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ABSTRACT 

STRATIFIED SHEAR FLOWS OVER A SIMULATED THREE-DIMENSIONAL 

URBAN HEAT ISLAND 

Three dimensional airflow over a rectangular heat island was 

studied for various conditions of approach flow in a wind tunnel. Three 

different thermal stratifications of the approach flow were selected 

for the study---neutral, ground based and elevated inversions . For 

each of these flows studies were conducted with and without roughness 

over the heat island for the conditions with and without heating of 

the island. Approach flow temperature profiles were modeled according 

to atmospheric data available in the liter ature. 

For each of the twelve cases mentioned above, measurements of mean 

wind velocity, longitudinal velocity fluctuations, mean temperature and 

temperature fluctuations were made. In addition, mean concentration 

measurements of a radio-active gas released from a two-dimensional, 

ground-level line source upwind of the heat island were also made . 

Flow patterns were visualized for different cases with the help of a 

passive smoke source. Comparisons of data from the wind-tunnel measure­

ments with the field data were made. Three-dimensional measurements of 

the mean wind velocity, temperature and t urbulence have yielded valuable 

information concerning the flow of ai r around a typical urban heat 

island. 

The mechanisms of the heat island observed in the wind-tunnel for 

different stratified flows were very similar to those observed in the 

field. The urban heat island plume that passes aloft downwind causes 

an appreciable reverse flow onto the heat-island. The helical vortices 
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at the edge of the heat island cause a reduction in the turbulence 

level resulting in high concentrations of the mass released from a 

continuous line source upwind of the heat island. 

A theoretical model based on linearized equations of motions 

incorporating a boundary layer type velocity profile has been developed 

to predict t he urban excess temperatures and velocities. Theoretical 

results compare fairly well with data obtained in the laboratory and in 

the field. 
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Chapter I 

INTRODUCTION 

An urban complex acting as a heat source produces a positive 

temperature perturbation on the thermal field. This perturbation 

of increased temperature in the city relative to its rural environs is 

commonly referred to as the urban heat island and has significant effects 

on the dispersion of atmospheric pollutants over a city. The nature 

and type of urban terrain also influences the surface temperature dis­

tribution which in turn affects the vertical temperature patterns 

when coupled with the air flow over the city. In general, the maximum 

temperature in an urban heat island is found at the core of the city 

with the temperature decreasing rather uniformly away to a minimum 

temperature in the surrounding rural area. Of course, this is not always 

the case. For example, if a body of water exists at the periphery of 

a city, a discontinuity in the horizontal temperature distribution will 

occur. This can result in a strong stably-stratified flow over the 

city. On the other hand, if an urbanized area is situated immediately 

downwind of another, which is not of unusual occurrence the discontinuity 

may not be abrupt and the approach-flow temperature profiles will exhibit 

an elevated inversion and will have a profound influence on the air 

flow over the city. 

Several field studies (Landsberg 1956, Bornstein 1968, Clarke 1970, 

Hilst and Bowne 1966) have been conducted in the past to understand 

the characteristics of the air f l ow over an urban heat island, but most 

of them are far from complete for two obvious reasons--lack of time and 

money. Moreover, the conditions in the field may change rapidly making 

it difficult to interpret the results effectively. Hence, field studies 
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of the past have been of limited nature to satisfy particular needs 

rather than to reach a comprehensive understanding of all aspects of 

the urban heat island, viz. wind velocities, air temperatures, and 

diffusion characteristics. Many attempts were also made to build 

numerical models and solve them with the help of computers primarily 

for two-dimensional models (Tag 1969, Myrup 1969, Yamada 1971). The 

atmospheric flow over an urban area with all its roughness and heating 

non-uniformities is far from being two-dimensional. 

Laboratory studies of the past (Yamada 1971) were also two­

dimensional and were restricted to study of temperature distributions. 

Therefore, a comprehensive study of the different physical and meteoro­

logical variables that contribute to the formation and maintenance of 

a three-dimensional urban heat island was undertaken under controlled 

conditions in a wind tunnel specifically designed to simulate atmospheric 

boundary layers. 

Turbulent flow over aerodynamically rough surfaces is considered. 

To help understand more completely the transfer processes taking place 

in, above, and around the heat islnd, a study was made for twelve 

different cases. Variation of the meteorological or surface factors 

made each case different from the others. Three different approach 

flows, viz . neutral, ground-based stable stratification, and elevated 

inversion were investigated over both a smooth and a rough heat island. 

Each of the combinations of approach flow and surface roughness was 

studied with heating and without heating of the heat island. The main 

objectives of the study were: 
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1. To develop an understanding of the physical processes taking 

place in and around the heat island by means of flow visualization and 

analysis of corresponding quantitative experimental data; 

2. to determine the characteristic features of diffusion through 

a study of the mean concentration fields created by a tracer gas released 

from a two-dimensional continuous line source located at ground level 

upwind of the heat island; 

3. to evaluate the similarity between the flow over an urban heat 

island modeled in a meteorological wind tunnel and the full-scale flow 

and; 

4. to develop simple linear two-dimensional and three-dimensional 

models that will predict the perturbed temperature and perturbed velocity 

distributions over a city and over the laboratory counterpart. 
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Chapter II 

THEORETICAL AND EXPERIMENTAL BACKGROUND 

A brief review of pertinent literature with particular reference 

to the urban heat island is given in this chapter. 

2.1 Physical basis of the urban heat island 

A city is a very complex meteorological region, creating its 

own mesa-climates and micro-climates. This complexity is further 

enhanced if the cities are located along shorelines or in valleys 

creat ing local wind circulations. Energy balances in rural and urban 

areas which are chiefly responsible for the formation of the urban heat 

island are schematically represented in Fig. 2.1 (Munn 1966). Rural 

regions have a net daytime gain of energy through radiation at the 

ground surface and the process is reversed during the night. The above 

mentioned energy balance is modified in the urban area due to one or 

more of the following reasons: 

(1) Heating of the interior of the buildings (furnace heating); 

(2) asphaltic pavements and other structures characteristic of an 

urban area; 

(3) absence of surface moisture; 

(4) increased concentration of vehicular traffic and; 

(5) atmospheric pollution. 

The reduced surface moisture lessens evaporation in the urban area and 

the energy that might have been used for the evaporation is absorbed by 

the urban structures. The thermal inertia of the urban building 

materials also prevents the rapid cooling after sunset leading to the 

storage of large amounts of solar energy and furnace heat. 
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The contribution by furnace heat is significant. The annual 

production of heat by combustion in New York City was estimated to be 

about 2.8 x 107 cal of which 77 per cent was contributed by the resi­

dential and utility sources (Bornstein 1968). Bornstein also reports 

that the total energy released by combustion in Berlin as one-third of 

the energy received by direct solar radiation. The heat released by 

combustion for Fort Wayne, Indiana was estimated at 0.38 ly/min. (Davis, 

1968). 

In winter, large amounts of furnace heat are conducted to the 

interface between the earth and the atmosphere which in turn reduces the 

convection of energy from the atmosphere to urban surfaces during 

nocturnal hours. In summer, the large amounts of solar energy stored 

by the urban buildings and structures limit the convection of energy 

from the atmosphere. Thus the air above the city always remains 

warmer relative to the air above the surrounding rural areas. This 

phenomenon has become known as the "nocturnal urban heat island." The 

temperatures remain relatively high from street level to several hundred 

feet above the street. On the top of this warm layer, a nocturnal 

inversion is often formed. This elevated inversion restricts vertical 

dispersion of pollutants from the city and becomes intensified by radi­

ational cool ing of the upper surface of the pollution layer. 

Diurnal variation of urban-rural temperature difference was 

observed i n Vienna, Austria (Mitchell, 1961) for different seasons. 

Annual variation of average monthly maximum, mean, and minimum tempera­

tures for Denver and Baltimore are also referred to by Mitchell. The 

variation in the climatic factors caused by the urban heat island can 
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very well be seen from a comprehensive set of data presented by 

Landsberg (1961). 

2.2 Field studies 

There have been several experimental field studies in the past to 

gather first-hand information about the urban heat island. Unfortunately, 

none of the studies have been complete presumably due to the enormous 

amount of time and money required. Moreover, the conditions in the 

field are so transient that deductive conclusions are difficult to obtain. 

Due to the above reasons, the data from the field studies pertain 

usually either to the velocities or to the. temperature and very rarely 

to both the variables. A brief description of some of the field studies 

conducted in urban and rural areas and reported upon in the literature 

is given below. Many of these experiments have been conducted during 

nights when the urban heat-island phenomenon is more pronounced. 

(a) Measurement of horizontal and vertical temperature gradients 

in San Francisco, San Jose and Palo Alto (Duckworth and Sandberg, 1954). 

Duckworth and Sandberg selected three cities of different sizes to study 

the urban thermal structure under comparable synoptic conditions so as 

to identify the factors responsible for urban temperature differentials. 

Automobile-mounted thermistors were used to measure surface temperatures 

at the six-foot level. Vertical temperature profiles up to a height of 

1000 feet were obtained with the help of wiresonde equipment. Some 

of the conclusions reached by them were: 

(1) temperatures increased from the rural to urban areas in direct 

proportion to the density of the building structures; 

(2) urban temperature excess increased with increasing city area (based 

on population) but at a relatively slow rate. Representative values of 



7 

this excess were 4-6°F for Palo Alto, 7-9°F for San Jose, and 10-12°F 

for San Francisco, the population of San Francisco being 24 times greater 

than that of Palo Alto; 

(3) built-up areas generally introduced instability into the stable air 

up to about three times roof height; 

(4) a "crossover" point sometimes existed over the urban area above 

which the urban air was cooler than the rural air at the same height. 

Vertical temperature profiles observed over built-up and rural areas of 

San Francisco were also given by Duckworth and Sandberg. 

(b) Measurement of vertical temperature profile in Louisville, 

Kentucky (DeMarrais, 1961) . DeMarrais measured temperature difference 

at three levels on the Wl-IAS-TV tower located in the downtown area of 

Louisville, Kentucky. He compared these with the data obtained over 

rural areas at other locations and arrived at the following conclusions: 

(1) the lapse rate near the tower during the night showed marked 

difference from that observed during the daytime; 

(2) a weak lapse rate was observed on top of a superadiabatic lapse 

rate within the city during nights. 

(c) Study of Montreal urban heat island (Summers, 1964). Mean 

temperatures in the city and in the adjacent rural area around Montreal, 

Canada were measured. By comparing urban trends with suburban trends 

for sufficiently long periods of time, the effect of long-term climatic 

changes were eliminated and a residual temperature excess was obtained 

giving the temperature increase due to the growth of the city itself. 

For each month over a period of three years the excess of the mean 

monthly minima was computed . 
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The greatest city excess temperatures were found to occur in the 

summer and winter, while in the transition months they were somewhat 

less. Average excess in mean minimum temperature at city stations for 

different seasons and for a typical day in March 1962 were studied. 

A difference of 18°F was observed between McGill, a city station and 

St. Hubert, a rural station, separated by only seven miles. With the 

help of an automobile survey, the highest temperatures were found to 

be near the downwind end of the dense ly populated apartment-complex area. 

(d) Measurement of air temperature patterns over Leicester, 

England (Chandler, 1967). Chandler studied the surface temperature 

patterns over Leicester, England which had a 1961 census populat ion of 

270,000 and an area of 27 square mi les compared with a population of 

8.25 mil lions covering an area of 750 square miles for London. He 

compared the heat-island of the two cities and concluded that the dis­

parity between the size of the two cities had little effect on the 

intensities of the heat island. His other conclusions were: 

(1) high urban temperatures were caused by the shape of the buildings, 

the intervening spaces between them and the density of the built-up 

area ; 

(2) nature of the wind profile and t he t rapping of air between the 

buildings contributed to the maintenance of the warmth of the city and; 

(3) in general , the heat island was generat ed mainly by the thermal 

effects of buildings. 

Whereas Duckworth and Sandberg (1954) found the intensity of the 

urban heat island to increase with the city size, Chandler emphas ized 

that the intensity was invariant with the s ize of the city. The con­

flicting conclusions of these two studies require further detailed 
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investigation in the field and in the laboratory before any generali­

zations can be made. 

(e) Study of temperature fields in and around New York City 

(Bornstein, 1968). Bornstein studied the temperature fields up to a 

height of about 700 mover New York City. The main features of the 

temperature distribution were found to be: 

(1) an urban temperature excess which decreased rapidly with height; 

(2) one or more weak elevated inversions over the city; 

(3) strong ground-based inversions over the rural areas and; 

(4) the absence of surface inversions over the urban area. Bornstein 

also found high frequency of rural surface inversions and urban ele­

vated inversions. 

The largest temperature increase in a rural surface inversion of 

11.6°C occurred over the greatest depth of 370m. Corresponding values 

for urban surface inversions were 1.2°C and 100 m respectively. In 

order to study the variation of urban temperature excess with height, 

the warmest urban sounding and a nearby sea level rural sounding were 

selected. 

The urban-excess temperature profile observed by Bornstein (1968) 

is compared with the results of the theoretical model in Chapter III. 

Some of the conclusions that can be drawn from Bernstein's work are: 

1. The intensity of the urban heat island exhibited by the magni­

tude of the urban temperature excess was maximum below 25 m and 

decreased to zero at 300 m. This indicated the rapidity with which 

the effect of the heat island decreased with height over a city. 
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2. temperature cross overs existed over the urban area indicating 

negative perturbations of mean temperature but, of lesser magnitude 

than the positive perturbations. 

