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Nocturnal variations in cooling rates and air tempe ratures for 

dovntovn. industrial and residential areas in Montreal and a nearby 

rural area vere compared under calm and clear weather conditions. 

A selection of sampling densities vas analysed to determine 

their adequacy in depicting urban air temperature patterns. The heat 

island vas formed for the most part in the early evening because of 

divergence of cooling rates betveen urban and rural areas, and then 

stabilized for the remainder of the night. Maximum nocturnal value!; 

occurred three to four hours after sunset, and intensity reached a 

limiting maximum value under ideal vind and cloud conditions. Urban 

morphology vas shawn to have a major influence on air temperatures and 

cooling rates vere shown to vary within the urban area according to land 

use. 



LES VARIATIONS SPATIALES ET TE~WORELLES DE LA TE~WERATURE 
DE L'AIR D~~S LES REGIONS URBAINES 

G. Brett Maxwell 

Département de géographie Maîtrise is sciences 

Les variations nocturnes dans les taux de refroidissement et 

dansles températures de l'air pour le centre ville, les régions indus-

trielles, résidentielles et rurales sont comparées sous des conditions 

atmosphériques favorables. 

Afin de déterminer les variations de températures urbaines un 

échantillon de densité doit être choisi. L'ilôt de chaleur est formé 

tôt dans la soirée du aux différents taux de refroidissement entre les 

régions urbaines et rurales puis se stabilise par la suite. Les valeurs 

maximales surviennent trois à quatre heures après le coucher du soleil 

et l'intensité parvient a une valeur maximale sous des conditions 

atmosphériques favorables. Nous voyons que la morphologie urbaine 

influence aussi les taux de refroidissement et la température de l'air 

selon l'utilisation de la région urbaine. 
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1. 

CHAPTER 1 

1 NTRODUcrI ON 

Current knowledge of urban air temperatures is mainly based 

on descriptive case studies which show that air temperatures in an 

urban area are commonly several degrees warmer than those in a nearby 

rural or suburban area. This warmth depends on many factors, pri-

marily those which are uniquely urban such as the physical nature of 

urban surfaces, air pollution, artificial heating and large, dense 

populations. There are also more general meteorological factors, such 

as wind and cloud, which act as controls on the effects of the previous 

factors. 

The influence of the meteorological factors (Sundborg 1951, 

Chandler 1965) and the effects of topography (t-tidd1eton and r-ti 11ar 

1936, Chandler 1962a) are quite weIl documented. Artificial heat pro-

duction has been evalunted for a number of cities, (Summers 1964, 

Garnett and Bach 1965, Bornstein 1968, Bach 1970) and recent studies 

have investigated the relationship between air pollution and air tem-

peratures, especially the vertical distribution of temperature 

(Bornstein 1968, Yap 1969, Oke and East 1971). Little attention has 

been focussed, however, on changes between urban and rural locations 

that occur because of the different physical surfaces of the two 

environments. No systematic study has yet been pub1ished evaluating 

the adequacy of observationa1 sampling densities uscd in pre\'ious dcs-

criptive studies. 



2. 

-/ These spatial aspects of urban air temperature variations are 
... '" 

investigated in this thesis from observational data gathered in Montreal. 

In addition, there has been little study ~f temporal variations of urban 

air temperatures and urban-rural temperature differences, and this 

aspect is also investigated. 

1. The Urban Heat Island 

The term 'urban heat island' refers to the characteristic 

warmth or temperature excess of an urban area compared to an adj acent 

rural or suburban area. It draws the climatic anal ogy of the city 

appearing as a land mass in the sea of the surroWlding coWltryside, 

based on the contrasting heat responses of the land/water and urban/ 

rural surfaces (Oke 1969). 

A useful framework within which to study these heat responses 

is that of the heat balance, which provides an assessment of the utili-

zation of available energy. The rural heat balance May be stated as: 

Rn=H+LE+G 

and for the urban are a : 

Rn + F = H + LE + G 

where, Rn is the net ail wave radiation 

H is convective sensible heat transfer 

LE is latent heat transrer 

G is soil heat storage or heat storage in the urban 

surface materials 

F is artificial heat generated by combustion .nd .etabolic 

. processes in the urban area. 

1 
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The heat is1and is a dynamic phenomenon, responding to changes 

in both the urban and rural heat balances which themse1ves vary with 

time. It is therefore more useful to think in terms of the rate of 

change of temperature ( ~T/~t) than actua1 air ternperatures. 

~T/~t is a function, first1y, of the avai1ab1e energy (Rn, F) and 

second1y, the partitioning of that energy among the terrns H, LE, and G. 

Different rates of energy exchange in urban and rural are as will deter­

mine urban and rural temperatures and thus the magnitude of the heat 

is1and intensity ( ~Tu-r)' 

The influence of an urban area on coo1ing rates and air tem­

peratures, as expressed by the effects on individua1 heat balance terrns, 

is outlined brief1y in the following paragraphs. No attempt is made to 

assign nurnerical values to the terrns as 1itt1e is known about the rela­

tive magnitudes of the individual terrns (Rn, F, H, LE, G) of the urban 

heat balance equation (~runn 1966, Lowry 1967). Only the nocturnal 

situation is considered because the heat is1and is generally agreed to 

be most pronounced at night, and the radiative exchange is somewhat 

simplified due to the absence of solar radiation. 

Cooling rates: In general, one might expect nocturnal cooling 

rates to be 1ess in an urban area than those in a rural area. The large 

amount of heat stored (G) in the urban fabric will be released during 

the night tending to oppose the radiative cooling process; and thus 

giving the city thermal inertia. Artificial hcat generation (F) is 

1ikely to enhance this thermal inertia, cspccially during the hcating 

season when spa ce heating encl'gy relcascs incrcasc at night as tcmpcra­

tures begin dropping. 

3. 
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Temperature: At night urban air temperatures tend to bewarmer 

for four main reasons. Firstly because of the higher heat capacities of 

urban materials and the dense physical structure of the urban area, the 

urban area should tend to absorb more heat during the day than the rural 

area, permitting the storage term (G) to assume a much larger value and 

thus provide a greater quantity of heat to dissipate at night. Secondly, 

artificial heat (F) will contribute to urban warming by radiation, and 

conduction through the walls of buildings and through the effluent from 

automobile exhausts and chimneys. Chimney effluent is unlikely to contri-

bute directly towards energy available at street level, but motor vehicle 

exhaust is likely to warm the air in the lowest few metres. Thirdly, con-

vective sensible heat transfer (H) may be increased because of the large 

energy inputs at night from G and Fj however Oke (1969) is of the opinion 

that H may be reduced as a result of stagnation between the roughness ele-

ments of the urban structure. Latent heat transfer (LE) may also be reduccd 

because of the small number of evaporative surfaces in an urban area. 

Little is known about the partitioning of available energy between Il and LE 

in the urban environment. Fourthly, the urban area (especially the Central 

Business District (CBD)) may lose less heat by long-wave radiation to its 

relat ively warm and polluted surrounding environr.lent. than the rural are a 

which is usually weIl eXllosed to a cool, clear night-time skYe Tr.is decrcas(' 

in the effective outgoin~ radiation (1), which is the net radiation (Rn) at 

night, may appear contra.Hctory as Ionv.-wavc radiation from thc urban 

fabric (I1" ) is likC'ly to be greatcr in the warmer urban arca. 1·' 1 

is indeed les~ from thc city it will hc as a rcsult of inereascd 

t 
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atmospheric counter radiation (I.&. ) from the warm and polluted urban 

air. l This May in fact be a minor contributor to urban warming as it 

is possible that the increases in If and 1'" could cancel each other. 2 

a) Urban Morphology 

The terms ' fabric' and 'structure' have been introduced and 

their usage follows that of Oke (1969). 'Urban fabric' refers to the 

bricks, concrete, steel, asphalt and glass that fOTm a drier, less per-

vious, and more rigid surface in the urban area than in the countryside. 

'Urban structure' refers to the configuration of buildings resulting in 

a much larger effective surface area, and rougher surface than the rural 

countryside of equivalent ,lan size. This term also encompasses the 

changes in continuity, height and function of buildings, along with the 

irregular size and spacing of open and undeveloped areas. These two 

concepts together define the ter. 'urban morphology'. 

Previous authors have stated that urban morphology has a major 

5. 

influence on urban air temperatures. Sundborg (1950) comments that changes 

in the surface configuration of a compact city are sufficient to produce 

a modification of the climatological elements, but does not attempt to 

1. It has recen~ly becn ShONn that I~ increases some 5\ fro. rural to 
urban areas in Montreal (Fuggle 1971). and also that this increase 
is due to the increased war.th of the urban atmosphere rather than 
a change in the radiative properties of the atmosphere attributable 
to pollution (Oke and Fuggle 1971). 

2. Oke and FURgle (1971) have also shawn that increased long wave radia­
tion from the urban fabric (If ) and the increascd urban counter 
radiation (I~ ) do offset each other. with the rcsult that the 
effective outgoing radiation (1) is little different between urban 
and rural areas at night. It thus appears that the net radiative 
exchange contributes little to urban warming. but changes in the 
component fluxes are i~rtant. 
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isolate and evaluate these effects. Duckworth and Sandberg (1954) state, 

on the basis of isotherm maps, that the most important single factor in 

increasing the temperature in an urban are a appears to be the morphology 

of the city - the tall concrete and brick buildings between cement and 

asphalt pavements. They also claim that, compared to soil, the capacity 

of urban building materials to release stored heat can account for more 

than half of most observed nocturnal temperature differences. They do 

not explain how this figure was derived. Chandler (1962a, 1965) is of 

the opinion that local urban morphologies, in particular the size of 

open areas and the continuity and height of buildings, dominate over 

large scale considerations on calm nights. This is based on analysis of 

temperature profiles across London, England. Ludwig and Kealoha (1968) 

provide a comprehensive, qualitative evaluation of the effects of urban 

morphology on the processes affecting air temperature. In summary, how-

ever, there is still litt le observational evidence to verify or evaluate 

the influence of urban morphology on air temperatures, and it is one of 

the aims of this thesis to provide such evidence. 

bl lIeat Island Descriptive Parameters 

I\ir tcmperatllrcs are usually wannest ncar the centre of the 

most densely built-up ryart of an urban area (heat islaM core), th en 

dccrcase p,radually towarcls the edge of the built-up arca. Tem!lCratures 

then tend to drop sha~ly, forming a 'cliff' of tempcraturc near thc 

boundary of a huilt-up arca with its surroundinr countryside. The totO 

descriptivc parametcrs usually applied to thc hcat island arise frolT· 

the abovc charactcristics. 
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Firstly, there is the areal size or spatial extent, that is, 

the total area enclosed by the heat island. Sundborg (1951) noted that 

there is a strong temperature gradient, with temperature decreasing out-

wards from the urban area, at the boundary between populated and unpopu-

lated sectors in Uppsala, Sweden. This strong gradient has also been 

noted by Duckworth and Sandberg (1954) in San Francisco; Chandler (1965) 

in London, England; Oaniels (1965) in Edmonton, Alberta; Oke and Hannell 

(1970) in Hamilton, Ontario; and Oke (1968) in Montreal, Quebec, sug-

gesting that the area of the heat is1and is closely related to the extent 

of the built-up area. 

