign for a
north-south ori ented street in
Co lombo. 
(a) Sec tion of a canyon of H/W
= 2 with col on nades on both
sides. The graph shows the
day time PET vari a tion for 3
May and in clude the as sumed
up per com fort limit (dashed
line). 
(b) Plan show ing de tached
blocks al low ing the west erly
sea breeze to en ter the street.



6.4 Con sid er ation of cli mate in the 
ur ban plan ning and de sign pro cesses

This sec tion pres ents the find ings re gard ing the ex tent to which cur -
rent ur ban plan ning and de sign prac tices in Fez and Co lombo take
cli mate as pects into ac count.

In flu ence of ur ban codes on mi cro cli mate and 
out door ther mal com fort
The ur ban codes of the two cit ies have in com mon that they date
back to the co lo nial pe riod when West ern plan ning ide als were in -
tro duced. Al though some ad just ments to the ur ban reg u la tions in
both Fez and Co lombo have been made over the years since their in -
tro duc tion, the prin ci ples have re mained the same.
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Fig. 6.20Op ti mum de sign of east-west ori ented streets in Co lombo. 
(a) Sec tion of a canyon of H/W = 4 with col on nades on one side. 
(b) A shal lower can yon of H/W = 0.5, with a col on nade on both 
sides, de signed to al low the west erly sea breeze to pen e trate the city. 
The graphs show the day time PET vari a tion for 3 May and in clude the 
as sumed up per com fort limit (dashed line).



Ur ban codes in Fez

H/W ra tio, plot cov er age and floor area ra tio (FAR)

The reg u la tions for the new city, which are de scribed in Ta ble 2.2,
re sult in the ur ban ge om e try, ex pressed in terms of height-to-width
(H/W) ra tios, shown in Fig. 6.21. This fig ure shows the H/W ra tios
both for street can yons and back yards (court yards), see Fig. 6.22.
Streets have been as sumed to be 10 and 4 m wide re spec tively for
zones D and E1.

In the his tor i cal Me dina, the reg u la tions de scribed in Ta ble 2.3
lead to the H/W ra tios shown in Fig. 6.23.

It should be noted that the H/W ra tios in Fig. 6.21 as sume an av er -
age storey height of about 3.5 m. Were min i mum storey height
(about 3 m in clud ing the floor struc ture2) to be used, H/W ra tios
would be lower. It could also be the case that H/W ra tios should be
lower due to lim i ta tions of plot cov er age and floor area ra tio (FAR),
see Ta ble 2.2. More over, it should be noted that road widths in zone
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Fig. 6.21The max i mum H/W ra tios of the street can yons and back yards/court-
yards for dif fer ent hous ing types in the new city of Fez. (Cal cu lated from
AUSF (1988), as sum ing street widths of 10 and 4 m re spec tively for 
zones D and E).

Fig. 6.22Sec tion de fin ing the height and width of street can yons and back yards 
(court yards).

A = At tached high rise
blocks

B = At tached blocks

C = De tached slab 
blocks

D = Detatched. semi-
de tached and 
ter raced houses

E = Low-in come 
hous ing of neo-
tra di tional style

1 The na tional de cree of 1964 pro vides for street widths of 8 m for zone E1 and
12 m for zone E2. The code for Fez (AUSF 1988), on the other hand, does not
pre scribe any min i mum street widths. How ever, it does state that where
street width is less than 4 m in zone E2, the top storey must have a set back
equiv a lent to at least half of the height of the build ing.

2 The min i mum height, mea sured be tween the floor and the ceil ing, is 2.8 m
for liv ing spaces and 4 m for ground floor shops (VF 1969).



E are of ten greater than as sumed here, with nar row roads gen er ally
com pris ing pe des trian alleyways within blocks.

Con se quently, with the ex cep tion of the old Me dina, cer tain low-
in come ar eas, and some non-reg u la tory, spon ta ne ous de vel op ment
ar eas, max i mum per mit ted H/W ra tios are low. In most of the city,
zones B–D ap ply, and nor mal H/W ra tios are there fore 0.3–1.2. More -
over, plot cov er age is low, es pe cially for de tached slab blocks (zone
C) and low-rise houses (zone D) where max i mum plot cov er age var -
ies be tween 10 and 50%. If the wide roads are taken into ac count,
the por tion of the ground cov ered by build ings is even lower. Con se -
quently, cur rent ur ban codes prescribe a highly dispersed urban
form.

Fur ther more, the den sity of de vel op ment, ex pressed as FAR, is
low in Fez. Max i mum FAR val ues in the new city vary be tween 0.2
for de tached houses (vil las) to about 2.7 for the dens est city cen tre
ar eas3. These low FAR val ues lead to low pop u la tion den sity and
highly in ef fi cient land-use. Even the FAR val ues of the tra di tional
build ings in the his toric Me dina are fairly low, at around 2.2, due to
high ceil ings and the lim ited num ber of stor eys. The low FAR val ues
of the for mal ar eas stand in stark con trast to the high FAR val ues
found in informal settlements.

In Fez, the ur ban codes for the mod ern part of the city pre scribe
an ur ban form that is the very op po site of that found in tra di tional ar -
chi tec ture. While the con tem po rary ur ban form guar an tees so lar ex -
po sure of the street and façades, the tra di tional, res i den tial ar eas of
the Me dina have nar row al ley ways with out set backs and build ings
of ten have pro jected up per floors and shad ing de vices, re sult ing in
al most complete shade at pedestrian level.
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Fig. 6.23
The max i mum H/W 
ra tios of street
can yons and court -
yards for dif fer ent
hous ing types in
the his tor i cal Me -
dina of Fez. (Cal cu -
lated from AUSF
and ADER-Fèz
(1999), as sum ing
street widths of
1.5, 2, 2.5 and 4 m 
re spec tively for
zones M1, M2, M3 
and E2).

M1 =
Tra di tional court -
yard houses

M2 =
Neo-tra di tional
court yard houses

M3 = 
Mod ern res i den -
tial blocks

E2 =
Low-in come hous -
ing of neo-tra di -
tional style

3 The fig ure is an es ti ma tion based on data from Ta ble 2.2 (there is no FAR re -
quire ment for zone A).



Con se quences for mi cro cli mate and out door ther mal com fort

In Fez, the in ten tion of the cur rent ur ban codes is to guar an tee day -
light for build ings. This has re sulted in a dis persed ur ban form with
low to ex tremely low H/W ra tios. This may be rel e vant for the win ter
pe riod when so lar el e va tions are low and pas sive heat ing of build -
ings is de sired. How ever, dur ing the long, warm sum mer, when
there is a need for so lar pro tec tion, the shade pro vided by build ings
is ex tremely lim ited. More over, there are no re quire ments on shad -
ing of pe des tri ans with, for ex am ple, shad ing de vices, col on nades,
pro ject ing up per floors or shade trees. For the warm sea son, this re -
sults in a very poor mi cro cli mate at street level, used by pe des tri ans
con duct ing their daily ac tiv i ties. It also re sults in the warm ing of
build ings and thus poor in door cli mate or in creased need for cool -
ing. The worst con di tions are found in ar eas des ig nated for low-rise
houses where plots are very large and plot cov er age low. Apart from
poor microclimatic con di tions in the sum mer, land-use in these ar -
eas is highly in ef fi cient, with a dis pro por tion ately large amount of
ground oc cu pied by streets, side walks and front yards.

The lack of cli mate con cern can also be seen in the fact that ba si -
cally the same reg u la tion of ur ban form is ex er cised through out the
coun try de spite ex ten sive cli ma tic vari a tions. This is also true of the
type of low-in come hous ing used na tion wide since 1964. This is cur -
rently un der re view (MHU 2005), with the pre lim i nary re sult that
roads 2 m nar rower will be per mit ted, as well as the con struc tion of
up to five stor eys (rather than three). How ever, these mod i fi ca tions,
aimed at in creas ing the ef fi ciency of land-use, are mi nor, and re sult
in H/W ra tios of 1.3–1.6. This is lower than cur rent prac tice in Fez
and will have negligible effects on the urban microclimate.

Ur ban codes in Co lombo

Com pared to the old code (Gov ern ment of Sri Lanka 1980), which is
still in force out side the Co lombo Mu nic i pal Coun cil and which pre -
scribes a max i mum H/W of 2.0, the cur rent code al lows slightly
higher H/W ra tios. Plot cov er age pre scrip tions are al most iden ti cal;
65% for res i den tial con struc tion and 80% for non-res i den tial, ex cept
for high-rise build ings, for which max i mum plot cov er age is re -
stricted to 50%. A fea ture of the new code is also the pre scrip tion of
side set backs on mid dle and high-rise build ings, i.e. build ings of
more than eight stor eys.

H/W ra tio, plot cov er age and floor area ra tio (FAR)

The reg u la tions in force (UDA 1999b), which are de scribed in Ta ble
2.5, re sult in the H/W ra tios shown in Fig. 6.24. This fig ure shows the
H/W ra tio for both the street can yon and the back yard, see Fig. 6.22.

It should be noted that the H/W ra tios in Fig. 6.24 are based on an
av er age storey height of 3.75 m. At a nor mal storey height of 3 m, in -
clud ing the floor struc ture4, H/W ra tios would be lower, since the
max i mum num ber of stor eys must be re spected. It should also be
noted that it may be nec es sary for H/W ra tios to be lower due to lim -
i ta tions of plot cov er age and FAR. This is par tic u larly likely for res i -
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4 The min i mum height, mea sured be tween the floor and the ceil ing, is 2.8 m
for liv ing spaces and 3 m for ground floor shops (UDA 1999b).



den tial build ings, which have lower max i mum plot cov er age and
FAR than commercial buildings.

Both the new and old codes place strict lim its on pro ject ing ar chi -
tec tural de tails, such as shad ing de vices on the street façade. Con se -
quently, the shad ing of pe des tri ans on the street is not encouraged.

In ad di tion to the stip u lated street widths and set backs, the au -
thor i ties have of ten pre scribed a so-called street line, or street res er -
va tion, in di cat ing the fu ture width of the road. No part of the build ing 
is al lowed to pro ject be yond this line. There fore, the max i mum al -
lowed H/W ra tios are likely to be con sid er ably lower than the max i -
mum values shown in Fig. 6.24.

As men tioned in Sec tion 2.3, av er age FAR for ex ist ing build ings in
Co lombo is less than 1 (UDA 1999a). The new code pro poses con -
sid er ably higher max i mum FAR val ues, vary ing from 1.5–2.25 for
low-rise build ings, to as much as 8 for mid dle-rise build ings (and
even higher for high-rise build ings). Con se quently, the new codes al -
low for a con sid er able in crease in population density.

Con se quences for mi cro cli mate and out door ther mal com fort

In Co lombo, the in ten tion of the cur rent ur ban codes is to guar an tee
so lar ex po sure of the build ings and ven ti la tion around them. This
has re sulted in a dis persed ur ban form with low H/W ra tios. Con se -
quently, the shade pro vided by build ings is highly lim ited and re sults
in very poor mi cro cli mate at street level where pe des tri ans con duct
their daily ac tiv i ties. It also leads to the warm ing of build ings and
thus poor in door cli mate or in creased need for cool ing. Al though
slightly higher H/W ra tios are per mit ted by the lat est code (UDA
1999b), these are still too low to pro vide ef fi cient shade. More over,
there are no re quire ments for the shad ing of pe des tri ans with, for
ex am ple, shad ing de vices, col on nades or shade trees. On the con -
trary, the use of shad ing de vices on façades is re stricted.
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Fig. 6.24The max i mum H/W ra tios of the street can yons and 
back yards per mit ted for dif fer ent build ing types in 
Co lombo. (Cal cu lated from UDA (1999b). There is no 
max i mum height limit for high-rise build ings. 
Here, the height has been as sumed to be 60 m).

Low-rise =
De tached or 
ter raced houses, 
max. 3 storeys

In ter me di ate-rise =
De tached or 
at tached blocks, 
max. 8 storeys

Mid dle-rise =
De tached blocks, 
max. 12 stor eys

High rise =
De tached blocks,
above 12 stor eys



On the other hand, max i mum per mit ted plot cov er age, 65% for
res i den tial build ings and 80% for non-res i den tial, is quite high and
for build ings up to 8 stor eys there are no re quire ments for set backs
at the sides. Con se quently, the con struc tion of ter raced houses and
at tached res i den tial blocks is en cour aged, de creas ing the ven ti la tion 
around the buildings.

The con sid er ation of cli mate as pects in 
ur ban plan ning and de sign
The aim of the in ter views was to as cer tain the ex tent to which cli -
mate is con sid ered in ur ban plan ning and de sign, what are the con -
straints pre vent ing the con sid er ation of cli mate is sues, what is the
role of the ur ban codes, and in what way could cli mate as pects be
in cluded in the plan ning and de sign pro cesses? The find ings have
been grouped ac cord ing to these ques tions.

In ter views in Fez

Con sid er ation of cli mate is sues

Ac cord ing to the in ter view ees, cli mate is sues are not ex plic itly con -
sid ered in ur ban plan ning and de sign. There are very few pro jects
where ar chi tects have con sid ered cli mate as pects in the de sign of
build ings or ur ban neigh bour hoods. On the other hand, en vi ron men -
tal is sues are be ing as cribed an in creas ingly high pri or ity.

Rea sons why cli mate is not con sid ered

One rea son why cli mate is not con sid ered, men tioned by sev eral re -
spon dents, was that much of to day’s con struc tion con sists of low-in -
come hous ing. A ma jor prob lem in these ar eas has been high pop u -
la tion den sity and many town plan ners are con cerned about hy giene 
con di tions. There fore, in or der to pre vent the health prob lems
caused by over crowd ing, low-den sity set tle ments with wide roads
are be ing built. Many in ter view ees also pointed out that in low in -
come ar eas, the main aim is to keep costs at a min i mum. Con se -
quently, it is very dif fi cult to in tro duce any mea sures that would in -
crease costs, such as im prov ing com fort con di tions.

An other ob sta cle men tioned by a few re spon dents was that var i -
ous se cu rity reg u la tions must be ad hered to. For ex am ple, the fire
bri gade re quires suf fi ciently broad streets and space is also needed
for in fra struc ture ser vices such as sew er age and electricity.

One in for mant men tioned the prob lem of con flict ing in ter ests
where the cli ent and ar chi tect are of ten more con cerned with the in -
di vid ual build ing than with ur ban de sign. He also claimed that there
has been a trend in re cent de cades to build iso lated, spec tac u lar
build ings rather than con sid er ing uniform urban design.

The in ter views gave no ev i dence of any ex plicit in ter est in, or de -
mand for, cli mate-con scious ur ban de sign. None of the in for mants
had any spe cific ed u ca tion in cli mate-con scious ur ban de sign and
the ac cess to tools is likely to be limited.
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The role of ur ban codes

The gen eral opin ion of the plan ners in ter viewed was that cur rent
reg u la tions are suit able and well-founded, in clud ing the Ca sa blanca
by-law from 1952, which pro vided the ba sis for ur ban codes in other
cit ies. The ur ban reg u la tions in Fez are nor mally fol lowed strictly.
How ever, a few in for mants claimed that this is not al ways the case;
non-reg u la tory de vel op ments ex ist in low-in come ar eas, as well as
in me dium and high-in come neigh bour hoods. In low-in come ar eas,
il le gal storey ad di tions and build ing ex ten sions into court yards are
com mon. In me dium and high-in come ar eas, ex cep tions from the
ur ban codes are pos si ble, es pe cially if the ar chi tect and ur ban de -
signer are able to ar gue for an other ur ban de sign.

Sev eral re spon dents did not view the cur rent ur ban codes as an
ob sta cle for cli mate-con scious ur ban de sign or “bioclimatic” ar chi -
tec ture. One re spon dent ar gued that al though he did not see the cur -
rent code as an ob sta cle, he had to ad mit that the cur rent codes did
not, on the other hand, fa vour cli mate-con scious ur ban de sign. For
ex am ple, dense “me dina type” de vel op ments are not pos si ble. A
few in for mants pointed out that cur rent codes were im ported from
France and are not really suited to the Moroccan context.

Ways to in clude cli mate is sues

Sev eral in for mants ar gued that better knowl edge on cli mate as pects
is needed among ur ban de sign ers and plan ners. One re spon dent
claimed that cur rent codes and reg u la tions would not hin der knowl -
edge able de sign ers from achiev ing a fa vour able ur ban en vi ron ment.
Fur ther more, he ar gued that the role of the au thor i ties is to in ter pret
the text of the codes in re la tion to each sit u a tion. Thus, he con tin -
ued, the ur ban de signer (or de vel oper) is able to achieve an in di vid -
u ally unique neigh bour hood if he can con vince the au thor i ties. An -
other in ter viewee claimed that the au thor i ties can es tab lish spe cial
codes for in di vid ual hous ing ar eas.

One in for mant ar gued that more re search is needed about cli -
mate-con scious plan ning and de sign.

In ter views in Co lombo

Con sid er ation of cli mate is sues

A ma jor ity of the in for mants claimed that they con sid ered cli mate is -
sues in ur ban plan ning and de sign. Al though the ex tent to which cli -
mate was con sid ered var ied be tween the re spon dents, the gen eral
im pres sion was that cli mate is sues are not thor oughly stud ied and
have low pri or ity.

At the com pre hen sive plan ning level, for ex am ple when choos ing
the site, cli mate data, such as tem per a ture and rain fall are of ten
gath ered. How ever, sev eral re spon dents pointed out that this data is
not an a lyzed and the link to de sign is miss ing. At the de tailed plan -
ning level, a few in ter view ees said they con sid ered the mi cro cli mate 
around the build ings whereas some thought cli mate is sues were
con sid ered by ap ply ing the ur ban codes, which “give pri or ity to light
and ven ti la tion”. Sev eral re spon dents said cli mate is sues were con -
sid ered un in ten tion ally or “in the back of our heads” de riv ing from
ex ten sive ex pe ri ence of liv ing in the cli mate and knowl edge of tra di -
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tional so lu tions. The most com mon level where climate issues are
considered seems to be architectural design.

Many of the in for mants re cog nised that high tem per a tures af fect
peo ple’s work ing ef fi ciency and that ther mal com fort is im por tant for 
good performance.

Most of the re spon dents also ex pressed a per sonal in ter est in cli -
mate and ther mal com fort is sues. This in ter est was es pe cially great
among ur ban plan ners, ur ban de sign ers and ar chi tects but was
weaker among build ers and developers.

Rea sons why cli mate is not con sid ered

Sev eral rea sons were iden ti fied as to why cli mate is sues are con sid -
ered only to a very lim ited ex tent in ur ban plan ning and de sign.
Many re spon dents pointed out the lack of knowl edge and train ing,
both among pro fes sion als and the pub lic. One re spon dent said that
there is a lack of skilled peo ple and that the prac tice is lack ing. Most
in for mants also pointed out the lack of tools and lack of ac cess to
ex ist ing tools as a bar rier.

Most in for mants have no ed u ca tion what so ever in ur ban cli mate
and out door ther mal com fort. A few in for mants, though, had a de -
gree in ur ban de sign, or the like, from abroad. Ed u ca tional pro -
grammes also cov ered cli mate is sues, al beit only for tem per ate cli -
mates. Re spon dents with an ar chi tec tural back ground had, how -
ever, a gen eral ed u ca tion in cli ma tic build ing design and indoor
thermal comfort.

The uti li sa tion of tools for cli mate-con scious plan ning and de sign
ap pears to be very lim ited. One re spon dent men tioned cli mate at -
lases that show, for ex am ple, rain fall, and maps of di sas ter-prone ar -
eas. A few re spon dents said they used cli mate data such as tem per -
a ture, hu mid ity and rain. No re spon dent had used, or even heard of,
spe cific tools for cli mate-con scious ur ban de sign, such as cli mate
maps, graphic or com puter-based tools for the cal cu la tion of shade,
radiant temperature, etc.

In gen eral, there seems to be a lack of in for ma tion, both re gard ing 
cli ma tic data and guide lines. Many said that they had no ac cess to
data and one re spon dent pointed out that cli mate data should not
only be ac ces si ble, but must be ana lysed and in ter preted in or der
that it be pos si ble to un der stand how to use it. One re spon dent in di -
cated that it takes too much time to gather the nec es sary in for ma -
tion, re view it and make as sump tions. More over, he con tin ued, it is
dif fi cult to know what in for ma tion to look for when you are not fa -
mil iar with the field. An other in ter viewee pointed out that there is a
lack of knowledge on how to interpret available data.

A ma jor bar rier in volves con flict ing in ter ests and other pri or i ties in 
the plan ning and de sign pro cess. A few in for mants pointed out that
ther mal com fort is sub jec tive and dif fi cult to mea sure. Con se quently, 
other prob lems, which are con sid ered more im por tant or ur gent, are 
likely to be as signed pri or ity. Sev eral in ter view ees said that the main
prob lems in ur ban plan ning in clude san i ta tion, en vi ron men tal is -
sues, such as solid waste and wastewater dis posal, and in fra struc -
ture. Other in for mants men tioned en vi ron men tal prob lems, such as
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air pol lu tion and dust, which are di rect health problems, and the
protection of wetlands and bodies of water.

The role of the ur ban codes

Ac cord ing to the in for mants, the ur ban and build ing reg u la tions are
nor mally fol lowed strictly. One im por tant rea son for this is that un -
less the build ing con forms to the reg u la tions, the owner will not re -
ceive the cer tif i cate re quired for in fra struc ture con nec tions. How -
ever, sev eral in for mants said that ex ten sions are com monly built af -
ter the cer tif i cate has been re ceived. One in for mant pointed out that
ex cep tions from the rules can oc cur in larger pro jects in volv ing in flu -
en tial ar chi tects and cli ents.

The opin ion of the ma jor ity of the in for mants was that the re cently 
re vised ur ban and build ing reg u la tions are good. One in for mant
thought it was good that side set backs and lower plot cov er age had
been in tro duced for mid dle and high-rise build ings. How ever, there
was also some crit i cism. One in for mant in di cated the lack of pre -
scrip tive guide lines for shad ing, while an other felt the codes con sti -
tuted an ob sta cle due to their lack of flex i bil ity. An other crit i cism
was that the codes did not prescribe trees along roadsides.

Ways to in clude cli mate is sues

All in for mants had ideas on how to in clude cli mate is sues in plan -
ning and ur ban de sign. The sug ges tions con cerned the plan ning pro -
cess, the role of ur ban codes and guide lines and ed u ca tion.

One in for mant said that it should be pos si ble to in clude cli mate
is sues in the plan ning pro cess with out dif fi culty, be cause there is an
in ter est – it is just a mat ter of “ex pand ing the scope”. Re gard ing
which plan ning lev els should in clude cli mate as pects, opin ion was
in con sis tent. Most in for mants, how ever, sug gested that is sues of cli -
mate and ther mal com fort should be in cluded at all lev els of plan -
ning and de sign, from comprehensive to detailed level.

A ma jor ity of the in for mants ex pressed the view that the most ef fi -
cient way to in volve cli mate is sues would be to in clude them in zon -
ing, plan ning and build ing reg u la tions. The main rea son stated was
that the codes are gen er ally re spected and that the con sid er ation of
cli mate as pects will there fore be come praxis. One in for mant pointed 
out that if re quire ments are built into the plan ning reg u la tions, peo -
ple will be gin to con sider these is sues al ready at the build ing per mit
stage. Many also sug gested developing planning and design guide -
lines.

The sug gested con tent of codes or guide lines in cluded pre scrip -
tive guide lines on the min i mum per cent age of green ar eas, green
belts and bod ies of wa ter, the min i mum amount of open space, re -
quire ments on shade trees, in creased min i mum plot sizes (to al low
for more ven ti la tion) and re quire ments on the re flec tivity of pav ing
ma te ri als (to avoid heat absorption).

A gen eral opin ion was that ed u ca tion is im por tant in in creas ing
knowl edge among pro fes sion als in the field. One in for mant sug -
gested that cli mate is sues should be in cluded in the uni ver sity ed u -
ca tion of ur ban plan ners. One in for mant said, on the other hand, that 
ed u ca tion should be pro vided, not only via uni ver si ties, but also at
other or gani sa tions in volved in plan ning, ur ban de sign and hous ing.
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He added that a stron ger link be tween the uni ver si ties and pub lic in -
sti tu tions is nec es sary to en able the ex change of in for ma tion and
knowl edge. One in for mant stressed the im por tance of gen er at ing
aware ness, both among pro fes sion als and the public, for example
through newspaper articles.

Sev eral re spon dents also pointed out that pub lic de mand for cli -
mate-con scious de sign may de velop, at least among the mid dle and
high-in come pop u la tion. One re spon dent ar gued that ris ing liv ing
stan dards will cre ate a de mand in the fu ture - there is al ready a de -
mand for a better en vi ron ment. Some re spon dents, how ever, did not 
feel there was any de mand, par tic u larly from low-in come res i dents
who have other pri or i ties and are not aware of the prob lem or of the
pos si ble benefits of climate-conscious design.
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7 Dis cus sion and
con clu sions

This chap ter dis cusses the re sults of the pre vi ous chap ter and their
im pli ca tions for cli mate-con scious ur ban de sign in hot cli mates, ex -
em pli fied by the cit ies of Fez and Co lombo. The first sec tion deals
with the in flu ence of dif fer ent de sign pa ram e ters on the mi cro cli -
mate and out door ther mal com fort. In the sec ond sec tion, the con -
sid er ation of cli mate as pects in ur ban plan ning and de sign is dis -
cussed. The third sec tion con tains con clu sions re gard ing how to de -
sign ur ban ar eas to achieve out door ther mal com fort. The fi nal sec -
tion con tains sug ges tions for fu ture stud ies.

7.1 In flu ence of ur ban de sign on 
out door ther mal com fort

Ur ban-ru ral dif fer ences
In both Fez and Co lombo, ur ban-ru ral tem per a ture dif fer ences were
found to be sig nif i cant, both by day and by night. Whereas the ur ban
can yons stud ied in both cit ies were warmer than the ru ral sites by
night, some sites were warmer and oth ers cooler by day. The ur -
ban-ru ral tem per a ture dif fer ences are linked to ur ban ge om e try,
which in di cates the im por tance of ur ban de sign in pro vid ing com -
fort able ur ban en vi ron ments.

By day, the sites with shal lower street can yons were, in gen eral,
warmer than the ru ral sites due to their high ab sorp tion of so lar ra di -
a tion. Deeper can yons, how ever, tended to be cooler than the ru ral
sites due to the pro tec tion they af forded against so lar ra di a tion. In
the case of Co lombo, the rea son for the cool is lands is likely to be a
com bi na tion of shade from build ings and cool ing by the sea breeze.
Sim i lar ur ban-ru ral day time dif fer ences have been ob served by e.g.
Bourbia and Awbi (2004) in a hot dry cli mate and by e.g. Nichol
(1996) and Jonsson (2005) in hot hu mid cli mates.

In Fez, the “deep” can yon (SEF) had the stron gest noc tur nal heat
is land. This was to be ex pected given the far greater height-to-width
(H/W) ra tio (lower sky view fac tor) than in the “shal low” can yon
(ADA). The ob served sea sonal vari a tion, with stron ger heat is lands in 
the sum mer than in the win ter, agrees well with stud ies con ducted
in mid-lat i tude cit ies (Arnfield 2003). This is prob a bly be cause the
higher amount of rain fall in the win ter pe riod leads to higher soil
mois ture at the ru ral site, as well as more clouds and con se quently
higher sky emissivity (see e.g. Oke et al. 1991).
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The noc tur nal heat is land found in Co lombo is weaker than those
com monly ob served in tem per ate cli mates. This is most prob a bly
linked to the high amount of rain fall, re sult ing in high soil mois ture
lev els at the ru ral site, as well as the high hu mid ity in the air and high 
de gree of cloud de vel op ment, caus ing high sky emissivity (see e.g.
Oke et al. 1991). The re sults agree well with those from other hot-hu -
mid coastal cit ies, such as Sin ga pore (2°N) (Tso 1996) and Dar es Sa -
laam (7°S) (Jonsson 2005).

Mi cro cli mate and out door ther mal 
com fort in Fez

Ef fect of H/W ra tio

In Fez, it was shown that the H/W ra tio in flu enced all of the en vi ron -
men tal pa ram e ters mea sured, par tic u larly air tem per a ture and MRT.

The fact that the max i mum air tem per a ture was found to de -
crease with in creas ing H/W ra tio agrees with other stud ies in sim i lar
cli mates (Coronel and Alvarez 2001, Bourbia and Awbi 2004 and Ali-
Toudert et al. 2005). How ever, none of these stud ies ex am ined can -
yons as deep as those in cluded in this study and they did not find
intra-ur ban dif fer ences as large as those found here, where the deep 
can yon (H/W ≈ 10) in the com pact neigh bour hood (site SEF) was up 
to 10°C cooler than the shal low can yon (H/W ≈ 0.6) in the dis persed
neigh bour hood (site ADA) on the warm est sum mer days.

The rea son for the large day time cool is land in the deep can yon is 
its high H/W ra tio. By day, the lower part of the can yon is in com -
plete shade and, con se quently, the air is not warmed. More over, in
con trast with the shal low can yon, which is pen e trated by the air
from above, the deep can yon is, to a large ex tent, iso lated from the
warm air above that skims over it (Fig. 3.4). The rea son for the
intra-ur ban dif fer ences be ing smaller dur ing the win ter is prob a bly
the fact that di ur nal tem per a ture swings are smaller in the win ter
due to less in ten sive so lar ra di a tion, be cause of lower so lar al ti tudes, 
and be cause of the greater amount of overcast and rainy weather.

The sim u lated max i mum day time air tem per a tures (Fig. 6.11)
agree well with the re sults of the field mea sure ments in the shal low
and deep can yons in Fez, es pe cially in the sum mer (Figs. 6.1a and
6.2). The sim u la tions in di cated that the cool ing ef fect on the air tem -
per a ture tended to be es pe cially big for can yons with H/W ra tios of
around 2 and above in sum mer and for H/W = 1 and above in
winter.

The pa ram e ter that was most af fected by the H/W ra tio, apart
from the air tem per a ture, was MRT at pe des trian level. The can yon
ge om e try in flu ences both the ex po sure to so lar ra di a tion and pe des -
tri ans’ ra di a tive heat ex change, as well as sur face tem per a tures. The 
dif fer ence in sur face tem per a tures be tween the deep and shal low
can yons in Fez proved to be huge, both dur ing sum mer and win ter.
The pat tern agrees well with dif fer ences be tween deep and shal low
can yons found by Ali-Toudert et al. (2005) in hot dry Beni-Isguen
(32°N), al though their study included only summer conditions.
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The higher vapour pres sure in the deep can yon com pared with
the shal low one is prob a bly at trib ut able to mois ture in the deep can -
yon not be ing dis persed through ven ti la tion, due to the sta ble con di -
tions there. In the shal low can yon, on the other hand, good ven ti la -
tion is pro vided by the wind that en ters and nat u ral con vec tion is
high (see e.g. Mayer et al. 2003). It should be noted that, through out
the year, vapour pres sure in both of the can yons stud ied in Fez is
well be low the crit i cal level of ap prox i mately 25 hPa sug gested by
Givoni (1998), see Sec tion 3.2. Con se quently, hu mid ity is not likely to 
significantly affect thermal sensation.

The ten dency for day time PET, based on mea sure ments, to de -
crease with in creas ing H/W ra tio was ob served for both the sum mer
and win ter sea sons. The sum mer re sults agree well with the find ings 
of Ali-Toudert et al. (2005) in Beni-Isguen, Al ge ria. How ever, in gen -
eral, their field study ev i denced less intra-ur ban vari a tion and higher
PET val ues than were ob served in the sum mer in Fez. This is ex -
plained by lower vari a tion in H/W ra tio and higher air temperatures
in their case.

Ther mal com fort, based on mea sure ments, showed ex ten sive dif -
fer ences in PET vari a tion be tween the deep and the shal low can -
yons, both in sum mer and win ter. It should be noted that, in re al ity, a 
per son in the shal low can yon has the op tion of mov ing be tween
sunny and shady lo ca tions. How ever, this is only re ally pos si ble dur -
ing the cold sea son. In the sum mer, when the so lar el e va tion is high, 
it is al most im pos si ble to find shade, partly be cause pave ments are
sit u ated 4 m from the façades be cause of set back reg u la tions. In the
win ter sea son, dis com fort in the deep can yon could, to some ex tent, 
be com pen sated for by heavier cloth ing, al though the to tal lack of
so lar access at pedestrian level contributes to discomfort.