(f) Study of nocturnal urban boundary layer over Cincinnati, 

Ohio (Clarke, 1969). Clarke's measurements over Cincinnati included 

surface temperatures across the city by a sensor mounted on an auto­

mobile, coordinated upper level temperatures along the automobile 

route with the help of a helicopter and pilot balloon observations in 

both urban and rural areas. A pronounced modification of the vertical 

temperature structure of the rural air was seen as it flew over the 

urban area. The vertical extent of this modification, the "urban 

boundary layer" was observed to gradually increase with distance over 

the urban area along the direction of the wind. 

Another significant observation of Clarke was the existence of 

the "urban heat plume," the outflow of urban air aloft downwind of the 

urban area. An urban boundary layer of height varying from 150 to 300 

feet was observed in Cincinnati when strong inversion conditions 

existed upwind of the city. Clarke also noticed a superadiabatic lapse 

rate within the urban boundary layer in the downtown area and an iso­

thermal lapse rate of weak invers ion in the downwind rural areas. 

(g) Measurement of air speed and temperature on a tall tower in 

the city of Philadelphia (Slade , 1969) . Wind speed and mean tempera­

tures were measured in the WFIL-WRCV-TV tower located in the north­

western section of the city of Philadelphia, about 12 km from the down­

town area. Wind profiles were found to vary appreciably with the change 

in direction. Temperature profiles during the period l½ - ½ hour prior 

to sunset were generally adiabatic. Average temperature profiles at 

different times of the day were observed by Slade. Average normalized 
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wind profiles for unstable, stable and neutral conditions were observed. 

Slade also measured the standard deviation of the horizontal wind­

cirection distribution and concluded that the wind-speed profiles and 

the turbulence profiles differed quite radically depending on the local 

upwind terrain. 

(h) Measurement of mean temperatures in Durban, South Africa 

(Preston-Whyte, 1970). Preston-Whyte obtained mean temperatures from 

28 midday traverses in the Durban area and developed a quantitative 

empirical model of their spatial distribution . They found in summer 

an elongated heat island with its center situated downwind of the 

central business distri ct . This anoma l y was accounted for as due to 

the displacement of the heat island by the sea breeze (east to west) 

away from the heat sour ces provided by the business district. The 

empirical mode l based on harmonic analysis of the measured data describes 

the spatial temperature wave across t he center of the heat island. 

(i) Urban wind velocity fields over Columbus, Ohio (Angell, Pack 

et al. 1971). Al though many field studies have been made in the past 

to measure the urban and rural temperature profiles, attempts to investi­

gate the air velocities over an urban area have been sparse due to the 

practical difficulties involved in obtaining reliable wind statistics 

within the buil t -up areas of a ci ty. Angell et al. obtained some 

information about the wind pattern above Columbus, Ohio by flying 

constant-vo l ume bal loons across the city . The observations were made 

both in the lapse and inver sion conditions. 

They found wind over the urban area to have an anticyclonic turn­

ing at about 200 m which was found to be greater under inversion than 

under lapse conditions. Increase in the frictional force and the 
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formation of a mesoscale high-pressure system due to warmer temperatures 

were attributed to be the causes behind this anticyclonic turning of the 

wind. Observations of the vertical velocity above the city indicated 

an overall tendency for sinking motion upwind and rising motion downwind 

of the core of the city. The vertical velocity distribution under 

lapse and inversion conditions were measured and reported. The horizon­

tal velocity difference distribution under lapse conditions in the 

urban and rural areas was also observed. The decrease in wind speed 

across the city on an average was found to be approximately 20 percent 

of the upwind speed under lapse conditions but very small under inver-

sions. 

(j) Diffusion experiments at Fort Wayne, Indiana (Csanady, Hilst, 

and Bowne, 1967). Fluorescent zinc sulfide tracer material was released 

from aircraft at an altitude of about 91 mat a distance of 1600 m of 

the first smpling line. A number of rotorod samplers were arranged 

along sampling lines approximately parallel to the release line to 

measure the time integral of concentration of the material as the cloud 

passes by. Their results indicated that (1) the vertical standard 

deviation of the dosage field grew approximately in direct proportion 

to the vertical turbulence level, (2) the rate of vertical growth was 

increased further by the heat island, and (3) an increase in the dosage 

over the rural areas . The roughness length z of 3 m obtained for 
0 

the rural area appears large for the flat terrain around Fort Wayne. 

The dosage fluctuations measured were found to be consistent with a log­

normal probability distribution of the fluctuations. 
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2.3 Theoretical studies of urban heat island 

Analytical models of an urban heat island are rare because of the 

complexities involved. Most of the existing models are two-dimensional 

and involve numerical solutions. Attempts have been made to linearize 

the governing equations and solve the resulting single equation by 

different mathematical techniques. This section deals with some of 

the models that have been developed in the past to predict the nature 

of airflow over a heat source. 

(a) Theoretical model of airflow over a localized heat source 

(Estoque and Bhumralker, 1969). The model is two-dimensional with the 

heat source infinitely long in they-direction and narrow in x-direction. 

Local time derivative of density was neglected in the equation of 

continuity and the motion was assumed to be hydrostatic. Equations of 

continuity, motion and thermodynamic energy were considered. In 

addition, the equations of state and the Poisson equation were coupled. 

The effect of vertical mixing by penetrative convection was computed 

by appropriate formulas. Then the unknown variables - three components 

of mean velocity, temperature, pressure and density were determined as 

functions of x, z, and t in the region of interest. 

Distribution of perturbed temperature after three hours, when the 

initial prevailing flow was normal to the heat source was obtained by 

Estoque and Bhumralker. Conclusions of Estoque and Bhumralker based 

on the results of their numerical experiment were: 

(1) When the prevailing flow is strong, and normal to the heat source, 

the induced perturbations on temperature and velocity are weak. 
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(2) Surface wind over the heat source is accelerated and the wind at 

the leeward edge is stronger causing downward motion of the air over the 

heat source. 

(b) A numerical energy budget model of the urban heat island 

(Myrup, 1969). Myrup started with an energy-balance equation for the 

surface of the earth of the fonn, 

net radiation flux= latent heat flux+ sensible heat flux to 

the air+ flux of heat into the soil. 

Then he developed physical relationships for each of the terms in 

the right side of the above formulation so as to obtain a closed set of 

equations. The equations thus formed were then solved by numerical 

methods. 

Myrup then computed the temperature excess for a hypothetical city 

over a rural site near Davis, California. The conclusion of Myrup 

based on the results of his model applied to the hypothetic city was 

that the most important parameters which determine the size of the heat 

island are the lessening of evaporation in the city, increased roughness 

of the city, thermal properties of the building materials and wind 

speed. 

(c) Numerical studies of the heat-island circulations (Delage 

and Taylor, 1970). Delage and Taylor proposed a two-dimensional model 

to simulate the wind flow in a vertical cross section of the heat island. 

Initially stable thermal stratification was used as one of the boundary 

conditions. The formulation of the equations governing the flow were 

essentially the same as for Estoque and Bhumralker, but for the treat­

ment of the boundary conditions and eddy coefficients. 
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Heat-island circulations were found to lead to the development 

of a symmetric double cell pattern. Delage and Taylor also observed 

a transitional multi-cell pattern in some cases before the final double 

cells. The influence of different parameters viz., heat-island size and 

intensity, eddy-transfer coefficients and the initial temperature 

stratification, on the steady-state circulation were investigated . 

(d) Two-dimensional air flow over a heat-island (Yamada, 1971). 

Yamada (1971) considered the x and z components of the equation of 

motion with the Boussinesq approximation, the relationship between 

vorticity and stream function, and the equation of energy as governing 

the airflow over a two-dimensional heat - island. Then he set forth to 

integrate t hese equations by finite difference techniques with boundary 

conditions that will essentially meet the requirements of a wind tunnel. 

His numerical results displayed the less frequent surface and the more 

frequent elevated inversion layers over the city. 

(e) Linearized urban heat-island model (Olfe and Lee, 1971). Olfe 

and Lee (1971) considered planar inviscid flow over a heated island 

and carried out steady, linearized flow calculations to estimate per­

turbed temperature and velocities over the city. Basic linearized flow 

equations of conservation of mass, horizontal momentum, vertical 

momentum were solved for a sinusoidal perturbation in the surface 

temperature. Perturbed temperature profiles were calculated for New 

York City and compared with the field measurements (Bornstein, 1968). 

Three-dimensional solutions for a circular heat island were cal­

culated by superposing the planar solutions for the velocity and temper­

ature perturbations in a manner similar to that of Scorer's mountain 

flow calculations (Scorer, 1949, 1956). One of the main deficiencies 
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of this model is that it uses a unifor,n mean velocity distribution which 

is far from reality. Moreover, the convection effects of the urban heat 

island to a great extent depends on the logarithmic velocity profiles 

commonly found in the atmosphere. Yet Olfe and Lee's model is a promis­

ing attempt to for,nulate a simple mathematical model for a three­

dimensional urban heat island of circular for,n. 

2.4 Wind tunnel studies of urban heat island 

Experimental studies on stratified flows over obstacles conducted 

in the past are very few. Experiments in a water channel were conducted 

by Long (1955). Similar experiments on stratified flow were conducted 

by Plate and Lin (1966). An attempt was made to model the flow over 

Fort Wayne, Indiana by Chaudhry and Cer,nak (1971) in one of the neutrally 

stratified large wind tunnels of Colorado State University. But the 

only basic wind tunnel measurements carried out on a heated boundary 

which may represent an ideal two-dimensional heat island is by Yamada 

(1971). 

(a) Temperature measurements on a two-dimensional urban heat 

island (Yamada, 1971). Yamada (1971) measured mean temperature profiles 

of the air flowing over a two-dimensional heated area with a stably 

stratified approach flow. The windtunnel was 2 feet x 2 feet cross 

section and fifteen feet long. Mean velocity measurements were made 

by smoke wire and were few in numbers. Yamada compared the wind-tunnel 

data with the results of his numerical model and found good agreement. 

(b) Modeling of flow and diffusion over an urban complex under 

neutrally stratified conditions (Chaudhry and Cer,nak, 1971). The city 

of Fort Wayne, Indiana was selected for the wind tunnel modeling due 
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to the existence of field observations for the diffusion of mass released 

from an elevated line source. A horizontal scale of 1:4000 and a verti­

cal scale of 1:2000 was adopted. The vertical exaggeration was necessary 

in order to have an aerodynamically rough surface. Nichrome wires were 

used to heat the model to yield a mean surface temperature distribution 

similar to that of the prototype. Zinc sulfide particles were used as 

a tracer in the field and radio active Krypton-85 was used as the labor­

atory tracer. Diffusion characteristics were found to be similar 

between 10,000 feet and 40,000 feet. The di lution rate for ground level 

concentrations was in good agreement and the growth rate for plume 

height was equal. Average surface- dosage distributions for the model 

near the core of the city had good agr eement with the field observations. 

2.5 Concluding remarks 

From a survey of the past work on urban heat islands, it can readily 

be seen that although several field studies have been conducted, a 

comprehensive study involving velocity, turbulence and temperature 

profiles is yet to be done due to the complexities and the cost involved . 

Moreover, even if such a study is conducted in an urban-rural complex, 

it may not be sufficient to understand the mechanics of the heat island 

because of non-uniform roughness and heating involved. In addition, the 

results will be influenced by a particular nature of the city in ques­

tion making it difficult to draw general ized conc l usions. 

On the other hand, exact theoretical solution of the equations 

governing the motion of air over a three- dimensional urban heat island 

in a closed form is very difficult because of more unknowns than the 

number of equations available to solve them. The alternate method of 

numerical solution with the help of a digital computer also becomes 
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complicated due to complex boundary conditions. This approach also 

becomes costly due to the requirement of enormous capacity for the com­

puter to handle a three-dimensional problem. 

With the difficulties facing the solution or even an understanding 

of the problem of the urban heat island, an attractive alternative 

appears to be the physical modeling in a wind-tunnel facility capable of 

simulating the atmospheric boundary layer. Here, the experiments can 

be conducted in controlled conditions. A physical understanding is 

also possible with flow-visualization techniques. But modeling param­

eters must be carefully selected and properly simulated in order to 

obtain satisfactory results. 
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Chapter III 

THEORETICAL ANALYSIS 

A theoretical model based on linear analysis is developed which 

predicts the perturbations on temperature and velocities imposed by a 

heat island fairly closely for laboratory and field studies. Equations 

similar to that used by Olfe and Lee (1971) are adopted. The principle 

difference is in the introduction of a sheared velocity profile into 

the governing equations. Olfe and Lee assumed uniform flow with constant 

velocity. The introduction of a boundary layer velocity profile enhances 

the applicability of the model to the field and laboratory conditions. 

The equations governing the motion of the air over an urban heat island 

are developed in this chapter and their solutions by the linearization 

techniques are discussed. Comparison of the results with those obtained 

by Olfe and Lee for the heat island of New York City is also made. 

Experimental results are compared with theoretical predictions in 

Chapter V. 

3.1 Development of the governing equations 

From past studies on urban heat islands it can be inferred that the 

vert ical region of influence is small compared to the atmospheric scale 

heights. For example, Bornstein (1968) observed· the height to the base 

of an elevat ed inversion over New York City to be about 300 meters and 

Clarke (1969) found it to be about 220 meters over Cincinnati, Ohio. 