Secondly, there is the heat island intensity, which is the 

instantaneous difference of temperature between the urban are a and the 

surrounding rural area. ~mny working definitions have appeared in the 

literature, but that employed by Duckworth and Sandberg (1954) appcars 

to be the most suitable, and is emp10yed here. Beat island intensity 

( A Tu- r ) therefore is defined as the difference between the maximum 

and minimum observed temperatures in the traversed area, after aIl read-

ings have been reduced to a comman time. The intensity is usually great-

est on calm, clear nights, and representative values of A Tu- r at night 

under favourable weather conditions (light winds and scattered or no 

cloud) for several cities ar~ given in Table 1. The period of observa-

-tion is not the same in ail cases but the figures in Table 1 give an 

idca of the magnitude of nocturnal intensities. 

s 



City 

San Francisco, 
California 

TABLE 1 

Representative Nocturnal Values 
of Heat Island Intensity 

Period of 
Population A Tu-r (OC) Observation 

784,000 6 - 7 Year 

8. 

Author 

Duckworth and 
Sandberg (1954) 

Hamilton, 300,000 5 - 6 Fall/Winter Oke and lIannell 
Ontario (1970) 

San Jose, 101,000 4 - 5 Year Duckworth and 
California Sandberg (1954) 

Edmonton, 340,000 3 Winter/Summer Daniels (1965) Alberta 

Palo Alto, 33,000 2 - 4 Year Duckworth and 
Cali forni a Sandberg (1954) 

Extreme nocturna1 ATu-r values of over 100C have been reported 

in several studies (J.'iddleton and Millar 1936, Duckworth and Sandberg 1954. 

Daniels 1965). A portion of these extreme differences is probably attri-

butable to the topography and other non-urban controls of the cities con-

cerned. but the major portion of the observed heat island is likely to be 

urban induced. Unfavourable weather conditions (moderate to strong winds 

and overcast skies) reduce the heat island intensity to a low value. In 

facto there appears to be a critical value of wind speed, above which 

ATu-r is reduced to an insignificant value (less than 10C) (Oke and 

Hannell 1970). The critical wind speed is a function of city sÎ7.e. 
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This section has on1y presented those basic aspects of the heat 

is1and that are pertinent to the research at hand, and the reader is 

referred to a comprehensive survey pf recent 1iterature by Peterson (1969) 

and extensive bibliographies gathered by Chandler (1965, 1970) and Ludwig 

and Kea10ha (1968) for a detai1ed examination of aIl aspects of the urban 

heat island. 

2. Topics for Investigation 

a) Samp1ing Density 

The decision concerning the requisite number of observation 

points to adequate1y depict spatial variation of air temperature is 

important to any study of the urban heat is1and. 

Previous studies have employed varying numbers of observation 

points per unit area, the actua1 number being mainly dictated by limita-

tions of equipment and personnel. These limitations are usua11y MOst 

severe if fixed observation stations are emp1oyed. Chandler (1965) csta-

b1ished a network of up to 60 fixed climatological stations in London, 

England to supplement the 18 synoptic stations. This, however, resulted 

in a sparse sampling density of approximately 1 point 20 km- 2 or 0.05 

point km- 2. 

The traverse technique, using automobiles or other means of 

transportation to mave a sensor through an area, permits a greater number 

of observation points but also has limitations. A traverse is usual1y 

limited to two or three hours duration as that is the longe st period 

during which one can reasonably expect an approximately linear change in 

ambient temperature with ti.e. A linear change is necessary to enable 
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the temperatures observed at various times along the route to be simply 

corrected to a common time for comparative analysis. 

One of the highest sampling densities reported is approximately 

20 poin~s km-2 for Palo Alto, California, and the authors comment that 

this density gives quite thorough coverage (Duckworth and Sandberg 1954). 

One point km- 2 is the lowest density reported in studies utilizing the 

traverse technique, and would seem to be a reasonable minimum value to 

enable meaningful analysis to be carried out. This density has been 

reported in studies of Edmonton, Alberta (Daniels 1965); Montreal, 

Quebec (Oke 1969); and Sheffield, England (Garnett and Bach 1966). These 

are computed densities rounded to the nearest whole number, and do not 

imply that every square kilometer will contain the given number of points. 

In fact, it is quite possible that different densities were employed in 

various parts of the city. 

A comparative study of various sampling densities in a parti-

cular urban area and the adequacy of each to depict the air temperature 

pattern over the area has not been published ta date, and is presented 

in this thesis. 

b) Diurnal Variation of Heat Island Intensity 

The few studies dealing with the diurnal variation of ~Tu-r 

have used different sources for air temperature data. Daniels (1965) 

showed that this can lead to large differences in intcnsity. Danicls 

presents avera~e intensity values for summer and winter from a series of 

systematic automobile traverses between the city of Edmonton, Alberta, 

and the surrounding countryside. He also reports intensity values 
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derived by comparing temperatures at the downtown Industrial Airport with 

those at the International Airport 19 km south of the city. Daniels con-

cludes. from traverse data. that the greatest city/country air tempera­

ture difference occurred in the early morning (0300 to 06001 in winter. 

and 0000 to 0300 in summer). and the smallest difference occurred in the 

late afternoon (1400 to 1600). The airport intensities on the other hand 

appear to underestimate ~Tu-r. 

Other authors have compared city/country differences from maxi-

• mum and minimum screen temperature data and find that generally ~Tu-r is 

greatest from the minimum temperature data (Kraus 1945. Landsberg 1956. 

Chandler 1962b). The intensities derived by these authors are probably 

underestimates of the actual intensity as defined in section 1, for two 

reasons. Firstly. the maximum and minimum temperatures at the city and 

country stations May not occur at the same time. Maximum temperatures 

May occur hours apart (Ludwig 1967). thus the comparison is not being 

made at a common time. Secondly. the stations used May not typify the 

areas they are supposed to represent. The city maximum used may not 

have been taken at the warmest part of the CBD, and the airport tem-

peratures have often been taken to represent country temperatures. 

Ludwig and Kealoha (1968) state that daytime airport tempcratures ar~ 

actually fairly representative of CBD tempcratures in an arca of tall 

buildings. 

1. AlI times in this thcsis are local standard time. 
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The only general conclusion tbat can be drawn from the above 

literature is that heat island intensity is greatest during the night-

time hours and least during the day. There is a distinct lack of 

detailed knowledge of daytime and nocturnal variations in heat island 

intensity, and this thesis investigates nocturnal variations in detail. 

c) Warming/Cooling Rates 

Previous research on the urban heat island has not considered 

the dynamic aspect of this phenomenon. Little detailed attention has 

been given to the diurnal variation of the heat island as has been shown 

in b) above, and little research has been published on variations in the 

rate of change of air temperatures - the varming or cooling "rates 

( A TI l::t. t). Differences and variations in these cooling rates might 

help to explain the growth and decay dynaaics of the urban heat island. 

The thermal inertia of the city. coupled vith the contribution 

of artificial heating must lead to a different rate of change of tempera-

ture to that in a rural area, but the actual rates of change of air tem-

perature have not been compared. In addition, it is likely that l::t. TI l::t. t 

may vary as the surface morphology of the urban area changes. It is not 

knovn if diurnal variation of AT/~ t measured at one location in one 

morphological zone, is typical of variations of â TI l::t. t in other zones 

of differing but internally consistent .arphology. Such zones can be 

defined in terms of the division of the urban area into functional zones 

such as Ocntral Business District (CCDl, industrial, or residential zones. 

This thesis comnares urban and rural â TI â t and relates the gro~th and 
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decay dynamics of ~Tu-r to these rates. 

3. Scope and Limitations 

The topics outlined in section 2 were investigated by studying 

nocturnal variations in air temperatures in Montreal. Observations were 

limited to night times for two reasons. Firstly, it is at night that 

the urban heat island is most pronounced, and the effects of the factors 

that control it should then be mast discernable. Secondly, greater pollu-

tion potential exists at night - with relatively stable air, light winds, 

and often an elevated inversion that 'caps' the vertical dispersion of 

pollutants. An understanding of the horizontal variation of urban air 

temperatures for this period of the day could contribute to a better 

understanding of the horizontal dispersion of pollutants. 

Detailed observations of air temperatures arc confined to the 

City of ~·fontreal and its immediate surroundings, and thus may only be 

directly applicable to that area. 

4. Summary of Objectives 

The objective of this thesis is to contribute toward knowledge . 

of the spatial and temporal variations in air temperaturcs that charactcr-

ize the urban heat island. To this end, the following aim5 were pursucd: 

i) to evaluatc the effects of sampling density in the stuJy 

of urban air tempcrature variations; 

ii) to obtain detailed observations of the nocturnal variations 

in the intensity of the heat island ATu-r • through a comparison of urhan 
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and rural air temperatures and cooling rates ( ~T/ ~t); 

iii) to obtain observational evidence of the effects of intra-

urban changes in morphology on air temperatures and cooling rates. 
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OIAPTER II 

INSTRUMENTATION 

The detailed observations of air temperatures required to ful-

fill the aims of this thesis necessitate the use of an accurate, fast 

response sensor coupled with a rugged recording device that can easily 

be installed in an automobile. The following requirements were considered 

essential in a sensor-recorder assembly: 

i) Accuracy - an overall accuracy of approximately ! o. 2SoC; 

ii) Response time - a response time of < 1 sec; 

iii) Recording - a continuous record of temperature be pro-

duced so that features appearing between pre-determined points may be 

studied; 

iv) Event Marker - an event Marker be included to make pre-

cise location of check points possible; 

v) Ease of operation - the sensor-recorder assembly be 

operable by one man while driving; 

vi) ~!aintenance - sensor-recorder assembly he as simple as 

possible to decrease the chances of breakdown and the need for maintcn-

ance. 

1. Sensor and Recorder 

The rccording instrument chosen was a single-channel Rustrak 

Ils volt AC strin chart recorder, recording on a 5 cm wide chart 

(Figure 1) (GuIton Industries Inc., Rustrak Instrument Division, 
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Figure 1: Air temperature recorder (left), and DC/AC 
inverter (right) . 

16 • 



,. 
, . .:,..:.=--.'. '-. '.~""I!!II~""" ~_J-~':""..,.-' ... .... 

~! ....... .. 
," " . .. ~ ~ 

... .. ~ . ~.~~; .. ,( 
.. .. ,. .. 