The mag ni tudes of the sim u lated PET val ues (Figs. 6.12 and 6.13)
agree fairly well with the mea sure ment-based re sults (Fig. 6.8). The
sim u la tions, in which a greater va ri ety of H/W ra tios were stud ied
than in the mea sure ments, con firmed the trend for PET to de crease
with in creas ing H/W ra tio, both in sum mer and win ter. The sum mer
re sults agree well with the find ings of Ali-Toudert and Mayer (2006)
in a similar climate.

Ef fect of street ori en ta tion

Whereas other field stud ies have found north-south streets to be sig -
nif i cantly cooler than east-west streets, e.g. Bourbia and Awbi (2004) 
and Pearlmutter et al. (1999), street ori en ta tion was found to have an 
in sig nif i cant im pact on air tem per a ture. This is due to the fact that
pre dom i nantly deep and shal low can yons were stud ied in Fez. In the 
com pact neigh bour hood, al leys are so nar row and wind ing that so lar 
ra di a tion sel dom pen e trates, ir re spec tive of street ori en ta tion. In the
dis persed neigh bour hood, on the other hand, the streets are so wide 
that tem per a ture dif fer ences be tween them will prob a bly be lev elled 
out by hor i zon tal air move ments (mi cro-advection, see e.g. Eliasson
1996).

The sim u lated ef fect of ori en ta tion on air tem per a ture was found
to be fairly small, less than 2°C for the sum mer and less than 1°C for
the win ter (Fig. 6.11), and neg li gi ble for H/W ra tios above 2. The fact
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that north-south ori ented streets were cooler than the east-west ori -
ented streets in the sum mer agrees well with the sim u la tions by
Ali-Toudert and Mayer (2006) for a sim i lar cli mate, al though they
found a max i mum dif fer ence for H/W = 2. In this study, in con trast
with the sum mer case, north-south streets were found to be slightly
warmer than east-west streets. How ever, in re al ity, the dif fer ence in
air tem per a ture will be less be cause of the in flu ence of street in ter -
sec tions and the mix ing of air be tween streets of different ori en ta -
tion as discussed above.

Even if the ef fect of street ori en ta tion on air tem per a ture may be
lim ited, the ef fect on MRT tended to be sig nif i cant, as re flected by
the PET in dex. The fact that north-south ori ented streets give lower
PET than east-west ori ented streets of the same H/W ra tio agrees
well with the find ings of Ali-Toudert and Mayer (2006). Sim i larly,
Pearlmutter et al. (2005) found the ra di a tive heat gain of a body in
the cen tre of the can yon to be lower in north-south streets than in
east-west streets. The dif fer ence in PET is most pro nounced for H/W 
ra tios of less than about 4, since for higher H/W ra tios, the amount of 
so lar ra di a tion reach ing the street is small, regardless of orientation.

Ef fect of shad ing by col on nades and trees

The sim u la tions showed that shad ing by col on nades and trees was
very ef fi cient in low er ing PET. This trend agrees well with the find -
ings of Ali-Toudert and Mayer (2005, 2006). Shad ing is es pe cially ef fi -
cient in the sum mer cli mate of Fez, since so lar ra di a tion is dom i -
nated by the di rect com po nent. As ex pected, col on nades are more
ef fi cient than shad ing trees, since the lat ter have some trans par ency.

Ef fect of sur face re flec tivity and ther mal mass

The sim u lated ef fect of the re flec tivity and ther mal mass of sur faces
proved to be sur pris ingly small. This is not in agree ment with sev eral
guide lines pro pos ing light sur face colours to keep sur face tem per a -
tures low dur ing the warm sea son (see Sec tion 4.4). Even though
highly re flec tive ma te ri als are likely to have a pos i tive ef fect on ther -
mal com fort, it can be dif fi cult to main tain light colours due to dust
in hot dry cli mates and colours that are too bright may cause prob -
lems of glare.

It should be noted that the ef fect of both the sur face re flec tivity
and ther mal prop er ties of sur face ma te ri als might have been more
sig nif i cant if a sim u la tion programme had been used that took the
ther mal mass of build ings into ac count. How ever, no such
programme is avail able that also is user-friendly.

Mi cro cli mate and out door ther mal 
com fort in Co lombo

Ef fect of H/W ra tio

As in the case of Fez, it was shown that the H/W ra tio in flu enced all
of the en vi ron men tal pa ram e ters mea sured. The mea sure ments in
Co lombo ev i denced the sig nif i cant im pact of ur ban ge om e try on
day time air tem per a tures. The fact that the max i mum day time tem -
per a ture tended to de crease with in creas ing H/W ra tio was also
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found by Ahmed (1994) in the hot hu mid sum mer in Dhaka (24°N).
This ten dency has also been found in many hot dry cli mates, such as 
in the case of Fez dis cussed above.

The neg li gi ble dif fer ences in air tem per a ture be tween can yons of
dif fer ent H/W ra tios found in the Co lombo sim u la tions are likely to
be linked to the sim u la tion programme, see Sec tion 5.2 and Paper
IV.

As in the case of Fez, the H/W ra tio had a great ef fect on sur face
tem per a tures and on MRT at pe des trian level. Can yon ge om e try in -
flu ences both ex po sure to so lar ra di a tion and pe des tri ans’ ra di a tive
heat ex change, as well as sur face tem per a tures. The huge dif fer ence 
in sur face tem per a tures be tween sun lit and shaded ar eas agrees
well with the find ings of Nichol (1996) in Singapore.

The rea son why no link could be found be tween ur ban ge om e try
and the level of hu mid ity, as was the case of Fez, is prob a bly that the 
H/W ra tios be tween the Co lombo can yons vary less. Other fac tors
also have a sig nif i cant im pact, such as the amount of veg e ta tion, the
per me abil ity of the ground and the prox im ity to the sea. Al though the 
av er age vapour pres sure for the ur ban sites was lower than that of
the ru ral sta tion by day, it by far ex ceeded the crit i cal level of ap prox -
i mately 25 hPa sug gested by Givoni (1998), see Sec tion 3.2. Hu mid ity 
is thus likely to have a sig nif i cant neg a tive im pact on ther mal com -
fort, since the evap o ra tive cool ing po ten tial of the human body
decreases at such high levels of humidity.

The mea sure ment-based PET cal cu la tions show the im por tance
of shad ing by build ings for the im prove ment of day time ther mal
com fort. Higher H/W ra tios can, thus, pro vide more com fort able
con di tions than low H/W ra tios. For the can yons with higher H/W 
ra tios, such as the Pettah (DMP) and Bank of Cey lon (BoC) sites,
shade was avail able in the early morn ing and late af ter noon. How -
ever, the high est H/W ra tio was only 1.2 (at the DMP site) and, in all
of the can yons in ves ti gated, the pos si bil ity of find ing shade from
build ings was lim ited on both sides of the street, par tic u larly be -
tween about 11:00 h and 15:00 h when the so lar el e va tion is high.
For some streets, the pe riod with no pos si bil i ties for shade was even 
lon ger, since pave ments are lo cated some meters from the façades
due to setback regulations.

The sim u lated PET val ues (Fig. 6.15) agree fairly well with the
mea sure ment-based re sults for a “clear” day (Fig. 6.9) and con firm
the re la tion ship with can yon ge om e try. From the sim u la tions, which
con sid ered a greater vari a tion in can yon ge om e try than the mea -
sure ments, there was a clear trend for de creas ing PET with in creas -
ing H/W ra tio. The re sults agree well with some stud ies in hot dry cli -
mates, as dis cussed above for the case of Fez.

Ef fect of street ori en ta tion

The sim u lated ef fect of street ori en ta tion on PET was sig nif i cant,
show ing that both max i mum PET and the du ra tion of un com fort ably
high PET val ues are lower for north-south ori ented streets. For such
streets, shade is pro vided by the build ings both in the morn ing and
the af ter noon pro vided the H/W ra tio is suf fi ciently high. East-west
ori ented streets are far more prob lem atic. How ever, there will be
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shade on the south side of the street dur ing the pe riod Oc to ber–
March pro vided build ings on this side of the street are suf fi ciently
tall. Dur ing the re main der of the year, the sun is at its ze nith, or
slightly to the north, mak ing it dif fi cult to achieve shade with out
some kind of over head shad ing.

Ef fect of the sea breeze

The mea sure ments showed clear ev i dence that the sea breeze has a 
pos i tive ef fect, due to its lower air tem per a ture and higher wind
speeds, which have a cool ing ef fect dur ing in the af ter noon. This is
clearly il lus trated by the dif fer ence be tween the Bank of Cey lon
(BoC) site in Fort and the Galle Road (GRB) site in Bambalapitiya. 
Al though both are close to the sea, the for mer, which is open to the
sea, is more com fort able due to the sea breeze, whereas the lat ter
has a con tin u ous front age of me dium-rise build ings along its west -
ern side ef fec tively block ing the sea breeze.

The find ings agree well with those of Jonsson (2005) in hot hu mid 
Dar es Sa laam, Tan za nia, where the sea breeze was found to cre ate
a day time cool is land dur ing the inter-mon soon pe riod. The ef fect of
sea breeze on ur ban cli mate was also noted by Saaroni et al. (2000)
in Tel-Aviv, Is rael, where ar eas close to the sea, or where the sea
breeze was al lowed to pen e trate by the ur ban mor phol ogy, were
cooler than other parts of the city.

Ef fect of shad ing by col on nades and trees

Over head shad ing can im prove com fort con di tions con sid er ably, as
is clearly il lus trated by the cal cu lated PET for the street at the Uni ver -
sity of Moratuwa (UoM) site, where over head shad ing ex isted on one 
side of the street. The sim u la tions also show that shade from ei ther
col on nades or trees gives con sid er ably lower PET val ues, re sult ing in 
com fort able or only slightly un com fort able con di tions ac cord ing to
the as sumed com fort lim its. These find ings agree with Ahmed
(2003), who found that well shaded ur ban spaces of ten were con sid -
ered com fort able in the hot hu mid sum mer cli mate of Dhaka, Ban -
gla desh. As noted in the Fez case, col on nades pro vide more ef fi cient 
shad ing than trees, since the lat ter have a cer tain de gree of trans par -
ency.

Sim u lated PET val ues un der col on nades and trees are slightly
higher in the Co lombo case than in the Fez sum mer case, al though
global ra di a tion in Co lombo is lower (see Pa per IV). This is due to
the higher amount of dif fuse ra di a tion in Colombo.

Ef fect of sur face re flec tivity and ther mal mass

The sim u lated ef fect of the re flec tivity and ther mal mass of sur faces
proved to have a lim ited in flu ence on ther mal com fort. How ever,
even if lighter colours could im prove com fort con di tions, as sug -
gested by many guide lines, main tain ing light colours could prove dif -
fi cult, due to dust and air pol lu tion. Al though there is a slight ten -
dency for PET to de crease with in creas ing ther mal ad mit tance, it is
not re al is tic to in tro duce heavier build ing ma te ri als, since those that
ex ist are al ready of me dium to high den sity.

As noted for the Fez case, the ef fects of both sur face re flec tivity
and ther mal prop er ties might have been more sig nif i cant if a sim u la -
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tion programme had been used that takes the ther mal mass of build -
ings into account.

7.2 The con sid er ation of cli mate in 
ur ban plan ning and de sign

The role of ur ban codes
Ur ban codes have a ma jor im pact on ur ban de sign in both Fez and
Co lombo, since they in clude strict reg u la tions on build ing heights,
street widths, plot cov er age, etc. The codes are re spected and tend
to be fol lowed strictly in for mal con struc tion in both cit ies. How ever,
in Fez, and Mo rocco in gen eral, ur ban codes are largely in ap pro pri -
ate from a cli mate point of view. In stead of pro mot ing shade, which
is cru cial in warm cli mates with in tense so lar ra di a tion, the codes
stip u late large dis tances be tween build ings. Sim i larly “in ap pro pri ate” 
codes have been re ported from other warm cli mates (e.g. Al-
Hemaidi 2001, Baker 2002).

How ever, due to rapid ur bani sa tion in both Mo rocco and Sri
Lanka, there is an on go ing de bate re gard ing ap proaches to in creas -
ing the pop u la tion den sity through the re vi sion of the ur ban codes.
Hence, the lat est code for Co lombo (UDA 1999a, b) pro motes high-
rise build ings and al lows max i mum floor area ra tio (FAR) val ues of 8 
and above. In Mo rocco, low-in come dwell ings will be per mit ted to
have more stor eys (MHU 2005). How ever, al though the on go ing
changes are in the right di rec tion in both coun tries, they will not im -
prove out door ther mal com fort con di tions sig nif i cantly as they will
only result in minor increases in maximum H/W ratios.

Con sid er ation of cli mate as pects in 
ur ban de sign
The in ter views with ur ban plan ners con ducted in this study re vealed 
that the con sid er ation of cli mate in ur ban plan ning and de sign is lim -
ited both in Fez and Co lombo. Cli mate is not con sid ered ex plic itly
but is, in stead, in cluded in other as pects, such as en vi ron men tal is -
sues. Eliasson (2000) came to a sim i lar con clu sion af ter in ter view ing
Swed ish ur ban plan ners.

Con straints for cli mate-con scious ur ban de sign

There are a num ber of con straints ex plain ing why cli mate is sues are
not con sid ered in ur ban de sign. One im por tant con straint is the lack
of knowl edge about cli mate is sues among ur ban plan ners and de -
sign ers. Apart from lim it ing op por tu ni ties for cli mate-con scious ur -
ban de sign, this lack of knowl edge is likely to make it more dif fi cult
for ur ban plan ners to ar gue for cli mate as pects when con flicts of in -
ter est oc cur, as sug gested by Eliasson (2000). There was no ev i -
dence that con sul tant ex per tise, such as that of fered by me te o rol o -
gists or cli ma tol o gists, was used. An other ma jor prob lem is the lack
of user-friendly tools to pre dict the ef fect of ur ban de sign on the mi -
cro cli mate. The use of tools was lim ited to cli mate data from cli mate 
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At lases. The find ings of this study agree quite well with those of
Eliasson (2000), ex cept that the Swed ish plan ners had ac cess to
some what more tools and oc ca sion ally em ployed the ser vices of cli -
mate con sul tants.

Ways to in cor po rate cli mate is sues in ur ban de sign

Sev eral re spon dents sug gested ways to better in cor po rate cli mate is -
sues in the ur ban plan ning and de sign pro cesses. A com mon pro -
posal was to in clude cli mate as pects in zon ing and build ing reg u la -
tions. This ap proach is sup ported by Aynsley and Gulson (1999), who 
ar gue that cli mate as pects should be a leg is lated plan ning re quire -
ment. There were also sug ges tions for the de vel op ment of plan ning
and de sign guide lines. The lat ter sug ges tion agrees with the con clu -
sions of Ev ans and de Schiller (1996) in Ar gen tina.

Un doubt edly, ur ban codes play an im por tant role in the pro vi sion
of cli mate-con scious ur ban de sign. How ever, gov ern ing cli mate-sen -
si tive ur ban de sign solely through codes only is not fea si ble. For ex -
am ple, a va ri ety of dif fer ent street de signs may be needed to pro vide 
com fort. Con se quently, it is nec es sary for plan ners and ur ban de -
sign ers to be knowl edge able about ur ban cli mate while also co op er -
at ing with cli ma tol o gists. The in ter view ees were also of the opin ion
that ed u ca tion is im por tant, es pe cially for pro fes sion als within the
fields of ur ban plan ning and design. Moreover, public awareness
was considered important.

7.3 How to im prove ther mal 
com fort at street level

Pre sented be low are pro pos als for cli mate-con scious street de signs
for Fez and Co lombo. These are mainly based on the sim u la tion
study, but also take mea sure ment re sults and cur rent ur ban de sign
prac tices into ac count. It should be noted that no com fort zone for
PET in hot dry and hot hu mid cli mates has been es tab lished. The
dis com fort lim its as sumed in this study are there fore un cer tain. This
par tic u larly con cerns the lower dis com fort level in Fez dur ing the
win ter, which is based on in door cloth ing and ac tiv ity and which, in
re al ity, is there fore likely to be lower than that shown here.

Rec om men da tions for hot dry cli mates
The stud ied city of Fez is used here to rep re sent a hot dry cli mate.
With the ex cep tion of its an cient Me dina, Fez is, in gen eral, a dis -
persed, low-rise city. The sim u la tions showed that can yons with high 
H/W ra tios, where build ings pro vide shade, rep re sent an ad van tage
un der sum mer con di tions. On the other hand, for the win ter sea son,
a dis persed ur ban form, with streets with low H/W ra tios, is pref er a -
ble. How ever, since the sum mer sea son is lon ger than the win ter
sea son and since it is more dif fi cult to adapt be hav iour and cloth ing
to warm con di tions, the ma jor ity of streets should be de signed for
good sum mer com fort. This would re quire new ur ban ar eas be ing

120

Ur ban De sign and Out door Ther mal Com fort in Warm Cli mates Erik Johansson



far more com pact than to day’s to im prove microclimatic con di tions
dur ing the warm sea son.

Higher H/W ra tios could be achieved ei ther by mak ing the streets
nar rower, which could be suit able for pe des trian streets, or by mak -
ing the build ings higher, which is more suit able for streets in tended
for mo tor traf fic. How ever, an in crease in H/W will lead to higher
noc tur nal tem per a tures, which may de crease the pos si bil ity of cool -
ing by night ven ti la tion. More over, as streets be come nar rower, prob -
lems of pri vacy in crease, with neigh bours be ing able to see into
dwell ings from across the street. Fur ther more, very deep can yons
would be un fa vour able from the per spec tive of the dis per sion of pol -
lu tion from mo tor traf fic. There fore, extremely deep canyons are not
recommended.

The sim u la tion study sug gested that H/W ra tios for east-west ori -
ented streets should be as high as 4 to pro vide com fort in the sum -
mer (Fig. 6.17b). For north-south ori ented streets, which turned out
to be less prob lem atic in terms of ther mal com fort, a H/W ra tio of
about 2 pro vided ac cept able con di tions both in sum mer and win ter
(Figs. 6.17a and 6.18a). To pro vide ther mal com fort on a neigh bour -
hood level also in win ter, at least some streets, pref er a bly ori ented
east-west, should be wider to al low for so lar ac cess. The can yon of
H/W = 0.67 with a col on nade on its north ern side and trees planted
along the south ern side (Fig. 6.18b) pro vided suf fi cient so lar ac cess
un der the col on nade in win ter, while pro vid ing suf fi cient shade un -
der the same col on nade and un der the shad ing trees on the south -
ern side in sum mer. The pro posed H/W ra tio of 4 for east-west ori -
ented streets is higher than that pro posed by e.g. Givoni (1998) and
Grundström et al. (2003). How ever, the sug gested can yon of H/W =
0.67, in tended to per mit so lar ac cess, is in line with the pro pos als of
these stud ies. The H/W ra tio of 2 that this study pro poses for north-
south ori ented streets is lower than that proposed by Givoni (1998),
who suggested H/W ratios between 3 and 5.

It is rec om mended that build ings have no front set backs, in or der
to in crease the pos si bil i ties of shade for pe des tri ans. More over, over -
head shad ing should be pro vided in the form of pro jected up per
floors, col on nades, shad ing trees or other de vices to im prove ther -
mal com fort for pe des tri ans. De cid u ous trees are suit able since they
pro vide shade in sum mer and allow solar access in winter.

Open pub lic spaces should pref er a bly be small, but suf fi ciently
large to al low so lar ac cess in win ter. They should be pro vided with
over head shad ing to im prove com fort in summer.

Most of the pro posed street de signs are not pos si ble to achieve
given cur rent ur ban reg u la tions in Fez, par tic u larly not in low-rise
res i den tial ar eas where plots are of ten large with re quired set backs.
Con se quently, it would be nec es sary to change the codes to per mit
higher H/W ra tios for streets than is cur rently the case. More over,
plot cov er age should be in creased and there should be no front set -
backs. There should be fewer zones for de tached vil las and plots
should be smaller. Such a shift, to a more com pact ur ban de sign,
would lead to higher build ing and pop u la tion den si ties and thus a
more ef fi cient land-use, which is in line with the aims of the na tional 
au thor i ties. The codes should also pro mote pro ject ing up per floors
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and col on nades, which pro vide shade at street level. Sim i larly, hor i -
zon tal shading devices and shading trees should be encouraged.

Rec om men da tions for hot hu mid cli mates
The stud ied city of Co lombo, which is used here to rep re sent a hot
hu mid cli mate, is, in gen eral, a dis persed, low-rise city. The sim u la -
tions showed that can yons with high H/W ra tios, where shade is pro -
vided by build ings, would be de sir able to im prove microclimatic
con di tions. This could be achieved ei ther by mak ing the streets nar -
rower, which could be suit able for pe des trian streets, or by mak ing
the build ings higher, which is more suit able for streets in tended for
mo tor traf fic. How ever, ex ces sively high H/W ra tios are likely to in -
crease the noc tur nal heat is land, which would be neg a tive in Co -
lombo where noc tur nal tem per a tures are high. More over, this would 
re strict air flow and would be un fa vour able from the per spec tive of
the dis per sion of pol lu tion from mo tor traf fic. There fore, ex tremely
deep can yons are not rec om mended.

The sim u la tion study sug gests that H/W ra tios for east-west streets 
should be as high as 4 to pro vide com fort in the sum mer (Fig. 6.20a). 
For north-south streets, which proved less prob lem atic in terms of
ther mal com fort, a H/W ra tio of about 2 pro vides ac cept able con di -
tions (Fig. 6.19). In Co lombo, spac ing be tween build ings is pref er a -
ble to per mit air flow. This is es pe cially im por tant for the coastal strip 
to al low the west erly sea breeze to pen e trate the city. Con se quently,
some east-west ori ented streets in coastal ar eas could have H/W ra -
tios as low as about 0.5 (Fig. 6.20b). The H/W ra tios pro posed in this
study are con sid er ably higher than those nor mally sug gested for hot
humid climates (see Section 4.4).

De tached tower blocks are well adapted to the hot, hu mid cli -
mate, since they pro vide a large amount of shade while al low ing the
wind through and, in fact, stim u lat ing air flow. A blend of high-rise
tow ers and lower build ings, as sug gested by de Schiller and Ev ans
(1998) and Aynsley and Gulson (1999), and the use of build ings
raised on col umns would prob a bly pro mote even greater air flow. It
should be noted, how ever, that wind speeds in Co lombo are, in gen -
eral, low and the pos si bil i ties are there fore lim ited. How ever, the
pos si bil i ties of en hanc ing air flow re quire fur ther in ves ti ga tion, as
suggested in Section 7.4.

It is rec om mended that build ings have no front set backs, in or der
to in crease op por tu ni ties to pro vide shade for pe des tri ans at street
level. How ever, side set backs are rec om mended to in crease air
move ments around build ings and in the streets. More over, over head
shad ing should be pro vided in the form of pro jected up per floors,
col on nades, shad ing trees or other de vices to im prove ther mal com -
fort for pe des tri ans. Sim i larly, open pub lic spaces should be pro -
vided with overhead shading to improve comfort.

H/W ra tios above about 2, as sug gested above, are cur rently not
per mit ted in Co lombo and, con se quently, ur ban codes need to be
changed. Such a change would lead to higher build ing and pop u la -
tion den si ties, which is in line with the aims of the na tional au thor i -
ties. In stead of front set backs, codes should stip u late side set backs
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to in crease air flow. Pro ject ing up per floors and col on nades, which
pro vide shade at street level, should be pro moted and hor i zon tal
shad ing de vices and shading trees should be encouraged.

7.4 Fu ture stud ies
In this study, ther mal com fort was cal cu lated the o ret i cally and com -
fort lim its were es ti mated on the ba sis of other stud ies. More over,
the ef fects of cli mate ad ap ta tion were not con sid ered. There fore,
there is a great need to con duct field sur veys in hot dry and hot hu -
mid cli mates in or der to de ter mine ac tual com fort zones. Such field
sur veys should in clude si mul ta neous mi cro cli mate mea sure ments at 
street level and sub jec tive com fort votes by pe des tri ans.

De tailed, cli mate-con scious ur ban de sign guide lines and reg u la -
tions need to be de vel oped for Fez and Co lombo. These should in -
clude re quire ments and rec om men da tions re gard ing street widths,
build ing heights, the spac ing of build ings, street ori en ta tion, de sir -
able build ing forms, plot cov er age, shad ing de vices, shad ing trees,
sur face ma te ri als and façade colours. How ever, since this study was
re stricted to east-west and north-south ori ented streets, the per for -
mance of other street ori en ta tions needs to be investigated for the
two cities.

This study showed the im por tance of over head shad ing in warm
cli mates. Fu ture stud ies should in clude in situ mea sure ments to de -
velop more de tailed knowl edge on the ef fect of shad ing de vices and 
shad ing trees.

Wind speeds need to be pro moted in hot hu mid cli mates, es pe -
cially where wind speeds are low. The de sign of ur ban ar eas to pro -
mote air flow needs to be stud ied thor oughly, for ex am ple by us ing
de tailed CFD modelling.

In fu ture stud ies, it would be in ter est ing to in ves ti gate the ef fect of 
ur ban de sign on ther mal com fort and en ergy use in build ings. Such
stud ies should in clude the link be tween ar chi tec tural and urban
design.

Due to the com plex ity of the ur ban en vi ron ment, sim u la tion mod -
els are im por tant in un der stand ing how it af fects ur ban cli mate and
to pre dict the ef fects of dif fer ent ur ban de signs. While highly com -
pre hen sive and pro vid ing de tailed out put, the sim u la tion programme 
used in this study, ENVI-met, does not con sider the ther mal mass of
build ings. Fu ture mi cro cli mate sim u la tions should pref er a bly use
models that take this parameter into account.

In or der to in crease op por tu ni ties for ur ban de sign ers to de sign
com fort able out door en vi ron ments, there is a need to de velop
user-friendly de sign tools. Such de vel op ment should pref er a bly be
con ducted in co op er a tion be tween ur ban cli ma tol o gists and ur ban
de sign ers.
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Appendix 1

Glos sary of terms and
def i ni tions

Advection Hor i zon tal air move ments

Albedo Re flec tivity

Anthropogenic heat Heat re lease from hu man ac tiv i ties.

At mo spheric sta bil ity The at mo sphere is said to be un sta ble when
the air tem per a ture de creases with height
(typ i cal for sunny days when so lar ra di a tion
in duces nat u ral con vec tion), sta ble when
the air tem per a ture in creases with height
(typ i cal for calm nights) and neu tral when
there is no tem per a ture gra di ent.

Den sity (build ing) Amount of the ground oc cu pied by build -
ings.

Den sity (res i den tial) No. of per sons per unit of land (or no. of
hous ing units per unit of land).

Dry bulb tem per a ture The air tem per a ture of a dry ther mom e ter.

Emmisivity The ra tio of en ergy emit ted from a sur face
com pared to a black body.

Evapotranspiration Loss of wa ter to the air due to com bined
evap o ra tion and tran spi ra tion.

Floor area ra tio (FAR) The ra tio be tween the to tal gross area of a
all floors of a build ing and the plot area

Forced con vec tion Air mo tion caused by wind.

Global ra di a tion The sum of di rect and dif fuse so lar ra di a tion.

Globe ther mom e ter A ther mom e ter en closed in a black painted
globe used to mea sure the mean ra di ant
tem per a ture.

Im per vi ous sur face A sur face through which wa ter can not pen e -
trate.

Land-use The ac tiv ity land is used for.

La tent heat The heat re quired to change the state of wa -
ter, e.g. from liq uid to vapour, with out
change of tem per a ture.

Long-wave ra di a tion “Low tem per a ture” ra di a tion, e.g. heat ra di a -
tion from build ing sur faces.

131



Mas ter plan Doc u ment de scrib ing, in words and with
maps, an over all de vel op ment con cept in -
clud ing both pres ent land-uses as well as fu -
ture land de vel op ment.

Mean ra di ant 
tem per a ture (MRT)

The tem per a ture of an imag i nary en clo sure
with which the hu man body would ex -
change the same ra di a tion as with the ac tual 
en vi ron ment.

Me dina Here used in the con text “old”, his toric city.

Nat u ral (free) 
con vec tion

Ver ti cal air mo tion due to den sity dif fer -
ences.

Octa Unit that ex presses the por tion of the sky
cov ered with clouds (equal to one-eighth of
the sky vault).

Phys i o log i cally 
equiv a lent tem per a ture

The air tem per a ture in a typ i cal in door set -
ting at which the heat bal ance of the hu man
body is main tained with core and skin tem -
per a tures equal to those of the ac tual en vi -
ron ment

Plot cov er age The amount of a plot cov ered by build ings.

Sen si ble heat Heat en ergy that can be sensed, i.e. mea -
sured by a ther mom e ter.

Set back A re quired dis tance from the plot bor der to
the build ing oc cu py ing the plot.

Shanty town In for mal set tle ment with “non-per ma nent”
build ings, of ten lack ing land own er ship.

Short-wave ra di a tion “High tem per a ture” ra di a tion emit ted by the
sun.

Sky view fac tor (SVF) The por tion of the sky that can be seen from
a point on a sur face.

Slum area Area of per ma nent build ings in very poor
con di tion and lack ing ba sic san i tary fa cil i -
ties.

So lar al ti tude The ver ti cal an gle be tween the sun’s po si -
tion and the ho ri zon.

So lar az i muth The hor i zon tal an gle of the sun in re la tion to
north.

Spon ta ne ous 
set tle ment

Un planned, non-reg u lar ized, and of ten il le -
gal, hu man set tle ment.

Ther mal ad mit tance The abil ity of a sur face to take up or re lease
heat (also called the heat pen e tra tion co ef fi -
cient).

Tur bu lence A state of the air in which air speed and di -
rec tion vary ran domly.
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Ur ban can opy layer The at mo spheric layer be tween the ground
and the roof tops

Ur ban street can yon The space de lim ited by the street and the
façades of the build ings along the street

Ur ban de sign Part of ur ban plan ning that fo cuses on the
de sign of places, i.e. build ings and the
three-di men sional space be tween them. It is 
of ten de fined as an in ter me di ate scale be -
tween ar chi tec ture and ur ban plan ning.

Ur ban fab ric The phys i cal struc ture of an ur ban area.

Ur ban form The phys i cal form of an ur ban area con sist -
ing of street pat terns, build ing sizes and
shapes, ar chi tec ture, and den sity.

Ur ban growth The in crease in ur ban pop u la tion.

Ur ban iza tion The growth of the pro por tion of ur ban pop u -
la tion in a coun try.

Ur ban heat is land Ur ban ar eas be ing warmer than the sur -
round ing ru ral ar eas. Pri mar ily a noc tur nal
phe nom e non.

Ur ban sprawl Hor i zon tal growth of a city through low-den -
sity de vel op ments.

U-value The amount of heat per unit area that passes 
through a build ing el e ment.

Vapour pres sure The par tial pres sure of the air due to wa ter
vapour.

Wilaya Here: ad min is tra tive re gion (Mo rocco).
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Ap pen dix 2

Ma te rial prop er ties

Ta ble A 1 Short-wave re flec tivity (albedo) and long-wave emissivity 
(and ab sorp tivi ty) of typ i cal ru ral and ur ban sur face ma te ri als 
(Ev ans 1980, Oke 1987).

Sur face Short-wave Long-wave emissivity ε 
re flec tivity α and ab sorp tivi ty

Dark, wet soil 0.05 0.98

Light, dry soil 0.40 0.90

Long grass 0.16 0.90

Short grass 0.26 0.95

As phalt 0.05–0.20 0.95

Con crete 0.10–0.35 0.90

Brick 0.20–0.40 0.90–0.92

White paint 0.50–0.90 0.85–0.95

Red, brown and 0.20–0.35 0.85–0.95
green paint

Ta ble A 2 Typ i cal val ues of vol u met ric heat ca pac ity, ther mal con duc tiv ity 
and ther mal ad mit tance of typ i cal ru ral and ur ban ma te ri als.

Heat Ther mal Ther mal
ca pac ity con duc tiv ity ad mit tance*

Ma te rial (kJ/m3°C) (W/m°C) (J/m2s0.5°C)

Sandy soil, dry 1300 0.30 600

Sandy soil, sat u rated 3000 2.2 2600

Clay soil, dry 1400 0.25 600

Clay soil, sat u rated 3100 1.6 2200

As phalt 1900 0.80 1200

Brick 1400 0.70 1100

Con crete 2100 1.5 1800

Nat u ral stone 2300 2 2100

Soft wood 1400 0.14 400

* Some times called heat pen e tra tion co ef fi cient or ther mal effusivity.

Sources: Ev ans 1980, Oke 1987, Oke 1988b.
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Ap pen dix 3

The in ter view guide

1 Back ground ques tions
– Name, pro fes sion, age and sex.

– Cur rent de part ment and po si tion.

– Time work ing in the cur rent po si tion. Pre vi ous ca reer within the
same or ga ni za tion.