This permits the use of the Boussinesq approximation (Spiegel and 

Vernois, 1970) for the solution of the linearized equations. In addition 

to the Boussinesq approximation , the following modifications are made 

in the governing equations: 
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(I) static vertical temperature gradient is replaced by its excess 

over the adiabatic gradient, 

(2) the buoyancy force is included in the momentum equation for the 

vertical direction, and 

(3) the specific heat at constant pressure 

heat at constant volume c 
V 

c replaces the specific 
p 

The above modifications make the equations governing convection in 

a perfect gas equivalent to those for an incompressible fluid. Eddy 

viscosity is neglected in this model and the effective eddy diffusivity 

is assumed constant. The equation of state corresponding to a perfect 

gas is used in the solution. A two-dimensional model is initially devel­

oped and made to be three-dimensional in a manner similar to that of 

Scorer (1956) and Olfe and Lee (1971) by superposing the two-dimensional 

solutions at various angles around a circular heat island. 

The coordinate axes x, y, z are taken to be along the longi­

tudinal horizontal direction (mean wind direction), lateral horizontal 

direction and vertical direction respectively. In the following analysis 

mean velocity is assumed to be a function of z only. 

3.2 Two-dimensional model - General solutions 

With the assumptions enunciated in Section 3.1, the two-dimensional 

equations governing the motion of air over an urban heat island are 

developed as below: 

u = u (z) + u' 

V = 0 = V 1 

w = 0 w = w' 

p = p + p' 
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T =To+ T' 

p = p0 + p I (3.1) 

where v is the velocity in the y direction, 

u' is the perturbation velocity in the X direction, 

w' is the perturbation velocity in the z direction, 

p is the mean pressure, 

p' is the perturbed pressure, 

To is the unperturbed temperature, 

T' is the perturbed temperature, and 

po and p ' are the unperturbed and perturbed densities respectively. 

Conservation of mass 

a - a 
- (u + u') + (w') = 0 ax az ' 

au' aw' 
aJc+~=O 

Momentum equation in x direction 

a - a cu + u,) - cu + u,) + w, cu + u,) = ax az 

reduces to 

u 
au' 
ax 

au 1 ap' 
+ w' - + = 0 az po aJc 

Momentum equation in z direction 

aw' cu + u,) ax 

reduces to 

aw' u -- + ax 

aw' 
+ w'-- = az 

1 
po 

ap' 
-- + az 

1 ap' p'g 
- po az - po 

il = O 
po 

reduces to 

1 ~ 
po ax 

(3.2) 

(3.3) 

(3. 4) 
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Thermodynamic energy equation 

- aT' aT' 
(u + u') ~ + w''az"' + w' oTo k { L + L} T' = o 

'az"' - ax2 az2 
Because 

.!__ { aTo } = 
To oz adiabatic 

where s is a constant stability factor, 

the energy equation reduces to, 

- oT' 
u -­ax 

02 02 
+ sTo w' - k{-- + --} T' = 0 

ax2 az
2 

(3. 5) 

Differentiating Eq. 3.3 with respect to z and Eq. 3.4 with respect 

to x and combining the results to eliminate p' the following is 

obtained: 

..,2 I ..,2W 1 2-
a U a O U _g _op I u {-- - ---.r- } + w'-- = 
axaz ax~ az2 po ax 

From Eq. 3 . 2, 

ow' ou' az- -~ 

Substituting this relation into Eq. 3.6, 

o2
w• o2

w1 
1 o

2u ~ op 1 

u { - ~z2 - -2- } + w -2- = po ax 
a ax az 

using perfect gas equation of state in the Boussinesq form, 

p' 
po 

T' 
- To 

With the relation 3.8 substituted into Eq. 3.7, 

a2 a2 
u {-- + - 2-} w' - w' 

az
2 

ax 

2-a u g clT' 
az2 =To~ 

(3.6) 

(3. 7) 

(3.8) 

(3.9) 
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The horizontal dimensions of a typical heat island are several times 

larger than the vertical extent of influence. Hence the rate of 

variation of the pertinent quantities in the vertical direction will 

be far greater than that in the horizontal direction justifying the 

assumption that 

a2 a2 
-()«-2() 
ax2 az 

where () indicates any perturbation quantity. 

With this approximation, Eq . 3.9 reduces to 

..,2 I ..,2- T' - aw ,au g a 
u °;T - w ~=To ax 

(3.10) 

(3.11) 

Now by eliminating w' between Eq. 3.5 and Eq. 3.11 and using the 

approximation involved in Eq. 3.10, 

- a2 1 a2T1 - aT 1 1 a2T1 - aT' 2-
[k 

a u 
u az2 {sTo ";T- u -]} - - {k-- - u-} 

az2 ax sTo az2 ax 

L aT' 
= To ax (3 .12) 

Eq. 3.12 is non-dimensionalized in a way similar to that of Olfe and Lee. 

Defining T; as the maximum surface-temperature perturbation, L1 as 

a length 
kLl k 
(-) 2 
u 

00 

representing the half width of the heat island, and L 
C 

, a representative length for vertical conduction where 

= 

u 
00 

is the freestream velocity, dimensionaless quantities are defined as, 

e = T' /T' s 

X = x/L1, 

z = z/L 
' 

and 
C 

ul = u/u (3.13) 
00 
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With the dimensionless variables defined by Eq. 3.13 substituted in 

Eq. 3.12, 

02 2- a2e 
2- gskL1 - ae a u1 a~ {~- ~} ul """72 ul ax} {-- ul -:r - ax -2 -2 ax 3 oz az az oz u 

00 

(3.14) 

Eq. 3.14 involves two dimensionless parameters. One is the wind 

velocity ratio ul = u/u00 and the other 3 S = gskL1/u00 . For a Prandtl 

number of order unity it can be shown that S = Ri/Re where Ri is 

the Richardson number and Re the Reynolds number. The parameter S can 

be interpreted as follows: 

4gskL1 L 2 
4S C } (3.15) = = {47T -3 L u s 00 

!,; 
where L = 27T u /(gs) 2 is the wavelength of a gravity wave. From the s 00 

-way in which both the parameters u1 and S occur in the governing 

Eq. 3.14 it is obvious that both are of significant value in shaping 

the temperature perturbation profiles in the city. The term involving 

2- -2 a u1/az introduces the effect of wind shear into the governing 

equation. The parameter S denotes the interaction between the 

conduction profile and the gravity wave. 

The solution to Eq. 3.12 is obtained with a sinusoidal surface 

temperature distribution of the form 

e(x,O) = Real {exp(i k x)} -= cos K X (3.16) 

in a manner similar to Olfe and Lee. Then the governing Eq. 3.12 

should have solutions proportional to 

Real {exp (mz + i Ki)} (3.17) 
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Substitution of Eq. 3.17 into Eq. 3.12 yields a characteristic equation 

for m of the following form, 

(3.18) 

2 Equation 3.18 is quadratic in m and can be solved for the four m 

roots. Imposing the condition that the perturbations should decrease 

to zero as z tends to 00 , two roots are selected that have negative 

real parts, 

I 1, 

ml - - {r{ (cos B1 + i Sin B1 )} 

(2i\) Yz Yz Yz 

I 1 
{ Yz (cos B2/2 + i Sin B2/2)} m2 = -

(2ul) Yz 
r2 (3.19) 

The values r 1 , r 2 , B1 , and B2 are defined in terms of the known 

quantities as below: 

a
1 

= a2u/az2 
r = {(a~ K

2u1) 2 
+ K

2 
(4Su1 

C :: al + 
!,: r2 cos B/2 cl :: al -

!,: r2 cos B/2 

-2 !,: -2 !,: 
d :: Ku1 

+ r 2 SinB/2 dl = Ku1 r 2 Sin B/2 

2 2 !,: 2 2 !,: 
rl :: (c + d ) 2 r2 = (cl+ d1) 2 and 

Bl tan -1 (d/c) B2 tan -1 
(d/c1) = = 
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With the roots given by Eq. 3.19, the solution for the non-dimensional 

temperature perturbation becomes, 

8(x,z) = Real {[A exp(m1z) + B exp(m2z)] exp(iKx)} (3.20) 

where A and B are constants to be determined from boundary conditions. 

The two boundary conditions to be used are: 

(1) temperature at the surface given by Eq. 3.16, and 

(2) zero normal velocity at the surface. 

Imposition of condition 1 into the general solution given by 

Eq. 3.20 yields the relation 

A + B = 1 (3. 21) 

The perturbed vertical velocity w' can be obtained from the 

energy equation 3. 5. After imposing the approximation, Eq. 3.10 and 

non-dimensionalization in a manner similar to that for the temperature 

equation, 

w' T' 
1 a2 - a s -= (To) --=-r - ul{ax} e (3.22) u sL1 00 az 

-After substituting for e and performing the differentiations and 

equating w' at z = 0 to zero, the relation 

2 2 Real [A m1 + B m2] = 0 (3.23) 

follows. 

Equations 3.21 and 3.23 when solved simultaneously yield 

A = and B = 

The vertical perturbation velocity w' is obtained by the substitution 

of Eq. 3.20 into Eq. 3.22: 



w' 
-= 
u 

co 

T' l s 1 
(To) sL 
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[ 
Ar 

1 
Br2 . _ 

Real {2u
1 

exp(iS
1

+m
1

z) + y- exp(1S2+m2z) } 
ul 

exp(iKx)] - u1 Real [{A exp(m1z) + B exp(m2z)} 

iK exp (il<x)] I (3.24) 

The horizontal perturbation velocity u' may be obtained by substituting 

the value of w' given by Eq. 3 .24 into Eq. 3.2 and integrating the 

resultant quantity with respect to x 

u' 
u 

co 

(3.25) 

The Fourier transform technique is now used to obtain solutions for the 

perturbed temperature and velocities . This involves the superposition 

of sinusoidal solutions using a Fourier cosine transform of the form 

00 

ecx,o) = f g(K) cos Kx dK (3.26) 
0 

co 

where g (K) = ¾ fecx ,o) cos Kx dx (3. 27) 
0 

Equation 3.20 gives the solution for perturbed temperature for each 

wave number . The total solution is given by 

co 

S(x ,z ) = f g(K) Rea l{[A exp(mlz) + B exp(m2z)] exp (iKx)}dK 
0 

(3. 28) 

similarly the total solut i on for the vertical perturbation velocity is 

given by 

w'(x,z) = 
u 

co 

co 

f g(K) (R .H. S. of Eq. 3.24) dK 
0 

(3.29) 
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and the horizontal perturbation velocity by 

u' (x,z) = 
u 

00 

f g(K) (R.H.S. of Eq. 3.25) dK 
0 

(3.30) 

The method of solution is to assume a surface temperature distri­

bution to determine the weighting function g(K) and substitute it in 

the Eqs. 3.28, 3.29 and 3.30 to obtain the perturbed temperature, 

vertical velocity and horizontal velocity respectively. The two surface 

temperature distributions considered are: 

(1) Mountain function -

ecx,o) 

g(K) = 

(2) Square 

-
8(x,O) 

8(x,O) 

g(K) = 

- 2 = 1/[l + (Tix/2) ] 

(2/TI) exp ( -2K/TI) 

function -

= 1 1 X 1 ::: 

= 0 1 X 1 > 

(2 /TI) (Sin K/K) 

(3.31) 

1 

1 

(3.32) 

The main characteristics of these surface temperature distributions 

are that 

(1) 8(0,0) = 1 and 
00 

c2) J ecx,o) dx = 1 
0 

3.3 Three-dimensional model - General solutions 

(3.33) 

A three dimensional model for a circular heat island may be 

constructed by superposing the two-dimensional solutions of Section 4.2 

at varying angles a to the uniform flow direction in a m2nner 

similar to Scorer (1956) and Olfe and Lee (1971). It will ·,e convenient 
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to use the cylindrical coordinate system (r,z,¢) for this model where 

¢ = 0 denotes the freestream direction. The variables are now re­

defined as: 

r 
X = L cos (¢+a) 

C 
C 

s 
4gskL

2 
= 

C 3 (u cosa) 
00 

u cosa ½ 
z ={ ;L } z (3.34) 

C 
2 

where r is the distance along the radius, 

L2 is the effective half-width of the circular heat island, and 

the suffix c denotes the variable for a circular heat island. 

Integration of the two-dimensional total solutions with respect to 

a between the limits - n/2 and + n/2 yields the distributions for 

the three-dimensional heat island. The form of the solution will be: 

1 
e(r,z,q>) = 

TI 

(3.35) 

Solutions for w' and u' are obtained in a similar manner. The 

following sections are concerned with the specific calculations based 

on the above linearized solutions and their comparison with Olfe and 

Lee's solutions and field observations. Numerical integrations were 

performed using the CDC 6400 computer at Colorado State University . 
J 

·! 
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3.4 Solutions for specific cases 

3.4.1 Two dimensional model - The linear solution developed in the 

previous sections was applied for a specific case to test the validity 

and to compare with other results. Parameters used by Olfe and Lee (1971) 

to describe the heat island of New York City were used to develop 

solutions for the perturbed temperatures. 

Representative length of the heat island 

Reference wind velocity (at z = 100 m) 

- 6.87 km 

- 3 m sec 

Constant stability factor, -4 -1 s - 10 m 

-1 

Variable eddy diffusivity is assumed to be of the form 

L = k u* z 
0 

(3.36) 

where k is the Karman constant, u* is the shear velocity and z 
0 

is the height above the surface. A shear velocity of 60 cm/sec estimated 

for Tokyo (Jones et al., 1971) was assumed. An average eddy diffusivity 

for the height of a typical urban boundary layer of 1700 feet (Davenport, 

1960) was used for computing the conduction length L 
C 

type mean velocity was assumed with a roughness length 

A logarithmic 

z of 1 meter. 
0 

A reference mean wind speed of 3 meters/sec at a reference height of 

100 meters was used for the calculations. 