Figure 1: Air temperature recorder (left), and OC/AC 
inverter (right). 
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Manchester. New Hampshire - Model 133). This model is designed for use 

with a thermistor temperature sensor, and is built to withstand harsh 

environments. It is equipped with a OC galvanometer designed to wi th­

stand the shocks to be expected from use in a moving vehicle. 

The recorder is direct reading, with the scale calibrated in 

(OC). and can be used over a total temperature range of from -30 oC to 

+ 33 oC. The full scale range of the recorder is lS oC and there are 

five separate ranges each overlapping adjacent ranges by 3 Oc as fol­

lows: -30 to - lS oC. -18 to -3 OC, -6 to + 9 oC. + 6 to + 21 oC. 

+ 18 to + 33 oC. Switching is accomplished by a five-position switch 

17. 

on the front of the recorder. Temperature is recorded every four < 

seconds by impact ion of a stylus on the pressure sensitive paper. The 

chart speed is adjustable and the ROst satisfactory speed for this 

study was found to be lS cm hr- l • The recorder is equipped with an 

event marker. The window over the chart opens to enable notes to be 

written directly on the chart. 

The sensor used in this study was a thermistor element in 

the form of a fIat disk (diameter 1 cm, thickness 0.3 cm). mounted on 

the end of a 10 ca probe (GuIton Industries Inc., Rustrak Instrument 

Division, Manchester, New Hampshire - Model 1333) (Fip.ure 2a). The 

thermistor has a time constant (time required to respond to 63.2\ or 

1 - e- l of a step change in environmental tempcrature) of 0.8 seconds. 

The response characteristics were tested and found to be linear. 
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Figure 2(a): Sensor housing with radiation 
shield removed to show sensor. 
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Fi~ure 2(b): Sensor housing with radiation 
shield in place. Ventilation fan is on the 
right. 
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The sensor was installed in a ventilated radiation shield 

constructed from polyvinyl chloride (PVC) ttibing and fittings (Figure 2b). 

Ventilation is necessary to ensure that the environmental air is drawn 

past and not permitted to stagnate around the. sensor, regardless of 

automobile speed. Shielding is required to prevent the sensor from 

being cooled or warmed directly by radiation from any source. PVC tubing 

was chosen because of its light weight and low thermal conductivity 

(0.345 x 10-3 cal cm-lsec- l oC-l). The radiation shield vas 15 cm in 

length and vas covered vith highly-reflective Mylar tape to offset 

solar heating, and the inside of the shield vas left the dark grey of 

the tubing. The thermistor was supported by inserting the l'robe through 

a rubber stopper vhich in turn was inserted in the back of the housing. 

Ventilation vas achieved by a small 115 volt AC, 60 Hz fan (Rotron 

Manufacturing Company, Woodstock, New York - Model NTIt2), draving air 

past the sensor at approximately 3 • sec-le 

The 115 volt AC 60 Hz power necessary to operate the recorder 

and the fan vas provided by a OC/AC inverter (Heath Company, Benton 

Harbour, Michigan - Model MP-10) operating from the automobile 12 volt 

OC battery. A 12 volt OC power connection vas provided at the input 

side of the inverter for the event marker (Figure 3). 

The recorder accuracy is :!" 2\ of the full scale span of the 

recorder betveen 0 OC and 100 oC. This gives an absolute accuracy of 

!0.3 OC including the :!"O.l OC readability of the chart paper. A 

built-in calibration check is provided on the recorder. To verity this 

cal~bration, laboratory co~arisons vere conductcd vith an NPL standard 
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mercury-in-glass thermometer. The aean deviation of the system for 

42 comparisons between -6 OC and + 33 Oc was + 0.1 oC, and no devia­

tion exceeded ± 0.3 OC. 

Tests were conducted to evaluate the effects of dynamic 

wanaing of the sensor at high autollObile speeds, and i t was found 

tbat within the limits of accuracy of the recorder, there was no dynamic 

warming up to a speed of 83 km hr-l • 

2. Mounting and Installation 

The sensor housing was JIOunted on a PVC mast on the front 

bumper of the survey car, at a height of 2 m above the road surface 

(Figure 4). The 2 m height was chosen for four reasons. Fi'l'stly, it 
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is the height recommended by the World Meteorological Organization for 

synoptic observations, and is close to tbat used by IIOst weather ser­

vices. Secondly, it removes the sensor from the direct effects of 

automobile exhausts. Thirdly, this height bas been used by previous 

researchers (Duckworth ailld Sandberg 1954, Daniels 1965 1 Ludwig and 

Kealoha 1968), thus enabling a direct coaparison to be made between 

the results of this study and those of other investigators. Fourthly, 

the lapse rate at this height is usually saall enough so that mixing 

does not cause appreciable war.ing or cooling according to Ludwig (1969). 

It was thought that the 2 • front bullper lIOunting would 

eliainate the possibility of heating of the sensor by the enginc of the 

survey car 1 and of any other influences frOil the survey car i tsc If . 

This was confirlled by tests conducted vith scnsors lIOunted on the JIl8St 

at 2.0. , 1.5 a, 1.0.,0.8. (level of the car hood). and O.S. above 



Figure 4: ~Iast arrangement and 
survey automobile. 

figurc 5: Installation of rccordcr and invcrtcT 
insidc car. 
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the road surface. With the autoJlObile in motion at 50 km hr-1 there was 

DO difference within the limits of accuracy of the instrument, in tem-

perature between the 2 m height and any of the others. However, when 

the car was stopped, the temperature at the two lowest levels (0.8 and 

0.5 m) increased markedly. Therefore a sensor mounted below 1 m could 

lead to maj or errors in measurement in stop-and-go city traverses. A 

sensor mounted on the MaSt between 1.0 m and 2.0 m could have been used 

with equal confidence. 

The equipment was designed to be installed without making any 
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permanent al terations to the autOIIObile, and to be mounted and dismoWlted 

with a miniDllDD of til'le and effort. The mast fitted into a bracket 

bolted ante the front bumper and was supported by two solid aluminum 

rods which hooked ante the hood of the car (Figure 4). The leads from 

the thermistor and the fan were brought into the car through the gap 

between the door and the frae. The inverter was connected to the cig-

arette lighter socket, and the recorder clamped under the dashboard 

(Figure 5). The entire system could be installed or removed in 10 min. 

This sensing/recording system was found to be most reliable 

and efficient, operating without trouble in ail weather conditions. 
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CHAPTER III 

FIELD OPERATIONS 

Previous urban heat island studies have employed two main 

methods of air temperature observation. One method is to establish 

a network of fixed stations equipped with standardized thermometers, 

~ throughout the urban area as was done by Chandler (1965) for London, 

England (60 stations) and Lindquist (1968) for Lund, Sweden (9 sta-

tions with hygrothermographs). Major problems with this method are, 

the difficulty of obtaining the required number of reliable observers 

to man the stations; standardization of thermometers; the cost of 

duplicating the instruments needed; and the resulting sma11 number of 

observation points. 

The second method is the traverse technique, using auto-

.mobiles or other means of transportation to move a sensor through the 

urban area. The sensor may be an Assmann psychrometer (Seldguti 1964a, 

Oke and Hannell 1970), but IIOre colBOllly it is an electrical sensor 

that is either read manually at preselected observation points 

(Duckworth and Sandberg 1954), or records continuously (Chandler 1962a, 

Ludwig 1967). Temperatures obtained in this manner .ust be corrected 

for the change in ambient air tewperature during the tiae of the 

traverse, before analysis is atteiipted. The correction is sillP1e if 

the change in 8Jlbient tellpCrature is linear during the tille interval 

of the traverse, effectively liaiting traverse periods to those ti.es 

of day ·wen one can reasonably expect an approxiaately linear change 

in ubient tellperature. 

24. 
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The traverse technique was determined to be the most suit-

able method of observation for the objectives of this thesis. 

1. 1 s land of Montreal and Environs 

The City of Montreal is situated on a large island of the 

same name at the jWlction of the Ottawa and St. Lawrence rivers 

(Figure 6). The city itself covers the middle third of the island, 

centred on Mount Royal (elevation 231m above mean sea level). Large 

areas of the remainder of the island are built up for residential or 

industrial use Wlder separate city or town governments. This sub-

urban development extends off the island to what is referred to as 

the South Shore, although it is actually to the east; and to "a lesser 

extent to the northwest ont"o Ile Jesus. The broad St. Lawrence valley, 

featureless except for the Monteregion hills of which Mount Royal is 

one, extends in a northeast-southwest direction and is about 100 - ISO 

km wide. 

The CBn of the City of Montreal is immediately east of 

MoWlt Royal on the first (approximately 30 JI above mean sea level) of 

the two terraces that mark the ascent froll the ri ver to the IIOWltain 

(Figure 7). North of the IIOWltain is a dense residential area with 

incursions of commercial and industrial activity. Residential areas 

to the west and southwest are less dense, and include commercial acti-

vit y along the main streets. Those west of Montreal International Air-

port at Dorval, and north of the dense residential area referred to 

above are contell!>0rary subuTban developments. Industry is widely 

dispersed, l13inly along the river and in industrial parks. The greatest 

industrial concentration is the oil refineries in Pointe aux Trembles. 

25. 
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Figure 7: Cooling rate traverse route showing the CBD, industrial, residential and 
rural are as studied. The sampling density study areas is also shown . 
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Population of the City of Montreal itself is over 1,200,000 

and that of the metropolitan area, including the Island of Montreal, 

Ile Jesus and the South Shore municipalities is over 2,300,000 

(Dominion Bureau of Statistics. 1966 Census). 

2. Selection of Areas for Observations 

In order to evaluate the effects of intra-urban changes in 

morphology on air temperature and cooling rates it vas necessary to 

delimit areas of differing morphology vithin the urban area. This 

vas done on the basis of the dominant land use, assuming that the 

morphology within each land use area is relatively consistent. 

Examples of CBD, industrial, residential classifications vere chosen, 

and are shown in Figure 7. Other factors vere also considered in 

choosing the above areas. Firstly, the chosen areas had to be located 

in such a vay that a closed traverse could be constructed vhich incor-

porated each of these intra-urban classifications and a rural area, 

and vhich could be completed vithin one hour. The rural area had to 

be included for the study of heat island intensity ~Tu-r' and to 

provide a comparative rural cooling rate. Secondly, little topogra-

phic variation vithin each area vas desirable. 

'Rural' is defined here as either farmland or undeveloped 

land in its natural state. vith the additional condition that it is not 

in close proximity to densely urbanized areas such as those above. The 

sost suitable rural area vas found to be the region southeast of the 

28. 

ci ty core on the South Shore of the St. Lawrence, north of the St. Hubert 

Airport (Figure 7), vith an elevation of 30 • above llean sea level. This 
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is a dairy farming area with no urban encroachment except the occasional 

house or farmstead along the roads. 