– Ac a demic ed u ca tion and pro fes sional ca reer.

2 Du ties/tasks
– What are your cur rent tasks/re spon si bil i ties?

– What is your role in ur ban plan ning/at what level of plan ning are
you in volved?

– What plan ning is sues do you give the high est pri or i ties – traf fic, 
in fra struc ture, hous ing, aes thet ics, etc?

– What are the main con straints in your plan ning work – econ omy,
time, pol icy, etc?

– What are the cur rent build ing den si ties for res i den tial hous ing?
Within which lim its is it al lowed to vary? Is the trend that the den -
sity is in creas ing/de creas ing?

3 Ur ban plan ning/de sign and cli mate
– Do you have an in ter ests in ques tions re lated to cli mate ad ap ta -

tion and ther mal com fort? Do you think it would be ben e fi cial to
in clude cli mate and com fort as pects in ur ban de sign?

– At which level(s) of the plan ning pro cess is cli ma tic is sues con sid -
ered?

– How much time do you spend on dis cuss ing cli ma tic as pects in
plan ning? Would you like to ded i cate more/less time for these 
is sues?

– Have you had any ed u ca tion (uni ver sity, in ter nal, post grad u ate,
etc) re gard ing the link be tween ur ban de sign and ur ban mi cro-
cli mate?

– Which tools – e.g. cli ma tic maps, sta tis ti cal weather data, com -
puter soft wares – are avail able to pre dict the ef fect of ur ban plan -
ning/de sign on the mi cro-cli mate? Where do you find these tools/
in for ma tion?
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– If the an swers of ques tions 12–14 are no:
– Why are cli ma tic is sues not con sid ered?
– What are the ob sta cles/con straints – lack knowl edge, lack of
tools, lack of cli mate data, etc?

– If you knew that you could im prove the mi cro-cli mate in ur ban
en vi ron ments through ur ban de sign, would you be in ter ested to
in cor po rate these as pects in the plan ning pro cess?

– Are cli ents/de vel op ers or the pub lic de mand ing cli mate-
con scious de sign?

– In your opin ion, how could cli mate as pects be in cor po rated in 
ur ban de vel op ment in the fu ture?
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In flu ence of ur ban
ge om e try on 
out door ther mal com fort 
in a hot dry cli mate: 
A study in Fez, Mo rocco

Erik Johansson, Housing Development & Management,
 Lund University, Sweden

Ab stract
There are few stud ies on the mi cro cli mate and hu man com fort of ur -
ban ar eas in hot dry cli mates. This study in ves ti gates the in flu ence of 
ur ban ge om e try on out door ther mal com fort by com par ing an ex -
tremely deep and a shal low street can yon in Fez, Mo rocco. Con tin u -
ous mea sure ments dur ing the hot sum mer and cool win ter sea sons
show that, by day, the deep can yon was con sid er ably cooler than
the shal low one. In sum mer, the max i mum dif fer ence was on av er -
age 6 K and as great as 10 K dur ing the hot test days. As sess ment of
ther mal com fort us ing the PET in dex sug gests that, in sum mer, the
deep can yon is fairly com fort able whereas the shal low is ex tremely
un com fort able. How ever, dur ing win ter, the shal low can yon is the
more com fort able as so lar ac cess is pos si ble. The re sults in di cate
that, in hot dry cli mates a com pact ur ban de sign with very deep can -
yons is pref er a ble. How ever, if there is a cold sea son as in Fez, the
ur ban de sign should in clude some wider streets or open spaces or
both to pro vide so lar ac cess.
Keywords: Ur ban ge om e try; Ther mal com fort; Mi cro cli mate; Ur ban
cool is land; Ur ban heat is land; Ur ban de sign.

1 In tro duc tion
Due to rapid ur ban iza tion in de vel op ing coun tries, en vi ron men tal is -
sues have gained in creased at ten tion in cit ies with trop i cal cli mates.
As a con se quence, the in ter est in the mi cro cli mate around build ings
in ur ban ar eas has in creased be cause it af fects, among other things,
out door and in door ther mal com fort, en ergy use for heat ing and
cool ing, and the dis per sion of air pol lu tion. In the ur ban en vi ron -
ment, a com fort able cli mate is im por tant for well-be ing and to at -
tract peo ple to pub lic spaces. The best known char ac ter is tic of ur -
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ban cli mate is that air tem per a tures are higher than those in the sur -
round ing ru ral ar eas at night. Noc tur nal ur ban heat is lands as high as 
12 K have been found in dense cen tres of large cit ies [1,2]. By day,
most stud ies show small ur ban–ru ral dif fer ences. Other typ i cal char -
ac ter is tics of the ur ban cli mate in clude lower av er age wind speeds
than out side the city [1].

Ur ban ge om e try and ther mal prop er ties of ur ban sur faces have
been found to be the two main pa ram e ters in flu enc ing ur ban cli -
mate [1,3]. The ra tio be tween the height of build ings (H) and the dis -
tance be tween them (W) in flu ences the amount of both in com ing
and out go ing ra di a tion and also af fects wind speeds. The noc tur nal
heat is land has been shown to in crease with the H/W ra tio since the
net out go ing longwave ra di a tion de creases due to re duced sky view
fac tor (SVF). High ther mal ca pac ity of ur ban sur face ma te ri als also
con trib utes to the noc tur nal heat is land as a large part of the in com -
ing ra di a tion dur ing the day is stored in such ma te ri als and not re -
leased un til the night [2]. The ef fect of anthropogenic heat from the
heat ing and cool ing of build ings and mo tor ve hi cles on ur ban air
tem per a tures is nor mally low, al though some ex cep tions in city cen -
tres have been re ported [3]. Air pol lu tion af fects both in com ing and
out go ing ra di a tion but the net ef fect on air tem per a tures has usu ally
proved to be small [1,3].

Since ur ban form and the prop er ties of sur face ma te ri als have a
strong in flu ence on the mi cro cli mate around build ings, ur ban de sign 
is a prom is ing area for im prov ing the ther mal com fort of out door en -
vi ron ments. How ever, ur ban cli mate and out door ther mal com fort
are gen er ally given lit tle im por tance in the plan ning and de sign pro -
cesses [4,5]. Of ten the ur ban plan ning reg u la tions used in hot dry
coun tries, most of which are in the de vel op ing world, are im ported
from tem per ate cli mates and are thus poorly adapted to the lo cal cli -
mate. Ad di tion ally, they may be very in flex i ble and thereby re strict
the pos si bil ity of cli mate-con scious ur ban de sign, (e.g. [6–8]). As a
consequence, urban areas often become unnecessarily un com fort -
able.

In a hot and dry cli mate, where the di ur nal tem per a ture range is
large with cool nights, the high day time tem per a ture dur ing sum mer
is the main prob lem rather than the noc tur nal heat is land (even
though the lat ter may re duce the ef fi ciency of night ven ti la tion of
build ings in sum mer). Com pact ur ban forms in hot dry re gions – typ -
i cally found in old city cen ters – are known to be well adapted to the
cli mate [7,9,10]. There are, how ever, few stud ies from hot dry cli -
mates on ur ban mi cro cli mate. In the desert city of El-Oued (33°N) in
Al ge ria, Bourbia and Awbi [11] re ported only small day time dif fer -
ences be tween ur ban and ru ral tem per a tures al though the max i -
mum tem per a ture tended to de crease as the H/W ra tio in creased. In 
the hot, but hu mid, en vi ron ment of Dhaka (24°N), Ban gla desh,
Ahmed [12] found that on av er age the daily max i mum tem per a tures 
de creased, by 4.5 K when the H/W ra tio in creased from 0.3 to 2.8.
How ever, in these stud ies the H/W ra tios were within a lim ited range 
and very deep street can yons were not in cluded.

From a ther mal com fort point of view, cli ma tic and phys i cal fac -
tors other than air tem per a ture are im por tant. In out door con di tions
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the ra di ant ex change of the hu man body with the en vi ron ment is of
spe cial im por tance due to ex po sure to so lar ra di a tion, the cold
sky-vault, and warm and cool ur ban sur faces. The other fac tors in flu -
enc ing ther mal com fort – air move ments and hu mid ity – vary much
more out doors than in doors. There are, how ever, few stud ies into
the re la tion ship be tween ur ban ge om e try and ther mal com fort in
hot dry cit ies. Pearlmutter et al. [6] com pared the en ergy ex change
of the hu man body within and above an ur ban can yon with H/W = 1 
in Dimona (31°N), Is rael. How ever, this study was re stricted to one
type of can yon and no com fort in dex was cal cu lated.

The aim of this pa per is to in ves ti gate the in flu ence of ur ban ge -
om e try on mi cro cli mate and ther mal com fort at street level in a hot
dry cli mate. This is done by com par ing ur ban street can yons in two
neigh bour hoods, one with a com pact and the other with a dis persed 
ur ban form. The com par i son is made in Fez, Mo rocco, and in cludes
both sum mer and win ter. The study is based on field mea sure ments
of air and sur face tem per a tures, air hu mid ity and wind speed. Ther -
mal com fort is as sessed by cal cu lat ing the phys i o log i cally equiv a lent
tem per a ture (PET), a com fort in dex which takes into ac count all the
en vi ron men tal pa ram e ters in flu enc ing thermal comfort – tem per a -
ture, radiation, humidity and wind speed.

2 The city of Fez and the study ar eas
The city of Fez (33°58’N, 4°59’W) is lo cated in the in te rior of Mo rocco 
in a val ley sit u ated be tween the Rif moun tains to the north and the
At las moun tains to the south (Fig. 1). The cli mate (Fig. 2) is char ac -
ter ized by hot and dry sum mers and cold win ters. Di ur nal tem per a -
ture swings are large; the mean range is 17– 34°C in July and 4–15°C
in Jan u ary. The tem per a ture can, how ever, rise above 40°C in the
sum mer, es pe cially when the desert wind, chergui, is blow ing from
the Sa hara, and fall be low 0°C in win ter. The rain fall max i mum is in
the win ter pe riod whereas the sum mer pe riod is al most com pletely
dry. The daily hours of bright sun shine var ies be tween about 6 h in
De cem ber and 11 h in July [13].
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Fig. 1
The lo ca tion of Fez in
north ern Mo rocco.



Fez was cho sen for this study be cause it con sists of two sec tions
with a com pletely dif fer ent ur ban form: the me di eval city – the me -
dina, here af ter re ferred to as the old city – and the con tem po rary city 
which has its roots in the time of French col o ni za tion – nou velle ville
or the new city [13–15].

The old city of Fez is ex tremely com pact. The build ings, nor mally
two to four stor eys high, are in ward look ing with a court yard in the
cen tre. The streets are nar row and cut deep can yons through the
city. No trans port by car is pos si ble ex cept for a few dis trib u tor roads. 
The street net work is ir reg u lar which in creases the mu tual shad ing
by build ings. The shad ing at street level is fur ther im proved by the
fact that in many places, the up per floors ei ther pro trude (e.g., bay
win dows) or bridge the alleyways.

The new city is a sharp con trast to the old city. Build ings are out -
ward look ing and the streets, which are de signed for mo tor ve hi cles, 
are wide and pro vided with wide pave ments. The street pat tern is
reg u lar and, ex cept for some tree-lined av e nues and pe des trian ar -
cades, there are few el e ments pro vid ing shade at street level.

3 Meth od ol ogy

3.1 Se lec tion of mea sure ment sites
An area in the old and an other in the new city were cho sen for the
mea sure ment cam paign in or der to give two ex tremes of ur ban ge -
om e try. The stud ied area in the old city, sit u ated at the core of the
me dina, has a com pact ur ban form. Build ings oc cupy the whole
plot, with the ex cep tion of space used for court yards, and streets are 
nar row (Fig. 3). The res i den tial part of the neigh bour hood (lo ca tions
2–4 in Fig. 3) is one of the most densely built in the old city; three to
four storey build ings are sep a rated by 1.5–2.5 m wide al leys (Fig. 5).
In the ba zaar area (lo ca tions 1 and 5 in Fig. 3), how ever, streets are
some what wider and the build ings are only one or two stor eys. The
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Fig. 2
Monthly mean max i -
mum and min i mum air 
tem per a tures and rain -
fall in Fez.

Source: Di rec tion de la
Météorologie Nationale,
Mo rocco.



stud ied area in the new city was re cently built and has a dis persed
ur ban form. This planned neigh bour hood is very uni form in terms of
street width and build ing height and the por tion of the plot oc cu pied
by build ings is much smaller than in the old neigh bour hood (Fig. 4).
The two to three storey build ings are mainly semi-de tached and

Ta ble 1 Geo met ric char ac ter is tics of the mea sure ment lo ca tions
in the two neigh bour hoods

Av er age Dis tance
Neigh bour - build ing be tween
hood Lo ca tion height build ings H/W ra tio Ori en ta tion

Old A 13.6 1.4 10 E – W

1 4 3.0 1.3 E – W

2 13 2.3 —a N – S

3 13 2.3 6 E – W

4 11 1.0 11 N – S

5 6.5 11 0.6 N – S

New A 10.5 19 0.6 NE – SW

1 10 18 0.6 NE – SW

2 12 17 0.7 NW – SE

3 10 20 0.5 NE – SW

4 11 10 1.1 NW – SE

5 — — — —b

a The first floor is bridg ing the al ley.
b A square with some veg e ta tion.
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Fig. 3 Site map from the stud ied area in the old city
(the Seffarine dis trict).

Fig. 4 Site map from the stud ied area in the new 
city (the Adarissa dis trict).



have both front and back yards (Fig. 6). Lo ca tion 5 is a square. In
both ar eas, mea sure ment sites were cho sen in or der to rep re sent
dif fer ences in ur ban ge om e try (H/W ra tio) and street ori en ta tion
(see Ta ble 1).

The cho sen neigh bour hoods are well suited for a com par i son of
the in flu ence of ge om e try since, apart from the dif fer ence in ur ban
ge om e try, they are sim i lar. For in stance, they have the same sur face
ma te ri als (plas ter and brick, con crete and as phalt) and have vir tu ally 
no ar ti fi cial heat sources. The ve hi cle traf fic is not in tense and its im -
pact on the res i den tial ar eas has been shown to be neg li gi ble [3].
The fact that the al ti tude of the new neigh bour hood is 140 m higher
than the old neigh bour hood has only a mi nor im pact since the de -
crease in tem per a ture with al ti tude (lapse rate) does not ex ceed 1
K/100 m [1].

Two street can yons are in ves ti gated in de tail (see lo ca tions A in
Figs. 3 and 4). The first is in the old city and, with a H/W ra tio of 9.7,
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Fig. 5. A nar row al ley in the res i -
den tial part of the old neigh bour -
hood (close to mea sure ment
lo ca tion A in Fig. 3).

Fig. 6
A street in the
new neigh bour -
hood (close to
mea sure ment 
lo ca tion A in 
Fig. 4).



is hence forth called the “deep” can yon. The sec ond is in the new
neigh bour hood and, with a H/W ra tio of 0.6, is called the “shal low”
can yon. Both streets are ori ented in roughly the same di rec tion and
are sur rounded by sim i lar types of streets and build ings. The deep
street can yon has its long-axis ori ented ap prox i mately east–west and 
is bor dered by build ings of uni form height. Part of this street is cov -
ered, but at the mea sure ment site the street is ex posed to the sky
(Figs. 5 and 7). The shal low can yon has its long-axis ori ented ap -
prox i mately north east– south west. Small trees are planted along the
pave ment and some houses have trees in the front yard (Figs. 6 and
8).

3.2 Field mea sure ments
For each neigh bour hood, the mea sure ments were di vided into long-
term, con tin u ous mea sure ments at lo ca tion A and short-term, in -
stan ta neous mea sure ments at lo ca tions 1–5 and A (see Figs. 3 and
4):

• Lo ca tion A: Con tin u ous mea sure ments were made at the deep
and shal low street can yons over 1.5 years. The po si tion of the
mea sure ment in stru ments are shown in Figs. 7–9. In the can yons,
the in stru ments had to be put above pe des trian height in or der to
nei ther at tract un due at ten tion nor in ter fere with the traf fic. In the
case of the shal low can yon, the lo ca tion of the air tem per a ture
and hu mid ity in stru ment was quite far from pe des trian height –
about 6 m (≈ 0.5H) above the street base and about 2 m from the
northfacing wall. De spite this dif fer ence in level, sev eral stud ies
have shown that, ex cept in the very near vi cin ity of can yon sur -
faces, the air tem per a ture dif fer ences within the can yon are fairly
small [6,16,17]. The sur face tem per a tures sen sors were em bed -
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Fig. 7 Plan view of the deep can yon show ing the points of mea sure ment 
within the street and above the roof.



ded in plas ter of Paris. The min ia ture log gers for air tem per a ture
and hu mid ity were shielded against so lar ra di a tion with a white
plas tic cover which was per fo rated to al low for air cir cu la tion. This 
pro tec tion how ever proved to be in suf fi cient and gave air tem per -
a tures of up to 2 K above real val ues. There fore, those re cord ings
where the log gers were ex posed to so lar ra di a tion have been sub -
se quently cor rected. In ad di tion to the con tin u ous mea sure ments, 
in stan ta neous mea sure ments (as de scribed for lo ca tions 1–5 be -
low) were per formed si mul ta neously in each can yon dur ing one
sum mer and one win ter week.

• Lo ca tions 1–5: In stan ta neous mea sure ments of air and sur face
tem per a tures, rel a tive hu mid ity and wind speed were per formed
in both neigh bour hoods. Read ings were taken over one sum mer
and win ter pe riod three times per day: prior to sun rise; in the af -
ter noon (14:00– 15:00 h); and in the eve ning af ter sun set.

The mea sure ment pe ri ods are shown in Ta ble 2 and the in stru ments 
used in Ta ble 3.

Ta ble 2 Mea sure ment pe ri ods

Site Neigh bour hood Con tin u ous In stan ta neous

A Old and new Feb. 2000–Aug. 2001  2–6 Feb. 2000

26–30 June 2000

1–5 Old 19–20 July 1998

 4–5 Dec. 1998

New 17–18 July 1998

 6–7 Dec. 1998
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Fig. 8 Plan view of the shal low can yon show ing the points of mea sure ment 
within the street and above the roof.
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Fig. 9 Sec tion of the shal low (a) and deep (b) can yon show ing the points of 
mea sure ment within the street and above the roof.



Ta ble 3 Mea sure ment in stru ments

Lo ca tion Mea sured pa ram e ter In stru ment

A Can yon air tem per a ture Tinytag Plus min ia ture log ger

Can yon rel a tive hu mid ity Tinytag Plus min ia ture log ger

Roof air tem per a ture PT100 sen sor

Sur face tem per a tures (con tin u ous) PT100 sen sor

Sur face tem per a tures Swema SWT 28
(in stan ta neous) 

Wind Swema SWA31 
(hot wire an e mom e ter)

1–5 Can yon air tem per a ture PT100 sen sor

Can yon rel a tive hu mid ity Rotronic OP100A

Sur face tem per a tures Swema SWT 28

Wind Swema SWA31 (hot wire an e mom e ter)

3.3 As sess ment of ther mal com fort
The ther mal com fort was as sessed for the deep and shal low can -
yons (lo ca tion A in Figs. 3 and 4) by cal cu lat ing the PET which is ex -
pressed in °C and takes into ac count air tem per a ture, mean ra di ant
tem per a ture (MRT), hu mid ity and wind speed. All nec es sary pa ram -
e ters to cal cu late PET were mea sured ex cept shortwave (di rect and
dif fuse) ra di a tion for Fez which was taken from the soft ware Meteo -
norm [21]. For the deep can yon, MRT was cal cu lated ac cord ing to
the VDI guide lines [18], see Ap pen dix. The can yon sur faces were as -
sumed to be full ra di a tors and the at mo spheric emissivity, εa, was
cal cu lated as [1]

εa = 0.70 + 5.95 × 10–5VP exp(1500/T),

where VP and T are the vapour pres sure (hPa) and tem per a ture (K)
of the air, re spec tively. The an gle fac tors for a stand ing per son were
es ti mated us ing a graph i cal method [19]. Re flected ra di a tion from
the fa cades and the street has been ig nored since most re flec tion
takes place in the top of the can yon and is not likely to have a great
ef fect at pe des trian level.

For the shal low can yon, which has a more com plex ge om e try and 
where trees are pres ent, MRT was cal cu lated us ing the soft ware
RayMan 1.2 [20], which re quires the so lar ra di a tion at the height of
pe des tri ans (1 m above the ground). The ap prox i mate global ra di a -
tion at the cen tre of the street was cal cu lated as the sum of the di -
rect and the dif fuse com po nents, where the dif fuse ra di a tion de -
pends on the ge om e try of the street can yon and de creases with can -
yon depth:

Ig = Idir + SVF × D,

where Ig is the global so lar ra di a tion (W/m2), Idir is the di rect so lar ra -
di a tion (W/m2), D is the dif fuse so lar ra di a tion (W/m2) and SVF is the 
sky view fac tor (at 1 m height). Note that re flec tions from the
façades and the street are not con sid ered. Dur ing pe ri ods of shade
Idir = 0 and the per son re ceives only dif fuse ra di a tion.

The PET in dex was cal cu lated with soft ware an nexed to [18]. The 
re la tion ship be tween the PET in dex and ther mal per cep tion has only 
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been de fined for steady state con di tions. Al though cloth ing and ac -
tiv ity lev els are not taken into ac count in the cal cu la tion of PET, the
cor re la tion be tween PET and ther mal per cep tion de pends on these
pa ram e ters. For a stan dard in door en vi ron ment, the com fort zone
for a rest ing per son (ac tiv ity = 80 W) with typ i cal in door cloth ing (0.9 
clo) is de fined as 18–23°C [22]. Since the re la tion ship be tween PET
and ther mal com fort for other cloth ing and ac tiv ity lev els has not
been de fined, no com fort zone is ap plied in this study; in stead the
PET index is used to compare the two street canyons.

4 Re sults

4.1 Air tem per a ture
The mea sured air tem per a tures in the two can yons (lo ca tion A, Figs. 
3 and 4) are shown in Figs. 10–13 to gether with the tem per a ture at
the air port which is as sumed to be rep re sen ta tive of the sur round ing 
coun try side. The re sults are shown for the warm sum mer pe riod and 
the cool win ter pe riod. The sum mer pe riod is de fined on the ba sis of 
air tem per a ture at the air port as be ing be tween 29 May and 16 Sep -
tem ber 2000. Over this pe riod the max i mum daily tem per a ture con -
sis tently ex ceeded 30°C with few ex cep tions. The win ter pe riod is
de fined as Feb ru ary and De cem ber 2000 and Jan u ary 2001.

Dur ing the af ter noon, which is the warm est part of the day, the
deep can yon was mark edly cooler than the shal low one. This dif fer -
ence was ob served all year round (Fig. 10), but was es pe cially pro -
nounced dur ing sum mer (Fig. 11). Dur ing the warm sea son, the av -
er age dif fer ence in max i mum day time tem per a tures be tween the
two can yons was 6 K. In gen eral the dif fer ence was high est on
warm, sunny days (the max i mum re corded tem per a ture dif fer ence
be tween the can yons dur ing the sum mer pe riod was 15 K). Fig. 12
shows that the deep can yon was, on av er age, 10 K cooler for the 15
warm est days of the sum mer pe riod (all of which had temperatures
at the airport exceeding 39°C).

The rea son for the large day time cool is land of the deep can yon is 
re lated to its high height to width ra tio (H/W = 9.7). By day, the
lower part is in com plete shade and, con se quently, sur faces re main
cool and the air is not warmed up. Fur ther more, by day the warm air 
above the roofs is un able to reach the lower parts of the can yon both 
be cause the main air flow above the roofs skims over the deep can -
yon (see e.g. [1]) and there the air is more buoy ant than the cool air
in the can yon be low. By night the cool ing of the sur faces at the can -
yon bot tom is very weak. How ever, the roof-tops cool down ef fi -
ciently through ra di a tive cool ing. The re sult ing cooled air pack ets
formed above the roofs may en ter the can yon, as sug gested by, e.g.,
Givoni [10] and could thus con trib ute to the cool ing of the can yon
air. Such cool air drain age is made pos si ble by the fact that the roofs
close to the mea sure ment site have very low par a pets. This could
ex plain the sur pris ingly low noc tur nal tem per a tures in the deep can -
yon on the 15 warm est days (Fig. 12) since most of these days also
had clear nights lead ing to very ef fi cient ra di a tive cool ing of the roof
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Fig. 10 Monthly mean max i mum and min i mum air 
tem per a ture in the deep and the shal low 
can yons as well as at the ru ral sta tion 
(Fez air port) dur ing the pe riod be tween 
Feb ru ary 2000 and Jan u ary 2001.

Fig. 11 Av er age air tem per a tures for the sum mer 
pe riod in the deep and shal low can yons as 
well as for the ru ral sta tion.

Fig. 13 Av er age air tem per a tures for the win ter 
pe riod in the deep and shal low can yons as 
well as for the ru ral sta tion.

Fig. 12 Av er age air tem per a tures for the 15 hot test 
days in the sum mer in the deep and shal low
can yons as well as for the ru ral sta tion.



tops. How ever, it can not be ex cluded that cool air also en ters the
can yon by hor i zon tal air move ments.

Dur ing the night, the deep can yon had higher air tem per a ture
than the shal low one (Figs. 11–13), which was to be ex pected be -
cause of the much lower SVF of the deep can yon. How ever, com -
pared to ob ser va tions in other ur ban ar eas with sim i lar SVFs, the
noc tur nal heat is land in the deep can yon was modest [1,2].

Dur ing the win ter pe riod the dif fer ence be tween the can yons was 
less, see Fig. 13. The dif fer ence in max i mum tem per a ture by day
was only about 3 K, which is due, at least partly, to more rainy and
over cast days (on rainy days there was vir tu ally no dif fer ence be -
tween the canyons).

Ta ble 4 Re la tion ship be tween af ter noon air tem per a tures and H/W 
ra tio in the old neigh bour hood for a win ter and a sum mer day 
(re corded at around 15:00 on 19 July and 5 De cem ber 1998).

Tem per a ture (at 15:00) (°C)

Site H/W ra tio Sum mer day Win ter day

Ba zaar area (sites 1 and 5) 0.6–1.3 36–42 16–17

Res i den tial area (sites 2–4) 6–11 30–31 13–14

Air port N/A 38 15

The short-term, in stan ta neous mea sure ments at lo ca tions 1–5 of
each neigh bour hood con firmed the trend that the max i mum air
tem per a ture de creases with in creas ing H/W ra tio (see Ta ble 4).
Thus, in the old neigh bour hood, a dif fer ence in max i mum air tem -
per a ture as great as 10 K was found be tween the dense res i den tial
parts and the more open ba zaar area which is only 100–150 m dis -
tant. In the dis persed neigh bour hood, where all streets have a sim i -
lar H/W ra tio, the tem per a ture dif fer ences were in sig nif i cant in clud -
ing the square (lo ca tion 5). No sig nif i cant in flu ence of the ori en ta tion 
of the streets on the air tem per a tures could be found in ei ther of the
neigh bour hoods. In the old neigh bour hood the rea son is prob a bly
that the al leys are so nar row and wind ing that so lar ra di a tion sel dom 
pen e trates ir re spec tive of street ori en ta tion. In the new neigh bour -
hood, on the other hand, the streets are so wide that tem per a ture
dif fer ences be tween streets will most likely be lev elled out by hor i -
zon tal air trans por ta tion (microadvection, see e.g. [23]).

The above can yon air tem per a tures were sim i lar in both ar eas
dur ing sum mer as well as winter.

4.2 Sur face tem per a tures and 
mean ra di ant tem per a ture (MRT)

The sur face tem per a tures of the façades of the deep and shal low
can yons (lo ca tion A, Figs. 3 and 4) are shown in Figs. 14 and 15
(con tin u ous mea sure ments) for the sum mer and win ter pe ri ods, re -
spec tively. Note that the sum mer pe riod is rep re sented by June
(deep can yon) and July (shal low can yon) 2000 and the win ter pe -
riod by 2–11 Feb ru ary 2000 be cause of an in com plete data se ries.

The deep can yon had low and sta ble sur face tem per a tures,
which is due to the al most com plete shade and low SVF which re -
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duces both in com ing shortwave ra di a tion by day and ra di a tive cool -
ing by night. Note, how ever, the slight in crease in tem per a ture on
the north-fac ing façade in June, this is the re sult of short pe ri ods of
so lar ex po sure at around 09:00 and 14:00 h. The in stan ta neous mea -
sure ments of sur face tem per a tures were sim i lar to the continuous
measurements.

The shal low can yon had large vari a tions in sur face tem per a tures,
which is ex plained by dif fer ences in ori en ta tion, sur face reflectivi -
ties, height above the street and time of the day. The in stan ta neous
mea sure ments, which were made at a lower height, showed lower
façade tem per a tures than the con tin u ous mea sure ments by day and 
higher by night. This can be ex plained by the veg e ta tion along the
lower parts of the façades which re duce both in com ing so lar ra di a -
tion and noc tur nal ra di a tive cool ing. The street was the warm est sur -
face, es pe cially in the sum mer; in June tem per a tures could reach
50°C. Ex posed sur faces such as the street and the up per parts of the
façades cooled during the night due to the large SVF.

The MRT for a per son stand ing in the mid dle of the street was the
pa ram e ter most strongly linked to the H/W ra tio. In the deep can yon, 
the MRT was very sta ble since the per son would be al most con -
stantly in shade dur ing the day and by night the ex po sure to the sky
vault is lim ited (due to low SVF) and sur face tem per a tures are sta -
ble. For the sum mer pe riod, the av er age daily MRT var ied be tween
25 and 28°C ex cept at 14:00 h when a peak of 38°C oc curred due to a 
short pe riod of so lar pen e tra tion. In the shal low can yon, how ever,
the MRT had large di ur nal swings. This is be cause the sub ject is ex -
posed to so lar ra di a tion for most of the day and the cold sky vault at
night. More over, the can yon sur faces are warm by day and cool by
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Fig. 14 Av er age sur face tem per a tures for June 
2000 in the deep can yon and July 2000 in 
the shal low can yon.

Fig. 15 Av er age sur face tem per a tures for the 
pe riod 2–11 Feb ru ary 2000 in the deep and 
shal low can yons.



night. For the sum mer pe riod, the average MRT varied between 16
and 63°C.

4.3. Hu mid ity and wind speed
The rel a tive hu mid ity was very sta ble in the deep can yon but had
con sid er able di ur nal vari a tion in the shal low can yon, both in sum -
mer and win ter (see Figs. 16 and 17). This is ex plained, for the most
part, by the di ur nal vari a tion in air tem per a ture in the two can yons.
The vapour pres sure was on av er age about 1 hPa higher in the deep
can yon in both sea sons. The wind speed var ied greatly from day to
day and ac cord ing to the time of the day. As ex pected, the wind
speeds were lower and more sta ble in the deep can yon. The av er -
age wind speed in the deep can yon was 0.4 m/s dur ing both the
sum mer and the win ter mea sure ment pe ri ods. The shal low can yon
had an av er age wind speed of 0.7 m/s in sum mer and 0.8 m/s in win -
ter.

4.4 Out door ther mal com fort
The cal cu lated PET for the sum mer and win ter pe ri ods de fined
above are shown in Figs. 18 and 19. The wind speeds were as sumed 
to have con stant val ues of 0.4 m/s in the deep can yon and 0.8 m/s in
the shal low can yon dur ing both sea sons.

There was a con sid er able dif fer ence be tween the two can yons. In 
sum mer the PET val ues in the deep can yon are very sta ble be tween
23 and 28°C. These mod er ate val ues are mainly ex plained by low air
tem per a ture and low MRT. Note, how ever, the peak at 14:00 h: this is 
the time when the so lar beam reaches the street level dur ing the pe -
riod mid-May – mid-July. In con trast for the shal low can yon, the PET
val ues were ex tremely high in the sum mer ex ceed ing 40°C be tween
11:00 and 17:00 h. The rea son is the com bined ef fect of very high air
tem per a tures and high MRT. In win ter the deep can yon had low PET 
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Fig. 16 Av er age rel a tive hu mid ity for the sum mer 
pe riod in the deep and shal low can yons.

Fig. 17 Av er age rel a tive hu mid ity for the win ter 
pe riod in the deep and shal low can yons.



val ues, both dur ing day and night, due to low air tem per a ture and a
to tal lack of so lar ac cess. In win ter, the shal low can yon has even
lower PET val ues dur ing the night than the deep can yon, due to low
tem per a tures and the ex po sure to the cold sky vault, but PET
reaches “com fort able” val ues in the afternoon, due to the access to
solar radiation.