The solutions obtained with the parameters mentioned above for the 

perturbed temperature profile at the city center along is shown in 

Fig . 3.1. The shaded area in the figure represents the urban temperature 

excess observed by Bornstein (1968) for New York City during different 

days. The profile for the present model was found to have a gradient 

less than that for Olfe and Lee. This may be the effect of the intro­

duction of a boundary layer type velocity profile into the model. The 
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negative perturbations are of the same order of magnitude as observed 

in the field. 

The non-dimensional perturbed temperature profiles at different 

downwind distances is shown in Fig. 3.2. They indicate the height of 

the base of the elevated inversion to increase with downwind distance, 

a feature observed both in the field and in the laboratory. The pertur­

bations decrease rather slowly near the center of the heat island with 

steeper gradients near the edge. All the profiles converge at a height 

of about 200 meters beyond which the cooling due to the drifting of the 

rural air dominates . 

The distribution of non-dimensional perturbed vertical velocity 

w'/u with height at different distances along the heat island is 
00 

indicated in Fig. 3.3. Positive perturbations near the center and nega­

tive values downwind are found to be the effects of the heat island. 

The distribution of non-dimensional longitudinal perturbed velocity, 

u'/u with height is shown in Fig . 3 . 4. Positive perturbations are 
00 

maximum near the center at lower levels with the longitudinal wind 

velocity decreasing at higher levels. This phenomena has been observed 

in the field and in the laboratory. The increase in the longitudinal 

velocity at lower levels is due to the drifting of cold air from the 

rural area towards the core of the ci ty. Another interesting feature 

observed in the above figure is the lessening of the positive pertur­

bations and increase in negative values near the downwind periphery of 

the heat island. The increase in negative perturbations may be due to 

the presence of the counter-gradient flow . 

A comparison of the vertical profiles of non-dimensional perturbed 

temperatures for two different surface temperature distribution is 
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shown in Fig. 3-5. The profile with the surface temperature distribution 

defined by a square function has higher values of perturbations, both 

positive and negative at any given height. Base of the elevated inversion 

was found to be t he same for both cases. 

3.4.2 Three dimensional model - Superposition of two dimensional 

solutions to solve for a three-dimensional case is shown in Fig. 3.6 

for a mountain function surface temperature distribution and with a 

value of L2 = 0.433L as was assumed by Olfe and Lee. The solution for 

the three-dimensional case indicates lesser cross-over heights. This 

feature was also observed by Olfe and Lee. Predicted results compare 

with the observed ones better for a three-dimensional model. 
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Chapter IV 

EXPERIMENTAL EQUIPMENT AND DATA COLLECTION 

Experiments were conducted in the meteorological wind tunnel of 

Colorado State University. The tunnel is located in the Fluid Dynamics 

and Diffusion Laboratory at the Engineering Research Center. A view of 

this wind tunnel and the location of the experimental arrangement inside 

the wind tunnel is shown in Fig. 4.1 . The performance characteristics 

of this wind tunnel are given in Table 4.1 . The capability of this 

wind tunnel to simulate stratified atmospheric boundary layers has been 

discussed by Cermak et al., (1966). The experimental equipment, tech­

niques used for measuring different variables, the mode of atmospheric 

simulation and data collection are discussed in the following sections. 

4. 1 Physical arrangement of the experiment 

The experimental arrangement was located at a horizontal distance 

of 59 . 5 feet from the beginning of the test section of the wind tunnel 

and 20.5 feet from the beginning of the aluminum floor . This distance 

facilitated the development of a boundary layer to the required height 

at the point of interest. Figure 4.2 shows the plan and sectional views 

of the exper imental arrangement. It consisted essentially of three 

electrical heaters 2 feet x 6 feet with the longer side along the 

direction of the wind . A line source 5 feet long was placed across the 

wind tunnel at a horizontal distance of 2 feet upwind from the begin­

ning of the heater. A false floor made up with aluminum plates was 

provided around the heaters and the line source t o ensure a level floor. 

Care was taken to give long ramps at the beginning and at the end of 
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the experimental arrangement to assure smooth air flow. The detailed 

description of the different components of the experiment al arrangement 

is given in the following paragraphs. 

4.1 .1 Electrical heater plates - Commercial heaters used were made 

with nickel- chromi um resistance wire wound on premium mica with an 

aluminized steel sheath material. The base of the heater was insulated 

with an asbestos sheet 1/8 inch thick in order to prevent heating the 

aluminum plate of the experimental setup on which it rested. Holes were 

made in the edges to screw down the heaters onto the fal se floor. The 

total thickness of each heater was 3/16 inch. Provision was made to 

individually heat each heater by means of a variac assembly. The 

typical cross section of a heater and the photograph of the variac 

assembly are indicated in Figs. 4.3 and 4.4 respectively. The 2 feet 

x 6 feet heater was used to simulate a rectangular urban heat island . 

A rectangular heater 6 feet long and 2 feet wide was chosen instead of 

a square one for two main reasons: 

(1) to avoid measuring three dimensional profiles in the region of the 

deve loping internal boundary layer of the roughness over the heater and 

(2) to provide for a sufficient buffer zone in the rear of the area 

of measurement so as to minimi ze the end effects. 

4.1.2 Line source of tracer gas - The three-dimensional effects 

introduced by the presence of a heater with fini t e width can be brought 

forth better with the use of a two-dimensional line source rather than 

using a point source. Hence it was decided to introduce a two-dimensional, 

continuous, line source upwind of the heat island, l evel with the top 

of the heater . The cross-section of the line source assembly (5 inches 

wide and 5 feet long) is shown in Fig . 4.5. It consisted of two 
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rectangular copper tubes held together 3 in. apart by two brass plates 

soldered to them, one at the top and the other at the bottom. Series 

of holes were drilled in both the tubes but were staggered to reduce the 

velocity of the incoming source gas. The diameter of the holes in the 

top of the copper-brass box was 1/16 in. and the spacing was 1/2 in., 

thus providing for a series of small jets. The exit velocity was re­

duced to the minimum value practicable. In order to ensure uniformity 

of the source in the lateral direction of the wind tunnel, source gas 

was supplied through a supply cylinder onto five equally spaced entry 

points in the back of the source. The horizontal distance of the source 

from the heater was selected such that it achieved a two-dimensional 

distribution of concentration in front of the heater. 

4.2 Measurements 

The variables measured or observed during the experiment were: 

(1) mean and fluctuating components of longitudinal velocity. 

(2) mean and fluctuating temperatures, 

(3) surface mean temperatures, 

(4) mean concentrations of the radioactive tracer gas released from a 

continuous line source located upwind of the heat island and several 

point sources located in and around the heat island and 

(5) the flow pattern in, above and around the heat island. 

(This was observed by flow visualization technique and recorded by still 

and motion pictures). 

The instruments and the methods used to measure the foregoing 

variables are described in the following paragraphs. 

4 . 2.1 Mean velocity and turbulence - The freestream velocity 

selected for the experiment from the considerations of model similarity 
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was 4.5 ft/sec. The accuracy of the pressure reading instruments were 
) 

of the same order as this velocity thus eliminating the possibility of 

using pitot tube for mean velocity measurements. Smoke wire techniques 

developed in the Fluid Dynamics Laboratory at Colorado State University, 

could not be used because of the extreme mixing near the heat island and 

the amount of time required to measure t hree-dimensional profiles. Hence, 

the only alternative was to use a hot-wire anemometer. Whereas the use 

of a hot-wire anemometer i n cons t ant t emper ature air is fairly s imple, 

it becomes highly complicated in a t hermally strati fied air flow. This 

is due to the variation in heat trans f er from t he hot -wire with the 

variation of the ambient air temperature. The temperature compensated 

hot-wire probe - DISA 55 E 30 was used for t he t hermally stratified 

flows in this study along with a DISA 55 DOI constant temperature 

anemometer. This probe had two sensors , a velocity sensor consisting 

of a 1.2 millimeter long, 5 micrometer diameter poi nt plated tungsten 

wire and a temperature sensor made up of a tungsten wire coil. The 

prongs and the coil leads were embedded in the ceramic probe shank and 

the probe had two leads into t he anemometer--one for velocity measure­

ment and the other for t emperature compensation. The constant-temperature 

anemometer gave voltage output aft er compensat i ng for the temperatures. 

The details of thi s probe are shown in Fig. 4.6. Technical data for 

the temperature compensated hot-wire probe is given in Table 4.2 in 

the Appendix. 

The probe was calibrated in a Thermo-System cal i brator modified t o 

suit the purpose. A line diagram indicating the details of the cali­

bration is shown in Fig. 4.7. Since the maximum frequency of the airflow 

for this study was within 100 hert z, the vel oci ty-fl uctuation data 
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measured by the temperature compensated hot-wire probe were fairly 

accurate. Moreover, sufficient time was allowed at each station to 

allow for the temperature compensation reaction time. Mean velocities 

were measured by integrating the output voltage from the anemometer over 

a sufficiently long time. A Hewlett-Packard model 2401 C integrating 

digital voltmeter was used. The fluctuating component of the velocity 

was measured directly with a DISA 55 D 35 r.m.s. meter and also was 

recorded on a magnetic tape for a few positions of interest. Some of 

the instruments used to measure the mean and turbulent components of 

velocity are shown in Fig. 4.8 . A General Radio wave analyzer was used 

to analyze the instantaneous air-velocity data for the energy spectrum. 

Measurements for constant temperature airflow were made with the con­

ventional hot-wire anemometer. 

4.2.2 Surface temperature - An attempt was made to find the surface 

temperature of the heater by installing two thermocouples one over the 

other at a finite vertical distance apart inside the heater. Since the 

overall thickness of the heater was 3/16 inch and the thickness after 

allowing for an insulation layer was barely 1/16 inch, the distance 

provided between the two thermocouples was of the order of 1/50,000 in. 

making it very difficult to obtain a reliable estimate of the surface 

temperature. Measuring the surface temperature with the help of thermo­

couples resting on the surface will cause serious errors due to the 

presence of air gaps. Hence it was decided to use an infrared pyrometer 

that does not have to be in contact with the surface and had high 

resolution. A Williamsen Corporation model 600 battery powered infra­

red pyrometer was used. The principle of operation of the pyrometer 

was as below: infrared energy from the target is focussed by a plano 
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convex quartz lens onto a lead sulphide photoconductor. Interposed 

between the lead sulfide cell and the lens are two elements - (1 ) a 

2.3 micron filter - used to reduce the sensitivity of the instrument 

to a visible light and near visible light and (2) a revolving segmented 

disk, which alternately blocks and passes the infrared energy from the 

target is used to generate pulses of the infrared energy for driving 

the lead sulphide cell. This is done so that the electrical output 

from the photoconductor will be an ac signal. 

The instrument was calibrated wit~ the help of a calibration 

source built into the system. The calibration system was an aged fila­

ment lamp operated at a fixed infrared output used as a calibrating 

reference. The lamp voltage is adjusted until the lamp output had an 

effect on the system equivalent to a black-body target at a factory 

set level. Corrections for the change in emissivity of the heater 

surface and the aluminum blocks was made. An overall view of the 

instrument is shown in Fig. 4.9. The pyrometer was held at a vertical 

distance of one foot from the target and the temperature of an area 

0.75 in . in diameter was measured. 

Surface temperatures of the wind-tunnel floor around, upwind and 

downwind of the heaters were measured by the copper-constantan thermo­

couples installed at about 1/16 in. from the surface of the 7/8 in. 

thick aluminum floor. 

4.2.3 Mean and fluctuating temperatures - Mean and fluctuating 

temperatures for the first part of the experiment were measured with a 

cold-wire probe using a constant current anemometer. Copper-constantan 

thermocouples were used to measure the mean temperatures for the latter 

part of the experiment. 
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(a) Measurement of the mean and fluctuating temperatures with 

the cold-wire - A DISA 55 DOI anemometer was used in constant-current 

mode for temperature measurements . Tungsten wire 0.00035 in. in diameter 

was used as the temperature sensor probe. The probe resistence was 

measured directly with the change in ambient temperature. A special 

oven designed for this purpose was used for calibration. A typical cali­

bration curve is shown in Fig . 4.10. The calibration curve can be 

expressed by the equation 

RT= R [l + a (T-T )] 
0 W 0 

where RT is the wire resistance at temperature T 

is the wire resistance at temperature T , and 
0 

(4.1) 

aw is the thermal coefficient of resistance of the wire material. 

Having determined a w from the calibration curve, the corresponding 

resistance changes were calculated for the desired tempearature measur­

ing range. The mean temperature was measured by integrating the voltage 

output of the anemometer over a specified time. Hewlett-Packard model 

2401 C integrating digital voltmeter was used along with an electronic 

time counter. The fluctuating temperatures were measured by a 55 D 35 

DISA r.m.s. meter . 

(b) Measurement of the mean temperatures by copper-constantan 

thermocouples - Twenty five copper-constantan thermocouples mounted on 

a rake and controlled by a multiple-switch were used to measure the mean 

temperatures. Care was taken to allow for the reaction time of the 

thermocouples before taking measurements. The thermocouple reference 

was always maintained at 32°F. The output of the thermocouple was inte­

grated over a specified time if it showed large fluctuations with the 

help of an integrating digital voltmeter . A typical calibration curve 

of a copper-constantan thermocouple is shown in Fig . 4 . 11. 
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4.2.4 Mean mass concentrations - In addition to the line source 

described in Section 4.1.2 several point sources were used at different 

places in and around the heaters. The purpose of using the point source 

was to quantitatively follow the movement of air in, above and around 

the heater and verify the results obtained by the flow visualization. 