The area chosen for the analysis of sampling density had to be 

a large area with uniform land use~ little topographie variation~ and 

easily accessible along a regular grid of streets. The most suitable 

area was found to be the dense residential area immediately north of 

MolUlt Royal bounded by St. Laurent~ Sherbrooke~ Pie IX and Belanger 

streets (Figure 8). This area~ of approximately 15.8 km2, is mainly 

residential with three or four storey flats and apartment buildings, 

broken by a distinct band of industrial activity along the C.P. Rail 

tracks, and weIl defined incursions of commercial activity along the 

main streets. The land surface slopes gradually upwards to the north-

west from an elevation of 46 m at Sherbrooke street to an elevation of 

58 m at Belanger. 

3. Traverse Procedures 

a) Cooling Rates and Heat Island Intensity 

The final route for this part of the observations was 44 km 

long and passed through the CBD. industrial area. residential 

suburb, and rural section of the South Shore selected above; and is 

shown in Figure 7. 

To achieve the required cooling rate period the route was 

repeated every hour. Driving speed was kept below 67 b hr- l in the 

sections of the route that were of i-.ediate interest (the areas desig-

nated as CBD. residential, industrial. and rural) and the distance 

between these areas vas covered as quickly as possible. With little 

29. 
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traffic it was possible to complete the route in 55 minutes; otherwise 

the traverse took the full hour. 

The recorder was kept in continuous operation and check 

points were marked on the chaTt wi th tlïe event marker. A log was kept 

of check points and times with a portable tape recorder. Initia11y, 

observations commenced in the early evening (2000 to 2200)1 but it 

became apparent that it was necessary to start severa1 hours before 

sunset; and the remainder of the traverses were started at 1east two 

hours before sunset, and continued every hour until just before sun-

rise. The dates and times during which observations were taken are 

shown in Table 2. 

TABLE 2 

Periods of Field Operation 

Date Times (EST) 

November 27 - 28, 1969 2200 - 0400 
December 16 - 17 2100 - 0600 

17 - 18 2000 - 0600 
February 7 - 8, 1970 1600 - 0700 

14 - 15 1400 - 0600 
March 30 1400 2200 

31 1400 2300 
May 14 1700 - 2100 
July 23 24 1700 0500 

24 - 25 1700 - 0500 
27 28 1700 0500 
29 - 30 1500 - 0500 

August 4 - 5 1500 - 0500 
5 - 6 1500 - 0500 
6 - 7 1500 - 0500 
7 - R 1500 - 0500 
8 - 9 1500 - 0500 
9 - 10- 16(10 - 0500 

1. Local Standard Timc. 
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Wind and cloud information vere obtained from St. Hubert 

Airport hourly aviation reports. Additional vind data vere obtained 

from the Botanical Gardens meteorological tower and the CBC tover on 

MOunt Royal. 

b) Sampling Density 

The area chosen for the analysis of sampling density vas 

traversed by a route that extended beyond its boundaries so as to 

minimize boundary effects vhen plotting the isotherm maps. Continuous 

observations of air temperatures were taken along every third or fourth 

street that crossed the bands of commercial and industrial activity 

(Figure Sb), over a total area of 23.4 km2• The route vas SO km long 

and required about three hours to complete, and vas limited to a cer-

tain extent by the system of one-vay streets in the area. Check points 

were marked on the chart vith the event marker, and a log of points 

and times vas kept vith a portable tape recorder. Observations were 

usually commenced at least two hours after sunset, to allow air tem-

peratures to stabilize. The dates and times during which observations 

were taken are shown in Table 3. 

Linearity of change of ambient temperature was checked with 
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the continuous record at the McGill Observatory. Wind data were obtained 

from McGill, the Botanical Gardens meteorological tower, and the CBC 

tower on Mount Royal. 
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TABLE 3 

Periods of Field Operation 

Date Times (EST) 

May 18 - 19, 1970 2330 - 0138 
28 29 2100 0020 
30 - 31 0000 - 0301 

June 25 - 26 2230 - 0115 
28 - 29 2200 - 0047 

July 26 2102 - 2355 
28 - 29 2115 - 0020 

August 13 2309 - 0150 
14 - 15 2100 - 2354 

31 1900 - 2201 

4. Weather Conditions 

At the outset of this research, it had been hoped to confine 

observations of air temperature to nights on which there was no wind 

or cloud for the entire observation period. The impracticality of 

such a restriction rapidly became apparent and it was decided to broaden 

the limits acceptable for 'calm' and 'c1ear'. 'Calm' as used in this 

thesis inc1udes winds up to 1.3 m sec-l, and 'clear' inc1udes up to 

3/10 cloud if the cloud is cirrus, cirrostratus, altocumulus, but 

does not include even 1/10 of low or stratiform cloud (stratus, alto-

stratus). 

The restriction to calm and c1ear conditions was imposed in 

an attempt to simplify interpretation and ana1ysis of the data. The 

complex interactions of the Many factors that control air temperatures 

in an urban area are for the most part undefined; and this 1ack of know-

ledge makes it difficult to ascribe any particular change in air tcm-
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perature to any one, or combination of, these factors. lt thus makes 

it difficult to explain or interpret the meaning of spatial or temporal 

variations in temperature patterns. To aid in investigating the effects 

of some of the remaining factors - such as urban fabric and structure -

it was decided to hold wind and cloud cover 'constant' by imposing the 

restriction to calm and clear conditions. In addition, there is suf-

ficient observational data in the literature to suspect that any 

definable relationships that do exist between factors and air tempera-

tures would be most pronounced and therefore most easily recognizable 

under calm and clear conditions. 

A difficulty with this type of approach is that th.ere is no 

way of knowing beforehand whether the wind and cloud conditions on 

any given night will fulfill the required conditions. It is only after 

the fact, on checking the actual records of wind and cloud cover that 

one is able to determine how close the night had been to the specified 

conditions. As a result, the night~ chosen for observations were found 

to have some ho urs when there was wind, cloud, or both in excess of the 

limits stated above. This haü to be accepted and considered in the 

analysis. 

A general description of weather conditions and other pert in-

ent data for the nights of observation appears in Appendix I. 
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G OIAPTER IV 

SAMPLING DENSITY 

This chapter analyses the general pattern of air temperatures 

in a large area of the City of Montreal based on a series of sampling 

densities comparable to those reported in the literature for similar 

studies of other cities, thereby allowing conclusions to be made regard-

ing 'adequate' sampling densities for certain urban climate studies. 

The density of observations required in a study of urban air 

temperatures will be determined by the specifie objectives of the study. 

One which has as its objective the investigation of small scale features 

of the urban microclimate (the in.f1uence of a small park, one large 

building, a parking lot for example) requires a large number of Observa-

tion points in the area immediately around the feature in question, giv-

ing a high density. On the other hand, a study whose objective is to 

analyse the general pattern of air temperatures within a whole city, or 

a district within the city, requires the points to be spread over a 

larger area, giving a lower density. It is possible that an extremely 

large nUBber of observations .ay not be necessary to adequately depict 

the influence of the city ün air te~ratures. 

1. Previous Studies 

Estimates of sa.pling densities used in previous studies arc 

given in Table 4. These coaputed densities have becn rounded to the nearest 
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whole number. These data serve only as a means of comparison and do not 

imply that every square kiloaeter viII contain the given number of points; 

indeed, it is quite possible that different densities vere employed in 

various parts of the city. Ludwig (1967) points out that the spacing of 

his observation points lfas greater in the outlying areas than in the down-

town area, but the actual llUIIIber of points used was not reported. Ludwig 

states that this change in sampling density may account for the apparent 

lack of small scale temperature features in the outlying areas of the 

cities in his study. However the paucity of these small scale features 

aay also be a result of the greater physical homogeneity in the residen-

tial districts. 

The area referred to in Table 4 is the actual area surveyed, 

not necessarily the total incorporated area of the city. The population 

is included to provide a measure of city size. 

There Can be little doubt that a density of 20 or 30 points 

km-2 would provide considerable detail from which to analyse the pattern 

of urban air temperature variations. However, in using a density of this 

magnitude, one is working vith a large number of observation points. In 

an area of 20 km2 for e~le, a density of 20 or 30 points km-2 woutd 

necessitate observations at 400 to 600 points. In an analysis oriented 

towards an understanding of the general urban influence on climate, 

features consistent in fabric and structure over an area of severa! 

square blocks (10 square blacks for exampte) are the ones of major inter­

est. There is a need to eliainate the influence of smalt scale spot 

sources of heat froa the analysis. Observations at such a high density 
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TABLE 4 

Samp1ing Densitles From Se1ected Urban Studies 

Area No. of Density 
City Population (km2) Points (Pts km-2) Author 

Ogaki, J apan 75,000 4 120 30 'Sekiguti (1964b) 

Palo Alto, 33,000 16 300-360 19-22 Duckworth and 
California Sandberg (1954) 

Corvallis, Hut che on et al 
Oregon 21,000 17 130-150 8-9 (1967) 

San Francisco, 784,000 117 300-360 3 Duckworth and 
California Sandbcrg (1954) 

Hamilton, 300,000 111 200 2 
Oke and Hannel! 

Ontario (1970) 

Uppsala, 30,000 
46 79 2 Sundb"r~ (1950) Swedcn 

Edmonton, 340,000 144 200 1 Daniels (1965) Alberta 

Montreal, 2,500,000 350 364 1 Oke (1969) Quebec 

Sheffield, 534,000 86 99 Gamett and Bach 
England (1966) 

London, 8,200,onO 1550 78 1 pt/20 Chandler (1965) Eng 1 and km2 

are likely to includc the influence of many small scale, essenti a11y ran-

domly distributed spot sources such as a bakery, a larr.e air conditioner. 

a bus or truck idlinJ! hy the side of the road, a roofer's tar fllmace 

which would tend to complicate an attempt to eval~'te the gcnera! urban 

influence. 
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One might also question the adequacy of a density of 1 point 

km-2 even though it has been frequently used. One observation point 

for each square kilometer of area seems a very small number of observa-
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tian points to base a generalized analysis upon, since it only represents 

about one point in each 48 square blocks. to take an example from Montreal. 

In view of the above, it vas felt that a comparative study of 

the effectiveness of a series of densities between 20 points km- 2 and 1 

point km-2 would be productive in tvo ways. Firstly, in indicating an 

optimum density with a minimum number of observation points that would be 

satisfactory in depicting the general pattern of air temperatures in an 

urban area. Secondly, in providing a means of evaluating ~he adequacy of 

a low density such as 1 point km-2 in depicting general urban air tempera-

ture patterns. 