It should be noted that in re al ity a per son in the shal low can yon
has the op tion of mov ing be tween sunny and shady places. How -
ever, this is only re ally pos si ble dur ing the cold sea son; in the sum -
mer, when the so lar el e va tion is high, it is al most im pos si ble to find
shade. In the win ter sea son, the dis com fort in the deep can yon
could be com pen sated for to some ex tent by heavier cloth ing, but
the to tal lack of so lar ac cess at pe des trian level contributes to dis -
com fort.

5 Dis cus sion

5.1 In flu ence of ur ban ge om e try 
on the mi cro cli mate and 
out door ther mal comfort

The re sults show a clear re la tion ship be tween ur ban ge om e try and
the mi cro cli mate at street level. The air and sur face tem per a tures
found in the shal low can yon (H/W = 0.6) agrees well with other
stud ies with sim i lar H/W ra tio at sim i lar lat i tudes [6,11,16]. As the
H/W ra tio in creases, so does the min i mum tem per a ture, which can
be ex pected as the SVF de creases [1]. The max i mum tem per a ture,
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Fig. 19 Phys i o log i cally equiv a lent tem per a tures 
(PET) for the win ter pe riod in the deep and 
shal low can yons.

Fig. 18 Phys i o log i cally equiv a lent tem per a tures 
(PET) for the sum mer pe riod in the deep 
and shal low can yons.



how ever, de creased with in creas ing H/W ra tio. The lat ter phe nom e -
non is less well doc u mented but was also found by, for in stance,
Ahmed [12].

The very deep can yon (H/W ≈10) has a very unique mi cro cli mate
from both the cli mate above the can yon and streets with low H/W
ra tios. The huge dif fer ence in day time tem per a ture found here be -
tween the deep and the shal low can yons has not been re ported in
other stud ies. The well de fined day time cool is land of the deep can -
yon is ob vi ously an ad van tage dur ing the warm sea son, es pe cially
since the cool ing ef fect is great est on ex tremely hot days (Fig. 12).
The noc tur nal tem per a ture is higher in the deep can yon com pared
to the shal low can yon, but the rel a tive cool ing by day ex ceeds the
warm ing by night. The neg a tive ef fect of the noc tur nal heat is land
dur ing the sum mer is thus lim ited and cool ing of build ings dur ing
the night is pos si ble.

When com bin ing all the en vi ron men tal pa ram e ters in flu enc ing
ther mal com fort into the phys i o log i cally equiv a lent tem per a ture
(PET), the dif fer ences be tween the deep and the shal low can yon are 
still large. In this study, no com fort zone was pre sented be cause the
lev els of cloth ing and ac tiv ity vary from those of the de fined com fort
zone for PET, and be cause sev eral stud ies have shown that the per -
cep tion of ther mal com fort dif fers be tween in doors and out doors
(see e.g. [24,25]). In gen eral, peo ple seem to ac cept more ex treme
tem per a tures out doors than in doors. A thor ough study is needed in
or der to better as sess hu man com fort, and to de fine the com fort
zone, in a hot dry cli mate. Such a study would be based on both cli -
mate mea sure ments at pe des trian level and in ter views with sub -
jects. More over, it should in clude pub lic spaces which are frequently 
visited and where outdoor activities take place.

5.2 Cli mate-con scious ur ban de sign 
in a hot dry cli mate

The fact that ur ban ge om e try strongly in flu ences the mi cro cli mate
and the ther mal com fort at street level has im pli ca tions for ur ban
plan ning and de sign in a hot dry cli mate. This study shows that a
com pact ur ban form with very deep street can yons gives a good pro -
tec tion dur ing the long, hot sum mer pe riod as such a de sign re sults
in lower tem per a tures (cool is land) and pro vides shade for pe des tri -
ans dur ing the warm est part of the day. A dis persed ur ban form, on
the con trary, was shown to cre ate an ex tremely un com fort able en vi -
ron ment in the sum mer. How ever, there are also dis ad van tages with 
a com pact ur ban form, es pe cially the poor ther mal com fort in the
win ter, a sea son which is quite cold in many hot dry cit ies.

Con se quently, a cli mate-con scious ur ban de sign should have a
com pact ur ban form with deep street can yons but, for cit ies with a
cold win ter as in the case of Fez, it should also in clude some wider
streets or open spaces or both to al low so lar ac cess. Such open
spaces, which func tion as sun-spots in the win ter, re quire so lar pro -
tec tion at pe des trian level in the sum mer. This can be achieved
through shade trees, pro jec tion of the up per floors, ar cades or any
other types of hor i zon tal shad ing de vice de signed in such a way that
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they al low so lar ra di a tion to pen e trate in the win ter while pro vid ing
shade in the sum mer. In or der to keep sur face tem per a tures as low
as pos si ble, light-col oured paving materials and façades should be
used.

A cli mate-con scious ur ban de sign in hot dry cli mates would re -
quire a change of the cur rently ex ist ing ur ban de sign prac tise and
reg u la tions, which fa vours a more dis persed ur ban form [7,9]. How -
ever, a shift to a more com pact group ing of build ings would have
sev eral con se quences. The pos i tive ef fects in clude – apart from im -
proved microclimatic con di tions – a more com fort able in door cli -
mate and re duced need for cool ing, more ef fi cient land use and less
ex pen sive in fra struc ture. Pos si ble neg a tive ef fects in clude less so lar
ex po sure in win ter, re duced ac ces si bil ity for both emer gency ve hi -
cles and pri vate cars, and over crowd ing. Fur ther stud ies are needed
in or der to pro mote ur ban plan ning and de sign in hot dry cli mates
that takes mi cro cli mate and out door ther mal com fort into ac count
with out cre at ing se ri ous side ef fects. Apart from re vis ing the ex ist ing
ur ban codes, there is a need to es tab lish cli mate-sen si tive ur ban de -
sign guide lines. This, in turn, would re quire sim u la tions on how ur -
ban form in flu ences the ur ban cli mate and hu man com fort. There is
also a need to de velop sim ple, user-friendly tools which would help
planners, urban designers and architects in carrying out a cli mate-
con scious urban design.
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mea sure ments and for help ful dis cus sions dur ing the study. I also
wish to thank those fam i lies in Fez who gave ac cess to their homes
dur ing the mea sure ment cam paign. Thanks also to Ingegärd Elias -
son of Phys i cal Ge og ra phy at Göteborg Uni ver sity who sug gested
sev eral im prove ments on the draft manu script. The text was proof -
read by Annette Semadeni Davies. The line draw ings were made by
Mattias Rückert.

Ap pen dix
In this study, the mean ra di ant tem per a ture (MRT) was cal cu lated
ac cord ing to the VDI guide lines [18]:

where fp is the sur face pro jec tion fac tor of a stand ing or walk ing per -
son, Ib the beam ra di a tion (on a plane per pen dic u lar to the beam)
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(W/m2), ak = av er age (shortwave) ab sorp tivi ty of the hu man body 
= 0.7, εp the emissivity of the hu man body = 0.97, σ is = 5.67 × 10–8

W/m2K4 (the Stefan–Boltzmann con stant).
The MRT*, which is the MRT from longwave and dif fuse short -

wave ra di a tion (not in clud ing di rect beam ra di a tion) from all the sur -
faces in the can yon, was cal cu lated as

where εi is the emissivity of each sur face, Tsi the tem per a ture of
each sur face (K), Di the dif fuse ra di a tion from each sur face (W/m2),
Fi is the an gle fac tor of each sur face.
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In flu ence of ur ban
mor phol ogy and sea
breeze on hot hu mid
mi cro cli mate: the case of
Co lombo, Sri Lanka

Rohinton Em man uel, Dept. of Ar chi tec ture, 
 Uni ver sity of Moratuwa, Sri Lanka 
Erik Johansson, Hous ing De vel op ment & Man age ment,
 Lund Uni ver sity, Swe den

Abstract
Ur bani sa tion leads to in creased ther mal stress in hot-hu mid cli mates 
due to in creased sur face and air tem per a tures and re duced wind
speed. We ex am ined the in flu ence of ur ban mor phol ogy and sea
breeze on the mi cro cli mate of Co lombo, Sri Lanka. Air and sur face
tem per a tures, hu mid ity and wind speed were mea sured at 1 ru ral
and 5 ur ban sites dur ing the warm est sea son. The ur ban sites dif -
fered in their height to width (H/W) ra tio, ground cover and dis tance
to the sea. Intra-ur ban air tem per a ture dif fer ences were great est dur -
ing the day time. A max i mum intra-ur ban dif fer ence of 7 K was re -
corded on clear days. Max i mum tem per a tures tended to de crease
with in creas ing H/W ra tio and prox im ity to the sea. All ur ban sites
ex pe ri enced a noc tur nal ur ban heat is land (UHI) when the sky was
clear or partly cloudy. The tem per a ture dif fer ences be tween sun lit
and shaded ur ban sur faces reached 20 K, which shows the im por -
tance of shade in ur ban can yons (re duc ing long-wave ra di a tion from 
sur faces). Within the ur ban ar eas, the vapour pres sure was high
(>30 hPa) and showed lit tle di ur nal vari a tion. Wind speeds were
low (<2 m s–1) and tended to de crease with in creas ing H/W ra tio.
Shad ing is pro posed as the main strat egy for low er ing air and ra di ant 
tem per a tures; this can be achieved by deeper can yons, cov ered
walk ways and shade trees. It is also sug gested to open up wind cor -
ri dors per pen dic u lar to the sea to fa cil i tate deeper sea breeze pen e -
tra tion.
Keywords: Ur ban ge om e try, Trop i cal cli mate, Cli mate-sen si tive ur -
ban de sign, Ur ban heat is land, Coastal city struc ture.
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1 Introduction
The hot-hu mid trop ics are ex pe ri enc ing un prec e dented ur ban
growth rates (Em man uel 2005). It is thought that this pe riod of ur ban 
trans for ma tion in the hot hu mid re gion will be com pleted in a pe riod 
of <60 yr (1950–2010) (cf. WCED 1987, Oke et al. 1990/91, Jáuregui
1997).

En vi ron men tal changes brought about by ur bani sa tion have been
stud ied by re search ers in med i cine, ag ri cul ture, ge og ra phy and cli -
ma tol ogy (cf. Har ri son & Gib son 1976, Lake et al. 1993); how ever,
ap pli ca tion of this knowl edge in the field of ur ban plan ning and de -
sign has been lim ited (see e.g. Eliasson 2000). Prob lems such as in -
creased en ergy use in build ings and de te ri o rat ing hu man com fort
have re ceived very lit tle at ten tion among ur ban plan ners and de sign -
ers. This is es pe cially the case in trop i cal cit ies, where ur bani sa tion
is at its peak. Con sid er ing the im por tance of cit ies in the na tional
econ o mies of de vel op ing trop i cal coun tries, a de te ri o ra tion in the
qual ity of life in trop i cal cit ies is likely to have an ad verse ef fect on
the re spec tive na tional econ o mies.

1.1 Ur ban mor phol ogy and cli mate
Cit ies have a noc tur nal ur ban heat is land (UHI) which tends to be
more in tense in the densely built, down town area than in the sub -
urbs. Tra di tion ally, the ther mal prop er ties of build ing ma te ri als were
thought to be the pri mary cause for this ur ban cli mate anom aly.
How ever, ev i dence in di cat ing the im por tance of ur ban ge om e try to
the cre ation and the mag ni tude of the UHI phe nom e non be gan to
ac cu mu late in the 1970s. Terjung & Louie (1973) were among the
first to sug gest that the ur ban–ru ral day time tem per a ture anom aly is
largely at trib ut able to the as pect of ver ti cal sur faces to the sun.

Com par ing the UHI ef fect of ther mal prop er ties and ur ban ge om e -
try, Oke (1981) found no sig nif i cant cor re la tion be tween types of
man-made sur faces and UHI in ten sity. The only sig nif i cant dif fer ence 
ob served was be tween man-made and nat u ral sur faces. Thus, con -
crete sur faces and as phalt pav ing, brick and con crete block walls, all 
con trib ute more or less equally to the prob lem of ur ban heat build-
up, while tree-cov ered ar eas show a re mark able re duc tion in heat
build-up. A com par i son of noc tur nal UHIs and ur ban ge om e try
showed that UHI in ten sity in creases with in creas ing height to width
(H/W) ra tios of street can yons (see e.g. Oke 1981, 1988). How ever,
Oke (1988) ar gued that non-geo met ri cal fac tors such as heat ca pac -
ity and anthropogenic heat re lease may also in flu ence UHI in ten si -
ties.

Todhunter (1990) took the po si tion that, at the mi cro-scale, ur ban
ge om e try was more im por tant in ex plain ing the spa tial-tem po ral dis -
tri bu tion of UHIs than sur face ma te ri als. How ever, he ar gued that
both the ge om e try and sur face ther mal char ac ter is tics played an
equal role at the meso-scale.

Arnfield (1990) and Oke et al. (1991) car ried out some of the ear li -
est com par i sons of the causes of the noc tur nal UHI. Their nu mer i cal
sim u la tion stud ies con cluded, inter alia, that
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• Can yon ge om e try on its own is ca pa ble of giv ing rise to vari a tions
in noc tur nal cool ing which can gen er ate a UHI. 

• The mag ni tude of the UHI also de pends on the dif fer ences in ther -
mal prop er ties be tween ur ban and ru ral ar eas. Higher soil mois -
ture (and thus higher heat stor age ca pac ity and ther mal ad mit -
tance) makes the ru ral sur round ings less dif fer ent from ur ban sur -
faces. This may ex plain the lower UHIs found in many trop i cal cit -
ies.

• The pres ence of clouds, which in crease the sky emissivity, re sults
in weaker noc tur nal UHIs as well as de creas ing dif fer ences be -
tween dif fer ent can yon forms.

1.2 Ur ban cli mate anom aly in trop i cal cit ies
Trop i cal noc tur nal UHIs tend to be lower than in tem per ate cli mates
(Jonsson 2005). More over, while the UHIs in tem per ate cli mates
tend to be greater in the sum mer than in the win ter, the sea sonal dif -
fer ence in trop i cal re gions is re lated to the wet and dry sea sons
(Arnfield 2003, Jonsson 2005). The noc tur nal UHI is stron gest dur ing
the dry sea son (e.g. Adebayo 1991, Jáuregui 1997, Jonsson 2005).
The main rea son is be lieved to be the smaller ur ban–ru ral dif fer -
ences in ther mal prop er ties be cause of more hu mid ru ral sur round -
ings (higher hu mid ity in creases the heat ca pac ity of soil; see also
Oke et al. 1991).

Al though the noc tur nal UHI is well stud ied, the day time ur ban cli -
mate has re ceived less at ten tion. In gen eral, the ur ban–ru ral dif fer -
ences are smaller by day than by night, and the city can be ei ther
warmer or cooler than the ru ral sur round ings (Arnfield 2003, Em -
man uel 2005). Shade can lead to a day time cool is land (Oke et al.
1991, Johansson in press) in deep can yons. In their re view of trop i cal 
UHI stud ies, Jonsson (2005) re ported both day time heat and cool is -
land ob ser va tions.

Hot cli mates tend to lead to larger intra-ur ban ther mal dif fer ences 
than do cooler cli mates (Em man uel 1997). The vari a tion in ur ban
mi cro cli mate and its im pli ca tions on ther mal com fort in the hot-hu -
mid trop ics are dis cussed in Em man uel (2005).

1.3 Aim of the study
Al though the num ber of UHI stud ies in trop i cal cit ies has in creased
in re cent de cades (Arnfield 2003), they are still few com pared to the
num ber in tem per ate cli mates, es pe cially con cern ing the in flu ence
of ur ban de sign on the day time ur ban mi cro cli mate. 

This study em pir i cally ex am ines the mi cro cli mate ef fects of the
ex ist ing ur ban mor phol ogy of Co lombo, Sri Lanka, and high lights
some ad ap ta tion strat e gies that could im prove the mi cro cli mate at
street level. This study con cen trates on cli ma tic as pects; the ef fect of 
the mi cro cli mate on hu man com fort, in clud ing the cal cu la tion of an
out door ther mal com fort in dex, is pre sented in Johansson & Em -
man uel (in press).
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2 Study area
The city of Co lombo (Fig. 1) is lo cated at 6°54’N, 79°52’E on Sri
Lanka’s West coast. The mu nic i pal area of the city, which had a day -
time pop u la tion of 0.65 mil lion in 2001, is in the cen ter of the largely
ur ban ized Co lombo Met ro pol i tan Re gion (CMR) of 5.3 mil lion in hab -
it ants. The CMR, which cov ers 3 ad min is tra tive dis tricts (Co lombo in
the cen ter, Gampaha to the N and E, and Kalutara to the S) has an
N–S ex tent of about 100 km and ex tends 40 km in land.

2.1 Ur ban struc ture
Co lombo has low build ing den sity with high green cover and many
low-rise build ings. Due to the nat u ral lim its to the West (In dian
Ocean) and the East (ex ten sive marsh lands), the city has gen er ally
grown in a N–S di rec tion along the na tional high ways (Fig. 1). The
com bi na tion of wide streets and low-rise build ings re sults in low
H/W ra tios, ex cept in the cen tral busi ness dis trict (the old co lo nial
Fort area) and the old com mer cial quar ters (Pettah). The for mer is
char ac ter ized by high-rise build ings with some very high tower build -
ings, while the lat ter is char ac ter ized by a con tin u ous built up street
front age of me dium-rise build ings (3 to 4 sto ries) on nar row streets.
The main trans port axis in the city, Galle Road, runs N–S some 200 m 
par al lel to the coast and is bor dered by me dium-rise build ings along
much of its length within the city.
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Fig. 1
Co lombo (6° 54’ N, 79° 52’ E) 
with sub urbs and lo ca tions of
the mea sure ment sites and 
of fi cial weather sta tions.



The ground cover and amount of veg e ta tion vary greatly be tween
neigh bor hoods, from an al most com plete can opy cover in ex clu sive
res i den tial neigh bor hoods to paved/asphalted streets with few trees
in less af flu ent sec tors. The city has only a few parks. The out skirts of 
Co lombo can be char ac ter ized as semi-ur ban; build ings are mainly
po si tioned along the roads and the ar eas in be tween con sist of ag ri -
cul tural land, in clud ing paddy and cash crop fields, marshes, open
areas and water bodies.

2.2 Cli mate con di tions1

Co lombo is a low land re gion with a typ i cally hot-hu mid cli mate that
is af fected by the sea sonal wind re ver sal of the Asi atic mon soon. The 
mon soon blows from the SW from late May to late Sep tem ber and
the NE from late No vem ber to mid Feb ru ary. Air tem per a ture and
hu mid ity are high through out the year (see Fig. 3). Wind speeds are
low, es pe cially dur ing the inter-mon soon pe ri ods of March to April
and Oc to ber to No vem ber. The an nual rain fall is 2300 mm, with 2
sea sonal peaks (see Fig. 3). So lar ra di a tion is in tense un der clear sky 
con di tions. How ever, there is a high prob a bil ity of cloud de vel op -
ment, es pe cially dur ing the af ter noon. The mean daily sun shine du -
ra tion var ies be tween 5 h in June and 9 h in Feb ru ary.

3 Methods

3.1 Se lec tion of mea sure ment sites
Based on the geo graph ical fea tures of the city, we pre dicted that the
main vari ables in flu enc ing the ur ban cli mate in the city of Co lombo
would be mor phol ogy, land cover char ac ter is tics and the dis tance
from the sea. We se lected 6 mea sure ment sites to re flect these vari -
ables, 5 within the city of Co lombo and its sub urbs and 1 ru ral site
(see Fig. 1). The ur ban sites rep re sent dif fer ent neigh bor hoods rang -
ing from dis persed, low-rise sub ur ban ar eas to densely pop u lated
down town ar eas and the high-rise busi ness dis trict (Fig. 2). The fol -
low ing land cover classes were stud ied: build ings, hard sur faces
(asphalted roads and paved sur faces) and green cover. Ex cept for
the sea, there were no wa ter bod ies in the vi cin ity of the se lected
sites. The ru ral site, sit u ated in an ag ri cul tural area some 30 km east
of Co lombo, was sur rounded by rub ber plan ta tions. Land cover in -
for ma tion for a ra dius of 200 m around each site, was ob tained from
ae rial im ages and Com puter As sisted De sign (CAD) draw ings. The
lat ter con sist of poly gons which in di cate the ar eas cov ered by build -
ings, roads/hard sur faces and wa ter bod ies. In for ma tion about the
veg e ta tion was as sessed from ae rial pho to graphs. The char ac ter is -
tics of the sites are given in Ta ble 1.

The ground cover around each mea sure ment site var ied, but the
sur face ma te ri als within the ur ban can yons were sim i lar. With the
ex cep tion of the Uni ver sity of Moratuwa (UoM) site, which had a
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Fig. 2 Po si tion ing of mea sure ment equip ment within ur ban can yons. BoC: Bank of Cey lon, Fort; 
DMP: Prince Street, Pettah; GRB: Galle Road, Bambalapitiya; NUG: Pa goda Road, Nugegoda; 
UoM: Uni ver sity of Moratuwa.
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Ta ble 1  Land use and ground cover of mea sure ment sites and 
their sur round ings. See Figs. 1 & 2 for lo ca tions and ab bre vi a tions.

Ground cover (%)a

Gen eral Land Built-up Roads and Green
Site de scrip tion use Build ings pav ing

BoC Down town lo ca tion, cen tral busi ness Com mer cial/ High-rise, 40 55 5
dis trict. Close to sea-shore, some trees of fice some very

high tow ers

DMP Down town lo ca tion, old com mer cial Com mer cial/ Me dium-rise 60 40 0
quar ters, just E of Fort. Away from res i den tial (3–4 sto ries)
shore, al most de void of veg e ta tion

GRB Com mer cial sec tor S of Fort, some trees. Com mer cial/ Low- to 35 55 10
Close to sea shore, but build ings act as of fice/ me dium-rise
a bar rier to sea breeze res i den tial (1–4 sto ries)

NUG Mixed-res i den tial sec tor SE of city Res i den tial Low-rise 30 50 20
cen tre. Away from sea

UoM Low-den sity, sub ur ban lo ca tion S of city. In sti tu tional Me dium-rise 20 20 60
Away from sea

RUR Ru ral, in land rub ber plan ta tion area Ag ri cul tural — <5  0 >95

a Cal cu lated for a ra dius of 200 m around each site.

Ta ble 2 Street can yons where mea sure ments were taken (for site keys, see Ta ble 1). 
H/W: height to width ra tio; SVF: sky view fac tor.

Ground cover 

Dis tance
Ve hi cle Pav ing Road Green to sea d

Site Type of street H/W a SVF b Ori en ta tion traf fic (km)

BoC Com mer cial, me dium 0.8 0.49 E/W Me dium Con crete As phalt Some 0.2
sized street 

DMP Com mer cial, 1.2 0.31 ENE/WSW Low c Con crete As phalt None 0.5
nar row street 

GRB Com mer cial,  0.3 0.65 NNW/SSE High Con crete As phalt Lit tle 0.3
6-lane high way

NUG Res i den tial, main road 0.1 0.75 NNE/SSW Me dium As phalt As phalt Lit tle 4
through neigh bor hood, 
me dium sized street

UoM In sti tu tional, 0.5 0.44 E/W Low Con crete Gravel Some 3
nar row street

a Ap prox i mate val ues (av er age).
b Cal cu lated by RayMan (Matzarakis et al. 2000) at cen ter of road, based on 

3D in for ma tion, tak ing into ac count build ings and trees.
c Re stricted ve hic u lar, but lively pe des trian, traf fic.
d Short est dis tance per pen dic u lar to sea.



grav eled road, ground sur face ma te ri als con sisted of asphalted roads 
and con crete side walks. Build ing fa cades gen er ally con sisted of
plas tered bricks or con crete blocks. How ever, ur ban ge om e try and
dis tance to the sea var ied (Ta ble 2).

3.2 Field mea sure ments
Field mea sure ments were car ried out dur ing the pe riod of April 30 to 
May 16, 2003. The mea sure ments were taken dur ing the inter-mon -
soon pe riod, which is char ac ter ized by rel a tively high tem per a tures
and hu mid ity (Fig. 3) as well as low wind speeds. Dur ing the mea -
sure ment pe riod, the av er age di ur nal tem per a ture and rel a tive hu -
mid ity mea sured at the Co lombo city weather sta tion var ied be -
tween 26 and 30°C and 75 and 90%, re spec tively. The to tal rain fall
was 292 mm. These val ues are very close to the av er age val ues for
May, thus the weather dur ing the mea sure ment pe riod was rep re -
sen ta tive of the sea son.

3.2.1 Fixed sta tions

Air tem per a ture and rel a tive hu mid ity within the street can yons were 
mea sured con tin u ously. Air tem per a ture, rel a tive hu mid ity and
global so lar ra di a tion above roof level were also re corded at the UoM 
site. Fig. 2 shows the po si tion ing of the mea sure ment equip ment
within the ur ban can yons. The ru ral mea sure ments were made in a
clear ing within a rub ber plan ta tion with few built-up ar eas in the vi -
cin ity. The mea sured pa ram e ters and the in stru ments used are given 
in Ta ble 3. All the tem per a ture and hu mid ity probes were shielded
with white plas tic ra di a tion screens. The in stru ments were cal i -
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Fig. 3 (a) Monthly mean tem per a ture (max i mum, av er age and min i mum) and 
rain fall. (b) Monthly mean rel a tive hu mid ity (max i mum, av er age and 
min i mum) and vapour pres sure. Val ues based on mea sure ments by Sri 
Lan kan De part ment of Me te o rol ogy for Co lombo city weather Stn, 
1970–2004. Temp.: tem per a ture; max: max i mum; min: min i mum; 
ave.: av er age (i.e. mean); RH: rel a tive hu mid ity; VP: vapour pres sure.



brated in cli mate cham bers be fore the com mence ment of the study
and they were cal i brated against each other at the end of the mea -
sure ment pe riod (May 13 to 16, 2003) at the Nugegoda (NUG) site.

Fol low ing Oke (2004) tem per a ture and hu mid ity probes should
be par ti tioned as close to pe des trian height as pos si ble and suf fi -
ciently away from ver ti cal sur faces. How ever, this was not pos si ble,
for prac ti cal (ve hi cle and pe des trian traf fic) and se cu rity rea sons
(risk of theft). Thus, the ac tual po si tions in some cases were not
ideal (see Fig. 2). How ever, air tem per a ture dif fer ences within an ur -
ban can yon are rel a tively small, ex cept near the can yon sur faces
(e.g. Nakamura & Oke 1988). The probes were lo cated at least 1 m
from the fa cades at all the sites. In or der to com ple ment the con tin u -
ous mea sure ments, in stan ta neous mea sure ments of air tem per a ture 
and rel a tive hu mid ity were taken at pe des trian level at each site dur -
ing the first week of the mea sure ment pe riod (the po si tion ing of the
probes is shown in Fig. 2). The dif fer ence be tween the fixed and the
in stan ta neous mea sure ments was within ±1 K at all sites in clud ing
the Pettah (DMP) site, where the log ger had to be placed above a
lawn in a nearby court yard (see Fig. 2) where the H/W ra tio dif fered
from the street.

More over, in stan ta neous mea sure ments of sur face tem per a tures
and wind speed were taken at pe des trian level at each site. The
tem per a tures of the pave ments, street and ad ja cent fa cades were
mea sured with an in fra red ther mom e ter. The wind speed was mea -
sured with a di rec tion ally in de pend ent wind sen sor. The in stan ta -
neous mea sure ments were taken be tween April 30 and May 8, 2003
pri mar ily in the morning and in the afternoon.

3.2.2 Ref er ence data

In ad di tion to the fixed sta tions, of fi cial weather data were col lected
from 3 first-or der weather sta tions main tained by the Sri Lan kan De -
part ment of Me te o rol ogy: Co lombo city sta tion, Ratmalana Do mes tic 
Air port and Katunayake In ter na tional Air port, see Ta ble 4 and Fig. 1.
The first is lo cated in a res i den tial dis trict within the city lim its. The
air ports, Ratmalana just south of the city and Katunayake some 25
km north of down town Co lombo, are rep re sen ta tive of the sub ur ban 
con di tions of the CMR. Data from these syn op tic sta tions were made
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Ta ble 3 Mea sured pa ram e ters and in stru men ta tion; see Fig. 2 for in stru ment po si tions.

Site Mea sure ment Pa ram e ter In stru ment Sam pling in ter val

All Con tin u ous Air tem per a ture and Gem ini Tiny Tag Plus 5 min, av er aged to 1 h means 
rel a tive hu mid ity 

Instantaneous a Air tem per a ture and Rotronic OP100A
rel a tive hu mid ity 

Wind speed Swema SWA03 1 s, av er aged to 5 min means
(hot wire an e mom e ter)

Sur face tem per a ture FSI Thermopoint 62

UoM b Con tin u ous Air tem per a ture and Vaisala 50Y 1 h
rel a tive hu mid ity 

Con tin u ous Global ra di a tion Skye 1110 pyranometer 1 h

a Mea sure ment pe riod April 30 to May 8, 2003; 
b ad di tional mea sure ments.



Ta ble 4 Of fi cial weather data ob tained from weather sta tions Co lombo 
city, Ratmalana, Katunayake. Ra di a tion only mea sured at 
Co lombo city; wind speed and di rec tion mea sured at Co lombo 
city and Katunayake.

Pa ram e ter Mea sur ing Sam pling
height (m) in ter val (h)

Air tem per a ture 1.5 1

Rel a tive hu mid ity 1.5 1

Rain fall 1

Cloud cover 3

Global ra di a tion 1

Wind 4.5 3

available dur ing the mea sure ment/ cal i bra tion pe riod (April 30 to
May 16, 2003).

4 Results and discussion

4.1 Clas si fi ca tion of days
The mea sure ment pe riod in cluded weather con di tions rang ing from
fairly clear days to over cast days, some times with rain fall. In or der to 
cat e go rize the mea sure ment pe riod into syn op tic weather types, of fi -
cial weather data from the Co lombo city sta tion was used. Cloud
cover and global ra di a tion data were used to cat e go rize the mea -
sure ment pe riod into clear, partly cloudy and over cast days and
nights. As ex pected, the cloud cover was ex ten sive dur ing the whole 
mea sure ment pe riod and there were no re ally clear days ac cord ing
to stan dard def i ni tions (less than 2 octas cloud cover, see e.g. Jons -
son 2005). In this study, the def i ni tion of ‘clear’ was <5 octas, ‘partly
cloudy’ 5 to 7 octas and ‘over cast’ >7 octas. These groups cor re -
sponded to the fol low ing daily global so lar ra di a tion ranges: >5000
Wh m–2, 2000 to 5000 Wh m–2 and <2000 Wh m–2 re spec tively. Us ing 
this def i ni tion, 6 days and 5 nights were cat e go rized as ‘clear’, 6 days 
and 6 nights were ‘partly cloudy’ and 5 days and 6 nights were ‘over -
cast’. Dur ing the mea sure ment pe riod, sun rise was around 06:25 h,
so lar tran sit at 12:37 h and sun set around 18:50 h lo cal stan dard time 
(LST). As such, 07:00 to 19:00 h LST was clas si fied as ‘day’ and 20:00
to 06:00 h LST as ‘night’. The clas si fi ca tion of days to gether with rain -
fall events is shown in Ta ble 5.

4.2. Air tem per a ture
The ur ban–ru ral air tem per a ture dif fer ences dur ing the mea sure -
ment pe riod were sig nif i cant. Un der ‘clear’ con di tions, dif fer ences
were slightly greater by day than by night. The intra-ur ban dif fer -
ences were much larger dur ing the day than at night.

4.2.1 Day time tem per a tures at the fixed sta tions

Dur ing clear and partly cloudy days, both heat and cool is lands were
ob served at the ur ban sites. On clear days, the intra-ur ban dif fer-
ences reached 7 K and most of the ur ban sites were cooler than the
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Ta ble 5 Weather types and rain fall at Co lombo. C = ‘clear’, PC = ‘partly 
cloudy’, OC = ‘over cast’. Only rain fall events above 5 mm have 
been in cluded. Note that the night of April 30 means the night 
be tween April 30 and May 1. Rain fall data (mm; du ra tion in h) 
is from Co lombo city weather sta tion.