Radioactive Krypton 85 was used for the sources and the gas flow rate 

was monitored by flow meters. The wind tunnel was flushed after each 

run to reduce the background concentrations to the minimum. 

Sampling rakes were set up at the required locations over the model 

and were drawn by vacuum pressure from the wind-tunnel through 1/8 in. 

internal diameter flexible tubing and collected in glass bottles by the 

displacement of water. The details of the sampling system are shown 

in Figs. 4.12 and 4.13. This arrangement enabled collection of 25 

samples at the same time. Each sample was then transferred into a 

cylindrical jacket around Geiger-Mueller (G.M.) tube by applying a 

positive pressure to the reservoir. The radioactivity of the sample 

after transfer to the G.M. tube was counted by a Nuclear-Chicago ultra­

scaler. After counting the sample, water was used to flush the sample 

out from the cylindrical jacket of the G.M. tube and a fresh sample 

transferred and counted. A photograph of the experimental arrangement 

and a close-up view of the roughness elements are shown in Fig. 4.14. 

4.2.5 Flow visualization - For the different cases of this study, 

flow visualization formed an important part of t he experiment. Smoke 

generated by titanium tetrachloride was used to visualize the flow 

pattern induced by the three-dimensional heat island. Black and white 

still pictures and color mot ion pictures were taken with the smoke 

source at the positions of interest. 
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4.3 Similarity criteria 

Cermak et al. (1966) presented comprehensive guidelines for the 

simulation of atmospheric motion by wind-tunnel flows. The simulation 

of stratified flows requires facilities in the wind tunnel specifically 

designed to reproduce magnitudes of stability and stratification as 

found in the atmosphere. The wind tunnel used for this study had the 

capability of simulating the atmospheric conditions regarding temperature 

stratification as can be seen from the performance characteristics 

shown in Table 4.1. 

The mechanical energy of turbulence is associated with vertical 

wind shear, du/dz through an eddy stress , where u is the mean 
0 

velocity in the longitudinal x direction and z is measured in the 

vertical direction . In the presence of adiabatic lapse rate, turbulent 

energy is also strongly affected by buoyancy forces. Richardson (1920) 

proposed a dimensionless number as a criterion to signify the influence 

of buoyancy in enhancing or damping turbulent motion in a thermally 

st r ati f ied flow. This dimensionless number Ri has been given his 

name and has the following form: 

Ri a (rate of consumption of turbulent energy by buoyancy 

fo r ces) x (rate of production of turbul ent energy by 

-1 wind shear ) (4 .2 ) 

A second form of the Richardson number i s expressed as a gross parameter 

that will descri be the condition of the atmospheric layer with respect 

to stability and i s known as a flux Richardson number , Rf . Batchelor 

(1953) has shown the Richardson number to be the only criterion for 

the similarity of mean velocities near a rough boundary in a thermally 

stratified f l ow. Moreover, the non-dimensionalization of the lineari zed 
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equations for the stratified flow over a heat source indicated Richardson 

and Reynolds numbers as the governing parameters in Chapter III. Hence, 

for the current study the Richardson number was chosen as the modeling 

parameter to simulate the flow conditions upwind of the heaters. The 

objective was not to simulate the flow conditions existing over any 

particular urban area but to obtain a general Richardson number that will 

be typical of a rural area upwind of a city. Several field velocity 

and temperature profiles that have been measured and reported were con­

sidered before arriving at a representative flux Richardson number Rf 

The vertical temperature gradients near the ground observed in the at­

mosphere upwind of some of the cities are given below: 

(1) Idaho Falls (Weather Bureau Observations) 

(2) New York City 

(3) Palo Alto 

4°F/100 feet 

(De Marrais, 1961) 

4.5°F/100 feet 

(Bornstein, 1968) 

11 °F/100 feet 

(Duckworth & 

Sandberg, 1954) 

The temperature gradient observed in Palo Alto was considered to be 

a special case and not typical. Wind speed at 100 feet height in the 

atmosphere was assumed to be about 9 ft/sec as the one that may be 

typical of an anticyclonic pressure system. Richardson number based on 

the equation, (Cermak and Peterka, 1966) 

d8 
g(dz) 

8 Cau)2 
az 

C 4. 3) 
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with a temperature gradient of 4°F/100 feet was calculated to be approxi­

mately equal to 0.25. This value of Richardson number was used as a guide 

in selecting a free-stream wind speed of 4 ft/sec, free stream temperature 

of 110°F and surface temperatures around, downwind, and upwind of the 

heaters as 35°F for the wind-tunnel simulation of a typical three­

dimensional urban heat island. 

The criterion adopted for the similarity of the heat sources was 

based on the non-dimensional length z/L' where z is the height above 

the surface and L is Monin-Obukhov's length characteristic of the 

surface layer in the atmosphere. Monin-Obukhov's length is given by 

L' = 

where u* is the 

k is von 
0 

g is the 

TA is the 

cp is the 

H is the 

With the rel ation 

C p 
.L.. 

H 

shear velocity, 

Ka'.rma'.n constant 

gravitational acceleration, 

average potential temperature of 

specific heat of air at constant 

eddy heat flux. 

air, 

pressure, and 

where p and m denote the prototype and the model conditions respect ­

i vely and eliminating the parameters having equal value for the atmos­

pher e and the wind tunnel, the above equation becomes 

z H p p 
3 

u* TA p p 

= 
z H mm 

3 
u*mTAm 
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which reduces to 
3 

H z TAp 
u* 

.....E. = m _E. (6) -H z TAm 3 
m p u* 

m 

Following values were assumed for the prototype and the model to repre­

sent the meteorological conditions existing over a typical city near 

the surface: 

u* = 30 cm/sec 
p 

u* = 20 cm/sec 
m 

From the considerations of the thickness of the boundary layer over the 

heat island in the wind tunnel and the corresponding urban boundary 

layer over a city, one meter of the model roughly represented 1300 meters 

in the prototype. With the above values in Eq. 6 

Hp -Hm - .002 or the heat output in the model 

should be about 500 times that in the prototype. Estimates of the heat 

output from a moderate size city showed the heat energy to be of the 

order of 109 calories/minute (Sekiguti, 1970). Assuming an area of 

75 square kilometers for this city, the corresponding estimate for heat 

-8 2 
output per unit area will be about 7 x 10 KW/cm In order to 

satisfy the z/L' criterion, the laboratory model should have a heat 

-8 2 output of about 4 x 10 KW/cm. The electrical input for the ·heaters 

was determined based on this value. 
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4.4 Data collection 

The experiment was divided into 12 different cases. Measurements 

of the variables indicated in Section 4.2 were made for three different 

approach flows for the heater under neutral and unstable conditions with 

and without roughness. Roughness consisted of aluminum blocks one inch 

x one inch x 1/4 inch thickness arranged in mutually perpendicular 

street patterns. Three different approach flows considered were: 

(1) Neutral 

(2) Stable stratified with ground based inversion 

(3) Elevated inversion, 

The free-stream wind speed and the heat source were maintained 

constant for the entire experiment. The following table classifies and 

names different cases that were studied: 

Case No. Approach Heat Island Condition 

Flow (AF) ~i !_h _r~s:e_e~t _t~ ~i!_h _r~s:e_e~t _t~ 

!_e!!!})~r~t~r~ ~o~g~n~s~ 

I Neutral Neutral without roughness 

II Neutral Unstable without roughness 

III Stable Neutral without roughness 

IV Stable Unstable without roughness 

V Elevated inversion Neutral without roughness 

VI Elevated inversion Unstable without roughness 

VII Neutral Neutral with roughness 

VIII Neutral Unstable with roughness 

IX Stable Neutral with roughness 

X Stable Unstable with roughness 

XI Elevated inversion Neutral with roughness 

XII Elevated inversion Unstable with roughness 

The data were analyzed by the CDC 6400 digital computer at Colorado 

State University. 
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Chapter V 

DISCUSSION OF EXPERIMENTAL RESULTS 

The results of the laboratory measurements for different cases of 

airflow over the heat island are presented in this chapter. Comparison 

of the theoretical predictions of perturbed temperatures over the heat 

island with the experimental wind tunnel results are given. In addition, 

temperature and wind profiles and the relevent mechanisms as observed 

in the field in general are compared with the results from the wind 

tunnel. 

5.1 Flow visualization 

Visualization of air flow over the heat island with the help of 

titanium oxide smoke formed an important part of the study to understand 

the predominant mechanisms of a three-dimensional heat island. The 

qualitative results obtained by flow visualization checked very closely 

with the quantitative measurements. Some of the interesting features 

of airflow over a three-dimensional urban heat island are presented 

and discussed in this section. Footage index of the motion picture is 

given in the Appendix. 

The unperturbed air motion for the neutral approach flow over a 

smooth, neutral heat island is shown in Fig. 5 . 1. In contrast, the 

perturbations induced on the stable flow by an unstable heat island is 

shown in Fig. 5.2. The negative vertical velocities near the upwind 

edge of the heat island was predicted by the theoretical model and 

observed in the field by several investigators. With the buoyancy 

forces becoming predominant, there was vertical upward motion over the 

middle portions. The effect of an unstable heat island in causing the 
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convergence of flow towards the heater is shown in Figs. 5.3 and 5.4. 

This convergence was mainly due to the buoyancy forces lifting the air 

above the heat island and causing the cold air from the sides to rush 

in. The cold air that converged into the heat island, became heated 

and raised as can be seen in Fig. 5.5 with the help of a ground level 

smoke source on one side. The increase in instability and the vortices 

created by the roughness elements can be observed in Fig. 5.6. 

Laminar type unmixed flow was visualized in Fig. 5.7 for the stable 

flow over a neutral rough heat island. With heating, the amount of 

mixing and the magnitude of buoyancy forces that are brought into 

action can be seen in Fig. 5.8. The "urban heat island plume" generated 

by the heat island and discussed in the following sections is also seen 

in the above photograph. 

The nature of airflow near the downwind edge of the heat island 

for a stably stratified flow over an unheated heater surface is shown 

in Fig. 5.9. Once the heater was heated, air over the heat island 

became unstable and a plume moving well above the downwind ground 

surface was generated as one of the many effects of the heat island. 

This in turn created a reverse flow near the downwind edge as can be 

seen in Fig. 5.10. The strength of the reverse flow depended on the 

intensity of the heat island and the surface temperature difference. 

The reverse flow diffused more for a rough heat island as shown in 

Fig. 5.11. Presence of the longitudinal vortices at the edges of the 

heat island is visualized in Fig. 5.12 for the stable flow over an 

unstable rough heat island. 
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5.2 Mean temperature distributions 

The results of the mean temperature measurements for various cases 

are presented in this section. They are arranged in three subdivisions, 

the first one regarding the surface temperature distributions both longi­

tudinal and lateral and mean temperature profiles along the center line, 

the second part consisting of the mean temperature di stributions along 

the width of the heat island and the third one comprising the mean 

temperature contours. 

5.2.1 Surface temperature distributions and mean temperature 

profiles along the centerline -

(a) Neutral approach flow - The distribution of surface tempera­

tures of the heater f or neutral flow over an unstable r ough heat island 

is given in Fig. 5.13 (top) . An average temperature of 270°F was 

maintained. The variation of surface temperature along the centerline 

was due to the difference in the density of nichrome heating wires at 

the edges of each of the three heaters used for this study. This 

difference in the surface temperature amounting t o approximately 8 per­

cent at the edges in the longitudinal direction was not expected to 

affect the accuracy of the results appreciably . The surface temperature 

dis tribution along the width of the heat island showed a similar t empera­

ture difference approximating a mountain function. This was given due 

consideration in the data analysis and in the theoretical prediction of 

perturbed temperatures. 

Mean temperature profiles along t he centerline f or neutral fl ow 

over an unstable rough heat island are shown in Figs. 5.13 and 5.14. 

Steep temperature gradient near the heater surface to a depth of one in. 

is indicated in Fig. 5.13 (bottom) . 
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The details beyond z = 1 in. over the heat island are shown in 

the temperature profiles in Fig. 5.14. Overall temperature profiles 

can be formed with the help of the surface temperatures shown in Fig. 

5.13. The absence of even weak elevated inversions is worth noting. In 

fact the mean temperatures became isothermal at a finite height. This 

height increased along the heat island in the downwind direction varying 

from about 3 in. at the beginning of the heater, to about 9 in. near 

the end (x = 69 feet). Another interesting aspect was the formation of 

a weak inversion downwind of the heater. This is due to the presence of 

a low-level heated plume passing over an unheated surface. 

(b) Stable approach flow - Mean temperature profiles for the stably 

stratified flow with ground based inversion over an unstable heat island 

for rough and smooth cases are given in Fig. 5.15 and Fig. 5.16. The 

surface temperatures for the rough case showed a slight increase over 

that for the smooth ones presumably due to larger surface area and more 

efficient heat transfer. In general, the average temperature for the 

stable flow was about 260°F, about 4 percent lesser than that for the 

neutral case. This reduction was probably due to the decrease in mixing 

over the heat er as compared to the neutral approach flow . The mean 

temperature profi les in the vertical direction along the centerline in 

Fig. 5.15 (bottom) and Fig. 5.16 show certain interesting features and 

are discussed in the following paragraph. 