2. Results for Montreal 

As stated in Chapter III, the area chosen for the analysis of 

sampling density had to be a large area with uniform land use, little 

topographie variation, and easily accessible along a regular grid of 

streets. The JIIOst suitable area was found to be a 15.8 km2 part of the 

dense residential area i..ediately north of Mount Royal bounded by 

St. Laurent, Sherbrooke, Pie IX and Belanger streets (Figure 8a). Obser-

vat ions were taken over a larger area of 23.4 km2 in order to minimize 

boundary effeets when plotting the isotherm maps. The size of the study 

area in relation to the island of Montreal can be seen in Figures 6 and 7. 
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This parti~ar area is located approximately ·5 1aa north of 

the JUin heat island core over the CBD of Montreal, and has been shown 

to be the location of a heat island cell (Oke and East 1971). 

To carry out the comparative study, air temperatures at 200 m 

intervals along the traverse route vere abstracted from the traverse 
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charts"resulting in 339 observation points evenly distributed throughout 

the 23.4 km2 survey area (Figure Sb). The temperatures at each observa-

tion point vere reduced to a comman time by applying a correction factor 

determined from the error of closure at several points along the traverse 

route. 

Isotherm maps vere constructed from a series of sy~tematic 

samples taken,from the population of observation points. The maps 

represent approximate sampling densities of 1 point km-2, 4 points km-2 , 

7 points km-2, and 15 points kar2• The fo11oving systematic samples 

vere taken to give the required sampling densities: 

every 14th point 24 points = 1 point km-2 

every 4th point = 85 points 4 points km-2 

every 2nd point = 170 points = 7 points km-2 

every point • 339 points = 1S points km-2 

The maps vere drawn in order fl"OlD low to high density, thus 

providing a 1ess subjective interpolation in each case because there 

vas no prior know1edge of smaller features evident vith the higher den-

sity maps. Isotherms vith 0.5 OC intervals were plotted, and the iso-

therm maps derived fra. the different sampling densities vere compar~d 

to evaluate the relative effectiveness of each in depicting air terp~ra-

.. ·, .. t··.'· .. ·,,···· 
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ture patterns. Results from only tvo nights of observations are presented 

as there vas no significant variation in air temperature over the study 

area on the other eight nights of observations. 

a) May 31, 1970 

During the 3 hour period of observation, the vinci was from the 

south between 2.7 and 4.0 m sec- l and the sky was clear. The isotherm maps 

represent the air temperature pattern at approximately 0000 EST. 

In plotting Figure 9 (1 point km-2) the isotherms were placed 

largely by guesswork vith this limited m_er of points. The resulting 

pattern is entirely different from that of the others for this date and 

as a result this density appears to be inadequate for the depiction of 

air temperatures in the study area. 

Figure 10 (4 point km-2) vas the MOst difficult ta draw as there 

vere Many areas where the placement of isotherms was indefinite. Certain 

features are clear, but in general the map differs considerably from both 

the inadequate 1 point km-2 and the subsequent maps at greater densities. 

Figure Il (7 points km-2) vas the easiest ta draw, and there 

were only fev areas where placement of isotherms vas indefinite. The 

pattern shown is virtually identical ta that for 15 points km- 2. AlI fea-

tures are represented and the placement of isotherms coincides in general. 

Figure 12 (lS point tm- 2) was more difficult ta draw. This den-

sity shows some small scale features causing excessive twisting and bending 

of isotherms. In many areas the placement of isotherms is indefinite. ln 

general there vas little change or i~rovement in pattern or placement of 

isotherms fro. the previous aap. 
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Air temperature pattern at 0000 EST May 31, 1970 based 
on a sampling density of 1 point km- 2 (24 points). 
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Figure 10: Air temperature pattern at 0000 EST May 31, 1970 based 
on a sampling density of 4 points km- 2 (85 points). 
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Air temperature pattern at 0000 EST ~~y 31, 1970 based 
on a samp1ing density of 7 points km- 2 (170 points). 
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Figure 12: Air tempe rature pattern at 0000 EST Ma~ 31, 1970 based 
on a sampling density of IS points km- (339 points) • 
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b) August 31, 1970 

During the 3 hour period of observation the wind was from the 

west between 4.5 and 6.7 m sec- l and the sky was clear. The isotherm maps 

represent the air temperature pattern at approximately 1900 EST. 

Figure 13 (1 point km-2) omits many features evident in subse-

quent maps such as the three small cool spots in the northwest of the map, 

and the warm area along Pie IX. The outline of the large cool area aroWld 

parc Pere Marquette is mainly guesswork, and the placement of the 15.5 oC 

and 16.0 "OC isotherms differs from subsequent maps. 

Figure 14 (4 points tm-2) shows the main features of the isotherm 

pattern and the placement of isotherms is very close to the·placement on 

the two higher density maps. Interpretation of this map would be similar 

to that of the more detailed ones. This density made plotting relatively 

easy and only a few areas exist where the isotherms remain inde fini te. 

Figure 15 (7 points km-2) clarifies the indefinite areas of the 

previous map and the extra observation points make it possible to locate 

the isotherms more precisely. The pattern shawn here is virtually identi-

cal to that for 15 points km-2• 

Figure 16 (15 points km-2) is the same as that for 7 points km-2 

in pattern and placement of isotheras. At this density though, there are 

places where plotting strictly according to the TUles leads to isotherms 

twisting and bending excessively, aeaning that aany sma1l scale features 

are being shovn. Such excessive fragaenting of the isotheras can tend to 

obscure the general pattern of air te~rature and .ake interpretation 

.ore di fficult. This tendency can be seen on this aap. for exallple, by 

the breaking off of a 511811 ceU of 16.0 OC along St. Hubert Street. 
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Air temperature pattern at 1900 EST August 31, 1970 
based on a sampling density of 1 point km-2 (24 points). 
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Figure 14: Air temperature pattern at 1900 EST August 31, 1970 
based on a sampling density of 4 points km-2 (85 points). 
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Figure 15: Air temperature pattern at 1900 EST August 31. 1970 
based on a sampling density of 7 points km- 2 (170 points). 
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Figure 16: Air temperature pattern at 1900 EST August 31, 1970 
based on a samp1ing density of 1S points km-2 (339 points). 
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c) Evaluation of Results 

It would appear, firstly, that a sampling density of 1 point 

km-2 is not adequate to depict the spatial variations of air temperature 

in even the Most generalized aanner. This conclusion also implies that 

previous studies using low densities such as 1 to 3 points km-2 (Table '4) 

may be using seriously over-generalized isotherm maps in their analysis. 

The results presented in these studies may be missing important air tem-

perature variations in the cities concerned, possibly the exact varia-

tions required to fulfill the objectives of the study. 

Secondly, for a study vith the objective of evaluating the 

general influence of the urban area on air temperatures, a density of 

7 points km-2 appears to be the optimum. This density shows an adequate 

amount of detail in relation to the fabric and structure of the urban 

area, without requiring an excessive number of observation points. In 

fact 7 points km-2 gives virtually the same results as 15 points km- 2. 

However, it must still be remeabered that a higher density would be 

required if the objective vas to analyse the effects of microscale 

variations in fabric and structure as stated at the beginning of this 

chapter. 

3. Interpretation of Air Te!p!rature Patterns 

The avai labi li ty of isothera maps for an urban area based on 

as great an observation density as those shown in Figures 11 and 15 

proapts so.e detailed co.-cnt on the nature of the spatial patterns. 
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The 7 point km-2 isotherm map for May 31 (Figure 11) shows a 

distinct ridge through the centre of the study area formed by the 19.0 

and 19.5 OC isotherms, with the northwest half of the area warmer than 
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the southeast half. There appears to be a marked warm spot in the north 

corner of the area and several other warm ceUs near the edge of the 

industrial area. There seems to be cool air draining off the mountain 

(from the southwest) and flowing in a northeasterly direction along 

Sherbrooke Street with pockets below 18.5 Oc flowing along with it. 

Cool spots are also evident in the west corner of the area, over parc 

Beaubien, and a third close to parc Beaubien. The temperature range 

on this map is from 18.1 to 20.3 Oc and gradients of 0.5 °C-IOO m- l occur 

in six places. 

The 7 point km-2 isotherm map for August 31 (Figure 15) shows 

the northwest half of the map to be generally 0.5 Oc cooler than the 

southeast half. The warmest area appears to be below Sherbrooke Street 

wi th tongues enending up St. lIubert and Papineau and warm spots near 

the intersection of St. Laurent and Mount Royal, and along Pie IX. Cool 

air appears ta be flowing off the mountain through Jeanne Mance Park and 

distinct cool spots occur near parc Pere Marquette, parc Bcaubien, 

Drummond Park, and along Sherbrooke Street in parc Maisonneuve. The 15.5 

Oc isotherm outlines the boundary of the industrial area, and parc 

Lafontaine appears to be 0.5 Oc cooler than its surroundings. The te.-

perature range on the map is fro. 14.5 Oc to 16.7 Oc and gradients of 

0.5 OC 100 m- l occur in three places. 
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Certain points are notable on the two maps. Firstly, the 

tempe rature range within the study area is 2.2 Oc in both cases, indicat-

ing thattemperature variations related to distinct land-uses within a 

small area of the city of Montreal are possible under favourable meteorol-

ogical conditions. However, such a variation within a city casts some 

doubt on the validity of the heat island intensity value of 2.5 Oc assumed 

by Delage and Taylor (1970) in their heat island circulation model. Sec-

ondly, cool air drainage off ~IDunt Royal appears to have an important 

influence in the particular area studied. Thirdly, parks and open spaces 

are characterized by temperatures approximately 0.5 oC cooler than the 

surroundings. These two observations have important implications for 

urban planners and architects who are concerned with the effects their 

planning and buildings might have on the urban climate. In general, 

cool air drainage such as this should be utilized to improve air circula-

tion within the immediate area by the proper design and location of build-

ings and streets. The cooling effect of parks and open spaces is already 

weIl known, but should be re-emphasized to those planners and architects 

who wish to create concrete deserts around their developments. 

Fourthly, there appears to be a distinct division of the study 

area into two te~rature regimes with a noticable temperature 'cliff' 

dividing the.. This division is related to the division of the study are a 

in two parts by the band of industry along the C.P. Rail tracks. This 

break in the uniformity of structure and fabric within the area provides 

a natural boundary for a change in air te~erature regimcs. by itself or 

in combinat ion with an external influence such as the cool air drainage 

fro. Mount Royal. An air flow such as this is likely to be channelled by 
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a variation in the form and structure of the urban surface. Fifth1y, main 

traffic arteries appear to give rise to distinct warm spots or tongues, as 

would be expected from the localized energy input in the form of the exhaust 

from motor vehicles and the concentration of human activity a10ng such 

arteries. 

Sixthly. the maxiJDlDD temperature gradients observed in Figures 11 

and 15 are equi valent to a gradient of 5.0 oC km-l, and as such âre greater 

than gradients that have been observed at the edge of the heat island. 