Day Night
Sky Rain fall Sky Rain fall

Date (mm) (h) (mm) (h)

Apr 30 PC 6 5 OC

May 1 C C

May 2 C PC

May 3 C C 5 1

May 4 C PC 17 4

May 5 PC C

May 6 OC 83 8 PC

May 7 PC 9 1 OC

May 8 C C

May 9 PC PC

May 10 OC 36 6 PC

May 11 OC 42 7 OC

May 12 OC OC 55 9

May 13 OC 10 3 OC 12 3

May 14 C OC

May 15 PC C

May 16 PC PC

ru ral sta tion (Fig. 4). Such a cool is land phe nom e non has been
noted in sev eral trop i cal cit ies (e.g. Nichol 1994, 1996a,b, Jonsson
2005). In the case of Co lombo, the rea son for the cool is lands is
likely to be a com bi na tion of shad ing by build ings and sea breeze
cool ing. More over, the ur ban–ru ral and intra-ur ban dif fer ences were
sig nif i cant on partly cloudy days (Fig. 5).

The ef fect of ur ban mor phol ogy is il lus trated by the ten dency of
the max i mum tem per a tures (de fined in this study as the tem per a -
ture at 14:00 h LST) to de crease with in creas ing H/W ra tio. Fig. 6
shows this re la tion ship for clear days, but the trend also ex ists to a
lesser de gree on partly cloudy days. The warm est site, NUG, has the
low est H/W ra tio, while the cool est sites have higher H/W ra tios. A
prob a ble rea son is that less so lar ra di a tion is ab sorbed at street level
for larger H/W ra tios. The re sults of this study agree with Ahmed
(1994) who found a sim i lar trend in Dhaka, Ban gla desh dur ing the
hot-hu mid sum mer. Stud ies in hot-dry cli mates also show the same
trend, e.g. Bourbia & Awbi (2004) and Johansson (in press).

The clear est ev i dence of the sea breeze ef fect is the dif fer ence
be tween the BoC site and the GRB and DMP sites. All 3 sites are
roughly equi dis tant from the sea, but GRB and DMP are much
warmer. The rea son is likely to be the block ing of the sea breeze by
build ings. The sea breeze is also a con trib ut ing fac tor to the dif fer -
ence be tween the cool BoC site and the warm est site, NUG, which is 
about 4 km in land. Ev i dence of the sea breeze ef fect can also be
found at the UoM site where the tem per a ture at roof level, which the 
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sea breeze is prob a bly able to reach, is lower than at street level. It is 
not known how deep into the city the sea breeze pen e trates, but the
re sults in di cate that there is lit tle sea breeze pen e tra tion at street
level, due to the pres ence of dense de vel op ment. Nieuwolt (1966)
had a sim i lar find ing in Sin ga pore. The re sults of this study agree
with the find ings of Jonsson (2005) in hot-hu mid Dar es Sa laam, Tan -
za nia, where the sea breeze cre ates a day time cool is land dur ing the 
inter-mon soon pe riod (the pe riod when the sea breeze ef fect was
most pro found). The ef fect of sea breeze on the city cli mate was
also noted by Saaroni et al. (2000) in Tel-Aviv, Is rael. Places close to
the sea, or where the ur ban mor phol ogy al lowed the sea breeze to
pen e trate, were cooler than the rest of that city. As the H/W ra tio as
well as the dis tance and open ness to the sea dif fer be tween the
sites, it was not pos si ble to estimate the relative effect of each factor
on the cool island.
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Fig. 4 Av er age tem per a tures of the fixed ur ban 
can yon sta tions on ‘clear’ days (5 days). 
RUR: ru ral sta tion. See Fig. 2 for fur ther 
ab bre vi a tions.

Fig. 5 Av er age tem per a tures of the fixed ur ban 
can yon sta tions on ‘partly cloudy’ days 
(4 days). RUR: ru ral sta tion. See Fig. 2 
for fur ther ab bre vi a tions.

Fig. 6
Re la tion ship be tween av er age 
daily max i mum tem per a tures
(at 14:00 h LST) and the H/W
ra tio on clear days (5 days). 
See Fig. 2 for ab bre vi a tions.
DMP site not shown be cause
H/W ra tio of court yard is not
known.



The ground cover may also in flu ence intra-ur ban dif fer ences. The
only site where per me able ground ex ists (the grav eled road at the
UoM site) is among the cool est by day; the other sites all have
ground cover of im per vi ous, dense ma te ri als such as con crete and
asphalt.

The tem per a ture dif fer ences be tween the fixed sta tions were
neg li gi ble on over cast days. This is to be ex pected since so lar ra di a -
tion is lim ited and the sea breeze is weak. Dur ing rain fall caused by
af ter noon thun der storms, the tem per a ture could drop dras ti cally by
8 to 9 K. This phe nom e non, which is mainly due to downdraft of
cool air from high al ti tudes was found by Nieuwolt (1966) in
Singapore.

4.2.2 Noc tur nal UHIs at the fixed sta tions

A small, but dis tinct, UHI de vel oped dur ing clear and partly cloudy
nights. Fig. 7 shows the noc tur nal UHIs for ‘clear’ nights. The mag ni -
tude, about 3 K, is smaller than nor mally found in mid-lat i tude cit ies
for the same city size and sky-view fac tor (SVF; the av er age SVF for
the ur ban sites was 0.5), but is sim i lar to ob ser va tions in East Asian
cit ies (Oke et al. 1991). The re sults also agree with re sults from other 
hot-hu mid, coastal cit ies such as Sin ga pore (Tso 1996) and Dar es
Sa laam (Jonsson 2005). The prob a ble rea sons for the small UHI are:
high rain fall (which leads to high soil mois ture at the ru ral site), high
hu mid ity in the air and high cloud cover (both of which cause high
sky emissivity) (see e.g. Oke et al. 1991).

As ex pected, there is a gen eral ten dency of the UHI ef fect to di -
min ish with in creased cloud cover, al though this re la tion ship was
not al ways clear. Vari a tions in wind speed did not seem to in flu ence
the mag ni tude of UHI. How ever, it must be noted that the mea sured
wind speeds were very small, es pe cially within built-up ar eas (in
gen eral <2 m s–1, see be low).

As can be seen in Fig. 7, there were small dif fer ences in UHI in -
ten sity be tween the ur ban sites. No clear re la tion ship be tween ur -
ban ge om e try, ex pressed ei ther as H/W ra tio or SVF, and UHI could
be found, es pe cially in the eve ning soon af ter sun set. In stead, 3 of
the sites had the high est UHI in ten sity at the end of the night just be -
fore sun rise, and at this time (06:00 h LST) there was a ten dency for
the UHI to in crease with de creas ing SVF. How ever, at the other sites, 
NUG and GRB, the max i mum UHI was just af ter sun set, es pe cially
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Fig. 7. Av er age ur ban-
ru ral tem per a ture dif fer -
ences be tween fixed sta -
tions on ‘clear’ nights
(4 nights). 
See Fig. 2 for 
ab bre vi a tions.



fol low ing clear days with high so lar ra di a tion. The rea son could be
that these sites, which have a low H/W ra tio and ground cov ers of
dense, dark sur face ma te ri als, ab sorb and store high amounts of
heat dur ing the day which is then re leased af ter sun set. The de gree
of intra-ur ban vari a tion di min ished with in creased cloud cover,
overcast conditions virtually wiping out the differences.

4.3 So lar ra di a tion and sur face tem per a tures
The max i mum global so lar ra di a tion for ‘clear’ sky con di tions – the
in stan ta neous value at 13:00 h LST –  reached 900 W m–2. On over -
cast days, the max i mum was only 400 to 500 W m–2. Only small vari -
a tions were found be tween the of fi cial val ues of the Co lombo city
sta tion and the UoM site, where the global ra di a tion was mea sured.

The sur face tem per a tures of fa cades, pave ments and streets var -
ied con sid er ably, de pend ing on whether sur faces were ex posed to
di rect so lar ra di a tion or not. Un der clear sky con di tions, dark (i.e.
low albedo) hor i zon tal sur faces such as con crete pav ing and as phalt 
had tem per a tures be tween 50 and 60°C in the early af ter noon. The
dif fer ence be tween nearby sun lit and shaded spots was be tween 10
and 20 K. Fa cades were colder than hor i zon tal sur faces in gen eral,
es pe cially around noon when dif fer ences reached 10 to 20 K. The
rea son was the smaller an gle of in ci dence re sult ing in lower so lar ra -
di a tion flux den sity, but the fact that some fa cades had lighter col ors
than the streets and side walks must also be noted. Even so, the fa -
cades were 5 to 15 K warmer than the air tem per a ture dur ing sunny
con di tions. These find ings agree with Nakamura & Oke (1988),
Nichol (1996a), Pearlmutter et al. (1999) and Ali-Toudert et al.
(2005).

The higher sur face tem per a tures have im pli ca tions on hu man
com fort in ur ban ar eas. Johansson & Em man uel (in press) show that 
the mean ra di ant tem per a ture of a per son on the sunny side of a
street can yon will be very high and con se quently the ther mal com -
fort of this per son will be very poor.

4.4 Hu mid ity
The rel a tive hu mid ity (RH) var ied be tween sites, but was on av er age 
around 75% dur ing the day and around 90% at night. How ever, the
RH on clear days dropped to 55% at the warm est sites (Fig. 8). The
av er age vapour pres sure (VP) cal cu lated ac cord ing to DIN 4108 (DIN 
1981) for the Co lombo city sta tion was 32 hPa dur ing the mea sure -
ment pe riod. Fig. 9 shows the av er age VP of the ur ban sites com -
pared with the ru ral site for clear and partly cloudy days. There was
ev i dence of ur ban mois ture ex cess (UME) dur ing the night. How -
ever, the ru ral VP rose sharply whereas the ur ban in crease was mod -
er ate shortly af ter sun rise, when the con vec tion pro cess started. The
lat ter sit u a tion is likely to be due to less evapotranspiration and
lower con vec tion within the ur ban ar eas (Oke 1987, Mayer et al.
2003). The ru ral VP de creased in the af ter noon, but the ur ban VP re -
mained al most con stant due to de creased evap o ra tion. This is most
likely the re sult of a low ven ti la tion rate within the ur ban can yons
(Oke 1987). Other stud ies have also found a noc tur nal UME with an
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ur ban-ru ral VP dif fer ence (Jáuregui & Tejeda 1997, Holmer & Elias -
son 1999, Mayer et al. 2003). Al though VP was lower in ur ban than in
ru ral ar eas by day, the hu mid ity lev els in this study are suf fi ciently
high to have a neg a tive im pact on ther mal com fort, as the evap o ra -
tive cool ing po ten tial of the hu man body de creases at high hu mid ity
(Givoni 1998).

4.5 Wind
Wind data re ported from the of fi cial weather sta tions showed low
wind speeds – on av er age <2 m s –1 at the city sta tion – and vary ing
wind di rec tions dur ing the first 2 wk of the mea sure ment pe riod.
This was fol lowed by higher wind speeds, more or less con sis tently
from the SW, at the end of the pe riod. Thus, the mea sure ment cam -
paign seems to have cov ered the last 2 wk of the inter-mon soon pe -
riod.

The wind roses at 15:00 h and 00:00 h LST for the first 2 wk of the
mea sure ment pe riod are shown in Fig. 10. Al though the Co lombo
city sta tion is sit u ated some 2 km in land, there is a SW af ter noon sea 
breeze. At night, how ever, wind speeds are very low and no pre vail -
ing di rec tion can be discerned.

A lim ited num ber of in stan ta neous mea sure ments in di cates that
wind speeds are higher in shal low can yons (NUG, GRB) and at the
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Fig. 9
Av er age vapour pres sure
for ‘clear’ and ‘partly
cloudy’ days (9 days).

Fig. 8
Av er age rel a tive hu mid ity
on ‘clear’ days (5 days).
RUR: ru ral sta tion. 
See Fig. 2 for fur ther 
ab bre vi a tions.



site open to the sea (BoC) than in the deeper can yons (DMP, UoM).
The wind speeds at the BoC site were higher than the cen trally sit u -
ated Co lombo city sta tion, whereas wind speeds at the deeper can -
yons of DMP and UoM were lower.

5 Conclusions
The mi cro cli mate was mea sured at 5 ur ban sites in Co lombo, Sri
Lanka and at a nearby ru ral site. The mea sure ments were car ried
out dur ing the inter-mon soon pe riod in May 2003, when tem per a ture 
and hu mid ity are at their peak and wind speeds are low. This pe riod
is also char ac ter ized by high rain fall and a high de gree of cloud cov -
er age.

The tem per a ture dif fer ences be tween the ur ban sites reached 7 K 
on clear days in spite of the rel a tively wet pe riod of mea sure ment.
Ur ban mor phol ogy had a sig nif i cant im pact on day time air tem per a -
tures; the max i mum daily tem per a ture de creased with in creas ing
H/W ra tio. There was also ev i dence of a sea breeze ef fect; sites open 
to the sea were sig nif i cantly cooler than other ur ban sites. In con trast 
to the day time vari a tions, only small intra-ur ban tem per a ture dif fer -
ences were found at night. It is likely that both the intra-ur ban and
ur ban–ru ral differences will be bigger during drier seasons.

The so lar ra di a tion was in tense on clear days; con se quently, sun -
lit sur faces be came very hot, up to 20 K above air tem per a ture. Wind 
speeds were low in gen eral, but tended to de crease with in creas ing
H/W ratio.

The ur ban plan ning and de sign im pli ca tions of these find ings
could con trib ute to the de vel op ment of cli mate-sen si tive ur ban de -
sign guide lines on build ing mor phol ogy, street lay out and land scape
con trol in Co lombo and other cit ies with sim i lar cli mate. This study
showed that
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Fig. 10 Wind roses, based on 3-hourly ob ser va tions, at (A) 15:00 h and (B) 00:00 h LST 
at the Co lombo city weather sta tion for the first 2 wk of mea sure ment pe riod 
(April 30 to May 13, 2003).



• The use of high H/W ra tios in ur ban de sign may be fa vor able, as
this leads to lower day time air tem per a tures and more shade at
street level.

• Sea breeze pen e tra tion into the city should be fa cil i tated by open -
ing up the coastal strip. Cur rently, me dium-rise build ings act as a
bar rier along much of the coast and in ter sec tions con sist mainly of 
nar row streets.

• Hor i zon tal shad ing is nec es sary to pro vide shade to peo ple and ur -
ban sur faces around so lar noon. This could be achieved by plant -
ing shade trees and build ing pe des trian ar cades.

Fur ther stud ies are needed to de velop ad ap ta tion strat e gies that
could im prove the mi cro cli mate at street level in dif fer ent parts of
the city. These could in clude de tailed microclimatic mea sure ments
com bined with ques tion naire sur veys to ex plore com fort pref er -
ences of the lo cal pop u la tion. There is also a need for an eval u a tion
of dif fer ent cli mate-sen si tive de sign con cepts both by mea sure ments 
and by com puter sim u la tions. Ad di tion ally, stud ies are needed to ex -
plore dif fer ent ways to cre ate shade in the ur ban en vi ron ment with -
out re duc ing air move ment. A vari a tion in build ing height is likely to
be ben e fi cial, since this stim u lates air move ment.
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The in flu ence of ur ban
de sign on out door ther mal
com fort in the hot, hu mid
city of Co lombo, Sri Lanka

Erik Johansson, Hous ing De vel op ment & Man age ment, 
 Lund Uni ver sity, Swe den
Rohinton Em man uel, Dept. of Ar chi tec ture, 
 Uni ver sity of Moratuwa, Sri Lanka

Ab stract
The out door en vi ron ment is de te ri o rat ing in many trop i cal cit ies due
to rapid ur ban iza tion. This leads to a num ber of prob lems re lated to
health and well-be ing of hu mans and also neg a tively af fects so cial
and com mer cial out door ac tiv i ties. The cre ation of ther mally com -
fort able mi cro cli mates in ur ban en vi ron ments is there fore very im -
por tant. This pa per dis cusses the in flu ence of street can yon ge om e -
try on out door ther mal com fort in Co lombo, Sri Lanka. Five sites
with dif fer ent ur ban ge om e try, ground cover and dis tance from the
sea were stud ied dur ing the warm est sea son. The en vi ron men tal pa -
ram e ters af fect ing ther mal com fort, viz. air tem per a ture, hu mid ity,
wind speed and so lar ra di a tion, were mea sured and the ther mal
com fort was es ti mated by cal cu lat ing the phys i o log i cally equiv a lent
tem per a ture (PET). The ther mal com fort is far above the as sumed
com fort zone due to the com bi na tion of in tense so lar ra di a tion, high
tem per a tures and low wind speeds, es pe cially on clear days. The
worst con di tions were found in wide streets with low-rise build ings
and no shade trees. The most com fort able con di tions were found in
nar row streets with tall build ings, es pe cially if shade trees were pres -
ent, as well as in ar eas near the coast, where the sea breeze had a
pos i tive ef fect. In or der to im prove the out door com fort in Co lombo
it is sug gested to al low a more com pact ur ban form with deeper
street can yons, and to pro vide ad di tional shade through the use of
trees, cov ered walk ways, pe des trian ar cades, etc. The open ing up of 
the city’s coastal strip would al low the sea breeze to pen e trate fur -
ther into the city.
Keywords: Out door ther mal com fort, Ur ban mi cro cli mate, Ur ban
de sign, Hot hu mid cli mate, Co lombo.
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In tro duc tion
There are sev eral rea sons for cre at ing a more com fort able out door
en vi ron ment in cit ies. The im por tance of mak ing ur ban space at trac -
tive and ac ces si ble has in creased in re cent years, as it has so cial,
cul tural and eco nomic ben e fits. The use of ur ban space is more
likely to in crease if the out door en vi ron ment is ther mally com fort -
able. Ther mal com fort is also im por tant for the well-be ing of peo ple.
This is es pe cially im por tant in warm coun tries as the risk of heat re -
lated ill ness in creases with higher tem per a tures. Fur ther more, out -
door ac tiv i ties are pos si ble for most of the year in warm coun tries,
where the ap pro pri ate de sign of out door spaces in creases out door
liveability (see Cor rea 1989). A ther mally com fort able out door en vi -
ron ment will also have a pos i tive in flu ence on the in door cli mate,
which will lead to lower en ergy use for space con di tion ing.

Many trop i cal cit ies are cur rently sub jected to rapid pop u la tion
growth – a pro cess in which land use, ur ban form and ground cover
are all chang ing. The ur ban iza tion is very fast and de sign is sues re -
lated to ur ban cli mate and out door com fort are nor mally ne glected.
In trop i cal cit ies this is likely to in crease the lev els of dis com fort.
Stud ies in Pune, In dia (Deosthali 1999), and Co lombo, Sri Lanka
(Em man uel 2005b) show that out door ther mal com fort, ex pressed in 
the tem per a ture-hu mid ity in dex (Pune, Co lombo) as well as the rel -
a tive strain in dex (Co lombo), has de creased dur ing the re cent de -
cades as the cit ies have grown. There has also been a change of life -
style among ur ban dwell ers, es pe cially in the me dium and high-in -
come groups, who now a days tend to spend more time in doors
(Ahmed 2003). These changes are likely to con trib ute to an in -
creased use of air con di tion ing and thus higher en ergy use. The use
of air con di tion ing may in fact fur ther in crease out door tem per a tures 
as the ex cess heat is emit ted to the ur ban air and more cool ing will
be needed as a re sult of the vi cious cir cle cre ated in this sit u a tion
(de Schiller and Ev ans 1998; Baker et al. 2002). There is, thus, an ur -
gent need to im prove the cur rent sit u a tion and to allow for the
creation of improved urban climate conditions within the ongoing
urbanization.

Ur ban form has a sig nif i cant in flu ence on the ur ban cli mate and,
con se quently, on out door ther mal com fort at street level. The noc -
tur nal ur ban heat is land has been shown to be di rectly linked to ur -
ban ge om e try, of ten de fined as the height to width (H/W) ra tio of ur -
ban street can yons: the higher the H/W ra tio, the big ger the noc tur -
nal heat is land (Oke et al. 1991; Arnfield 2003). How ever, there is
also a link be tween ur ban ge om e try and air tem per a ture dur ing the
day. In the hot hu mid sum mer of Dhaka, Ban gla desh, Ahmed (1994)
found that the max i mum air tem per a ture de creased with in creased
H/W ra tios. Sim i larly, in the hot, but dry, cli mate of Fez, Mo rocco,
Johansson (2006) found that a very deep street can yon had a con sid -
er ably lower air tem per a ture than a shal low street can yon. In hot,
hu mid Co lombo, Sri Lanka, Em man uel and Johansson (2006) found
intra-ur ban dif fer ences in max i mum daily temperatures of up to 7 K
between sites of different H/W ratios.
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The stud ies on out door ther mal com fort in hot, hu mid cli mates
are few. How ever, com fort stud ies of cli mates with a warm sum mer
sea son have re cently been pre sented (Ahmed 2003; Nikolopoulou et 
al. 2003; Spagnolo and de Dear 2003). These stud ies, which have
been based on com bined mea sure ments and sub jec tive ther mal
com fort as sess ment, have shown that there is a dis crep ancy be -
tween cal cu lated and sub jec tively per ceived ther mal com fort. Peo -
ple in the out doors seem to ac cept much more dif fi cult cli mate con -
di tions than when in doors. How ever, the main aim of these com fort
stud ies has been the per cep tion of out door ther mal com fort and not
how urban design influences thermal comfort. 

There is a need to un der stand the re la tion ship be tween ur ban de -
sign and out door ther mal com fort in hot, hu mid cli mates in or der to
de velop cli mate-con scious ur ban de sign guide lines. The aim of this
pa per is to show how ther mal com fort is af fected by fac tors such as
the H/W ra tio of the street can yon, the ori en ta tion of the street and
the ground cover, as well as the dis tance from the sea. This is done
by com par ing five ur ban sites in the hot, hu mid city of Co lombo, Sri
Lanka. The cal cu la tion of ther mal com fort is based on field mea -
sure ments of air and sur face tem per a tures, solar radiation, humidity
and wind speed. 

Ma te ri als and meth ods

The city of Co lombo
The city of Co lombo (6°54’N, 79°52’E) is lo cated on Sri Lanka’s west
coast (Fig. 1). The city had a pop u la tion of ap prox i mately 0.65 mil -
lion in 2001 and is in the cen tre of the al most en tirely ur ban ized Co -
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Fig. 1
The city of Co lombo and 
its sur round ings show ing
the five ur ban mea sure -
ment sites (CBD = cen tral
busi ness dis trict).



lombo Met ro pol i tan Re gion (CMR). The CMR’s pop u la tion in 2001
was 5.3 mil lion and the re gion ex tends about 100 km in the north–
south di rec tion and 40 km in the east–west di rec tion. 

Gen er ally speak ing, Co lombo is a low den sity city with a lot of
green ery and low-rise build ings, but it has heavy con cen tra tions of
me dium-rise build ings along the ma jor traf fic ar ter ies. On ac count of 
the nat u ral lim its on the west (In dian Ocean) and the east (ex ten sive 
marsh lands), the city has gen er ally grown in a north-south di rec tion
along the na tional high ways. The com bi na tion of fairly wide streets,
reg u la tory set backs and low-rise build ings, re sults in street can yons
with low height to width (H/W) ra tios. Ex cep tions are the cen tral
busi ness dis trict (the old co lo nial “Fort” area), the old com mer cial
quar ters (Pettah) and the main traf fic ar ter ies that gen er ally run in a
north–south di rec tion. Fort is char ac ter ized by high-rise build ings
and some very tall, tower build ings while Pettah is dom i nated by
me dium rise build ings (3–4 stor eys) and nar row streets. The main
trans port axis in the city, Galle Road, which runs in a north–south di -
rec tion par al lel to the coast at a dis tance of some 200 m is bor dered
by me dium-rise build ings along a large part of its ex ten sion within
the city. Since its in ter sec tions con sist mainly of nar row streets, the
row of buildings along Galle Road is effectively blocking the sea
breeze.

The ground cover and amount of veg e ta tion vary greatly be tween
neigh bour hoods: from an al most com plete can opy cover in ex clu -
sive res i den tial neigh bour hoods to paved/asphalted streets with few
trees. The out skirts of Co lombo could be char ac ter ized as semi-ur -
ban; build ings are mainly po si tioned along the roads and the ar eas in 
be tween con sist of ag ri cul tural land, in clud ing paddy and cash crop
fields, as well as marsh, open ar eas and wa ter bod ies. The city has
rel a tively few parks, few out door res tau rants and cafés and few
places for out door rec re ation (one ex cep tion be ing the Galle Face
Green by the coast, which due to its open ness takes full advantage
of the sea breeze).

The cli mate of Co lombo1

Co lombo is a low land re gion with a typ i cally hot hu mid, trop i cal cli -
mate that is af fected by the sea sonal wind re ver sal of the Asi atic
mon soon, which blows from the south west from late May to late
Sep tem ber and from the north east from late No vem ber to mid-Feb -
ru ary. The tem per a ture and hu mid ity are high through out the year
cre at ing an un com fort able ther mal en vi ron ment, which, how ever,
would be worse with out the af ter noon sea breeze. The inter-mon -
soon pe riod be tween March and May is the most un com fort able;
tem per a tures are at their peak, the rel a tive hu mid ity is high and
wind speeds low be cause of the for ma tion of a con ver gence zone.
Dur ing this pe riod, the min i mum and max i mum air tem per a tures
are be tween about 25 and 32°C, re spec tively, and the av er age rel a -
tive hu mid ity is around 85%. In De cem ber and Jan u ary, which are
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The sta tion is lo cated in a low-den sity, fash ion able res i den tial neigh bour hood 
with sig nif i cant green cover.



the least un com fort able months, the air tem per a ture var ies be tween
23 and 31°C and the av er age rel a tive hu mid ity is about 80%. Rain fall
is high through out the year, with abun dant rain fall dur ing April to
June and Oc to ber to No vem ber.

So lar ra di a tion is in tense un der clear sky con di tions. How ever,
there is of ten a high prob a bil ity of cloud de vel op ment, es pe cially
dur ing the af ter noon. At this time of the day thun der storms are fre -
quent. The num ber of hours of sun shine is be tween 8 and 9 hours
from Feb ru ary to March and be tween 6.5 and 7 hours for the re main -
der of the year. Be ing close to the equa tor, the so lar el e va tion is very
high through out the year ex cept in the morn ings and the eve nings.
From Oc to ber to March the sun is to the south with the low est el e va -
tions at so lar noon of about 60° in De cem ber. In Au gust and April the
sun is vir tu ally in its ze nith at noon. From May to July the sun is
slightly to the north.

Choice of mea sure ment sites
Five mea sure ment sites were cho sen within the city of Co lombo and 
its sub urbs (Fig. 1). The ur ban sites were cho sen in or der to rep re -
sent dif fer ent neigh bour hoods, rang ing from dis persed, low-rise sub -
ur ban ar eas to densely-pop u lated cen tral ar eas as well as the
high-rise busi ness dis trict. The sites were char ac ter ized by the dif fer -
ences in the H/W ra tio of street can yons, ori en ta tion, sur face ma te -
rial prop er ties, veg e ta tion and prox im ity to the coast. The neigh bour -
hoods of the se lected sites are de scribed in Ta ble 1. The dis tri bu tion
of ground cover shown in this ta ble is taken from Em man uel and
Johansson (2006). A more de tailed de scrip tion of the mea sure ment
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Ta ble 1 Land use and ground cover of the mea sure ment sites and their sur round ings.

Ground cover (%)a

Roads
Built- and

Site Key City dis trict Gen eral de scrip tion Land use Build ings up pav ing Green

Bank of BoC Cen tral Down town lo ca tion, Com mer cial/ High-rise,  40 55  5
Cey lon busi ness the cen tral busi ness of fice some very

dis trict dis trict.Close to sea- high tow ers
(Fort) shore, some trees

Dutch- DMP Pettah Down town lo ca tion, Com mer cial/ Me dium rise 60 40  0
pe riod the old com mer cial res i den tial (3–4 stor eys)
Mu seum, quar ters, just east of Fort.
Prince Away from shore, al most
Street de void of veg e ta tion

Galle GRB Bambalapitiya Com mer cial sec tor south Com mer cial/ Low to 35 55 10
Road of Fort, some trees. of fice me dium rise

Close to sea shore, but (1–4 stor eys)
build ings act as a bar rier
to sea breeze

Pa goda NUG Nugegoda Mixed-res i den tial sec tor Res i den tial Low rise 30 50 20
Road south-east of the city 

cen tre. Away from the sea

Uni ver sity UoM Moratuwa Low-den sity, sub ur ban In sti tu tional Me dium rise 20 20 60
of lo ca tion south of the city.
Moratuwa Away from the sea

a Cal cu lated for a ra dius of 200 m around each site.



sites is given in Ta ble 2 and Figs. 2–6, which show plans and sec -
tions.

Me te o ro log i cal mea sure ments
Air tem per a ture and rel a tive hu mid ity within, or near, the street can -
yon were mea sured con tin u ously at each field site. Figs. 2–6 show
the po si tion ing of the mea sure ment equip ment. The mea sure ments
were done with Tinytag Plus min ia ture log gers (Gem ini Data Log-
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Fig. 2 Plan and sec tion of the Bank of Cey lon site (BoC) in the cen tral busi ness 
dis trict show ing the po si tion of the mea sure ment equip ment.

Ta ble 2 De scrip tion of the street can yons where the mea sure ments were per formed 
(for site keys, see Ta ble 1)

Ve hi cle Dist. from 
Site Type of street H/W a SVF b Ori en ta tion traf fic Ground cover sea d (km)

BoC Com mer cial, 0.8 0.49 E/W Me dium Con crete pave ments, 0.2
me dium sized street asphalted road, some green

DMP Com mer cial, 1.2 0.31 ENE/WSW Low c Con crete pave ments, 0.5
nar row street asphalted road, no green cover

GRB Com mer cial, 0.3 0.65 NNW/SSE High Con crete pave ments, 0.3
6-lane high way asphalted road, lit tle green

NUG Res i den tial, main road 0.1 0.75 NNE/SSW Me dium Asphalted pave ments and road, 4
through neigh bour hood, bare ground, lit tle green
me dium sized street

UoM In sti tu tional, 0.5 0.44 E/W Low Con crete pave ments, 3
nar row street grav elled road, some green

a Approx. val ues (av er age).
b Sky view fac tor (SVF) cal cu lated by RayMan (Matzarakis et al. 2000) at the cen tre of the road.
c Re stricted ve hic u lar, but lively pe des trian traf fic.
d Short est dis tance per pen dic u lar to the sea.
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Fig. 3 Plan and sec tion of the Prince Street (Dutch-pe riod Mu seum) site in 
Pettah (DMP) show ing the po si tion of the mea sure ment equip ment.

Fig. 4 Plan and sec tion of the Galle Road site in Bambalapitiya (GRB) show ing 
the po si tion of the mea sure ment equip ment.

Fig. 5 Plan and sec tion of the Pa goda Road site in Nugegoda (NUG) show ing 
the po si tion of the mea sure ment equip ment.



gers). These log gers have a tem per a ture ac cu racy of ±0.5 K (res o lu -
tion 0.3 K) and rel a tive hu mid ity ac cu racy of ±3% (res o lu tion 0.5%).
Re cord ings were made ev ery 5 min utes and av er aged to 1 hour
means. At the Uni ver sity of Moratuwa (UoM) site, air tem per a ture
and rel a tive hu mid ity (Vaisala 50Y probe) and global so lar ra di a tion
(Skye 1110 pyranometer) were also mea sured above roof level. The
probes were con nected to a Camp bell CR10X log ger and re cord ings
were made hourly. The sta tion ary mea sure ments took place be -
tween 30th April and 12th May 2003. This pe riod fell within the inter-
mon soon from April to May, which is char ac ter ized by high tem per a -
tures, high hu mid ity and low wind speeds. The mea sure ment equip -
ment was cal i brated in cli mate cham bers at Lund Uni ver sity be fore
the mea sure ments were taken. Post-mea sure ment cal i bra tions were 
done at the Nugegoda (NUG) site.

The aim of the data col lec tion re gime was to cap ture the ther mal
en vi ron ment ex pe ri enced by pe des tri ans by po si tion ing the min ia -
ture tem per a ture and hu mid ity log gers as near pe des trian height as
pos si ble and suf fi ciently far away from the façades – as rec om -
mended by Oke (2000), in or der to avoid the in flu ence of warm sur -
faces. This was, how ever, not pos si ble for prac ti cal and safety rea -
sons (pe des trian traf fic and the risk of thefts) and the ac tual po si -
tions were, in some cases, quite far from ideal (see Figs. 2–6). How -
ever, sev eral stud ies have shown that the air tem per a ture dif fer -
ences within an ur ban can yon are fairly small ex cept when in close
prox im ity to the can yon sur faces (see e.g. Nakamura and Oke 1988;
Santamouris et al. 1999). In the DMP case, the log ger had to be
placed in an ad ja cent court yard with a lawn (see Fig. 3). How ever,
the dif fer ence in H/W ra tio be tween the street and the court yard is
small and the in stan ta neously mea sured tem per a ture and hu mid ity
in the street can yon (see be low) dif fered only slightly from the court -
yard val ues (in gen eral the tem per a ture was within ±1 K and RH
within ±5%).