The vertical profile at x = 62 feet characterizes the mean temper­

ature of the two-dimensional stably stratified approach flow. The profile 

at x = 63 feet (beginning of the heat island) indicated the effect of 

the heater i n the upwind direction. There was an increase in the mean 

temperatures by 15 percent for the smooth case and 5 percent for the 
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rough case. Lesser increase for the rough case was due to the more 

intense mixing caused by the roughness elements. A definite but weak 

elevated inversion could be seen over the heat island at successive 

profiles. Although temperatures for the rough case were lesser than 

that for the smooth case in general, the difference was found to dimin­

ish as the air moved along the heater and became approximately equal 

over the downwind half of the heat island at lower levels. The temper­

ature profile at the downwind edge of the heat island (x = 69 feet) 

indicated the temperatures for the smooth case to be lesser than that 

for the rough case. This was due to the fact that for the smooth case, 

the reverse flow that took place at the downwind edge of the heater was 

stronger than that for the rough surface and can be seen from the photo­

graphs presented in the Section 5.1. The mean temperature profile 

downwind of the heater (x = 70 feet) shows a similar effect at the upper 

levels. The base of the elevated inversion was seen to increase in 

height wi th distance from the beginning of the heat island. The approach­

ing stably stratified temperature profile was found to reocccur down-

wind of the heat island. 

(c) Elevated inversion approach flow - The surface temperature 

distribution for the elevated inversion approach f low over an unstable 

rough heat island is shown in Fig. 5. 17 (t op) . Average surface tempera­

ture for this case was approximately 250°F. The vert ical profi les of 

the mean temperature along the centerl ine are shown in Figs. 5.17 and 

5.18. The two-dimensional elevated inversion approach flow was charac­

terized by the mean temperature profile at x = 63 feet with the base 

of the elevated inversion about 1.5 in. from the surface. The basic 

nature of the vertical distribution of temperature was essentially the 
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same as for the stably stratified flow, but the temperature gradients 

were steeper for the latter case. 

5.2.2 Mean temperature distributions along the width of the heat 

island - Mean temperature vertical profiles at different distances along 

the width of the heat island at x = 66 feet is shown in Fig. 5.19 for 

the ground based and elevated inversion approach flows over an unstable 

rough heater. The temperature gradients became steeper as the lateral 

distance from the edge of the heat island increased with the maximum 

temperature recorded at y = 0 . The elevated inversion was persistent 

along the width although the height of its base from the surface de­

creased with the maximum at y = 0 in. and the minimum at y = 12 in. 

Temperature profiles beyond y = 12 in. were stably stratified. Fig. 

5.20 indicates the symmetrical, dome shaped three-dimensional distribution 

of the base of the elevated inversion for stable flow over the rough 

heated island. Temperature inversion structure similar to this has been 

observed in the field. Spangler and Dirks (1972) in their study at St. 

Louis, Missouri indicate the base of the inversion to be at 1500 mover 

the downtown area dropping down to about 1000 mover the periphery of 

the city . 

The three-dimensional effect for a neutral flow over an unstable 

rough heat island is shown in Fig. 5.21 . The distribution of temperature 

over the middle portion of the heater was approximately two-dimensional 

with the temperatures decreasing to the constant temperature of approach 

flow at y = 13 in. Three-dimensional effects were observed for 40 

percent of the width of the heater whereas outside the edge of the heater 

flow over only one in. (or a width equivalent to about 8 percent of the 
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heater) width was affected. At about 6 in . above the surface the temper­

ature of the flow was uniform across the width . 

In contrast to the neutral approach flow, stably stratified flow 

with ground based inversion over a rough heated island showed certain 

interesting features as can be seen from Fig. 5.22. The temperatures 

started decreasing from y = 6 in. attaining minimum values approxi­

mately at y = 14 in. and then remaining uniform. The zone of influence 

increased with about 50 percent of the air f l owing over the heater 

affect ed by the cold air drawn in . There was a "horizontal cross over" 

in the nature of the temperature profile around y = 10 in. (inside the 

heat island) at which the unstable vertical temperature profile changed 

into a stable one. The lateral extent to which the cold air moved over 

the heat island could be inferred from the position at which the tempera­

tures at different levels began decreasing . 

The mean temperature distribution at different elevations along the 

width of the heater at x = 65.5 fee t f or an approach flow with elevated 

inversion over an unstable rough heat island is shown in Fig . 5 . 23. The 

general pattern was essentially the same as for the ground based stable 

approach fl ow with the "horizontal cross over" occuring at about y = 

10 in. 

A comparison of the lateral dist ribution of mean temperatures over 

an unstable, r ough heat island for the three different approach flows is 

shown in Fi g. 5.24 at x = 66 feet at an elevation of 0.5 in. The 

stable flow had the maximum temperatures near the center of the heat 

island with the elevated inversion approach flow having the next higher 

temperatures . Maximum temperature difference between the heat island 
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and the surrounding area occurred for the ground-based stable approach 

flow at this height. 

5.2.3 Mean temperature contours - Since the temperature contour 

lines represent flow paths closely, mean temperature contours in the 

longitudinal and lateral directions are plotted and discussed in this 

section. 

Temperature contours along the centerline in x-z plane for a stable 

flow over neutral, smooth heat island is shown in Fig. 5.25. The con­

stant temperature lines show a wavy pattern (gravity waves) as would 

be expected for a stable flow with no disturbance superimposed. This 

waviness was also observed in diffusion measurements under similar 

conditions and is reported in Section 5.7 of this chapter. 

The temperature contours for the neutral flow over an unstable, 

rough heat island is given in Fig. 5.26. The reverse flow at the down­

wind edge of the heat island was perceptible from the contour lines. 

Constant temperature lines for the stable flow over an unstable, smooth 

heat island is shown in Fig. 5.27. The temperature contours indicated a 

large volume of reverse flow downwind of the heat island. The pertur­

bations introduced by the heat source of the heater was appreciable as 

compared to the orderly flow seen in Fig. 5.25. Mean temperature 

contours for the stable flow over an unstable rough heat island in 

Fig. 5.28 indicated the degree of mixing and reduction of the tempera­

tures above the heat island induced by the roughness elements. 

Elevated inversion approach flow over a rough heat island for the 

neutral and unstable cases are shown in Figs. 5.29 and 5.30 respectively. 

Air flowing over the heated plate (heated to create elevated inversion) 

suddenly encounters the cold heater and decelerates and this may be 
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the reason for the big hump at x = 65 feet in Fig. 5.29. Downwind of 

this position contour lines are fairly straight. The mean temperature 

contours for the elevated inversion approach flow over an unstable 

heat island at x = 66 feet is shown in Fig. 5.31. Constant tempera­

ture lines for the stable flow over an unstable heat island with and 

without roughness at x = 66 feet is shown in Figs. 5.32 and 5.33 

respectively. Steeper gradient of the contour lines towards the heat 

island indicates large influx of cold air. The temperature contours 

for an elevated inversion approach flow over an unstable, rough heat 

island at x = 66 feet is shown in Fig. 5.34. The flow had essentially 

the same features as for the ground based stable approach fl ow. 

5.3 Development of different boundary layers over the model 

The average thicknesses of the momentum boundary layers observed 

over the model for different conditions of the approach flow and the 

heat island are listed in Table 5.1. Thickness of the momentum boundary 

layer was calculated from the consideration that u0/u
00 

= 0.99 where 

u0 was the mean wind speed at a height equal to the thickness of the 

boundary layer and u was the free stream velocity. 
00 

There was a substantial variation in the momentum boundary layer 

thickness, with the minimum observed for the stable approach flow over 

a smooth, neutral heat island which approximated a laminar flow. The 

maximum was found for an approach flow with an elevated inversion over 

a rough, unstable heat island. The difference in thickness between 

the stably stratified and elevated inversion approach flows amounted 

to about 25 percent of that of the former. Thickness of the momentum 

boundary layer was found t o be fairly constant over the downwind half 

of the length of the heat island for all the cases studied. 
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Thermal boundary layer growths for the stable and elevated inversion 

approach flows over an unstable rough heat island are shown in Fig. 5.35 

along with the internal boundary layer. Thickness of the thermal boundary 

layer was found to be about 50 percent of the corresponding momentum 

boundary layer. The thermal boundary layer thickness was determined 

from a similar consideration to that for the momentum boundary layer 

as indicated above. The average thickness of the internal boundary layer 

caused by the presence of aluminum blocks was about six times the height 

of the roughness elements and leveled off within two ft from the leading 

edge of the heat island. 

A typical distribution of the wind speed across the wind tunnel 

is shown in Fig. 5.36. The thickness of the wall boundary layer on 

either side was found to be about 9 inches at a free stream velocity of 

four ft/sec. The distribution of air velocity across with wind tunnel 

was closely two-dimensional without the roughness and the heat island. 

5.4 Mean velocity distributions 

The distribution of mean wind speed in the longitudinal direction 

is presented in this section. For ease in discussion this section is 

subdivided, each concerned with different aspects of mean velocity 

distribution. 

5.4.1 Mean velocity profiles along the centerline - Distance along 

the vertical direction (z axis) was normalized with the thickness of 

the momentum boundary layer and the mean velocities were normalizes 

with the free-stream velocity which varied from 4 to 4.5 feet per 

second for different runs. In the following discussion "neutral heat 

island" represents the heater not heated and the "unstable heat island" 

indicates the heater in operation. 
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(a) Neutral approach flow 

The non-dimensional velocity profiles at different distances along 

the centerline for the case of neutral, smooth heat island is shown 

in Fig. 5.37. All the profiles tend to be similar. The corresponding 

velocity profiles for the case of neutral, rough heat island is indicated 

in Fig. 5.38 which also have a similar tendency. A comparison of 

these curves for the smooth and rough cases is shown in Fig. 5.39 which 

indicates the lessening of the wind speed in the lower layers of the 

boundary layer due to the presence of roughness. 

For the case of an unstable heat island, the velocity profiles at 

different locations along the centerline do not match as can be seen 

from Fig. 5.40. The velocity profile at x = 64 ft (one foot upwind of 

the heat island) indicates smaller shear and is similar to the one 

obtained in Fig. 5.37. The profile at x = 64 ft (one foot inside the 

heat island) shows a slight decrease in the velocities at upper levels 

and there is no significant difference at lower levels. The decrease 

in the longitudinal velocity component at upper levels may be due to the 

downward flow of the air at the beginning of the heat island. This 

downward flow was photographed and presented in Section 5.1. The profile 

at x = 66.3 ft indicates a sharp increase i n wind speed near the 

ground due to the convergence of cool air from the sides. 

The mean velocity profiles for the neutral approach flow over an 

unstable, rough heat island is shown in Fig. 5.41 . But for the smaller 

velocities in general due to the presence of roughness, they indicate 

the same trend as for the smooth case . 
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(b) Stable approach flow 

Mean velocity profiles observed along the centerline for a stably 

stratified approach flow with ground based inversion over a neutral, 

rough heat island are given in Fig. 5.42 . They tend to fall into a 

single curve due to the similarity of profiles and exhibit smaller shear 

near the surface than that for neutral approach flow. 

The different dimensionless mean velocity profiles encountered 

along the centerline for a stably stratified approach flow over an 

unstable, rough heat island are shown in Figs. 5.43 and 5.44. This 

approach flow incorporated the common features observed in the field. 

The mean velocity profiles observed for this case in the model showed 

several interesting aspects of the urban heat island. The profile at 

X = 62 ft is the one that represented the approaching two-dimensional 

stably stratified flow. Two distinct levels with respect to the wind 

speeds are indicated by the velocity profiles at X = 63 ft and at 

X = 69 ft the lower level (O<z/o<0.05) and the upper level (z/o>0.05). 

Due to the strong buoyancy forces set up by the heat island, the air 

flowing over the heat island raised and to make up for this mass of air, 

cold air from the sides converged into the heat island, was heated, 

moved upward and downwind as a plume commonly known as an "urban heat 

island plume." This feature of the heat island was photographed and 

presented at Section 5.1 . At the lower level, the mean velocity progres­

sively increased downwind over the heat island but started decreasing 

near the do¼~wind edge of the heat island. The conditions were different 

at the upper level. The mean wind speeds at the beginning of the heat 

island (x = 64 ft) were higher than the approaching flow, but became 

smaller at middle and downwind portions . This may have been due to the 
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fact that at the beginning of the heat island the volume of cold air 

influenced by the heat is land was greater than that near the downwind 

portions . The additional volume of cold air drawn into the heat island 

was from the area upwind of the heat island itself . Near the inter­

section of the heat island and the downwind cold (rural) area, the air 

motion slackened with the maximum reduction occurring at about one foot 

(x = 70 ft) and had certain interest ing features observed in rural areas 

downwind of the heat island. The wind speed was logarithmic with height 

at lower levels, uniform for a height equal to about 50 percent of t he 

momentum boundary layer thickness and then sharply increased to the 

maximum velocity observed over the heat island in a relatively small 

vertical di stance. The height at wh ich there was a sharp increase in 

the mean velocity indicated the position of the base of the urban heat 

island plume. The decrease in the wind speed at the lower level was 

associated with the reverse flow at the downwind edge of the heat island. 