Daniels (1965) has shawn typical noctumal gradients in Edmonton to be 

around 4.0 oC km- l under favourable conditions, and Oke and Hannell (1970) 

have observed a maximum gradient at the boundary of the heat. is1and in 

Hamilton, Ontario of 3.8 Oc km- l under idea1 conditions. Oke and East (1971) 

report that extreme gradients of 4.0 OC km- l have been observed at the 

boundary in Montreal. Since the thermal gradient at the edge of the heat 

island is known to generate thermal breezes (Chandler 1961) the gradients 

observed in Montreal are likely to generate thermal winds within the city 

itself. Such winds may be important in the dispersion of air pollutants, 

and the ame1ioration of block size microclimate by improving air circula-

tion. In addition, this observed gradient corroborates the choice by 

Delage and Taylor (1970) of a thermal gradient of S.O Oc km- l as one of 

the assomptions inherent in their heat island circulation models. 

ln genera1, the pattem of air temperature seems to be a multi-

cellular one as opposed to a graduaI smooth variation over the area 

studied. This moIti-cellular type of pattern has been hinted at pre-

viously in ~~ntreal (Oke and East 1971) but the sampling density in that 

study was not adequate to indicate the character of the pattern. This 
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multi-cellular pattern May be important in producing local circulation 

cells which could have important implications in air pollution disper-

sion (Yap, Gunn and East 1969). Such local complications will develop 

considerable problems for future attempts at urban dispersion modelling, 

especially on the local rather than city-wide scale as referred to by 

Gold (1956). 



CHAPTER V 

HEAT ISLAND INl'ENSITY 

This chapter examines in detail the nocturnal development of 

~ Tu-r and relates the heat island growth and decay dynamics to the 

variations in and differences between observed urban and rural cooling 

rates. 
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Heat island intensity was computed as the difference between 

the highest urban (CBD) and lowest rural air temperatures observed for 

each hour during each observation night. Times were normalized with 

respect to sunset. The hour during which sunset occurred was designated 

as hour zero, and previous and subsequent hours numbered as negative and 

positive hours respectively. This conversion was necessary to facili­

tate computation of seasonal and composite means. 

1. Nocturnal Variation of A T u-r 

In order to arrive at general values for ATu- r in winter and sum­

mer, Mean values were computed for each hour of the late afternoon and night 

from aIl nights of observations during the summer and winter. The Mean 

values obtained were then combined to arrive at composite figures for the two 

seasons. This procedure vas followed without regard for wind or cloud con­

ditions as it vas desired to obtain a broad sample. Mean and standard devia­

tion of vind speeds (ü and ru) and cloud amounts (f and Fe) vere eomputed 

for the Il summer nights and seven vinter nights of observations (Table 5). 



Season 

Summer 

Winter 

Combined 

TABLE 5 

Mean Wind Speed and Cloud Cover Characteristics 
on Observation Nights 

li cru c cru 
m sec- l m sec-l tenths tenths 

1.6 ±1.6 0.2 ±0.3 

1.5 ± 1.4 0.2 ±0.2 

1.6 :!::1.5 0.2 ±0.2 
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It cah°be seen that the nights ofobservati:ons were charaeterized by light 

winds and seattered cloud. 

Figure 17a shows values of ATu-r cOllputed from the 11 nights 

of summer observations. The sllOOthness of the transition from the after-

noon values of arolDld 3.00C to the noctuma1 values of between 7.0 and 

9.0 OC, and the consistency of oATu- r between sunset and S1DlTÎse are 

notable. A consistent energy input to tbe urban air dUTÎng the transi-

tion period arolDld S1Dlset could give Tise to such a steady build-up of 

the heat island, and the .ost likely source for such energy in the sommer 

is the energy stored in the urban fabric (G). In contrast to the SllJlllDer, 

.can values in the winter (Figure 17b) show a greater variability. After-

noon values are consistent between 3.0 and 4.0 oC but the build-up of 

ATu_r is not as weIl defined, and intensities range fra. 4.0 to 7.0 oC. 

It is possible that this greater variability is related to the saaller 

sa.ple (seven nights) in winter, but could also reflcct the variability of 
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artificial heat"generation which is a major source of energy on winter 

nights. 

The combination of the above seasona1 means is shawn in Figure 

18. This composite curve emphasizes the general nature of ATu_r varia­

tions over the night. The general pattern appears to be one of quick 

growth around sunset, slower growth until the peak is reached then the 

slight drop in value and stabilization for the remainder of the night. 

Figure 19 shows histograms of hourly ATu- r values for winter, 

summer and the combination of the two. It can be seen from the diagrams 

for winter and summer that the most comman intensities tend to be about 

1 Oc higher in summer. The peaking of frequencies is more pronounced in 

summer due to the larger sample but the percent age of observaticns in the 

most common class is almost the same (20% in the winter, 22% in the sum-

mer). There is also a secondary peak evident in both winter and summer 

diagrams in lower intensities around 2.0 to 3.9 Oc (15% in winter and 

11% in summer). These values occur mainly in the late afternoon. 

From these histograms and the average values shown in Figures 

17 and 18 it is possible to specify typical nocturnal ATu_r values in 

Montreal, under 1ight winds and scattered clouds. The MOst notable com-

mon features to both seasons are, firstly, the consistent low (around 

3.0 OC) late afternoon values and secondly, the stabilization around 8.0 Oc 

in the SUlllJlleï and around 7.0 Oc in the winter following the maximum AT u-r 

for the night. Intensities on summer nights tend to be greater than thosc 

observed in winter, and considering ail wintcr and summcr nights togcther, 

the MOst comnon ATu-r vah:es are bctwecn 8.0 and 8.9 oC. 
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, 2. urban/Rural Cooling Rates 

In order to more fully understand the mechanism by which 

ATu- r grows and decays. the actual cooling rates ( AT/A t) for the 

CBD and the rural area are compared. 

An indication of the diurnal variation of AT/A t values to be 
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expected in downtown Montreal is available from a thesis by Godin (1969). 

but a similar analysis for a rural station is not available. Godin 

analysed A T/A t from a study of continuous records of air temperatures 

on the McGill University campus 0.5 km HW of the main core of the CBD. 

These rates were derived from diurnal temperature traces that are averages 

of 20 sunny days in each month of the year. Figure 20 shows the diurnal 

variation in AT/A t (OC hr- l ) with months of similar diurnal variation 

grouped together as presented by Godin. 

The change from warming to coo1ing rates appears to occur at 

around 1500 for the months of July through January. This would be 2.5 

to 4.5 hours before sunset during the months of Ju1y, August and September, 

and 1 to 2 hours before sunset during the months of December and J anuary . 

The change occurs slight1y later, about 1530, during the months of 

February and March, which wou1d be 1.5 to 3 hours before sunset. 

The maxillUm cooling reported by Godin is approximate1y -1.0 oC 

hr- l . This occurred short1y after sunset during the months of April 

through September. During the night, AT/At tends to decrease ~radually 

attaining a value of approximately -0.5 oC hr- 1 shortly beforc s~nrise. 

A change to waraing ~rom cooling occurs aTOund sunrlsc. TItC rcmlining 

months (0cto~cr throllg~ March) appe3r to attain a cnoling ratc 0: -0.4 
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Oc lir- l aro1Dld sunset, but the variation in AT/A t over the remainder 

of the night is 1Dlclear. 

In the present study cooling rates were calculated from h~urly 

temperature observations in the CBD in Montreal and a rural area nearby 

(Figure 7). Temperature observations at a series of points within E!ach 

area were averaged to arrive at a spatial average within each area. This 

'area' temperature was then compared with the 'area' temperature one hour 

before, the difference giving the warming or cooling. Since time periods 

of one hour were used this measured difference gives the rate of change 

directly (OC hr- l ) • 1I0urly cooling rates were calculated for a11 nights 

of observations in this manner, resulting in a time series of cooling 

rates for each night. These individuaJ time series were then grouped 

into summer and winter sets of observations, and Mean values of 6 T i 6 t 

for each hour of the late afternoon and night were computed for er.ch set 

of observations (11 sommer nights and seven winter nights). Time~ were 

normalized with respect to sunset in the same manner as in the previous 

section. 

a) Cooling Rates - Sommer 

The CBn cooling rates in Figure 21 a and b are in good agreement 

with those reported by Godin. The greatest cooling appears to occur fol-

lowing S1Dlset and then AT/A t tends towards a low constant value of 

around -0.7 OC hr- l for the reaainder of the night. Figure 2lb shows 

cooling rates for a sub-set of su..er nights that were completely cal. 

and clear for at least 8 hours following sunset, and it can be secn that 

there is virtually no difference in the CBD AT/A t fro. Figure 21a where 
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there was SOJlle influence froll wind and cloud (Table 5). It would thus 

appear that winds and cloud cover had little effect on cooling rates in 

downtown Montreal on the S1DIIIIIer nights considered here. 

Rural cooling rates, on the other hand do appear to be Dore 

sensitive to variations in wind and cloud. The main differences evident 

tmder the calm and clear conditions in Figure 2lb are that the maximum 

rural cooling is 0.4 Oc hr- l greater (at -2.7 Oc hr- l ) and â T/â t tends 

to be more variable. The rural cooling rate attains its maximum value at 

sunset, as would be expected considering the general diurnal variation of 

air temperatures. This is one hour earlier than the urban maximum, and 

the two rates tend to equalize at aboUt 5 hours after stmset. Urban and 

rural à T/à t th en maintain approxillately the same value for the remainder 

of the night, and the urban area cooling at a slightly stronger rate. 

A comparison of the CBD and rural cooling rates enables one to 

trace the growth of â,Tu- r throughout the night (Figure 21a and b). The 

cooling rate in the rural area is slightly greater in the late afternoon 

then increases sharply 2 hours before sunset, and â,Tu- r starts to build 

about one hour after the rural cooling rate starts to increase. The heat 

island is formed for the most part while the rural â, l'lA t is at its 

maximum value around sunset, although A Tu- r docs not attain its lliaxilllUDi 

value Wltil several hours later. The time of occurrence of I13ximuill â, Tu- r 

is discussed at the end of this chapter. ATu- r ceases building a; fast 

about one hour after rural Il. T là t attains its maximum value. as :he 

rural Il.T/ll.t decreascs as sharply as it had increascd. ~taximUJI 6Tu-r 

is reached about one hour after the two cooling rates equalizc, thcn 
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. â T~_r decreases slightly to what appears to be its equilibrium value 

around 8.0 OC as the CBO is now cooling at a slightly greater rate than 

the rural area. â Tu- r remains at this value for the rest of the night 

because both the CBO and rural areas are cooling at approximately the 

same constant rate. The calm and clear conditions of Figure 2lb result 

in an absolute value of ~Tu-r. one to two degrees greater in the hours 

following sunset, as a result of the greater maximum rural ~T/~t. 

b) Cooling Rates - Winter 

The observed CBn cooling rates for the general winter case 

(Figure 22a) clarify the uncertainty of the results Obtained by Godin. 