In or der to com ple ment the con tin u ous mea sure ments, in stan ta -
neous mea sure ments of air and sur face tem per a tures, rel a tive hu -
mid ity and wind speed were per formed at pe des trian level on each
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Fig. 6 Plan and sec tion of the Uni ver sity of Moratuwa (UoM) site (School of 
Ar chi tec ture) show ing the po si tion of the mea sure ment equip ment.



site. Air tem per a ture and wind speed were mea sured with a Swema
SWA03 probe, which is a di rec tion ally in de pend ent wind sen sor
con sist ing of a hot wire an e mom e ter and a PT100 sen sor to mea sure 
tem per a ture. The wind sen sor has an ac cu racy of ±4% up to a wind
speed of 3 m/s (above this speed the ac cu racy is not spec i fied). The
tem per a ture sen sor has an ac cu racy of ±0.5 K. Wind speeds were
col lected as mean val ues from 5 min ute re cord ings at each site. Rel -
a tive hu mid ity was mea sured with a Rotronic OP100A. Sur face tem -
per a tures were mea sured with an in fra red cam era (Thermopoint 62, 
FSI in stru ments). The instantaneous measurements took place
between 30th April and 8th May 2003.

In ad di tion to the cho sen sites, of fi cial weather data from three
weather sta tions in the CMR re gion was used. The Co lombo Me te o -
ro log i cal Sta tion is cen trally sit u ated in Cin na mon Gar dens, a neigh -
bour hood that is char ac ter ized by a very high level of veg e ta tion.
Tem per a ture and hu mid ity mea sure ments take place 2 m above an
open lawn, wind is mea sured at a height of 4 m and global so lar ra -
di a tion is re corded from the roof of a build ing. The other of fi cial sta -
tions are air ports – the in ter na tional air port in Katunayake, some 25
km north of Co lombo city cen tre, and the smaller do mes tic air port in 
Ratmalana just south of the city, close to the UoM site.

Choice of ther mal com fort in dex
There is a lack of a ther mal com fort in dex that is ap pro pri ate in re -
spect of the com plex ur ban out door en vi ron ment (Spagnolo and de
Dear 2003; Em man uel 2005a). In di ces de signed for out doors are,
with few ex cep tions, de signed to mea sure ther mal stress un der ex -
treme out door con di tions, of ten re lated to phys i cal work, e.g. man -
ual la bour and mil i tary ac tiv i ties (McIntyre 1980; Em man uel 2005a).
In the ab sence of a suit able out door com fort in dex, re cent stud ies
have of ten used the most com mon ther mal com fort in di ces de vel -
oped for in doors, such as the pre dic tive mean vote (PMV), the ef fec -
tive tem per a ture (ET*) and the stan dard ef fec tive tem per a ture
(SET*). How ever, these in di ces are based on steady-state heat bal -
ance equa tions of the body. This as sump tion does not hold in the
out door, where tem po ral and spa tial vari a tions are large. In di ces
such as OUT– SET* (an out door ver sion of SET*, Pickup and de Dear
2000), and the phys i o log i cally equiv a lent tem per a ture (PET, Höppe
1999) are de signed for out doors, but are also based on the heat bal -
ance of the hu man body. Al though PMV, ET*, SET* and PET have
proved to have lim ited ap pli ca bil ity out doors (see e.g. Spagnolo and
de Dear 2003), they all take into ac count the four en vi ron men tal pa -
ram e ters which in flu ence ther mal com fort: air tem per a ture, mean
ra di ant tem per a ture, hu mid ity and air move ment. PMV and SET*
also in clude cloth ing in su la tion and the level of activity. 

Since the aim of this study was to com pare the ther mal com fort of 
dif fer ent sites rather than cal cu lat ing an ex act ther mal com fort level,
the PET in dex, which has been used in sev eral re cent stud ies (e.g.
Matzarakis and Mayer 1997; Spagnolo and de Dear 2003), was cho -
sen. This in dex does not take cloth ing or ac tiv ity into ac count, but
since these val ues did not vary sig nif i cantly be tween the stud ied
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sites, an in dex which in cluded these per sonal pa ram e ters was not
nec es sary. The PET in dex, which is ex pressed in °C, was cal cu lated
us ing a soft ware an nexed to the VDI guide lines (VDI 1998). The re -
quired in put data con sists of air tem per a ture, mean radiant tem per a -
ture, humidity and wind speed.

No com fort zone for out door trop i cal con di tions has been de fined
for the PET in dex. How ever, based on his field study in Dhaka dur ing 
the hot hu mid sum mer months, Ahmed (2003) de rived a com fort
zone for sub jects in shade with an ac tiv ity of 1 met (i.e., sed en tary)
and cloth ing val ues vary ing be tween 0.35 and 0.5 clo. The com fort
zone is a re sult of sub jec tive com fort votes of some 1500 ran domly
se lected sub jects us ing the Bed ford seven-point scale (see e.g.
McIntyre 1980). For still air, ther mal com fort was found in a tem per a -
ture range of be tween 27.5 and 32.5°C; the range of rel a tive hu mid ity 
was 50–75% at 32.5°C and 50–85% at 27.5°C. In creased air flow ex -
tended the up per com fort lim its. As sum ing that the air and ra di ant
tem per a tures are equal, Ahmed’s com fort zone would cor re spond to 
PET val ues roughly be tween 27 and 33°C. How ever, these es ti mated
PET val ues are very un cer tain and the com fort zone found by Ahmed 
(2003) in Dhaka is not nec es sar ily trans fer able to Co lombo. Nev er -
the less, the es ti mated up per ther mal com fort limit of PET = 33°C has 
been used as a ref er ence in this study since no other reference
values are available at present.  

Cal cu la tion of the mean ra di ant tem per a ture
Among the vari ables gen er ally as so ci ated with ther mal com fort,
mean ra di ant tem per a ture (MRT) is the crit i cal dif fer ence be tween
in door and out door con di tions. In the hot, hu mid out doors, MRT is
prob a bly the sec ond most im por tant en vi ron men tal pa ram e ter, af ter
air tem per a ture. The MRT is of ten cal cu lated as the weighted av er -
age tem per a ture of sur round ing sur faces. It is more com pli cated to
cal cu late the MRT in an out door ur ban en vi ron ment than in an in -
door one due to fac tors such as the ex po sure to so lar ra di a tion, the
vary ing shapes and po si tions of build ings and the pres ence of ob -
jects such as trees, etc. 

Ide ally, the MRT is cal cu lated from mea sure ments of short-wave
and long-wave ra di a tion at pe des trian level as de scribed in e.g.
Spagnolo and de Dear (2003) and Ali-Toudert et al. (2005). How ever, 
in this study only the global so lar ra di a tion was mea sured and the
mea sure ments took place above roof level. There fore, the soft ware
“RayMan” (ver. 1.2, Matzarakis et al. 2000) was used to cal cu late the
MRT. The in put data re quired for RayMan is the ge om e try of the site
(po si tion and shape of sur round ing build ings and trees), albedo,
global so lar ra di a tion mea sured from the po si tion of the sub ject (e.g. 
at 1 m above ground for a stand ing per son) and cloud cover. Based
on the in put data, RayMan es ti mates the sur face tem per a tures of the 
façades, cal cu lates the view-fac tors for the sur round ing sur faces and 
the sky, and es ti mates the in com ing long-wave ra di a tion from the
sky. Finally, MRT is calculated as (VDI 1998):
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where

MRT* = mean ra di ant tem per a ture from long-wave and dif fuse
short-wave ra di a tion (not in clud ing di rect beam ra di a tion) [°C]
fp = sur face pro jec tion fac tor of a stand ing or walk ing per son
Ib = beam ra di a tion (on a plane per pen dic u lar to the beam) 

[W/m2]
ak = av er age (short-wave) ab sorp tivi ty of the hu man body = 0.7
εp = emissivity of the hu man body = 0.97
σ = 5.67 ⋅ 10-8 W/m2K4 (the Stefan-Boltzmann con stant)
εi = emissivity of the sur face
Ts,i= sur face tem per a ture [K]
Di = dif fuse ra di a tion [W/m2]
Fi = view-fac tor of the sur face.

Ac cord ing to the au thors’ knowl edge, all of the steps that RayMan
uses to cal cu late MRT have not been pre sented in de tail. This is es -
pe cially the case with re spect to the in com ing long-wave ra di a tion
from the sky and the sur face tem per a tures. Ex cept for albedo (which 
is given as a sin gle value), no sur face or ther mal prop er ties of the
façades and trees sur round ing the sub ject are re quired to per form
the cal cu la tions. Nev er the less, it is re ported that cal cu lated val ues of
MRT have shown good cor re la tion with mea sured val ues in some ur -
ban en vi ron ments (Matzarakis et al. 2000).

In or der to es ti mate the so lar ra di a tion at street level, the global
so lar ra di a tion above roof level – mea sured at the Co lombo Met. Sta -
tion – was first di vided into its di rect and dif fuse com po nents. Dur ing 
fair weather con di tions, the dif fuse part was as sumed to be 20% of
the to tal. Dur ing partly cloudy con di tions, the dif fuse part was as -
sumed to be 60%. The global ra di a tion at street level is then the sum
of the di rect and the dif fuse com po nents, where the dif fuse ra di a tion 
de pends on the ge om e try of the street can yon and de creases with
the can yon depth. The ap prox i mate global radiation at 1 m height
was calculated as:

 Ig = Idir + SVF × Di (3)

where Ig = global so lar ra di a tion (W/m2), Idir = Di rect so lar ra di a tion
(W/m2), SVF = Sky view fac tor (at 1 m height), Di = Dif fuse so lar ra -
di a tion (W/m2). Note that re flec tions from the façades and the street
are not taken into con sid er ation and, con se quently, the global ra di a -
tion re ceived by the sub ject will be un der es ti mated. Dur ing pe ri ods
of shade Idir = 0 and the per son re ceives only dif fuse ra di a tion. The
SVF at the po si tion of the sub ject was cal cu lated by the RayMan soft -
ware.
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Re sults and dis cus sion

Site ob ser va tions
Dur ing day time on nor mal week days, the most crowded sites were
Prince Street, Pettah, which has many shops and mar kets, and the
Bank of Cey lon site in the cen tral busi ness dis trict, whereas the least
crowded street was Pa goda Road in the res i den tial dis trict of Nuge -
goda. The pe des tri ans ob served in the streets were mainly walk ing
by. There were no fa cil i ties such as open-air cafés or benches near
the mea sure ment sites. The phys i cal ac tiv ity of the peo ple in the
street was that of slow walk ing or stand ing, which cor re sponds to a
met a bolic rate of about 1.2–2 met ac cord ing to ASHRAE (1997).
Cloth ing was sim i lar in all places and con sisted of light shirts and
light, but long, trou sers or skirts. Tra di tional dress was com mon. The 
cloth ing in su la tion value was es ti mated from ASHRAE (1997) to 0.4–
0.5 clo (al though higher for of fice work ers). Com pared to the con di -
tions re ported by Ahmed (2003), the ob served cloth ing in su la tion
was sim i lar but the met a bolic rate was higher. The as sumed up per
com fort limit might there fore be over es ti mated.

Mea sured en vi ron men tal pa ram e ters
The mea sure ment pe riod in cluded a va ri ety of weather con di tions
rang ing from fairly clear days, with in tense so lar ra di a tion, to over -
cast days, some times with rain fall. Tem per a ture, hu mid ity and so lar
ra di a tion var ied greatly de pend ing on the weather. There fore, the
mea sure ment data was di vided into clear, partly cloudy and over cast
days and nights. The cri te ria for clear was cloud cover < 5 octas and
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Fig. 7 Mea sured air tem per a ture and cal cu lated 
MRT on a clear day (3rd May 2003) for a 
sub ject on the sunny side of the street.

Fig. 8 Mea sured air tem per a ture and cal cu lated 
MRT on a partly cloudy day (7th May 2003) 
for a sub ject on the sunny side of the street.



a to tal daily global ra di a tion of Ig > 5000 Wh/m2, for partly cloudy 5–7
octas and Ig = 2000–5000 Wh/m2 and for over cast > 7 octas and Ig <
2000 Wh/m2. The clas si fi ca tion of days is shown in Ta ble 3.

The air tem per a ture on a clear, a partly cloudy and an over cast
day are shown in Figs. 7–9. The dif fer ence be tween the sites was
big ger in the af ter noon than dur ing the night. On clear days, the
max i mum dif fer ence found be tween sites in the early af ter noon was 
7 K (see Fig. 7). The lower air tem per a tures were found at sites,
which had high H/W ra tios and/or were open to the sea breeze. As
ex pected, the sites with the high est H/W ra tios were the warm est at
night. The cloud ier the sky, the smaller the dif fer ence in tem per a ture 
be tween the sites, both by day and night. Dur ing af ter noon thun der -
storms, day time tem per a tures dropped dra mat i cally (see Fig. 9),
which was ex pe ri enced as a ther mal re lief.

In gen eral, hor i zon tal sur faces such as streets and pave ments
were warmer than ver ti cal sur faces. Dur ing clear weather, dark hor i -
zon tal sur faces had tem per a tures above 50°C dur ing the hours
around mid day. On such days, tem per a ture dif fer ences of up to 20 K
were found be tween sun lit and shaded sur faces within the street
canyons.

Av er age wind speeds be tween 0.7 and 5.4 m/s were re corded. It
should be noted that the num ber of mea sure ments were few, but
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Fig. 9
Mea sured air tem per a ture
and cal cu lated MRT on an
over cast day (6th May
2003). The drop in tem per a -
ture start ing at around
noon is due to rain fall.

Ta ble 3 Clas si fi ca tion of mea sure ment data into clear, 
partly cloudy and over cast days and nights.

Night

Clear Partly Cloudy Over cast

Day Clear May 1,3,8 May 2, 4

Partly cloudy May 5 May 9 Apr. 30, May 7

Over cast May 6, 10 May 11



they in di cated that wind speeds were higher in wide streets and in
streets open to the sea (Ta ble 7).

The hu mid ity was gen er ally high – be tween 70 and 100%. How -
ever, on clear days rel a tive humidities dropped to be tween 55 and
60% in the early af ter noon at the warm est sites. 

For a more de tailed anal y sis of the cli mate mea sure ments, see
Em man uel and Johansson (2006).

Cal cu lated ther mal com fort
The cal cu lated val ues of the mean ra di ant tem per a ture (MRT) for a
clear, a partly cloudy and an over cast day are shown in Figs. 7–9 (the 
in put data is given in Ta bles 4–8). The ef fect of cloud i ness on the
mag ni tude of the MRT is clearly shown; on the over cast day the MRT
is only slightly higher than the air tem per a ture dur ing day time. It
should be noted, how ever, that these re sults may be sub ject to sev -
eral er rors, which in clude the un cer tainty of the ra tio be tween the
di rect and dif fuse com po nents of the so lar ra di a tion, the likely un -
der es ti ma tion due to the miss ing re flected com po nent and the un -
cer tainty in RayMan’s es ti ma tion of sur face tem per a tures (see the
Ma te ri als and Meth ods sec tion). Nev er the less, the mag ni tude of the
MRT for the “clear” day agrees well with the mea sure ments of Ali-
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Ta ble 4 In put data for the cal cu la tion of the phys i o log i cal equiv a lent tem per a ture (PET) 
for the street can yons de scribed in Ta ble 2 on 3rd May (clear day): air tem per a ture, 
rel a tive hu mid ity and global ra di a tion.

Air tem per a ture (°C) Rel a tive hu mid ity (%) Global so lar radiationa (W/m2)

Hour BoC DMP GRB NUG UoM BoC DMP GRB NUG UoM BoC DMP GRB NUG UoM

 1 28.6 28.1 28.1 28.0 28.0 85.5 88.6 82.5 92.5 90.6   0   0   0   0   0

 2 27.9 27.8 27.6 27.5 27.5 87.1 88.8 83.0 92.3 90.3   0   0   0   0   0

 3 28.0 27.2 27.4 27.3 27.3 85.6 87.5 81.9 92.3 91.4   0   0   0   0   0

 4 27.7 27.4 27.3 26.6 26.9 87.2 88.3 83.8 94.4 93.9   0   0   0   0   0

 5 27.4 27.2 26.8 26.5 26.9 88.8 89.4 85.8 96.7 94.7   0   0   0   0   0

 6 27.1 26.9 26.6 26.4 26.7 90.2 90.3 86.9 96.8 95.7   0   0   0   0   0

 7 26.8 26.9 26.6 26.4 26.6 90.1 90.5 87.2 96.4 95.8  80  77  12  85   9

 8 27.7 27.4 27.5 27.5 26.9 87.3 88.6 83.3 92.4 95.6 106 102 110 113 106

 9 29.9 29.5 29.9 31.0 28.4 79.0 80.7 73.6 80.3 89.6 298 286 309 316 296

10 30.9 32.0 31.9 32.4 29.6 75.1 70.7 66.3 74.1 82.8 267 256 277 284 265

11 31.1 33.5 33.6 34.8 30.6 74.1 65.2 61.2 64.1 76.2 555 532 576 589 551

12 31.4 34.1 34.1 36.7 31.2 72.0 63.6 59.8 57.4 71.9 699 671 725 742 694

13 31.8 34.6 34.6 37.7 31.5 70.2 62.6 58.3 54.4 70.6 758 727 786 805 753

14 32.0 34.4 34.5 38.4 32.0 69.8 61.8 58.6 53.7 69.3 661 634 686 702 657

15 31.5 34.6 33.8 37.3 31.8 71.2 60.7 60.4 55.5 70.8 572 42 593 607 568

16 31.6 34.6 33.9 36.8 31.8 71.0 60.0 60.1 57.7 71.4 558 41 579 593 555

17 30.8 33.5 33.6 34.9 31.6 74.4 64.5 61.6 63.0 74.0 261 19 271 277 259

18 30.2 31.7 32.0 32.9 30.7 78.3 71.9 66.2 70.8 77.7  53   4   8 57  53

19 30.3 31.0 31.1 32.0 30.2 78.0 75.0 69.0 74.7 78.4   2   1   3   3   2

20 30.3 30.4 30.9 31.3 29.9 77.5 75.8 69.7 75.6 79.5   0   0   0   0   0

21 30.2 30.4 30.5 30.8 29.7 77.4 76.1 70.4 77.2 80.4   0   0   0   0   0

22 29.9 30.1 30.5 30.4 29.5 78.8 77.3 71.5 79.5 82.1   0   0   0   0   0

23 29.7 29.8 30.2 30.2 29.5 80.2 78.6 72.9 80.8 83.4   0   0   0   0   0

24 29.6 29.7 30.0 30.2 29.5 82.4 80.6 75.7 82.8 84.6   0   0   0   0   0

a Cal cu lated at 1 m height for an ob ject on the sunny side of the street ac cord ing to Eq. 3.



Toudert et al. (2005) on a clear sum mer day in a hot, dry city in Al ge -
ria.

The cal cu lated val ues of the phys i o log i cally equiv a lent tem per a -
ture (PET) are shown in Figs. 10–13. On the 3rd of May (clear day),
the wind speed was mea sured on only one oc ca sion at each site
(and not si mul ta neously), but the mea sured value has, nev er the less,
been as sumed to be valid for the whole day. On the 7th of May (a
partly cloudy day), only a few mea sure ments of the wind speed
were taken, but the rel a tive dif fer ence be tween the sites was as -
sumed to be the same as on 3rd May. On the 6th of May (an over cast 
day) no wind mea sure ments were taken and there fore the wind
speeds of 3rd May were used.

Fig. 10 shows the PET cal cu lated un der clear sky con di tions,
where the day time val ues are re lated to some one ex posed to so lar
ra di a tion (i.e. choos ing to walk on the sunny side of the street). Dur -
ing the day, the PET val ues of all the sites are gen er ally above the up -
per com fort zone limit of 33°C sug gested above, and dur ing the pe -
riod 11:00 – 16:00 h they by far ex ceed this limit and the ther mal
com fort is ob vi ously very poor. The main rea son for the ex tremely
high day time PET val ues, in this case, is the ex po sure to di rect so lar
ra di a tion. The Bank of Cey lon (BoC) site in the cen tral busi ness dis -
trict, which is open to the sea breeze, has the least dis com fort. Note
the dif fer ence with the Galle Road site in Bambalapitiya (GRB),
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Ta ble 5 In put data for the cal cu la tion of the phys i o log i cal equiv a lent tem per a ture (PET) for the 
street can yons de scribed in Ta ble 2 on 7th May (partly cloudy day): air tem per a ture, 
rel a tive hu mid ity and global ra di a tion.

Air tem per a ture (°C) Rel a tive hu mid ity (%) Global so lar radiationa (W/m2)

Hour BoC DMP GRB NUG UoM BoC DMP GRB NUG UoM BoC DMP GRB NUG UoM

 1 29.4 27.8 28.3 25.3 25.1 84.7 90.9 86.0 100.0 100.0   0   0   0   0   0

 2 28.9 28.0 27.8 25.8 25.0 85.4 89.7 87.8 100.0 99.2   0   0   0   0   0

 3 28.2 27.6 27.2 25.5 24.9 85.0 87.5 87.5 99.4 99.0   0   0   0   0   0

 4 28.6 27.9 27.8 26.3 26.1 87.4 89.1 87.4 97.8 99.4   0   0   0   0   0

 5 29.4 28.3 28.4 26.3 26.5 81.8 85.4 86.0 99.6 100.0   0   0   0   0   0

 6 29.5 28.6 28.9 27.7 26.9 79.4 83.7 81.8 93.1 93.9   0   0   0   0   0

 7 29.5 28.3 28.5 27.8 27.1 80.5 83.8 83.2 92.4 94.4   3   3   4   4   1

 8 30.1 28.9 28.8 28.1 27.7 74.0 79.0 78.3 89.4 90.4  47  40  54  58  46

 9 31.1 29.6 29.7 29.1 28.4 71.9 77.6 75.1 83.5 87.2 108  92 124 134 105

10 31.4 30.5 30.5 30.2 29.3 72.7 77.5 74.9 84.2 84.2 174 147 199 216 170

11 31.0 31.4 31.2 31.6 30.1 75.1 75.6 73.2 78.4 80.8 258 218 296 320 252

12 31.7 31.6 31.7 32.5 30.6 72.6 74.5 71.5 74.2 79.0 310 262 355 384 302

13 32.0 32.3 32.0 33.8 31.3 70.2 69.1 69.1 69.1 74.3 355 300 406 439 346

14 32.3 32.9 32.2 34.7 31.8 69.6 68.0 68.4 66.5 74.6 326 276 373 403 318

15 32.5 32.6 32.6 35.0 32.0 69.4 68.3 67.1 65.2 72.9 355  99 406 440 346

16 31.5 31.9 31.8 33.3 31.3 73.2 72.0 71.4 70.9 74.8 141  39 161 175 137

17 28.9 28.9 29.5 30.2 30.7 84.2 84.4 82.9 87.1 77.5  73  20  83  90  71

18 29.7 29.1 28.9 29.6 30.2 80.1 85.4 84.7 88.3 80.2  78  22  45  96  76

19 29.7 29.0 29.0 29.7 29.4 80.6 87.0 84.4 88.6 85.5   4   3   5   6   4

20 29.0 28.1 28.9 29.0 28.6 86.6 89.2 85.7 91.1 89.9   0   0   0   0   0

21 29.0 28.1 29.1 28.5 28.1 84.4 90.3 83.2 92.7 93.4   0   0   0   0   0

22 29.7 28.0 29.2 28.2 28.1 80.0 88.6 79.9 94.1 93.3   0   0   0   0   0

23 29.7 28.1 29.3 28.0 27.9 80.5 88.3 79.5 95.0 93.7   0   0   0   0   0

24 29.6 28.2 29.3 28.0 27.5 80.6 86.1 79.8 95.5 95.3   0   0   0   0   0

a Cal cu lated at 1 m height for an ob ject on the sunny side of the street ac cord ing to Eq. 3.



which is also very close to the sea, but where the sea breeze is
blocked by a row of build ings. The most un com fort able sites are Pa -
goda Road in Nugegoda (NUG) and Prince Street in Pettah (DMP).
The dif fi cult con di tions at the NUG site could be ex plained by its lo -
ca tion far from the coast, which means it is least af fected by the sea
breeze (the air tem per a ture is thus higher). The DMP site has the
most com pact ur ban form, which re duces wind speed and, thus, re -
sults in high PET val ues. Note, how ever, the sharp drop in PET at the
DMP site at 15:00 h; at this time buildings start to provide shade over
the entire street. 

Fig. 11 shows the PET val ues for the same day as Fig. 10 for some -
one choos ing the shady part of the street (when shade ex ists). At the 
sites BoC, DMP, GRB and, es pe cially, at the Uni ver sity of Moratuwa
site (UoM), this im proves the ther mal com fort con di tions con sid er -
ably, due to the pres ence of me dium or high-rise build ings and some 
veg e ta tion (ex cept at the DMP site). The UoM site has hor i zon tal
shad ing de vices along its north ern façade, which makes it pos si ble
to have shade there through out the day. Note, how ever, that around
noon, none of the sites, ex cept that of UoM, pro vides suf fi cient shade 
be cause of the high so lar el e va tion. At the NUG site, where there is
neg li gi ble shade, con di tions are very poor through out the day –
shade is only avail able there in the early morning and in the late
afternoon.
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Ta ble 6 In put data for the cal cu la tion of the phys i o log i cal equiv a lent tem per a ture (PET) 
for the street can yons de scribed in Ta ble 2 on 6th May (over cast day): air tem per a ture, 
rel a tive hu mid ity and global ra di a tion.

Air tem per a ture (°C) Rel a tive hu mid ity (%) Global so lar radiationa (W/m2)

Hour BoC DMP GRB NUG UoM BoC DMP GRB NUG UoM BoC DMP GRB NUG UoM

 1 29.9 29.7 29.8 29.5 29.2 79.1 78.9 75.0  81.3  82.9   0   0   0   0   0

 2 29.9 29.7 29.8 29.4 29.5 78.8 78.1 74.3  81.6  82.4   0   0   0   0   0

 3 29.8 29.6 29.8 29.3 29.3 79.4 78.7 74.7  81.5  83.5   0   0   0   0   0

 4 29.7 29.7 29.4 29.2 28.9 80.0 79.0 77.1  84.4  86.9   0   0   0   0   0

 5 29.6 29.3 29.2 28.0 28.9 82.2 80.7 78.9  91.6  86.1   0   0   0   0   0

 6 29.8 29.5 29.4 28.5 29.1 80.5 79.4 77.6  87.8  84.3   0   0   0   0   0

 7 29.6 29.7 29.5 28.8 29.1 81.4 80.3 78.8  88.3  85.5   1   1   1   2   1

 8 29.6 29.9 29.7 28.8 29.0 79.6 78.5 76.8  89.7  87.1  26  17  35  41  25

 9 30.0 30.4 30.4 29.5 29.3 77.4 76.1 73.5  86.2  84.1  56  36  75  87  53

10 30.1 30.5 30.5 29.5 29.6 78.0 75.8 73.7  84.3  82.6  32  21  43  50  30

11 28.8 29.2 29.6 28.5 29.6 82.8 82.0 77.4  90.9  81.1  21  13  28  32  20

12 28.2 27.8 27.9 26.6 27.3 83.3 86.0 79.1  92.5  93.0  21  14  28  33  20

13 25.2 25.0 25.6 25.3 25.3 89.7 89.4 90.0  99.4 100.0  15  10  20  23  14

14 23.9 23.8 24.4 24.2 24.6 94.0 92.4 89.9  98.4 100.0  20  13  27  31  19

15 24.5 24.3 24.3 24.1 24.2 87.9 88.0 87.8  94.9 100.0  29  19  39  46  28

16 26.0 24.9 24.9 24.4 22.9 76.5 82.2 80.9  89.3  91.0  29  19  39  45  28

17 26.6 25.9 25.8 25.3 23.8 79.0 84.0 79.1  90.1  95.5  36  23  48  55  34

18 25.6 25.3 25.2 25.5 24.3 84.8 86.9 83.2  92.6  94.3  43  27  57  66  40

19 25.4 25.3 25.2 25.5 24.3 87.5 88.7 84.8  93.0  95.0   9   5  11  13   8

20 27.1 25.6 26.2 25.0 24.0 85.0 89.5 86.4  97.3 100.0   0   0   0   0   0

21 28.0 26.5 27.1 25.1 24.2 84.0 90.6 84.8  99.3 100.0   0   0   0   0   0

22 28.7 27.2 28.4 25.0 24.7 84.5 89.9 83.4  99.5 100.0   0   0   0   0   0

23 29.4 27.0 28.9 25.1 24.5 82.2 89.9 81.6  99.6 100.0   0   0   0   0   0

24 29.6 26.9 27.4 25.2 24.8 82.8 90.0 84.6 100.0 100.0   0   0   0   0   0

a Cal cu lated at 1 m height for an ob ject on the sunny side of the street ac cord ing to Eq. 3.



Ta ble 7 Wind in put data for the cal cu la tion of PET for the street 
can yons de scribed in Ta ble 2 on 3rd, 6th and 7th May 2003.

Wind speed (m/s)

Day BoC DMP GRB NUG UoM

3 May 2.5 0.6 1.7 2.2 1.0

6 May 2.5 0.6 1.7 2.2 1.0

7 May 3.9 1.0 2.6 3.4 1.5

Fig. 12 shows the cal cu lated PET val ues on a partly cloudy day for
some one ex posed to the sun. Un der this sky con di tion the dif fer -
ences be tween the sites are smaller than un der clear sky con di tions
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Fig. 10 Cal cu lated PET val ues on a clear day (3rd 
May 2003) for a sub ject ex posed to so lar 
ra di a tion (be ing on the sunny side of the 
street). The as sumed up per dis com fort limit 
is in cluded as a ref er ence.

Fig. 11 Cal cu lated PET val ues on a clear day (3rd 
May 2003) for a sub ject po si tioned on the 
shady side of the street (where pos si ble). 
The as sumed up per dis com fort limit is 
in cluded as a ref er ence.

Fig. 12 Cal cu lated PET val ues on a partly cloudy day
(7th May 2003) for a sub ject po si tioned on 
the sunny side of the street. The as sumed 
up per dis com fort limit is in cluded as a 
ref er ence.

Fig. 13 Cal cu lated PET val ues on an over cast day 
(6th May 2003). The drop start ing at around
noon is due to rain fall. The as sumed up per 
dis com fort limit is in cluded as a ref er ence.



(Fig. 8), but al though the so lar ra di a tion is con sid er ably less, the PET
val ues are above the as sumed dis com fort thresh old (PET = 33°C)
be tween 11:00 and 16:00 h. Shad ing will also, there fore, have a pos i -
tive ef fect during partly cloudy days.

Fig. 13 shows the cal cu lated PET val ues on an over cast day. The
PET var ied less be tween the sites – both by day and by night – and
the as sumed ther mal com fort thresh old was never ex ceeded al -
though day time tem per a tures and hu mid ity were high. The most
com fort able ar eas were those with the great est wind speeds. The af -
ter noon drop is due to rainfall.

Figs. 10–13 show that dur ing the pe riod be tween sun set and early
morn ing, the PET val ues are fairly low, and some times even be low
the lower com fort limit sug gested above. The vari a tion be tween the
sites is much less than dur ing the day, but the dis persed NUG site
tends to have the low est PET val ues and the com pact DMP site the
high est. This is be cause the wind speed is rel a tively high at NUG and 
low at DMP, as well as the fact that the sky view fac tor is big (thus,
cool ing through net long-wave ra di a tion loss to the sky is ef fi cient) at 
NUG and low at DMP.

Ta ble 8 Cloud cover data for the cal cu la tion of MRT and PET for the 
street can yons de scribed in Ta ble 2 for a clear (3rd May), 
a partly cloudy (7th May) and an over cast day (6th May). 