(c) Approach flow with elevated inversion 

Non-dimensional mean velocity profiles for an approach flow with 

an elevated inversion (height of the base at 1.5 in.) over a neutral , 

smooth heat island is shown in Fig. 5.45 . As for the previous cases 

with the neutral heater, the velocity profiles tend to be similar. The 

mean velocities for the rough case indicated slight reduction in wind 

speed in the lower layers as can be seen from Fig. 5.46. For the air­

flow over an unstable, smooth heat island, the mean velocities had the 

same trend as for the ground based stable approach flow case except that 

approaching velocities were themselves relatively higher due to the 

presence of an elevated inversion. 
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The mean velocity profiles for the unstable heat island without 

and with roughness are indicated in Figs. 5.47 and 5.48, respectively. 

Flow over unstable, rough surface with elevated inversion approach flow 

had certain features different from that with a ground based stable 

approach flow. The mean velocities increased throughout the height over 

the heat island. At the downwind edge, mean velocity started decreasing 

at higher levels. The reason for the increase of the wind speed at the 

lower levels near the downwind edge of the heat island may have been 

due to the more diffused heat island plume and the higher elevation of 

the plume itself as compared to that with a stable approach flow. 

A comparison of the effect of the three different approach flows 

on the center line mean velocity of the air flow over an unstable, 

rough heat island is presented in Fig. 5.49. As discussed in the 

above paragraphs the one with the neutral approach flow had the smallest 

mean velocities with the elevated inversion and stably stratified 

approach flows having greater values in that order. The reason for the 

stable approach flow causing highest velocities was due to the greater 

volume of cold air surrounding the heater as compared to the elevated 

inversion approach flow. 

5.4.2 Mean velocity profiles along the width of the heat island -

The mean velocity profiles measured along the width of the heat island 

have been plotted as profiles in the vertical direction in Fig. 5.50 

for stable approach flow over unstable heat island for smooth and rough 

cases. Contrary to the effect usually expected for a rough surface to 

reduce the wind speeds, there was an increase in the mean velocity for 

the rough case over that for the smooth surface. This may be the effect 
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of the aluminum blocks causing more heat transfer and hence more con­

vergence of air into the heat island. The surface temperatures showed 

an increase for the rough heat island. This increase in the mean velo­

city of air increased towards the edge of the heat island (y = 12 in. ) . 

Bornste in et al. (19 72) have observed such an increase in wind speeds 

over New York City. 

The mean veloc ity profi les along the width of the heat is land f or 

different cases at x = 66 ft and y = 0.5 in. are shown in Fi g. 5 . 51. 

Comparison of stably stratified flow over a neutral, smooth heat er with 

that over an unstable, smooth heat island i ndicated the increase i n 

mean velocity due to heating. The mean wind speeds beyond y = 11 in. 

did not show any difference for the two cases indicat ing the boundary 

of the dri fting cold air over the heat island. 

Considering the other three cases, stably stratified flow over an 

unstable r ough heat island had the maxi mum mean velocities which was 

consistent with the results reported in the previous section. The value 

at y = 10.5 i n. showed a peak indicating the region of acce erat i ng 

flow. This peak was also observed fo r the neutra approach flow but of 

smaller magnitude at y = 11.5 in. and at y = 13 , 5 in. (the edge of 

the heater was at y = 12 in. ). The observat i ons =or the e l evated 

inversion approach flow showed a peak at y = 11 in. of sti ll smaller 

magnitude. This may have been due to the =act that in the process of 

heating the aluminum plate upstream of the heater to create an elevated 

inversion, the aluminum plates on both sides of the heater were heated 

(to a smaller extent) and hence had temperatures s lightly greater t han 

that for a neutral approach flow. Although thi s was not desirab le for 

an ideal elevated inversion approach f low, it simulated fie ld conditions 
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for a three-dimensional urban heat island to a greater extent. The 

distribution of mean velocities near the centerline of the heater was 

found to be essentially two-dimensional. 

Mean velocity distributions along the width of the heat island for 

a stably stratified flow over an unstable, rough heater at x = 65 ft 

for different elevations are shown in Fig. 5.52. There was a general 

increase in the mean velocity at all levels near the edge of the heat 

island. In addition, presence of the accelerating flow was indicated 

by the peaks in the air speed at various elevations. The mean velocity 

has a two-dimensional distribution near the centerline and at about 4 

inches outside the edges of the heater. Three-dimensionality introduced 

by the heater was found only for a width of about 6 to 8 in. approxi­

mately centered over the periphery of the heat island. An elevated 

inversion approach flow over an unstable rough heat island shown in 

Fig. 5.53 indicates essentially the same characteristics . 

5.5 Turbulence profiles 

The variation of the root-mean-square values of the longitudinal 

velocity fluctuations normalized with the respective mean velocities is 

discussed in this section. Vertical profiles of the turbulence level 

at different distances along the centerline for the stable flow over 

an unstable, rough heat island is shown in Fig. 5.54. The profile at 

x = 62 ft represents the turbulence of the approaching flow. The non­

dimensional turbulence was observed to increase at higher levels as the 

air moved along the heat island. At lower levels it was fairly constant 

for all distances. This may have been due to the corresponding increase 

in the mean velocity with downwind distance over the heat island. There 

was an increase in the turbulence level (about 7 times that of the 
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approaching flow) over the heat island at z/o: 0.05 continuing to 

increase downwind attaining its maximum at x = 69 ft (downwind edge 

of the heat island). The turbulence level downwind of the heater 

(x = 70 ft) reduced to about 3 times the approach flow value near the 

surface but increased at higher levels to magnitudes greater than that 

obser ved over the heat island. This may have been due t o the presence 

of the heat island plume. 

The turbul ence level profi l es for the elevated inversion approach 

flow over an unstabl e rough heat island is given in Fig. 5.55 which 

indicates the turbulence l evel t o increase with increas i ng di stances 

along the heat is land. Since the approach flow i tsel f had a high turbu­

lence level, the maximum observed over the heat island was only about 

2 times that of the approaching wind. The vert i cal profile one foot 

downwind of the heater showed the same character is t ics as for the ground 

based stable approach flow discussed above. 

A comparison of t he vertical profil es of turbulence level for 

different approach fl ows over the neutral, and unstable, r ough heat 

islands is shown in Fig. 5.56 at the downwind edge of the heater along 

t he centerline (x = 69 ft). Minimum turbul ence was observed for the 

gr ound based stable f l ow over a neutra l heat island. Changing the 

approach fl ow to that of an elevat ed inversion increased the t urbul ence 

leve l by 6 times . The maximum t urbulence found for the stable flow 

over an unstable heat island was about 1 . 5 times that obser ved for the 

elevated i nversion approach flow at lower levels. ':':1e incr ease in the 

volume of reverse flow at the downwind edge of the heat island for t he 

ground based stab l e approach flow may have been the main r eason for the 

high va l ues of t urbulence level. In f act , i n other regions of the 
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heater stable approach flow had lesser turbulence levels than those 

observed for the other two cases. 

Turbulence leve l along the lateral direction for the flow over an 

unstable, rough heat island for the conditions of neutral, stable and 

elevated inversion approach flows are given in Figs. 5.57 and 5.58 and 

5.59 respectively. Similar characteristics were observed except that 

for the neutral flow the effect of the temperature discontinuity at the 

edge of the heater on turbulence level was not found far inside the heat 

island. For the other two cases, the turbulence level started decreas­

ing from the center of the heater itself. This might have occurred 

because of the effect of relatively cool air drifting into the heat 

i s land. All the profiles showed a dip over the edge of the heater 

(y = 12 in.) indicating the position of the longitudinal vortex. 

A comparison of the lateral distribution of the turbulence 

level for different approach flows at x = 65 ft and z = 0.6 in. is 

made in Fig. 5.60. It indicated the values for stable approach flow to 

be about 50 percent of the values for the other two cases . This may have 

been due to the rapid cooling of the air over the heat island due to 

convergence effects and consequent reduction in the turbulence. The 

lateral profiles for the neutral and elevated inversion approach flows 

t end to become equal over and near the edge of t he heater. 

5 . 6 Temperature fluctuations 

The lateral distribution of the normalized root-mean-square values 

of the temperature fluctuations for t he stable and elevated inversion 

approach flows over an unstable smooth heat island is shown in Fig. 5.61. 

Temperature fluctuations showed essentially the same type of character­

istics as that for longitudinal velocity fluctuations with a dip over 
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the edge of the heater. Typical vertical profi l es of the non-dimensional 

temperature fluctuations at x = 68 ft for the stable flow over neutral 

and unstable, smooth heat islands are given in Fig. 5.62. The distri­

bution for the neutral case cons isted of decreasing values up to a 

z/o of 0.3 and then increasing slowly up to a z/o of 0.6 before de­

creasing again. The increase in t he middle portion may have been due 

to the zone of interaction of the warm air overlying the co l d air in the 

lower layers. The profile for the unstabl e case decreased r apidly with 

height in the l ower layers and then increased up to a z/ o of 0.3 before 

decreasing to smaller values near t he edge of the boundary layer. In­

creasing values indicated the zone of interaction of warm and cold air 

and the steep gradient showed the rapid interaction as compared to the 

flow over a neutral heat island. The magnitudes of the non-dimensional 

temperature fluctuations for the unstable case were approximately two 

to three times more than t hat for the neutral case. 

5.7 Concentrat i on distributions for the mass released from a two­

dimensional continuous line source located upwind of the heat island 

The r esults of the diffusion measur ements of Krypton 85, a r adio­

act ive tracer gas released from a two-dimensional, ground l evel continu­

ous line source two feet upwind of t he heater are p~esented in t hi s 

section. The mean concentration distributions indicated the nature of 

the flow and the amount of mixing for di fferent cases studied . Vertical 

growths of the pl ume from the source along the centerline for different 

conditions of the approach flow and the heat island are given in Fig. 

5.63. The upper boundary of the plume was determined based on the as ­

sumption that 10 percent of t he maximum concentration defined the 

periphery of the plume at each vertical section. Stab l e flow over 
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smooth neutral heat island created a gravity wave phenomena as was 

indicated by temperature contours in Section 5.2.3. There was minimum 

amount of mass diffusion and most of the material stayed within one 

inch above the surface. Unstable heater produced dispersion several 

times more than that observed over a neutral one. The plume boundaries 

also indicated the nature of development of urban heat island plume with 

the steepest gradient for the stable approach flow over an unstable 

rough heat island. 

Isa-concentration lines along the centerline for the tracer gas 

released from the line source for a stable flow over an unstable smooth 

heat island is shown in Fig. 5.64 . Increase in the mean concentration 

downwind of the heat island was due to the air flowing along both the 

sides and convergence towards the center downwind of the heat island. 

Field studies by Ackerman (1972) over St. Louis, Missouri indicated a 

similar flow pattern around the city. Ackerman also refers to the 

studies conducted by Angell, et al. (1972) in Columbus, Ohio , where a 

similar feature was observed. Mean concentration profiles for neutral 

flow over a neutral smooth heat island and stable approach flow over 

an unstable smooth heat island are shown in Figs. 5.65 and 5.66 respec­

tively. Profiles for the neutral flow over a neutral heat island showed 

a continuously decreasing concentration whereas for the stably stratified 

approach flow over an unstable heater the mass diffused rapidly. Morover, 

the distribut i on at the downwind edge of the heat island showed an 

increase in the concentration at z = 0.5 in. indicating existence of 

the reverse flow. There was also a sudden increase in the mean concen­

trations downwind of the heat island due to the bending of air around 

the heater. 
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Lateral distribution of the mean concentrat i on at x = 65 ft for 

the stable flow over an unstable smooth heat island at different ele ­

vations is shown in Fig . 5.67. The profile at z = 1.25 in. indicated 

a peak near the edge of the heat island (y = 11.5 in.). This peak may 

be due to t he positioning of the core of the longitudinal vortex over 

the edge of the heat island. The lateral profiles at x = 66 ft at 

different levels also showed similar peaks as in Fig. 5.68. 

5.8 Shear velocity and roughness length 

The mean velocities fo r t he neutral flows over a neutral heat 

island were logarithmic in nature. Fl ow over an uns t able heat island 

followed a log-linear law. Different types of l og-linear distributions 

were tried but the one that give the best fit for most of the mean 

velocity data was of the fo rm (Lumeley and Panofsky, 1964). 

where u 

u* 

ko 

z 

8 I 

u* z 13'z u = k [ ln -+ v,] (5 .1) 
z 

0 0 

is the mean velocity, 

i s the shear velocity , 

is the Karman cons tant, 

is the height, 

is the roughness length, 

is a constant equal to s; where \ i s eddy diffusivity for 
m 

heat, K i s eddy diffusivit y for momentum and 13 is a const ant 
m 

in a s imilar log- linear equat ion f or near neutra l condit i ons 

with Monin-Obukhov length L' replacing L" and L" is 

equal t o L' ~/Km 
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The value of S' should be constant although several investigators 

have suggested different values. Deacon (1962) has mentioned a value of 

4 whereas Panofsky, Blackadar and McVehil (1960) have suggested 4.5 and 

a value of 6 was mentioned by Taylor (1960). The value of S' for 

stab le air was found to be 7 by McVehil (Lume ley and Panofsky, 1964). 