The change from warming to cooling takes place about two hours before 

sunset, and ~ T/~ t attains a value of aroWld -0.3 Oc hr- l at sunset 

then oscillates around this value for the remainder of the night. On 

the calm and clear nights (Figure 22b) the CBO maintains a constant tem-

perature ( ~T/~t • 0) for the five hours following s\D1set, and then the 

maximum cooling occurs. 

One explanation for this abnormal variation could be that sun-

set in the winter (Oecember through February) occurs just prior to the 

evening rush hour. Energy released into the urban air from mator vehicles 

during the rush houri and increased spa ce heating energy releases as air 

temperatures begin dropping are sufficient to maintain urban air tempera-

tures at their sunset values for several hours. With no wind, anr energy 

. released into the urban air (and the urban fabric will also release energy) 

will tend to reaain concentrated near its source and oppose urban cooling 

~; . . , 
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at that location. Since energy released from motor vehicles and space 

heating originates from many individual sources distributed evenly over 

the urban area, the net result is that cooling of the air in the CBD is 

delayed for several hours. 

Bach (1970) estimates that 2/3 of the artificial heat 1~enera-

tion (F) originates from stat~onary sources (industrial, domesti~ and 

commercial combustion) and 1/3 from mobile sources (motor vehiclcs), 

over a 24 hour summer day in Cincinnati. It is not known if the same 

proportion applies in winter in Montreal, but these figures give SOlDe 

idea of the relative importance of the two types of sources of F. 

Bach also states that because of peak tilDes of traffic flow, among 

other variations during the day, the above proportioning has to be 

weighted according to the time of day. This supports the reasoning 

above that F generated by motor vehicles can be a major energy source 

during times of peak traffic flow, perhaps contributing much morc than 

1/3 of total F. 

Rural coolinE seems to follow a more normal pattern wi1h maxi-

mum cooling at or shortly after sunset, a~ain heing more sensiti~e to 

variations in wind and cloud. The main differcnces evidcnt unde;' the 

calm and clear conditions of Figure 22h arc that the maximum coo:ing is 

0.5 OC hr- l greater (at -1.5 Oc hr- l ) and the range of the osci1.ations 

of AT/A t following this value is greater. This is a major cont rast to 

the considerable greater maxi1lUlD A T/A t of -2.7 Oc hr- 1 in sumner but 

the general pattern is sillilar. In general, A TIA t SCCI'lS to be more 

variable, especially in the rural arca in the winter than in the sw.er. 
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The lack of any great difference in CBD and rural ~T/~t 

values for the general winter case accounts for the darnped and irregular 

growth of heat island intensity(Figure 22a). The greater divergence of 

the rural cooling rate from that of the CBD on the calm c1ear nights 

gives rise to a more intense and regular build-up of ~Tu-r (Figure 22b). 

Maximum ~Tu-r occurs coincidentally with the maximum rural cooling rate, 

and the intensity stabilizes as urban and rural coo1ing rates approach 

the same value and remain in equilibrium for the remainder of the night. 

c) Divergence of Cooling Rates 

The rural area exhibits the expected values for nocturnal 

cooling rates and their progression through ~ime, and it is in the urban 

area where the cooling rates have been modified. This divergence from 

the normal rural values can be attributed to the stored heat energy (G) 

and the artificial heat generation (F) within the urban area. As noted 

before, F generated by evening rush hour traffic and space heating appears 

to be the major source for the required extra urban heat in winter. In 

the summer, the major source is the portion of the previous days Rn stored 

in the urban fabric (G). 

Sufficient energy is added to the urban air from these sources 

at night to offset for the most part the radiational cooling process that 

acts almost equa1ly (Oke and Fuggle 1971) in both the urban and rural 

areas. Fuggle (1971) reports that radiative cooling in ~~ntrea1 is 

approximately three times as great as actual observed coo1ing ( ~T/~t) 

and concludes that nocturnal coo1ing in the lower urban atmospherc is 

driven by radiation with sensible heat transfer (H) acting as a rctarding 



influence. This is the essential contrast between the urban and rural 

areas, in that the rural cooling is also driven by radiation but without 

the retarding influence of the additional energy available in the urban 

area from G and F, and the resultant sensible heat transfer. 

The result of the divergence of urban and rural AT/At is the 

70. 

development of a temperature difference between the two areas: the forma-

tion of the urban heat island. 

3. Maximwn ATu-r and its Time of Occurrence 

The previous section provided an explanation for the growth of 

the heat island over the night but only briefly mentioned maximum ATu_r 

values during the night, and the time of occurrence of these maximum 

values. Some comments on these two aspects of the urban heat island 

seem necessary. 

a) Maximwn Nocturnal ATu- r Values 

The greatest heat island intensity observed during the obser­

vations for this study vas 11.4 Oc and occurred on the night of 

February 7-8, 1970 at 0500. This is very similar to extreme values 

reported for other cities in North America (Table 6). While a portion 

of other reported extreme intensities is probably attributable to topo-

graphy and other non-urban controls in the cities concerned, it is felt 

that this is not the case in ~~ntreal (Figure 7). 
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TABLE 6 

Extreme Nocturna1 Values of Heat Island Intensity 

City Date ATu_r (OC) Author 

Toronto, Feb. 22, 1936 16 Midd1eton and Millar 
Ontario. (1936) 

San Francisco, Mar. 26. 1952 12 Duckworth and 
California. Sandberg (1954) 

Edmonton, Feb. 11, 1963 11.5 Danie1s (1965) Alberta. 

Montreal, Feb. 15, 1970 12 Oke and East (1971) Quebec. 

An intensity of 11.4 Oc is probably not an unusual value for 

Montreal. ho\.zever. (Jn 11 of the 14 nights of aIl night observat ions the 

maximum intensity observed exceeded 9.0 oC. and was greater than 10.0 Oc 

on 5 nights, as shown in Table 7 along with the mean wind and Mean cloud 

for the hours between Slmset and ATu_r (max). Maximum intensities around 

o 10.0 C appear to be comman in the ~kmtrcal area. and A Tu (max) on one -r 

of the summer nights (August 4-5) was Il.2 oC. indicating that maximum 

intensities can reach the sace values in both summcr and winter. These 

observations thus negate the conclusion of Oke and East (1971) that 

Montreal's heat island reaches its maximum intensity in winter. 

However, their observation that there appears to be an upper 

liait of around 12 Oc for heat island growth in temperate latitudes does 

have mcrit. rchen maximu. heat island intensity is plotted against a 
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TABLE 7 

MaxÏBRDI Observecl 'A T Values u-r 

SUJBer Winter 

ATu-r(max) Ü A Tu-~(max) .u c ë 

Date' (oC) (II sec-1) (tenths) Date (C) (m sec-1) (tenths) 

1970 1969 

Ju1y Dec. 

23-24 9.9 1.5 0 16-17 5.0 1.4 0 
24-25 10.3 0 0.2 17-18 7.3 2.5 0 
27-28 5.5 2.5 0 
29-30 9.1 0 0.6 1970 

August Feb. 

4-5 11.2 0.7 0.1 7-8 11.4 0.7 0.3 
5-6 9.6 0.3 0.1 14-15 10.0 1.1 0.1 
6-7 10.0 1.5 0 
7-8 9.5 1.8 0.2 
8-9 9.2 0.9 0.2 
9-10 9.5 0.3 0 

collbination of llean vind and _an cloud frOil Table 7. a re1ationship is 

visible that supports their opinion (Figure 23). There are insufficient 

points on Figure 23 to ca1cu1ate a va1id regression 1ine statistica11y. 

so the Une shawn vas fitted by eye. This Une intersects the abcissa 

of the diagram aro\Dld ° âTu- r • 11.5 C. This is interpreted to .ean 

that. as the mean wind and cloud between sunset and the tille of maxillUJll 

â Tu- r during the night siaultaneously approach zero. aaxillUll ATu_r 

° approaches 11.5 C. Zero wind and zero cloud are the liaiting 'idea1' 

weather conditions for heat is1and studies, 50 it can be said that around 

Il.5 Oc is the upper liait for heat island growth in Montreal. 
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b) Time of Occurrence of Maximum Values 

Table 8 shows the time interval1 between sunset and maximum 

~Tu_r for selected observation nights. By only considering nights 

that were calm and clear for the period between sunset and the time of 

maximum ~Tu-r it was possible to hold two of the controlling factors 

(wind and cloud) constant. 

TABLE 8 

Time Interval Between Sunset and ~Tu-r max 
on Calm, Clear Nights 

Time 
Date (1970) ~ Tu- r max Interval 

(oC) (hours) 

July 24 25 10.3 3 

August 8 9 9.2 3 

9 10 9.5 4 

February 14 15 10.0 5 

August 4 - 5 11.2 6 

5 - 6 9.6 7 

The nights of August 4-5 and 5-6 appear to he the abnormal ones with a 

6 and 7 hour time interval respectively. However, Figure 24 shows that 

74. 

the maximum intensity vas almost reached vithin 4 hours of sunset on both 

those nights. This seems to indicate that under ideal wind and cloud 

conditions in Montreal the maximum ~Tu-r is normally reached betwecn 3 

1. Time taken to the nearest full hour. 
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and 4 hours after sunset. 

This time lag is difficolt to explain since the maximum rural 

cooling AT 1 à t has been shawn to occor at or around sunset and i t is 

as a response to this extreme cooling that one would expect the e>.."treme 

à Tu-rCmax) to occur, possibly coincidentally. However, this three to 

four hour time lag may be the time required following the occurrence of 

maximmn A T/à t for the rural area to cool down to the point that the 

difference between rural temperatures and urban temperatures is at its 

maximmn. 

Numerous attempts were made to relate the time intervals in 

Table 8 to heat island intensity, cooling rates, and certain quantifi-

able factors that it was thought might explain the variation in time 

°intervals, but no specifie relationships could be defined. The same 

analyses were attempted for the remaining nights (Table 9) with as little 

success. 

It is therefore concluded that it is the combination of aIl 

aspects of the urban and rural areas and the heat island that determinc, 

under the control of wind and cloud. the actual time interval in each 

particular case. The particular .ixture of conditions that are essen-

tially unique each night will aake understanding of time interval varia-

tions difficult. 
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TABLE 9 

Time Interval Between Sunset and A Tu_r(max) 
on Nights with Scattered Cloud and Light Winds 

-ATu_r (max) Time Interval 

Date (oC) (hoursl 

July 27-28/70 5.5 4 

July 29-30/70 9.1 5 

Aug. 6-7 /70 10.0 5 

Dec. 17-18/69 7.3 6 

July 23-24/70 9.9 7 

Aug. 7-8 /70 9.5 7 

Feb. 7-8 /70 11.4 10 

Dec. 16-17/69 5.0 12 
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C: CHAPTER VI 

URBAN N>RPHOLOGY' AND AIR TEMPERATURES 

This dhapter provides observational evidence of the influence 

of changes in urban morphology on air temperatures in the Montreal area. 