Cloud cover (octas) Cloud cover (octas)

Hour 3 May 6 May 7 May Hour 3 May 6 May 7 May

 1 6 3 5 13 4 8 6

 2 4 3 5 14 4 8 6

 3 2 4 5 15 4 8 6

 4 3 5 5 16 5 7 7

 5 4 5 5 17 6 7 7

 6 5 6 5 18 7 6 8

 7 4 6 5 19 6 6 8

 8 4 7 6 20 4 5 8

 9 3 7 6 21 3 5 8

10 3 7 6 22 3 5 8

11 4 8 6 23 3 5 8

12 4 8 6 24 3 5 8

The ef fect of H/W ra tio
The cal cu lated ther mal com fort con di tions, ex pressed in PET, show
the im por tance of shad ing for the im prove ment of day time com fort.
Given the im por tance of MRT to out door ther mal com fort, this is to
be ex pected. For ex am ple, the MRT for the site DMP drops about 30
K on a clear day (Fig. 7) when the build ings pro vide shade to the
street in the af ter noon. A sim i lar dif fer ence in MRT be tween so lar ex -
po sure and shade was also found by Ali-Toudert et al. (2005) in a city 
in south ern Al ge ria. The re sults in fact in di cate that a com pact ur ban
form (high H/W ra tios) can pro vide more com fort able con di tions
than a dis persed ur ban form. Ahmed (2003) came to a sim i lar con -
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clu sion about the sum mer cli mate of Dhaka, Ban gla desh, where he
found that semi-en closed spaces, which re strict air move ment, but
pro vide shade, were some times com fort able dur ing the hot test pe -
riod of the day. This is con tra dic tory to the com mon be lief that in the 
hot, hu mid trop ics, the most im por tant de sign strat egy is to pro vide
air move ment. Dur ing the hours around noon, ap prox i mately 10:00–
14:00 h, even high-rise build ings can, how ever, only pro vide lim ited
shade. To also achieve shade dur ing this time of the day some type
of over head shad ing is re quired, e.g. wide tree can o pies, pe des trian
ar cades or other types of shad ing de vice.

Tower build ings are well adapted to the hot, hu mid cli mate as
they do not ob struct the air flow as long as their den sity is low. A
mix ture of high-rise tow ers and lower build ings cre ates an un even
fab ric and such an ar range ment can, there fore, in crease air move -
ment (de Schiller and Ev ans 1998; Aynsley and Gulson 1999). High
rise build ings may be re stricted to high socio-eco nomic sta tus res i -
den tial and of fice building precincts.

Street can yons with high H/W ra tios will, how ever, have a neg a -
tive ef fect at night since shad ing re duces the heat loss through net
long-wave ra di a tion to the sky. The re sults in di cate, how ever, that
the pos i tive ef fect of shad ing dur ing day time is big ger than the neg a -
tive ef fect at night. How ever, ra di a tion loss to the sky also helps to
cool down the build ings and high H/W ra tios may, there fore, be un -
fa vour able for in door night com fort, which is es sen tial for sleep ing.
The ap pro pri ate H/W ra tio will, there fore, de pend on the type of
neigh bour hood; higher noc tur nal tem per a tures may be more ac -
cept able in commercial areas than in residential areas.

The ef fect of street ori en ta tion
For streets ori ented in a north–south di rec tion (such as the GRB and
the NUG sites) shade can be pro vided by the build ings in both the
morn ing and the af ter noon if the H/W ra tio is high enough. How ever, 
around noon shade can not be pro vided by the build ings alone. For
those streets ori ented in an east–west di rec tion (like the BoC, DMP
and UoM sites), there will be shade on the south ern side of the street 
dur ing the pe riod Oc to ber–March pro vided build ings on this side of
the road are suf fi ciently tall. Dur ing the rest of the year the sun is in
the ze nith po si tion, or slightly to the north, mak ing it dif fi cult to
achieve shade with out a tree can opy, ar cades or other types of shad -
ing de vices.

The shad ing strat e gies sug gested for north-south ori ented streets
are prac ti cal in Co lombo, given the fact that the city is elon gated
along its north-south di rec tion. Thus many of the city’s streets could
ben e fit from the above pro posal. At the same time, the fact that the
In dian Ocean is to the west of the city adds prac ti cal ity to the other
pro posal con cern ing east-west streets. Broad east-west ori ented
streets have the ad di tional ad van tage of fa cil i tat ing deeper pen e tra -
tion of sea breeze inland.
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The ef fect of ground cover and 
prox im ity to the sea
Al though the ground cover around each site var ied con sid er ably
(see Ta ble 1), this did not have a sig nif i cant im pact on ther mal com -
fort. The rea son could be that, at street level, the sur face ma te ri als
were sim i lar on all sites; typ i cally heavy ma te ri als such as as phalt,
con crete, brick and plas ter, which have a high ther mal ca pac ity. The 
di rect so lar ra di a tion hit mainly hor i zon tal sur faces, which were
fairly dark in col our and thus ab sorbed most of the in com ing ra di a -
tion. The large tem per a ture dif fer ences found be tween sun lit and
shaded pav ing (up to 20 K) show the im por tance of keep ing sur faces 
cool to min i mize the sen si ble heat loss. Lower sur face tem per a tures
can also be achieved by us ing lighter, less heat ab sor bent colours.

The prox im ity and open ness to the sea is also im por tant as it en -
hances the pos si bil ity to ben e fit from the cool ing ef fect of the sea
breeze. Ex cept dur ing the lat ter part of the sum mer mon soon (es pe -
cially June-Au gust), Co lombo’s typ i cal wind speeds are in the range
of 0.7–1.1 m/s (data for the last 35 years from Co lombo Me te o ro log i -
cal Sta tion which is sit u ated about 3 km in land). Com pared to the
weak mon soon winds, our mea sure ments at or near the shore-line
in di cated wind speeds in the range of 1.5–5.5 m/s. The sea breeze ef -
fect is clearly il lus trated by the dif fer ence be tween the Bank of Cey -
lon site in the cen tral busi ness dis trict (BoC) and the Galle Road site
in Bambalapitiya (GRB). Al though both are close to the sea, the for -
mer, which is open to the sea, is more com fort able due to the lower
air tem per a ture of the sea breeze and the higher wind speeds,
whereas the lat ter has a row of build ings along its west ern side ef -
fec tively block ing the sea breeze. The find ings of this re search agree
with the study of Saaroni et al. (2000), who found that the cool ing ef -
fect of the sea breeze in Tel-Aviv was con sid er able in the afternoon,
especially in those places open to the sea.

Con clu sions
The re sults of this study have im pli ca tions on de sign guide lines for
cli mate-con scious ur ban plan ning and de sign. Pos si ble strat e gies to
im prove out door ther mal com fort in the city of Co lombo in clude:

• Al low ing a more com pact ur ban form with deeper street can yons
to pro vide shade at pe des trian level. Care has to be taken, how -
ever, es pe cially in res i den tial ar eas, be cause the pos si bil ity of nat -
u ral ven ti la tion and night-time cool ing of build ings de creases with
an in creased H/W ra tio. Deep can yons are also a dis ad van tage in
pol luted ar eas since dis per sion is less ef fec tive in shal low can -
yons.

• Pro vid ing shade within the street can yons dur ing the hours around 
noon by uti lis ing large tree can o pies, cov ered walk ways, pe des -
trian ar cades, awn ings or other types of shad ing.

• En cour ag ing air flow, which is mod er ate in the case of Co lombo,
by us ing ir reg u lar po si tion ing of build ings and cre at ing vari a tions
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in build ing height. Tower build ings, if po si tioned a suf fi cient dis -
tance apart, also stim u late air move ment.

• Open ing up the coastal strip of the city by wid en ing the roads,
which run per pen dic u lar to the coast so that they can act as chan -
nels. This will per mit the sea breeze to pen e trate fur ther into the
city and is es pe cially im por tant be cause of the weak macro-level
winds in equa to rial cit ies such as Co lombo.

Fu ture stud ies should in clude sim u la tions to ex am ine the ef fect of
dif fer ent ur ban de sign on out door ther mal com fort. There is also a
need to ex plore peo ple’s sub jec tive per cep tion of the ther mal en vi -
ron ment – through the use of ques tion naires and in ter views – and
re late it to cal cu lated com fort in di ces in or der to de ter mine ac cept -
able com fort lim its. This is par tic u larly im por tant in the face of grow -
ing ac cep tance of the “ac cli ma ti za tion ef fect” (e.g. the idea of “adap -
tive ther mal com fort” pi o neered by Humphreys (1996), Nicol and
Humphreys (2002) and oth ers. See also de Dear and Brager, 2001;
the most re cent re vi sion to ther mal com fort stan dards is sued by the
Amer i can So ci ety of Heat ing Re frig er at ing and Air Con di tion ing En gi -
neers – ASHRAE Stan dard 55-2004 [ASHRAE, 2004]). Par al lel to such
a sur vey, it is also nec es sary to carry out con tin u ous me te o ro log i cal
mea sure ments, in clud ing both wind speed and mean ra di ant tem -
per a ture, within street can yons and in close prox im ity to street us ers. 
Fur ther field stud ies are needed to eval u ate the ef fect of dif fer ent
types of over head shad ing de vices on out door ther mal comfort.
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Sim u la tions of ur ban
mi cro cli mate and out door
ther mal com fort in the hot
dry city of Fez and in the
hot hu mid city of Colombo

Erik Johansson, Hous ing De vel op ment & Man age ment, 
Lund Uni ver sity, Swe den

Ab stract
The out door en vi ron ment is de te ri o rat ing in many trop i cal cit ies,
which leads to a num ber of prob lems re lated to the well-be ing of hu -
mans. It is there fore im por tant to im prove the microclimatic con di -
tions around build ings in ur ban en vi ron ments. The aim of this study
was to eval u ate the ef fect of street de sign on out door ther mal com -
fort in the hot dry cli mate of Fez, Mo rocco and in the hot hu mid cli -
mate of Co lombo, Sri Lanka and to sug gest pos si ble im prove ments.
The anal y sis was car ried out through nu mer i cal mod el ling us ing
ENVI-met, a three-di men sional model that pre dicts the mi cro cli mate 
in ur ban en vi ron ments. Sim u la tions were run for sev eral street de -
signs and in cluded the ef fect of ar chi tec tural de tails such as col on -
nades, shad ing trees and re flec tivity of façades and street. The ther -
mal com fort was es ti mated by cal cu lat ing the phys i o log i cally equiv a -
lent tem per a ture (PET). The sim u la tions showed that can yons with
high H/W ra tios, where build ings pro vide shade, rep re sent an ad van -
tage for both the sum mer cli mate of Fez and for Co lombo. How ever,
for the win ter sea son in Fez, streets with low H/W ra tios are pref er a -
ble. East-west streets are the most prob lem atic as con cerns ther mal
com fort. For both Fez and Co lombo they need H/W ra tios about 4 to
pro vide shade. For north-south streets an H/W ra tio of about 2 pro -
vides ac cept able con di tions for Co lombo and for both sea sons in
Fez. To pro vide ther mal com fort in win ter in Fez some streets ori -
ented east-west should have a H/W = 0.67 with a col on nade on its
north ern side to pro vide so lar ac cess. In Co lombo, spac ing be tween
build ings is pref er a ble to per mit air flow. This is es pe cially im por tant
near the coast where some east-west streets could have as low H/W 
ra tios as 0.5. For both cit ies it is rec om mended that build ings have
no front set backs, in or der to in crease the pos si bil i ties of shade for
pe des tri ans. More over, over head shad ing should be pro vided in the
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form of pro jected up per floors, col on nades, shad ing trees or other
de vices to im prove ther mal com fort for pe des tri ans.

1 In tro duc tion
The out door en vi ron ment is de te ri o rat ing in many trop i cal cit ies due
to rapid ur ban iza tion. This leads to a num ber of prob lems re lated to
the health and well-be ing of hu mans and neg a tively af fects so cial
and com mer cial out door ac tiv i ties. A poor out door cli mate will also
neg a tively af fect the in door cli mate and lead to in creased en ergy
use. It is there fore im por tant to im prove the microclimatic con di tions 
around build ings in ur ban en vi ron ments.

Field mea sure ments in hot dry cli mates (Ali-Toudert et al. 2005,
Johansson 2006) and in hot hu mid cli mates (Ahmed 2003, Em man -
uel & Johansson, 2006) in di cate that ur ban de sign has a sig nif i cant
im pact on the ur ban mi cro cli mate. Al though the link be tween ur ban
ge om e try and noc tur nal air tem per a tures (the noc tur nal ur ban heat
is land) is well known, intra-ur ban tem per a ture dif fer ences may be
big ger by day (Em man uel and Johansson 2006, Johansson 2006). 
Cli ma tic pa ram e ters such as air tem per a ture and wind speed have
been shown to de pend on the height to width (H/W) ra tio of ur ban
can yons. More over, both mea sure ments and sim u la tions have
shown that so lar ra di a tion and long-wave ra di a tion from warm sur -
faces reach very high lev els in hot cli mates, which leads to high
mean ra di ant tem per a tures (MRT) can reach very high val ues
(Ali-Toudert et al. 2005, Johansson and Em man uel 2006).

Stud ies on out door ther mal com fort con di tions in hot dry cli mates 
(Ali-Toudert et al. 2005, Ali-Toudert and Mayer 2005 and 2006,
Johansson 2006) and hot hu mid cli mates (Ahmed 2003, Johansson
and Em man uel 2006) have in di cated that un com fort able con di tions
are com mon. In hot hu mid cli mates and dur ing the sum mer sea son
in hot dry cli mates, the out door ther mal com fort con di tions are far
above ac cept able com fort stan dards, es pe cially around mid day. The
worst con di tions were found in wide streets with low-rise build ings
and no shad ing trees. Dur ing the win ter in hot dry Fez (Johansson
2006), ther mal com fort was found to be be low nor mal dis com fort
lev els, es pe cially in deep can yons.

In or der to cre ate ther mally com fort able ur ban en vi ron ments it is
im por tant to be able to pre dict the ef fect of ur ban de sign on ur ban
mi cro cli mate and out door ther mal com fort. This would pref er a bly
be done through sim u la tions as it would re quire ex ten sive mea sure -
ments to cover a wide range of ur ban forms and as it would not be
pos si ble to mea sure non-ex ist ing de signs.

How ever, there are few sim u la tion stud ies on out door ther mal
com fort, es pe cially in trop i cal cli mates. One rea son is prob a bly the
com plex ity of the ur ban cli mate which makes such mod el ling dif fi -
cult. More over, many mod els deal with the lo cal or meso scales, and 
do not give de tailed re sults at street level. Many of the ex ist ing ur ban
can opy layer mod els, such as the mod els of Mills (1997) and Kusaka
and Kimura (2004), do not ex ist as de vel oped soft wares and give
few out put vari ables. Other mod els such as the CTTC model (Swaid
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and Hoffman 1990) are em pir i cal in char ac ter and may thus be re -
stricted to one par tic u lar cli mate.

ENVI-met (Bruse 2006) is one of few user friendly, easy to use
soft wares which pro vide a de tailed out put on the mi cro-scale. The
programme was used re cently in stud ies in trop i cal cli mates. Ali
Toudert and Mayer (2006) used it to sim u late out door ther mal com -
fort in a hot dry desert city in Al ge ria. In an other study in the same
city, Ali Toudert and Mayer (2005) stud ied the in flu ence of veg e ta -
tion. How ever, in these stud ies only the warm sea son was stud ied.
Yu and Hien (2006) used ENVI-met to study the cool ing ef fect of ur -
ban parks in the hot hu mid cli mate of Sin ga pore. The lat ter study
was, however, limited to parks.

In this pa per, the re la tion ship be tween street de sign and out door
ther mal com fort in the hot dry city of Fez, Mo rocco and the hot hu -
mid city of Co lombo, Sri Lanka was stud ied us ing ENVI-met. This
soft ware, which has proven to give re al is tic re sults in pre vi ous stud -
ies (Ali-Toudert and Mayer 2006, Jansson 2006), cal cu lates all en vi -
ron men tal pa ram e ters needed to cal cu late ther mal com fort in di ces.
The out door ther mal com fort was es ti mated by cal cu lat ing the Phys -
i o log i cally Equivalent Temperature (PET).

2 Meth od ol ogy

Study ar eas
Fez (34.0°N, 5.0°W) has hot dry sum mers and fairly cold win ters and
di ur nal tem per a ture fluc tu a tions are large (Johansson 2006). In July,
mean di ur nal tem per a ture vary be tween 16 and 34°C and the vapour 
pres sure var ies be tween about 12 and 15 hPa. In Jan u ary, mean di -
ur nal tem per a tures vary be tween 4 and 15°C and the vapour pres -
sure var ies be tween about 9 and 12 hPa. So lar ra di a tion is in tense in
sum mer with a large part of di rect ra di a tion. In win ter, the so lar ra di -
a tion is less and the dif fuse com po nent is higher than in sum mer.

Co lombo (6.9°N, 79.9°W) has a hot hu mid cli mate with small an -
nual and di ur nal vari a tions (Em man uel and Johansson 2006). In
May, the most warm and hu mid month, tem per a tures vary be tween
26 and 32°C and the vapour pres sure be tween about 30 and 35 hPa.
So lar ra di a tion is in tense all year round with a large part of dif fuse ra -
di a tion. The cli mate in Co lombo is mod er ated by the cool ing ef fect
of the west erly af ter noon sea breeze (Emmanuel and Johansson
2006).

Sim u la tion model
The mi cro cli mate at street level was sim u lated with ENVI-met 3.0
(Bruse 2006). The programme, which is avail able for free, uses a
three-di men sional com pu ta tional fluid dy nam ics (CFD) and en ergy
bal ance model. The model takes into ac count the phys i cal pro -
cesses be tween the at mo sphere, ground, build ings and veg e ta tion
and sim u lates the cli mate within a de fined ur ban area with a high
spa tial and tem po ral res o lu tion en abling a de tailed study of how the
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mi cro cli mate var ies within the stud ied space over time. The in put
data to the model con sists of the phys i cal prop er ties of the ur ban
area of study (build ings, soil and veg e ta tion) and lim ited geo graph -
ical and me te o ro log i cal data. The wind (speed and di rec tion) is con -
stant through out the sim u la tions. The sim u la tion pe riod is nor mally
one com plete di ur nal cy cle. The model gives a large amount of out -
put data in clud ing the nec es sary vari ables to be able to cal cu late
ther mal com fort in di ces: wind speed, air tem per a ture, hu mid ity and
mean ra di ant tem per a ture.

Model struc ture

The main model in the programme is three-di men sional (3D) and
ex tends from the ground to about dou ble height of the high est ob -
ject. The lat eral bor ders of the main model are sur rounded by a nest -
ing area – a buffer zone with out build ings and veg e ta tion. Be tween
the top of the 3D model and the up per bound ary of the model, at
2500 m, a 1D model is used. Be low the main 3D model there is a 1D
soil model ex tend ing to a depth of 2 m.

The main 3D at mo spheric model uses fun da men tal laws of fluid
dy nam ics and ther mo dy nam ics and solves the en ergy bal ance at ur -
ban sur faces. It sim u lates the speed and di rec tion of the air flow, at -
mo spheric tur bu lence, air tem per a ture, hu mid ity, short- and long-
wave ra di a tion fluxes, dy namic heat stor age and heat trans fer in the
ground and build ing sur face tem per a tures. The area con sists of 3D
grid cells which con tain soils, build ings, veg e ta tion or open spaces.
The typical grid resolution is 0.5–10 m.

Build ings are mod elled as blocks where width and length are
mul ti ples of grid cells. Since the bot tom of a build ing does not need
to be in con tact with the ground it is pos si ble to sim u late pro ject ing
up per floors and col on nades. The heat trans port to or from the build -
ings is de ter mined from the tem per a ture dif fer ence be tween the sur -
face and the con stant indoor temperature.

The veg e ta tion sub-model sim u lates the fluxes of heat and vapour 
be tween the at mo sphere and the veg e ta tion in clud ing the evapo -
transpiration. The veg e ta tion is treated as ver ti cal col umns with the
width equal to the grid cell width whereas the height de pends on
the type of vegetation.

The soil sub-model cal cu lates the tem per a ture and soil mois ture
for soil pro files that are di vided into dif fer ent lay ers and whose thick -
ness in creases with depth. Each soil layer has dif fer ent hy drau lic and 
ther mal prop er ties. The lat ter in clude ther mal con duc tiv ity, heat ca -
pac ity and den sity. The heat stor age is thus ac counted for. The sur -
face can be po rous or sealed with im per vi ous ma te ri als such as as -
phalt or con crete. The soil sur face can have vary ing sur face rough -
ness and re flec tivity (albedo). There is one soil profile for each hor i -
zon tal grid point.

Cal cu la tions

To be able to per form the sim u la tions, ENVI-met needs the geo -
graph ical po si tion (lat i tude and lon gi tude) and cloud cover to de ter -
mine the com po nents of di rect and dif fuse so lar ra di a tion. The cal -
cu la tions start with an in itial is ation phase which re quires the wind
speed and di rec tion at 10 m height, ini tial tem per a ture (which is also 
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the con stant tem per a ture at the up per model bor der at 2500 m), spe -
cific hu mid ity at 2500 m and ini tial rel a tive hu mid ity at 2 m. More -
over it needs the ini tial tem per a tures and the soil mois ture in the soil 
lay ers of 0–0.2 m, 0.2–0.5 m and 0.5–2 m. Dur ing the in itial is ation
phase, the ver ti cal pro files of wind, tem per a ture and hu mid ity are
de ter mined in the air layer of 0–2500 m. Sim i larly, the ver ti cal pro -
files of tem per a ture and mois ture in the soil is de ter mined dur ing
this phase.

All cal cu la tion in ENVI-met uses the po ten tial tem per a ture, that is, 
cor rec tion is made for the ef fect of de creas ing air tem per a ture with
height (see e.g. Oke 1987)

Cal cu la tion of the mean ra di ant tem per a ture
The mean ra di ant tem per a ture (MRT) is a key vari able in de ter -

min ing the ther mal com fort out doors. At the height z, it is claculated
by ENVI-met as (Ali-Toudert and Mayer 2006):

( ) ( )( )MRT E z D z f I z
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p= + +
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where σ is the Stefan-Boltzmann con stant (= 5.67×10-8 W/m2K4),
E(z) is the long-wave ra di a tion from the sky, façades and ground, αk

(= 0.7) and εp (= 0.97) are the body’s ab sorp tion of short and long-
wave ra di a tion re spec tively D(z) is the dif fuse and dif fusely re flected
so lar ra di a tion, fp is the body’s sur face pro jec tion fac tor, and I(z) is
the di rect so lar beam.

At pe des trian level, the in com ing long-wave ra di a tion E(z) is ap -
prox i mated as:

E(z) = 0.5[(1–SVF(z)Ew + SVF(z)Esky] + 0.5 × Eg (2)

where SVF is the sky view fac tor and Ew, Esky and Eg are the in com -
ing long-wave ra di a tion from the façades, sky and ground re spec -
tively.

Lim i ta tions with the pres ent ver sion

The ver sion of ENVI-met used in this study, ver sion 3.0, has some
short com ings. Build ings have no ther mal mass and this may af fect
sur face tem per a tures of the façades and, con se quently, the mean ra -
di ant tem per a ture as well as the air tem per a ture at street level.
More over, in di vid ual prop er ties of build ings can not be set; all build -
ings have the same in door tem per a ture (con stant value), re flec tivi -
ties of walls and roofs and U-val ues of walls and roof. The build ing
ge om e try is lim ited and there are no pos si bil i ties to put shad ing de -
vices on façades. Fur ther more, as the cli mate is gen er ated by the
programme it does not con sider the in flu ence of large-scale me te o -
ro log i cal phe nom ena. Fi nally, there are still few stud ies of val i da tions 
against mea sure ments al though the model has been fre quently used 
re cently.

Cal i bra tion
One mea sure ment site from each city from ear lier stud ies (Johans -
son 2006, Em man uel and Johansson 2006) was mod elled in ENVI-
met and the sim u la tions were com pared with mea sured re sults. The 
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sites were mod elled as ac cu rately as pos si ble as re gards build ing ge -
om e try, street ori en ta tion, ther mal prop er ties of build ings as well as
ground prop er ties and mea sured me te o ro log i cal data was used as
in put. As a re sult of the de vi a tion be tween mea sured and sim u lated
re sults mod i fi ca tions were made to some of the in put data. The gen -
eral in put data used in the sim u la tions are shown in Ta ble 1.

Ta ble 1 Gen eral con di tions for the sim u la tions.

Fez Co lombo
Lat i tude 33.97°N 06.9°N
Lon gi tude 04.98°W 79.9°E

Sum mer Win ter
Date of sim u la tion 15 July ‘00 15 Jan. ‘00 3 May ‘03

Clouds, high level (octas) 0 0 0

Clouds, me dium level (octas) 0 2 0

Clouds, low level (octas) 1 0 4

Short-wave ad just ment 0.85 1.00 1.12

Wind speed at 10 m height (m/s) 0.6 0.6 2

Ini tial tem per a ture at 2500 m (°C) 15 9 28

Ini tial hu mid ity at 2500 m (g/kg) 9 7 20

Rel a tive hu mid ity at 2 m height (%) 75 85 85

The cal cu lated so lar ra di a tion had to be ad justed as it was ei ther
over or un der es ti mated by ENVI-met (see Ta ble 1). The cor rected
so lar ra di a tion used dur ing the sim u la tions are shown in Fig. 1. For
the case of Fez, the so lar ra di a tion was ad justed to rep re sent typ i cal
ra di a tion for the sum mer and win ter pe ri ods. For Co lombo the so lar
ra di a tion of a “clear” day was used ac cord ing to Emmanuel and
Johansson (2006).

It turned out that ENVI-met un der es ti mated the di ur nal tem per a -
ture fluc tu a tions. This has been ob served in other stud ies also (Ali-
Toudert and Mayer 2006, Jansson 2006). The rea son given in the pro -
gramme doc u men ta tion (Bruse 2006) is that ENVI-met cal cu lates the 
ur ban cli mate at a mi cro- or lo cal scale and that larger re gional
(meso-scale) ef fects are not taken into ac count. How ever, in the
case of Fez, more re al is tic tem per a ture vari a tions could be ob tained
by set ting a low wind speed (0.6 m/s) as this makes ENVI-met use a
dif fer ent tur bu lence model. Nev er the less, there were still very small
noc tur nal air tem per a ture dif fer ences in spite of the huge dif fer ence
in height-to-width (H/W) ra tio be tween the sites. It ap pears that
ENVI-met failed to sim u late the nocturnal heat island effect due to
reduced SVF.

In the case of Co lombo, it was not pos si ble to put a low wind
speed be cause the sim u la tions be came un sta ble and were in ter -
rupted. In stead the wind speed was put to 2 m/s, which is about the
max i mum wind speed mea sured at the Co lombo met. sta tion. Con -
se quently, ur ban ge om e try had neg li gi ble im pact on the air tem per a -
ture in the Colombo case.

As a con se quence of the low wind in put value for the Fez case,
the sim u lated wind speeds at street level were much lower than the
mea sured val ues. How ever, also in the Co lombo case, the sim u lated 
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wind speeds at pe des trian level were much lower than those that
had been mea sured, be low 0.1 m/s.

As the sim u lated wind speeds for both the Fez and Co lombo
cases were un der es ti mated, the wind speeds used to cal cu late PET
were based on mea sured val ues (Em man uel and Johansson 2006,
Johansson 2006), see Ta ble 2.

To com pen sate for the fact that the build ings have no mass in
ENVI-met, the ther mal ad mit tance ì for the street was in creased.
This prop erty, which de ter mines the abil ity of a sur face to take up
heat, is cal cu lated as:

µ λ= ⋅ C (3)
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Fig. 1
So lar ra di a tion on a hor i zon tal sur face
cal cu lated by ENVI-met for 
(a) the sum mer pe riod in Fez (15 July), 
(b) the win ter pe riod in Fez (15 Jan u ary)
and (c) a clear day in May in Co lombo 
(3 May).



where λ is the ther mal con duc tiv ity (W/m°C) and C is the vol u met ric 
heat ca pac ity (J/m3 °C). It was as sumed that the “ac tive” can yon sur -
face in flu enc ing the can yon air at pe des trian level con sisted of the
ground and the low est 6 m of the façades, see Fig. 2. The in creased
ther mal ad mit tance of the street µst* was cal cu lated as:

µ µ µ
st

m fac stW

W
* = ⋅ + ⋅12

(4)

where µfaç = the ther mal ad mit tance of the façades, W = street
width (m) and µst = ther mal ad mit tance of the street. The ther mal
ad mit tances of the street and façades were as sumed to be 1700
J/m2s0.5°C (as phalt) and 1200 J/m2s0.5°C (plas ter) re spec tively. The
val ues of in creased ther mal ad mit tance for the street µst* for the dif -
fer ent H/W ra tios are shown in Ta ble 2.

Ta ble 2 Ther mal ad mit tance (µst*) of the street, vapour pres sure (VP) and 
wind speed for the dif fer ent H/W ra tios in the sim u la tions.
µst* in cludes the ther mal ad mit tance of the façades ac cord ing to 
eq. 4).

H/W ra tio Fez, sum mer Fez, win ter Co lombo
µst* VP wind VP wind VP Wind
(J/m2s0.5°C) (hPa) speed (hPa) speed (hPa) speed

(m/s) (m/s) (m/s)

0.12  1800 33.5 2.2

0.5  2300 13.5 0.8 10 0.8

0.6  2500 33.5 1.0

1  2900 14 0.7 10.5 0.7

1.3  3500 33.5 0.6

2  4100 14 0.6 10.5 0.6 33.5 0.5

4  6500 14.5 0.5 11 0.5 33.5 0.3

8 11500 15 0.4 11.5 0.4

Para met ric mod el ling

Model area and typ i fied street can yons

The test ing en vi ron ment in the sim u la tion part of this study was a
street can yon (Fig. 3). The height of the build ings was kept con stant
at 12 m whereas the width of the can yon var ied. In or der to avoid in -
flu ences from the ends of the can yon, the can yon was long, with a
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Fig. 2
The as sumed “ac tive” can yon sur face 
in flu enc ing the can yon air at 
pe des trian level.



con stant length-to-width ra tio of 15, and the wind was al ways per -
pen dic u lar to the long-axis of the can yon. The two build ings were
en closed by a wall of the same height as the build ings (12 m) in or -
der to re duce the ef fect of advection from the sur round ing “ru ral”
area. The dis tance be tween the build ings and the wall was set equal 
to the width of the street (W). The rea son for choos ing a small
model area was to limit the num ber of grids in or der to re strict com -
pu ta tion time. The area in Fig. 3a is to be seen as a part of a larger
ho mo ge neous area.

For each of the cit ies, a base case was cre ated com pris ing a sim -
pli fied ur ban can yon with typ i cal geo met ric char ac ter is tics (H/W ra -
tio), ma te rial prop er ties, façade colours and ground el e ments. The
in put data of the base cases, which had no veg e ta tion or shad ing de -
vices, are shown in Table 3.

Ta ble 3 In put data for the base cases in Fez and Co lombo.

Fez sum mer Fez win ter Co lombo

Build ing height, H (m) 12 12 12

Street width, W (m) 6 6 9

H/W ra tio 2 2 1.3

In door tem per a ture (°C) 26 20 26

U-value, walls (W/m2°C) 1.5 1.5 1.5

U-value, roof (W/m2°C) 1.5 1.5 1.5

Re flec tivity, façades 0.3 0.3 0.4

Re flec tivity, roofs 0.4 0.4 0.4

Re flec tivity, street 0.3 0.3 0.3

Ther mal admittancea µ, 4100 4100 3500
street (J/m2s0.5°C)

a In clud ing the ther mal ad mit tance of the façades ac cord ing to Fig. 2 and eq. 4.

Strat e gies for para met ric mod el ling

The en ergy bal ance of a street can yon was used to iden tify strat e gies 
to im prove the mi cro cli mate of the ur ban can yons mod elled for
each city. Ac cord ing to Oke (1987):
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Fig. 3 (a) Model area and (b) the street can yon of the base case.



(K* + L*) + QF = QH + QE + ∆QS + ∆QA (5)

where K* and L* are net in com ing short- and long-wave ra di a tion re -
spec tively, QF is anthropogenic heat, QH is sen si ble heat, QE the la -
tent heat from evapotranspiration, ∆QS rep re sents the net heat stor -
age in the can yon sur faces and ∆QA is the net advection through the
sides of the vol ume. All fluxes are in W/m2.

If advection and anthropogenic heat are ne glected, which is rea -
son able if the area stud ied is as sumed to be suf fi ciently large and if
build ings are nei ther heated nor cooled, sen si ble heat can be ex -
pressed as:

QH = K* + L* – QE – ∆QS (6)

In a warm cli mate, such as that of Co lombo and of the sum mer in
Fez, the strat egy to im prove the mi cro cli mate would be to min i mize
sen si ble heat QH. In the day time, the strat e gies will thus in clude:

• De creas ing ab sorbed so lar ra di a tion K* = K↓ – K↑. This can be
achieved through in creased shade (to re duce the in com ing so lar
ra di a tion K↓), ei ther by in creas ing the H/W ra tio or by us ing shad -
ing de vices or shade trees. By us ing light colours, re flected ra di a -
tion K↑ can be in creased. It should be noted that a de cline in K*
through ad di tional shade will au to mat i cally re duce cool ing
through long-wave ra di a tion L*. How ever, since K* is dom i nant
over L* dur ing the day time, the main strat egy is to lower K*.