It vas felt that a spatial averaging of tempe rature vithin 

each area of differing morphology vould provide a more accurate and 

representative temperature value than one single observation, or series 

of observations hovever chosen. For this reason, a series of tempera-

ture observations vere abstracted from the hourly traverse charts vith in 

the CBD, industrial, residential and rural sections of the traverse 

(Chapter III). These observations vere then averaged to arrive at an 

'area mean' temperature for each area and time series of hourly tempera-

tures vere developed for each night. By taking the spatial variation 

into account in this manner, the basic nature of the effects variations 

in fabric and structure from area to area have on air temperatures should 

be easily discernable. 

Figures 2S to 29 shov typical parts of the eBD, industrial, 

residential and rural areas and give an idea of the fabric and ~:tructure 

of the urban surface in each area. 

The essential nature of the differences in temperature .~n~ 

the four areas is shovn in Figure 30a & b for the night of Augu$t 9-10, 1!~ O.' 

The arca ~ean temperatures in Figure 30a show that thlre is 

little difference between the CCD and industrial areas, and tha~ they arc 



79. 

Figure 25: Central Business District (1). 
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Figure 26: Central Business District (2). 
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Figure 27: Industrial ar~a. 

Figure 28: Residcntial arca. 
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Figure ~7: Industrial arC'a. 
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Figure 29: Rural arca. 
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Figure 29: Rural areD. 
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the warmest of the four areas. It is not surprising that there is little 

difference in temperature because, firstly, their structure and frulric 

are quite similar (a dense array of multistory buildings and an alroost 

100\ asphalt, concrete and stone fabrie). Secondly, these two areas are 

adj acent, thus any air circulation is bound to lead to interchan".e between 

them. In addition, the industrial area is adjacent to the river which 

has a moderating influence on temperatures there. The residential area 

with its more open structure and a greater proportion of vegetatc·d area 

in its fabrie is consistently about 1 Oc eooler throughout the njght. 

The rural area, by definition land in its natura~ vegetated state and 

not in close proximity to a densely urbanized area, is a further 1.5 Oc 

cooler than the residential area. 

It would appear that urban air temperature variations ;r~ 

related closely to ehan(!es in morphology as outlined here. Such changes 

in morphology have their strongest effeet on the storage term (G; ~f the 

heat balance. It thus seems' that G May be a more important tenu than 

previously thought and that temperature variations due to H, LE, and F 

operate superimposed on this basic relationship. 

Figure 30b shows the cooling rates ( ~T/~t) in the four aress 

and the essential nature of the differences follows the same pattern as 

that for temperature. cnD and industrial areas exhibit the lowest cooling 

rates throughout the ni~ht mainly due to the thermal inertia of their 

structure and fabric which tends to oppose the nocturnal cooling evident 

in the rural 1:. TIl:. t curve. The residential area, because of ils inter-

mediate structure and fabric aaintains interaediate values of cooling 
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Figure 30: a) Air tellperatures and b) coaling rates ( âT/â t) 
by land use area for the night of August 9-10. 1970. 

84. 



(j 
-9 

-10 

-II 

-!2 

-13 

Û -14 
e... 
... -15 
CI: 
;:, 
!;i -16 
CI: ... -17 CL 
2l 

~ -lB 

-19 

-20 

-21 

-22 

-23 

~ ·'l r. 
U 
~ 

0 

<1 ...... ... 
<1 

-1 

-2 

1 

SUNSET 

1 

C.B D. • INDUSTRIAL.... • 

RE SIOENIIAL.. • 

RURAL 0 

1111111 IIr-'II.-1 
!4 15 16 17 18 19 20 21 22 23 00 01 :)2 03 04 05 06 07 

TI ME (E.S 1.) 

SUNSET 

~, 

, , 
1 1 1 

1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 

".' .,"", .,,).' ."., ..... " 

85. 

14 15 16 17 18 I~ 20 21 22 23 00 CI 02 03 04 05 06 07 
TI\lE (E S. T.) 

Figure 31: a) Air tellperatures and b) cooling rates (AT/At) 
by land use are a for the night of February 14-15, 
1970. 
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rates. Cooling rates in aIl four areas tend to equalize sever'al hours 

after sunset as the rural â T/â t decreases from its extreme values to 

approach that of the CBD. This has been discussed more fully in Chapter V. 

Virtually the same pattern is shown in Figure 3la and b with 

the exception that the differences between the CBD/industrial, residentia1, 

and rural temperatures are greater on this winter night (Figure 31a) , and 

the cooling rates take longer to equalize following sunset (Figure 3Ib). 

The major factor to account for these greater variations is the ~dditional 

energy input from the artificial heat gencration of space heating and 

other sources (F), which has been calculatcd to be 0.218 ly min- l for 

Montreal in the winter (Oke 1969). The comparable value for summer is 

much sma1ler: O.08~ ly min- l • This additional encrgy input als~ could 

account for the warming rates, rather than coo1ing, in the early part of 

the evening. 

The above observations support statements by previous authors 

(Chapter 1) concerning the major influence morphology has on urban air 

temperatures. However, Duckworth and Sandberg (1954) May be ove r genera 1-

izing when they statc that morphology is the Most important single factor 

in increasing the tempcrature in an urban area. This secms to he valid 

in summer but May be open to question in wintcr, duc to the apparent 

major influence of artificial heat generation dcmonstrated above. 
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ClIAPTER VII 

SlNfARY OF CONCLŒIONS 

1. Sampling Density 

A selection of sampling densities comparable to those used in 

previous studies of the urban heat island were compared. A density of 

1 point km-2 was found to be inadequate to depict urban air tempcrature 

patterns, even in the most generalized manner. Further analysis indicated 

that a density of 7 points km-2 is the optimwn for use in a study in which ... 

the goal is to investigate the general pattern of urban air tempcratures. 

This density shows the relation betw~en air temperatures and the urban 

structure and fabric in considerable detail. 

A detailed analysis of air temperature variations within the 

23.7 tm2 study area confir.ed certain influences of an urban area on air 

temperatures, and demonstrated certain aspects that have not been 

thoroughly investigated before due to inadequate sampling densities. 

Firstly, cool air drainage off Mount Royal has an important 

influence in the particulu area studied. Secondly, parks and open 

spaces are characterized by teaperatures approxiaately 0.5 Oc cooler than 

the surroundings. The coaling effect of parks and open spaces is alrcady 

vell known. and these observations have important implications for urban 

planners and architects who are concerned with the effects their planning 

and buildings might have on the urban cliaate. In general, cool air 

drainage such as this should be utilized to improvc air circulation 

vith in the iJ:IIIICdiate area by the proper design and location of bui ldings 

, . 
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and streets. 

Thirdly, a temperature range within the study area of 2.2 Oc 

was observed indicating that temperature variations related to distinct 

land-uses within a small area of the city of ~~treal are possible under 

favourable meteorological conditions. 

Fourthly, there appears to be a distinct division of the study 

area into two temperature regimes with a noticable temperature 'cliff' 

dividing them. This division.is related to the division of the study 

area in two parts by the band of industry along the C.P. Rail tracks. 

This break in the uniformity of structure and fabric within the area pro-

vides a natural boundary for a change in air temperature regimes. by 

itself or in combination with an external influence such as the cool air 

drainage from Mount Royal. An air flow such as this is likely to be 

channelled by a variation in the form and structure of the urban surface. 

Fifthly. main traffic arteries appear to give rise to distinct '-arm spots 

or tongues, as would be expected from the localized energy input in the 

form of the exhaust from motor vehicles and the concentration of human 

activity along such arteries. 

Sixthly, maximum temperature gradients equivalent to the 

gradient of 5.0 Oc km-l. were observed and as such are greater than 

gradients that have been observed at the edge of the heat island. Since 

the thermal ~radient at the edge of the heat island is known to generate 

thermal breezes these gradients are likely to generate thermal winds within 

the city itself. Such winds aay be important in the dispersion of air 

pollutants. and the amelioration of block size microclicate by improving 
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air circulation. 

2. Heat Island Intensity 

Divergence of nocturnal cooling rates between urban an,1 rural 

areas were shown to explain the development of the heat island. Urban 

cooling rates are held at low values through the retarding influ('nce the 

additional heat energy available from F and r. in the city has on nocturnal 

radiational cooling. TIlis retarding influence does not act in tie rural 

area. 

Rural cooling rates were sho\~ to attain their maximum values 

(up to -2.7 Oc hr- l ) at or shortly after sunset as would be expectcd; 

d h p -1 an t en drop to the same values as the urban area (around -0.7 C hr ) 

for the remainder of the night. As a result, the heat island is formed 

for the Most part in the early evening and then stahilizes betwecn 7.00 C 

and 8.0 Oc for the remainder of the night after having attained its maxi-

mum value. This maximum was found to occur three to four hours after sun-

set, and to have a limiting value of Il.5 Oc under ideal wind and cloud 

conditions. Intensities approaching this value were observed both in 

summer and winter, indicating that there is no seasonal differentiation 

in maximum nocturnal intensities. Typical nocturnal summcr intensity 

values are around 8.( Oc and typical winter values are about 1.0 o( less. 

3. Urban Morphology 

Urban lIIOrphobJ!Y was shown to have a major influence 01' urban 

air tempcratures leadin" to the conclusion that the heat storage tem (G) 



of the nocturna1 urban heat balance may be a more important term espec-

ia11y in summer than has been previously stated. 

Air temperatures and coo1ing rates were shawn to differ as a 

result of variations of fabric and structure with changes in land use. 

The residentia1 area is consistently at 1east 1.0 Oc coo1er than the 

CBO and the rural area consistent1y a further 1.5 Oc or more cooler. 

90. 

One implication of the variation in coo1ing rates within the 

urban area'is that the standard method of correcting temperature tra-

verse observations to a common time for ana1ysis may not be as good an 

approximation to the true correction required as has been thought. The 

error of c10sure technique, if based on one closure point, assumes that 

the change in temperature at that point is representative of temperature 

changes throughout the traversed area. If the traverse passes through 

areas of different land use, and thusdiffering morphology, the resultant 

variations in coo1ing rates demonstrated in this thesis indicate that 

temperature change at one point does not represent temperature change 

in the whole urban area. A closure point within the urban area certainly 

does not represent temperature change in a rural area. A correction 

technique that utilizes several closure points in the land use arcas 

traversed or a correction factor that differentiates among land uses is 

necessary. 

:. 
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