• In creas ing la tent heat QE. This can be achieved by us ing per me -
able sur faces and veg e ta tion to in crease evap o ra tion and tran spi -
ra tion. The in crease in QE is par tic u larly ef fi cient in hot dry cli -
mates where evap o ra tion is strong. How ever, as rain fall is scarce,
abun dant ir ri ga tion is nec es sary.

• In creas ing heat stor age ∆QS. This can be achieved by us ing heavy
ma te ri als with high ther mal ad mit tance in façades and ground el -
e ments. It should be noted that a high day time ∆QS may be neg a -
tive in a cli mate with warm nights, such as that of Co lombo, since
the heat stored in ur ban sur faces dur ing the day will be re leased
af ter sun set.

The strat e gies for a cold cli mate, such as the win ter pe riod in Fez,
would be the re verse of those pro posed above, that is, to max i mize
QH. Con se quently, it is nec es sary to iden tify a com pro mise be tween
sum mer and win ter re quire ments.

Sim i larly, the heat bal ance of the hu man body (Höppe 1999) can
be used to iden tify strat e gies to im prove ther mal com fort in dif fer ent
cli mates. In warm con di tions, the heat loss through the evap o ra tion
of mois ture dif fused through the skin Edif, as well as con vec tive Cres

and evap o ra tive Eres  heat loss through res pi ra tion are nor mally small 
com pared to the other heat fluxes in the heat bal ance equa tion (see
e.g. Höppe 1999). Con se quently, the en ergy bal ance is main tained
pri mar ily through a bal ance be tween met a bolic heat pro duc tion M,
con vec tive and ra di ant heat losses (C+R) and the loss of heat
through the evap o ra tion of sweat Esw. How ever, the lat ter may also
be re stricted in hot hu mid con di tions, such as in Co lombo, due to
the high lev els of hu mid ity. More over, in warm cli mates, the sen si ble 
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heat loss (C+R) is small and R can of ten be neg a tive (ra di a tive heat
gain). It is there fore very im por tant to max i mize ra di a tive and con -
vec tive heat losses. Un der warm con di tions, the strat e gies to im -
prove com fort con di tions in clude:

• In creas ing ra di ant heat loss (or mini mis ing heat gain) R. This is
achieved by low er ing MRT, mainly through the pro vi sion of shade.
Shade is needed both to min i mize ex po sure to so lar ra di a tion and
to lower sur face tem per a tures. Sur face tem per a tures can also be
low ered through the use of lighter colours.

• In creas ing con vec tive heat loss C. This is achieved by in creas ing
air move ments.

In a cold cli mate, such as dur ing the win ter in Fez, the strat egy
would be pre cisely the op po site.

Para met ric study

The sim u la tions were per formed as a para met ric study in which dif -
fer ent char ac ter is tics of the ur ban can yons were sub jected to vari a -
tion. Only one pa ram e ter was changed at a time in or der to de ter -
mine the rel a tive in flu ence of each. The ef fect of the fol low ing de -
sign pa ram e ters on mi cro cli mate and ther mal com fort were stud ied:

• H/W ra tio

• Street ori en ta tion

• Reflectivities (colours) of ground and façades

• Ther mal prop er ties of ground ma te ri als

• Col on nades for shad ing of pe des tri ans

• Shad ing trees

• Spac ing be tween build ings (only Co lombo).

The de sign pa ram e ters stud ied are shown in Ta ble 4. The H/W ra tios 
were cho sen to re flect the mea sure ment sites and the ra tios com -
monly found in each city. Street ori en ta tion for all sim u la tions was
east-west. How ever, the north-south ori en ta tion was also stud ied for
each H/W ra tio. Re flec tivity val ues rep re sent re al is tic ranges, vary ing
from dark to light façades, as well as from dark to me dium-dark
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Ta ble 4 The sim u la tion cases for Fez and Co lombo.

Base
case

H/W ratioa, Fez 0.5 1.0 2 4 8

H/W ratioa, Co lombo 0.12 0.6 1.3 2 4

Re flec tivity, façades 0.2 0.4 0.4b 0.6 0.8

Re flec tivity, ground 0.1 0.2 0.3 0.3 0.4

Ther mal adm., 600 2500 4100 6500
streetc (J/m2s0.5°C)

Col on nades No Yes

Shad ing trees No Yes

Spac ing be tween No Yes
build ings (Co lombo)

a Both east-west and north-south ori en ta tions were tested.
b The re flec tivity of the façades was 0.3 in the base case for Fez.
c In clud ing the ther mal ad mit tance of the façades ac cord ing to Fig. 2 and eq. 4.



streets. As re gards the ef fect of ther mal mass, the lower ther mal ad -
mit tance value cor re sponds to light ma te ri als in the form of wooden
façades and ground in the form of a light dry soil. The higher value
cor re sponds to façades and ground of high den sity stone.

The ef fect of col on nades was sim u lated ac cord ing to Fig. 4. In
Fez, the col on nade was placed on the north ern side of an east-west
ori ented street with a H/W ra tio of 0.9, in or der to ad mit so lar ra di a -
tion in win ter. In Co lombo, a street with col on nades on both sides of 
the street was used. The ef fect of shad ing trees was sim u lated by
plac ing a con tin u ous row of trees along one of the façades in the
base case, see Fig. 5.

To sim u late the ef fect of de tached blocks on the wind speed, 9 m
wide cor ri dors per pen dic u lar to the street were in tro duced in the
model area of Fig. 3a.

As a fi nal step, all of the changes found to im prove the mi cro cli -
mate and ther mal com fort at street level were com bined to form a
“best case” sce nario. In the case of Fez, so lu tions were sought that
could im prove ther mal con di tions for both the sum mer and win ter
seasons.

Sim u la tion of mi cro cli mate and 
cal cu la tion of ther mal comfort
The sim u la tions nor mally started at around sun rise and ran for at
least 12 hours. The time step var ied be tween two and ten sec onds.
The lower value was for high so lar al ti tudes and the higher value for
low so lar al ti tudes and night time.

The PET in dex was cal cu lated on the ba sis of sim u lated hourly
val ues for air tem per a ture and MRT, whereas mea sured val ues of
vapour pres sure and wind speed were used. The wind speeds were
con stant through out the day but de creased with in creas ing H/W ra -
tio. Sim i larly, mea sured val ues of vapour pres sure were used. For
the Co lombo cal cu la tions, the av er age vapour pres sure of the mea -
sure ment pe riod was used. Since no clear con nec tion be tween H/W 
ra tio and vapour pres sure had been found, the same value was used 
for all can yons (Em man uel and Johansson 2006). For the Fez case,
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Fig. 4 The sim u la tion cases for east-west ori ented street with the col on nades 
on both sides. (a) Fez, (b) Co lombo.



the vapour pres sure de creased slightly with in creas ing H/W ra tio in
ac cor dance with the mea sure ments (Johansson 2006). For both
cases, the vapour pres sure was as sumed to be con stant through out
the day. The wind and hu mid ity in put data for the PET calculations
are shown in Table 2.

Un for tu nately, the ther mal com fort zone for PET in hot dry and hot 
hu mid cli mates has not been de fined. In this study, the up per dis -
com fort limit pro posed by Ahmed (2003) for the sum mer in Dhaka,
Ban gla desh, which roughly cor re sponds to PET = 33°C (see Johans -
son and Em man uel 2006), has been in cluded as a ref er ence for Co -
lombo and the sum mer in Fez. The lower dis com fort limit sug gested 
for tem per ate cli mates – PET = 18°C (Matzarakis et al. 1999) – has
been in cluded as a ref er ence for the win ter in Fez. It should be
noted, how ever, that this limit con cerns a seated in di vid ual wearing
typical indoor clothing.

The de tailed out put of the ENVI-met model, which gives the spa -
tial vari a tion of the air tem per a ture and MRT, made it pos si ble to cal -
cu late how the PET in dex var ied within the canyon.

3 Re sults
All re sults pre sented here only con sider only day time con di tions.

Para met ric study of Fez

Ef fect of H/W ra tio and ori en ta tion

The re la tion ships be tween the max i mum day time air tem per a ture
(de fined as the tem per a ture at 14:00 h) and the H/W ra tio for both
the sum mer and win ter in Fez are shown in Fig. 6. For both sea sons,
the trend is for air tem per a ture to de crease with in creas ing H/W ra -
tio. In sum mer, day time air tem per a ture was found to peak for H/W
ra tios of about 1, see Fig. 6a. A sharp de crease in air tem per a ture
was found for H/W ra tios of ≥ 2 in sum mer and for H/W ra tios of ≥ 1
in win ter.
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Fig. 5 The sim u la tion cases for shad ing trees: (a) Fez, (b) Co lombo.



In the sum mer case, the day time tem per a ture was found to be
lower in can yons with a north-south ori en ta tion. This is be cause
east-west ori ented streets re ceive so lar ra di a tion dur ing a lon ger pe -
riod of the day. In the win ter case, the east-west streets showed
lower air tem per a tures than the north-south streets, al though the dif -
fer ence was only about 1°C. For both sea sons, the im pact of street
ori en ta tion is neg li gi ble for H/W ra tios of ≥ 2.

Day time PET val ues, cal cu lated as av er age PET at pe des trian level 
(at 1.5 m height), for the Fez can yons are shown in Fig. 7 (sum mer)
and Fig. 8 (win ter). The as sumed up per and lower com fort lim its
(see Sec tion 5.1) are in cluded for ref er ence. Dur ing both sea sons,
and for both east-west and north-south ori ented streets, the trend is
for PET val ues and the du ra tion of high PET val ues to de crease with
in creas ing H/W ra tios. How ever, for the same H/W ra tio, north-south
ori ented streets are more com fort able than east-west ori ented
streets, dur ing both sum mer and win ter. The dif fer ence is most pro -
nounced for H/W ra tios of be low about 4 since for higher H/W ra tios
the amount of so lar ra di a tion that reaches the street is small, re gard -
less of orientation.

The peaks at 09:00 h and 15:00 h in the east-west can yon in sum -
mer are due to the fact that the sun is po si tioned due-east and due-
west re spec tively at these times and, con se quently, the en tire can -
yon is ex posed to so lar radiation.

It should be noted that Figs. 6.12 and 6.13 show av er age val ues for 
the whole can yon width. In east-west ori ented streets, for ex am ple,
PET val ues on the north ern side of the street will reach mag ni tudes
above 20°C dur ing hours of so lar ex po sure in the win ter (see, e.g.
Fig. 15).

Ef fect of sur face re flec tivity

Sur face re flec tivity proved to have a mi nor ef fect on PET at street
level. The dif fer ence in max i mum PET be tween the cases with the
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Fig. 6 Max i mum day time air tem per a ture (at 14:00 h) as a func tion of H/W ra tio 
in Fez for (a) the sum mer (15 July) and (b) the win ter (15 Jan u ary).



high est and low est re flec tivity was 5°C in sum mer (Fig. 9a) and 2°C
in win ter. How ever, what was un ex pected was that the MRT (and
con se quently PET) in creases with in creas ing re flec tivity. This sug -
gests that, in these sim u la tions, the ef fect on MRT of in creased re -
flec tion was greater than the ef fect of lower sur face tem per a tures.
This may be due to the fact that ENVI-met 3.0 does not take the ther -
mal mass of the façades into ac count by. That is to say, the façades
are un able to store the ab sorbed so lar ra di a tion. This has the ef fect
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Fig. 8 PET at pe des trian level (av er age for the en tire can yon width at 1.5 m 
height) for the dif fer ent H/W ra tios for the win ter in Fez (15 Jan u ary). 
(a) East-west ori ented streets and (b) north-south ori ented streets. The 
as sumed lower com fort limit (dashed line) is in cluded as a ref er ence.

Fig. 7 PET at pe des trian level (av er age for the en tire can yon width at 1.5 m 
height) for the dif fer ent H/W ra tios for the sum mer in Fez (15 July). 
(a) East-west ori ented streets and (b) north-south ori ented streets. 
The as sumed up per com fort limit (dashed line) is in cluded as a 
ref er ence.



that af ter noon tem per a tures will be un der es ti mated, par tic u larly for
dark sur faces.

Ef fect of ther mal mass

PET tended to de crease with in creas ing ther mal ad mit tance m of
the street sur face. This was ex pected, since the in creased heat pen -
e tra tion into the sub strate will lead to lower sur face tem per a tures in
the day time (and con se quently lower MRTs), as well as less sen si ble 
heat. How ever, the ef fect was greater for the sum mer case than for
the win ter case. In sum mer, the dif fer ence in max i mum PET be -

tween the low est and high est m was about 8°C (Fig. 9b). In the win -
ter, the dif fer ence was only 2°C. This is be cause less so lar ra di a tion
reaches the street level in the win ter.

Ef fect of shad ing at street level

The ef fect of shad ing by col on nades and a row of trees on max i mum 
PET for the sum mer is shown in Fig. 10. It is clear that over head
shad ing sig nif i cantly im proves ther mal com fort con di tions. Be neath
the col on nade, PET is about 18°C lower than in the cen tre of the can -
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Fig. 9 The day time PET at 14:00 h for the sum mer in Fez as a func tion of 
(a) sur face re flec tivity of street and façades (αst = re flec tivity of the street) and 
(b) ther mal ad mit tance µ. It should be noted that µ of the façades have been 
added to m of the street (see Fig. 2, eq. 4 and Ta ble 2).

Fig. 10 Ef fect of shade on max i mum PET (at 15:00 h) for the sum mer in 
Fez (15 July): (a) east-west street with col on nades on both sides, 
(b) east-west street with a row of trees on the north ern side.



yon and just be low to the as sumed dis com fort thresh old (Fig. 10a).
The row of trees is a lit tle less ef fi cient than a col on nade since the
tree can o pies have some trans par ency. Be neath the trees, PET is
about 14°C lower than in the cen tre of the can yon, but clearly above
the as sumed dis com fort limit (Fig. 10b).

Para met ric study of Co lombo

Ef fect of H/W ra tio and ori en ta tion

Con trary to the case of Fez, and con trary to mea sure ment re sults,
the sim u lated air tem per a tures var ied only mar gin ally be tween the
Co lombo cases. The sim u lated dif fer ences in max i mum day time
tem per a tures be tween the dif fer ent H/W ra tios and street ori en ta -
tions were less than 0.5°C. This is prob a bly due to the tur bu lence
model used by ENVI-met, which dif fered from that used in the Fez
sim u la tions, see the Cal i bra tion sec tion above.

Day time PET (av er age value at a height of 1.5 m) for the Co lombo
can yons on a clear day is shown in Fig. 11. The as sumed up per com -
fort limit (see Sec tion 5.1) is in cluded as a ref er ence. As with the Fez 
sum mer case, the trend is for both PET val ues and the du ra tion of
un com fort ably high PET val ues to de crease with in creas ing H/W ra -
tio. For very low H/W ra tios (be low 0.6), the in flu ence of street ori en -
ta tion is mar ginal, but as the H/W ra tio de creases, north-south ori -
ented streets are more com fort able than east-west ori ented streets.
The for mer have lower max i mum val ues and the du ra tion of un com -
fort able PET val ues is shorter than for the lat ter. To achieve a no tice -
able im prove ment in out door ther mal com fort, east-west streets
would need to be very deep, at least H/W = 4. For north-south ori -
ented streets, a no tice able effect is seen for H/W ratios as low as
about 2.

Ef fect of sur face re flec tivity

Sur face re flec tivity proved to have a mi nor ef fect on sim u lated max i -
mum day time PET at street level. As in the case of Fez, there is an
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Fig. 11 PET at pe des trian level (av er age for the en tire can yon width at a height 
of 1.5 m) for dif fer ent H/W ra tios on a clear day in Co lombo (3 May). 
(a) East-west ori ented streets and (b) north-south ori ented streets. The 
as sumed up per com fort limit (dashed line) is in cluded as a ref er ence.



un ex pected ten dency for PET val ues to in crease with in creas ing re -
flec tivity (see the com ment on the Fez re sults above). For the Co -
lombo case, the dif fer ence in PET be tween the dark est and light est
al ter na tive was 2°C (Fig. 12a).

Ef fect of ther mal mass

As in the case of Fez, PET tended to de crease with in creas ing ther -
mal ad mit tance µ of the street. How ever, the dif fer ence in max i mum 
day time PET was only 5°C be tween the low est and high est µ value
(Fig. 12b).

Ef fect of shad ing at street level

The ef fect of shad ing by col on nades and rows of shad ing trees on
max i mum PET is shown in Fig. 13. Max i mum PET was about 10°C
lower un der the col on nades than in the cen tre of the can yon. None -
the less, the sim u lated val ues are still higher than the as sumed dis -
com fort thresh old. The trees are a lit tle less ef fi cient than a col on -
nade, since tree can o pies pro vide some trans par ency and their abil -
ity to re duce PET was lim ited to about 7°C.

Ef fect of de tached blocks on wind speed

Al though sim u lated wind speeds were un re al is ti cally low, the open -
ing up spaces per pen dic u lar to the street can yon of the base case
clearly led to in creased wind speeds at pe des trian level. The sim u -
lated wind speed in the street in creased from 0.04 to 0.093 m/s.
How ever, in the in ter sec tions, the wind speed reached 0.19 m/s.

Op ti mised street de sign
The re sults of the para met ric study showed that the H/W ra tio, street 
ori en ta tion and pro vi sion of hor i zon tal shad ing had the great est in flu -
ence on ther mal com fort at street level. It was also shown that heavy 
build ing ma te ri als are fa vour able in a warm cli mate, whereas the in -
flu ence of ma te rial prop er ties proved to be neg li gi ble dur ing the cold 
sea son in Fez. Since the ground sur face and build ing ma te ri als most
com monly used in both Fez and Co lombo, such as as phalt, con -
crete, burnt clay bricks, con crete blocks and plas ter, are al ready of
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Fig. 12 The day time PET at 14:00 h for Co lombo as a func tion of (a) sur face re flec tivity 
of street and façades (αst = re flec tivity of the street) and (b) ther mal ad mit tance µ. 
It should be noted that µ of the façades have been added to µ of the street 
(see Fig. 2, eq. 4 and Ta ble 2).



me dium to high den sity, the ther mal ad mit tance val ues used in the
base cases were kept. Sim i larly, the re flec tivity val ues of façades and 
the ground were not changed, since these proved to have an in sig -
nif i cant im pact on ther mal com fort in the sim u la tions.

Op ti mised de sign for Fez

The fact that Fez has one warm and one cold sea son makes it dif fi -
cult to op ti mise the de sign. What is a de sign ad van tage in the sum -
mer is nor mally a dis ad van tage in the win ter. One way to over come
this prob lem is to com bine streets that are com fort able in the sum -
mer with streets that show fa vour able win ter char ac ter is tics.

The re sults from the para met ric study showed that a street with
fa vour able sum mer char ac ter is tics should have a high H/W ra tio.
How ever, the ap pro pri ate H/W ra tio will de pend on street ori en ta -
tion. North-south ori ented streets should pref er a bly have H/W ≥ 2.
East-west streets, on the other hand, need to be deeper (H/W ≥ 4), to 
pro vide ad e quate shade in the sum mer. For lower H/W ra tios than
those sug gested above, streets should be pro vided with some type of 
hor i zon tal shad ing such as pro ject ing first floors, col on nades, shad -
ing trees or other de vices to pro vide shade around mid day in sum -
mer.

To achieve com fort able con di tions in win ter, east-west streets
should have a H/W ra tio suf fi ciently low to al low di rect so lar ra di a -
tion to reach pe des trian level. If the H/W ra tio is less than 0.7 and
there is a col on nade on the north ern side, so lar ac cess can be pro -
vided on that side of the street for a large part of the day dur ing the
win ter months. More over, the col on nade will pro vide shade in sum -
mer. How ever, such streets should also pref er a bly have some form
of over head shad ing, such as trees, on the south ern side to im prove
the shade in sum mer. North-south ori ented streets re quire a H/W ra -
tio of ≤ 2 to pro vide some com fort in win ter.

The var i ous de sign con sid er ations were com bined to form “best
cases”, pre sented as the street de signs shown in Fig. 14 (sum mer)
and Fig. 15 (win ter). The day time vari a tion in PET for these can yons
is also shown in the fig ures. North-south streets with H/W = 2 have
been se lected for both sea sons since they con sti tute a com pro mise
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Fig. 13 Ef fect of shade on max i mum PET (at 15:00 h) in Co lombo (3 May). 
(a) East-west can yon with col on nades on both sides, 
(b) east-west street with one row of trees on the north ern side.



be tween sum mer and win ter com fort. Col on nades have been added 
on both sides of the street to pro vide nec es sary shade in sum mer
dur ing times of so lar ex po sure. In win ter, the north-south can yon of
H/W = 2 reached “com fort able” lev els around noon. The shal lower
east-west can yon of H/W = 0.67, which has a col on nade on the
north ern side, can pro vide “com fort able” con di tions for a larger part
of the day (be tween about 11:00 h and 15:00 h). This pe riod will be
slightly shorter in December but longer in February.

Op ti mised de sign for Co lombo

As in the case of Fez, the para met ric study showed that streets
should have high H/W ra tios to im prove ther mal com fort con di tions.
How ever, to achieve im proved com fort con di tions for street can yons 
ori ented east-west, the most prob lem atic ori en ta tion, H/W ra tios
would have to be as high as 4. North-south ori ented streets should
have H/W ra tios of at least 2. Re gard less of H/W ra tio and ori en ta -
tion, streets in Co lombo re quire hor i zon tal shad ing – through pro -
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Fig. 14 Op ti mum de sign of street can yons for the sum mer in Fez. (a) North-south 
street of H/W = 2 with col on nades on both sides, (b) east-west street of 
H/W = 4 with a col on nade on the north ern side. The graphs show the 
day time PET vari a tion for 15 July and in clude the as sumed up per com fort 
limit (dashed line).



ject ing first floors, col on nades, shad ing trees or other hor i zon tal
shad ing de vices – to im prove com fort able con di tions be tween about 
11:00 h and 16:00 h.

In Co lombo, it is also im por tant to fa cil i tate air flow. Con se -
quently, long, un in ter rupted street front ages are dis ad van ta geous,
since they block the wind. One way of pro vid ing shade and air
move ment is to use de tached, rather high blocks, which would pro -
vide shade at street level and al low the wind to be chan nelled be -
tween the build ings. Build ings could also be var ied in height and
raised on col umns to in crease air move ment at pe des trian level.
Since the sea-breeze in Co lombo co mes from the west, a good strat -
egy would be to al low fairly wide east-west ori ented streets near the
coast to maxi mise the penetration of the sea breeze.

Ex am ples of op ti mum de sign for street can yons are shown in Fig.
16 (north-south ori en ta tion) and Fig. 17 (east-west ori en ta tion), in -
clud ing day time PET vari a tion for these can yons. It can be seen that
a north-west ori ented street with H/W = 2 and col on nades causes
only slight dis com fort dur ing the hot test hours (12:00 h – 16:00 h).
The case is very sim i lar for the east-west ori ented street of H/W = 4.
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Fig. 15 Op ti mum de sign of street can yons for the win ter in Fez. (a) North-south 
street of H/W = 2 with col on nades on both sides, (b) east-west street 
of H/W = 0.67 with a col on nade on the north ern side and a row of 
shad ing trees on the south ern side. The graphs show the day time PET 
vari a tion for 15 Jan u ary and in clude the as sumed lower com fort limit 
(dashed line).



The shal low east-west can yon (Fig. 17b) is as sumed to be near the
coast and there fore the wind speed was in creased by 100% com -
pared to the base case. Still the can yon is ex tremely un com fort able.
How ever, un der the col on nades the com fort is much better, al -
though it is above the as sumed dis com fort level between 12:00 h
and 17:00 h.

4 Dis cus sion

Ef fect of H/W ra tio and ori en ta tion

For the case of Fez, the H/W ra tio proved to have the big gest in flu -
ence on the air tem per a ture. The ef fect tended to be es pe cially big
for can yons of H/W ra tios of around 2 and above in sum mer and for
H/W = 1 and above in win ter. The ef fect of ori en ta tion on air tem -
per a tures was fairly small, but the fact that the north-south ori ented
street was up to 2°C cooler than the east-west ori ented street in the
sum mer agrees well with the find ings of Ali-Toudert and Mayer
(2006). How ever, in re al ity the dif fer ence in air tem per a ture will be
less be cause of street in ter sec tions and mix ing of air be tween streets 
of dif fer ent ori en ta tion.

For the case of Co lombo, the neg li gi ble dif fer ences in air tem per -
a ture be tween can yons of dif fer ent H/W ra tios, which are con tra dic -
tory to field mea sure ments (Em man uel and Johansson 2006), are
likely to be linked to tur bu lence model of the sim u la tion pro -
gramme, see the sec tion on Calibration above.
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Fig. 16
Op ti mum de sign for a north-south
ori ented street can yon in Co lombo. 
(a) Sec tion of H/W = 2 with col on -
nades on both sides. The graph
shows the day time PET vari a tion
for 3 May and in clude the as sumed 
up per com fort limit (dashed line). 
(b) Plan show ing de tached blocks
al low ing the west erly sea breeze to 
en ter the street.



The pa ram e ter that was most af fected by the H/W ra tio was MRT
at pe des trian level. The can yon ge om e try in flu ences both the ex po -
sure to so lar ra di a tion and pe des tri ans' ra di a tive heat ex change, as
well as sur face tem per a tures. Both for Fez and Co lombo, the sim u la -
tions showed that PET tends to de crease with in creas ing H/W ra tio.
The de crease con cerns both the max i mum value and the du ra tion
with high val ues, and ex isted both for the sum mer and win ter cases.
The sum mer re sults for Fez agree well with the find ings of Ali-
Toudert and Mayer (2006) in a similar climate.

Also the street ori en ta tion has a great im pact on MRT, which is re -
flected in the PET in dex. The sim u lated ef fect of street ori en ta tion on 
PET was sig nif i cant, show ing that both max i mum PET and the du ra -
tion of un com fort ably high PET val ues are lower for north-south ori -
ented streets. For such streets, shade is pro vided by the build ings
both in the morn ing and the af ter noon pro vided the H/W ra tio is suf -
fi ciently high. East–west ori ented streets are far more problematic.

The fact that north-south ori ented streets give lower PET than
east-west ori ented streets of the same H/W ra tio agrees well with
the find ings of Ali-Toudert and Mayer (2006). Sim i larly, Pearlmutter
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Fig. 17 Op ti mum de sign of east-west ori ented street can yons in Co lombo. 
(a) Sec tion of H/W = 4 with col on nades on one side. 
(b) A shal lower can yon of H/W = 0.5, with col on nades on both sides, 
de signed to al low the west erly sea breeze to pen e trate the city. 
The graphs show the day time PET vari a tion for 3 May and in clude the 
as sumed up per com fort limit (dashed line).



et al. (2005) found the ra di a tive heat gain of a body in the cen tre of
the can yon to be lower in north-south streets than in east-west
streets. The dif fer ence in PET is most pro nounced for H/W ra tios of
less than about 4, since for higher H/W ra tios, the amount of so lar ra -
di a tion reach ing the street is small, re gard less of orientation.

Ef fect of sur face re flec tivity and ther mal mass

For both cit ies, the sim u lated ef fect of sur face re flec tivity is lim ited
and the re sults are con trary to the com mon be lief that light colours
are pref er a ble from a ther mal com fort point of view since they give
lower sur face tem per a tures. Here, the op po site was found: the MRT
(and hence PET) in creased with in creas ing sur face reflectivities. The 
rea son is prob a bly that the in crease in re flected so lar ra di a tion is big -
ger than the de crease in long-wave ra di a tion from the sur faces when 
the re flec tivity in creases.

For both cit ies, the sim u lated ef fect of ther mal mass of the street
proved to be sur pris ingly small. A prob a ble rea son is that since the
build ing façades have no ther mal mass in ENVI-met, the amount of
so lar ra di a tion that is stored in sur faces is lim ited to the street. This
ex plains why the im pact was es pe cially small for the win ter case of
Fez when so lar al ti tudes are small and a greater part of the so lar ra -
di a tion strikes vertical elements.

Thus, the ef fect of both the sur face re flec tivity and ther mal prop -
er ties of sur face ma te ri als might have been more sig nif i cant if a sim -
u la tion programme had been used that took the ther mal mass of
build ings into ac count. How ever, no such programme, which also is
user-friendly, is cur rently available.

Ef fect of shad ing by col on nades and trees

For Fez, the sim u la tions showed that shad ing by col on nades and
trees was very ef fi cient in low er ing PET. This trend agrees well with
the find ings of Ali-Toudert and Mayer (2006) in hot dry Beni-Isguen.
Sim i larly, for Co lombo the sim u la tions show that shade from ei ther
col on nades or trees gives con sid er ably lower PET val ues, re sult ing in 
com fort able or only slightly un com fort able con di tions ac cord ing to
the as sumed com fort lim its. These find ings agree with Ahmed
(2003), who found that well shaded ur ban spaces of ten were con sid -
ered com fort able in the hot hu mid sum mer cli mate of Dhaka, Ban -
gla desh. In gen eral, col on nades pro vide more ef fi cient shad ing than
trees, since the lat ter have a cer tain de gree of trans par ency.

How ever, shad ing is es pe cially ef fi cient in the sum mer cli mate of
Fez, since so lar ra di a tion is dom i nated by the di rect com po nent. The 
PET val ues in shade are higher in Co lombo al though global ra di a tion 
in Co lombo is lower (see Fig. 1). This is due to the higher amount of
dif fuse radiation in Colombo.

Mi cro cli mate sim u la tions

The mi cro cli mate sim u la tion tool used in this study, ENVI-met,
proved to be a very use ful tool to sim u late the ur ban mi cro cli mate,
es pe cially as it pro vides de tailed out put on tem po ral and spa tial vari -
a tions of the mi cro cli mate. How ever, the fact that ther mal mass of
build ings is not con sid ered is a se ri ous short com ing, which may give 
mis lead ing re sults, es pe cially for high build ing den si ties where build -
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ings dom i nate. Ac cord ing to Grimmond and Oke (2002), the heat
stor age for dense built-up ur ban ar eas can be as high as 50% of the
net ra di a tion. More over, the pres ent ver sion of the programme also
has some other lim i ta tions con cern ing the mod el ling of the build -
ings: all build ings have the same val ues of re flec tivity and U-val ues,
the in door tem per a ture is con stant and there is no pos si bil ity to add
shad ing divices.

The programme proved to un der es ti mate di ur nal tem per a ture
vari a tions, a fact that has also been pointed out in other stud ies, e.g.
Jansson (2006). In this study, the wind speeds were found to be un -
re al is ti cally low. This might be due to the rather low grid size res o lu -
tion was used com pared to more de tailed CFD stud ies, see e.g
Tablada de la Torre (2006).

5 Con clu sions
It may not be pos si ble to achieve ther mal com fort in ur ban en vi ron -
ments in ex treme cli mates such as those of Fez and Co lombo
through out the day. How ever, with a good ur ban de sign the worst
con di tions may be mit i gated and the time pe riod of ther mal com fort
may be ex tended.

Sim u la tions us ing ENVI-met 3.0 showed that high H/W ra tios are
in gen eral fa vour able from a ther mal com fort point of view for both
cit ies. How ever, around noon, ap prox i mately 10:00–14:00 h, shade
can not be pro vided by the build ings alone. The sim u la tions show
that the use of col on nades and shad ing trees sig nif i cantly low ers the
MRT and hence give con sid er ably lower PET values during these
hours.

For the case of Fez, the re sults of this study sug gested that H/W
ra tios for east-west streets should be as high as 4 to pro vide com fort
in the sum mer. For north-south streets a H/W ra tio of about 2 pro -
vided ac cept able con di tions both in sum mer and win ter. To pro vide
ther mal com fort also in win ter, at least some streets, pref er a bly ori -
ented east-west, should be wider to al low for so lar ac cess. The can -
yon of H/W = 0.67 with a col on nade on its north ern side and trees
planted along the south ern side pro vided suf fi cient so lar ac cess un -
der the col on nade in win ter, while pro vid ing suf fi cient shade un der
the same col on nade and un der the shading trees on the southern
side in summer.

For the case of Co lombo, the re sults of this study sug gest that
H/W ra tios for east-west streets should be as high as 4 to pro vide
com fort in the sum mer. For north-south streets a H/W ra tio of about
2 pro vides ac cept able con di tions. In Co lombo, spac ing be tween
build ings is pref er a ble to per mit air flow. This is es pe cially im por tant
for the coastal strip to al low the west erly sea breeze to pen e trate the
city. Con se quently, some east-west ori ented streets in coastal ar eas
should have H/W ratios as low as about 0.5.
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