For the data of this study a S' of 4 was found appropriate. Shear 

velocities and roughness lengths were found using Eq. 5.1 for the 

unstable heat island f or different approach flows. The value of L" for 

different cases were also found which gave an indication of the Monin­

Obukhov lengths involved. The distribution of the shear velocity along 

the centerline is shown in Fig. 5.69 for the various approach flows 

and different roughness conditions. The shear velocity was seen to 

increase wi th distance along the heat island reaching a maximum near the 

center and then decreas ed. For neutral approach flow this trend was 

continuous for both smooth and rough cases. For stably strat ified 

approach conditions there was an abrupt increase in the shear velocity 

near the downwind periphery of the heat island for the smooth and rough 

cases . This may have been due to the counter flow along the surface 

discussed in previous sections . There was an increase in the shear 

velocity associated with the roughness of the surface. Neutra l approach 

flow over an unstable heat island was found to have the maximum shear 

velocities. The roughness lengths were seen to vary from .0005 in . for 

stable flow over a smooth surface t o 0.15 in. for the neutral flow over 

an unstable rough heat island. The val ue of L' varied from -2 to -5 

over the unstable heat island depending on the nature of approach flow. 
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5.9 Distribution of bulk Richardson numbers 

Richardson numbers R. in bulk form were computed as they reflect 
lb 

the gross behaviour of the flow better than the gradient Richardson 

numbers. They were calculated based on an equation of the form 

where 

= _g_ 
T av 

g is 

To is 

Th is 

is 
uh 

uo is 

(Th-To)(Zh-Z
0

) 

2 
(¾-uo) 

the gravitational acceleration, 

the temperature , at l ower l evel, 

the mean temperature at height 

the mean velocity at zh and 

the mean velocity at z 
0 

(5. 2) 

z 
0 

zh , 

For the present computations the lower level was taken to be at the 

surface so that To was the sur face temperature and Z and U were 
0 0 

each equal t o zero. The level Zh was selected for each temperature 

profile as the height at which there was a large difference in the 

gradient. The dis tribution of the bulk Richardson number for different 

conditions of the approach flow i s shown i n Fig . 5.70. For neutral 

flow the negative increased along the heat island and attained a 

maximum value at t he downwind edge. For s table f l ow R. decreased 
lb 

from 0.21 to 00.4 near the downwind periphery of the heat island and 

then increased to a positive value lesser than that of t he approach 

flow. The distribution for the elevated inversion appr oach flow had 

the same trend with a peak at X = 68 ft . The negative for 

elevated inversion approach flow was otherwise fairly uniform and of 

higher magnitude than the ground-based flow over the upwind half of the 

heat island. Since Richardson number is essentially the ratio of the 
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buoyancy to inertia forces, the region of increasing buoyancy forces 

was apparent from this distribution. The same trend was also indicated 

by the behaviour of the plume released from a continuous line source 

shown in Fig. 5.63. The distribution of the bulk Richardson number 

along the width of the heat island is indicated in Fig. 5.71. The 

distribution was essentially two-dimensional near the centerline and 

started increasing over the periphery of the heat island. The appreci­

able reduction in the buoyancy forces over the periphery of the heat 

island indicates the convergence of cool air into the heat island near 

the surface. 

5.10 Turbulent energy distribution 

It will be of interest to know as to how the kinetic energy of 

turbulence was distributed at various frequencies for the different 

cases studied. Although, in real turbulence a distinct frequency is 

not permanently present, it is possible on the average to allocate a 

difinite amount of the total energy to a distinct frequency. Spectral 

distribution of energy between the frequencies for the longitudinal 

turbulent velocity is presented in this section. As was mentioned in 

Chapter IV, the velocity fluctuations were measured with a temperature 

compensated hot-wire probe and the compensation element had a frequency 

response of only 90 hertz. Although the energy content was found to 

occur predominantly within 100 hertz, this limitation has to be taken 

into account while viewing the results presented. The results have been 

presented in the wave number domain of the flow since it helps to consider 

the spatial structure at a given instant. 
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In terms of the frequency n and the local mean velocity u, the 

wave number is defined as 

K = 
2,rn 

u 
(5. 3) 

The one-dimensional wave number density function E(K) is defined as 

(Hinze, 1959) 

00 

f E(K)dk = 1 
0 

(5. 4) 

where E(K) dk is the amount of kinetic energy within the wave number 

range from K to K + dk non-dimensionalized by the total kinetic 

energy per unit mass -2 u , mean square of the velocity fluctuations. 

The dimensionless kinetic energy within a wave number interval Oto K 

is then given by 

u2 (K) 
-2 u 

K 
= f E(K)dK 

0 
(5. 5) 

The frequency spectra for this study were obtained using a radio 

wave analyzer as was discussed in Chapter IV. Each frequency spectrum 

was normalized by the mean square value of output voltage corresponding 

to the total kinetic energy per unit mass, -2 u giving a one-dimensional 

frequency density function f(n) . The one-dimensional wave number 

energy-spectrum function E(k) is obtained as below: 

E (k) 
u 

= 21T f(n) (5. 6) 

The wave number spectra for different cases are presented in Figs. 

5.72 and 5.73 with a curve corresponding to K- 5/ 3 
Spectra for 

different heights along the centerline for x = 68 ft for neutral 

approach flow over a neutral, rough heat island is shown in Fig. 5.72. 
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Maximum energies at these heights were found to occur between the wave 

numbers 0.3 and 0.5 with the maximum energy content decreasing with 

height. The spectral distribution for z = 13.11 in. indicated larger 

-5/3 
energies at higher wave numbers. The curve corresponding to K 

appeared to provide an approximate fit to the measured spectra within 

the most part of the higher wave number range. It has been pointed out 

(Grant et al., 1962) that the Reynolds numbers for common laboratory 

flows are not sufficiently high for an inertial subrange to occur. 

Figure 5.73 shows the wave number energy spectra for different 

heights at x = 68 ft along the centerline for the stable approach flow 

over an unstable, rough heat island. Maximum energies occurred again 

between the wave numbers 0.3 and 0.5. The maximum energy was found to 

decrease with height up to about one inch and then started increasing. 

This may be due to the existence of an elevated inversion over the 

uns table heater for a ground-based stable approach flow. Correspondence 

with K- 5/ 3 curve was found to exist only for a narrow band of wave 

numbers. 

A comparison between Figs. 5.72 and 5.73 indicates the effect of 

an unstable heat island in increasing the energy content of the flow. 

The increase in energy was of the order of two. 

5.11 Diffusion from continuous point sources 

This part of the experiment was principally designed to augment 

the results of the flow visualization discussed in Section 5.1 by pro­

viding some quantitative values. The vertical concentration profiles 

and surface distribution from a ground level continuous point source 

at x = 65.75 ft on the centerline over an unstable rough heat island 

for a stable approach flow are shown in Fig. 5.74. The vertical profiles 
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indicate the degree of dilution for the ground source on a heat island 

(of the order of 10). The ground level concentrations also indicate 

the symmetry of the air flow. 

The surface concentration distribution from a point source at 

x = 65.75 ft and y = 13 in. (one inch outside the heat island) is shown 

in Fig. 5 . 75 which reproduced the results indicated by the flow visuali­

zation photographs regarding the drifting of the cold air to the center 

of the heat island . Concentrations at one foot and 1.5 ft downwind of 

the source decreased with the dist ance downwind out s ide the heat island 

whereas those inside showed a definite increase. The peaks that occurred 

at both l ocat ions were at the same lateral distance from the centerline. 

Occurrence of the peaks inside the heat island and a general increase in 

the concentration with distance downwind indicated the movement of the 

cold air across the periphery towards the core of t he heat island. 

5.12 Comparison of the airflow over smooth and rough heat islands 

A comparison between the mean temperature profiles across the heat 

island for rough and smooth cases for an approach flow with inversion is 

shown in Fig. 5. 76. The distribution t ends t o be similar near the 

center. The i nfluence of the roughness elements in causing more effi­

cient heat transfer and higher mean temperatures for t he air f lowing 

over the heat island could be observed across the width . Height of the 

bas e of t he e l evated invers ion was more f or the smooth case than for 

the rough one . Thi s is probably due to les ser mixing associated with a 

smooth surface. 

Mean velocity distributions shown in Fig. 5.77 indicated t he wind 

speeds to be about 50 to 100 percent greater for the rough case as 

compared to the smooth one. As was di scussed in an earlier section, 
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although the effect of the roughness alone was to decrease wind speeds, 

the combined effect of roughness and heating was found to result in an 

appreciable increase in the flow of air moving over the heat island. 

The vertical variation of the turbulence levels obtained by normal­

izing the root mean square values of the longitudinal velocity fluctua­

tions by the respective mean wind speeds at the center of the heat 

island for smooth and rough cases for an approach flow with inversion 

is shown in Fig. 5.78. Although the longitudinal velocity fluctuations 

were appreciably larger for the rough case, normalized values tend to 

be a little higher for the smooth case near the surface due to larger 

mean velocities for the former. Turbulence level for the smooth case 

decreased rapidly with height as compared to the rough surface. The 

same trend was found for the mean temperature profiles in Fig. 5.76. 

Vertical mean concentration distributions of Krypton 85 released 

from an upwind line source along the centerline for smooth and rough 

cases for an approach flow with inversion are shown in Fig. 5.79. Con­

centrations for the smooth case were about three times higher than 

those for the rough surface. Maximum values occurred at a lesser height 

for the flow over the smooth surface. Mean concentrations for the flow 

over rough heat island decreased with height near the surface before 

reversing its trend. This may be due to the effect of the internal 

boundary layer developing over the roughness elements. 

All the measurements of the flow parameters for the flow over 

smooth and rough heat islands indicated the increase in diffusion 

characteristics for the latter and the general predominance of the effect 

of heating over that of mechanical roughness. 
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5.13 Comparison of the experimental perturbed values with the 

theoretical results 

As could be seen from the experimental measurements and the flow 

visualization, the heat island was approximately two-dimensional for a 

lateral distance of about 5 in. on either side of the centerline. Hence 

a comparison is made of the theoretical results of a two-dimensional 

model with the experimental values near the center of the heat island, 

3 ft from the beginning of the heater. Logarithmic velocity profile of 

the form 
u* z + z 

0 u = k In z 
0 0 

where u is the mean velocity, 

u* is the shear velocity, 

z is the height above the surface, 

zo is the roughness length, and 

k is the K~rm~n constant taken to be 
0 

is assumed. The parameters 

gravitational acceleration 

constant stability factor 

free stream velocity 

roughness length 

to be 

g 

s 

u 
CX) 

z 
0 

defined for the 

characteristic length of the heat island L1 

0.4 

theoretical 

maximum perturbation temperature 

an average unperturbed temperature 

T' 
s 

and 

To 

(5. 7) 

model are 

The values for the above parameters were selected based on the experi­

mentally observed quantities. A constant eddy diffusivity was assumed 

based on a linear equation of the form 

(5. 8) 
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where k is the eddy diffusivity, 

u* is the shear velocity, and 

z is a representative height in which wind shear may be 

assumed constant. Assuming this height to be 3 in. for the model, with 

the shear velocity of 0.8 ft/sec observed for stable flow over unstable 

2 heat island in this study, an eddy diffusivity of 0.08 ft /sec was 

selected. Although the stability of the approach flow changed fairly 

rapidly in the laboratory, constant stability was assumed and calculated 

in the following manner. In Chapter III, the constant stability factor, 

x was shown to be related to the temperature profiles as 

where 

ions 

adiabatic 

To was the unperturbed temperature. 

{ aTo } is close to zero. 
ax adiabatic 

For the laboratory condi­

The stability factor was 

then computed from the temperature profile observed for the stably 

stratified approach flow in the wind tunnel. In the atmosphere To can 

be assumed constant since the heights of interest are small compared 

to the atmospheric scaling lengths and the horizontal dimensions of the 

heat island. But in the laboratory such an assumption is not completely 

justifiable. Since the variable To will complicate the linear model 

suggested in Chapter III, constant To was assumed for the present and 

was taken to be an average value between the surface and the height at 

which temperatures became constant (6 in. for the present case). From 

the above considerations To was taken to be (110 - 40)/2 or 75°F 

giving 535° R. Stability factor was calculated as 

I 
535 

(570-500) = 
0.5 0.262 per foot . 
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Other observed values were u = 4.5 ft/sec., Z = 0.1 in., representa-
oo 0 

tive length for the two-dimensional model L
1 

= 3 ft maximum perturba-

tion temperature T = 250°F 
s 

and the gravitational acceleration g = 

32. 2 ft/sec 

the flow 

These variables gave a value for the parameter governing 

s = gsk~1 = O. 044 
u 

00 

The value of S for the New York City with some representative 

values was found to be about 0.2 (Section 3.4). Since this parameter is 

directly proportional to the characteristic horizontal length of the 

heat island, a value of 0.044 may represent a city of smaller size. 

Mountain function surface temperature distribution of the form 

-8 (x,O) = 
1 

- 2 
(1 + (1TX) ) 

2 

(5. 9) 

has been assumed for theoretical calculations although there was an 

abrupt discontinuity in the surface temperatures at the edges of the 

laboratory heat island. The weighting function g(k) for this distri­

bution was 

2 
g(K) = 

1T 

00 

J 1 - 2 
0 [l + (1Tx/2 ) ] 

cos K x dx 2 - (2K/1T) 
= - e 

1T 

The experimental urban temperature excesses were computed for an 

approach flow with inversion over a rough heat island as the difference 

between the mean temperature profiles at the center of the heat island 

(x = 66 ft) and at one foot upwind of the heat island. These were then 



77 

normalized with the maximum surface excess temperature and their vertical 

profile compared with the theoretical profile in Fig. 5.80. 

The surface temperature distribution for the heater corresponded to 

a distribution in between the square function and mountain function. 

Theoretical and experimental results agreed well for a two-dimensional 

mountain function surface temperature distribution up to a height of 

about seven inches. The negative perturbations predicted by the theore­

tical model were not observed. This discrepancy at higher levels may be 

due to the sizable departure of the approach flow from the assumption of 

constant stability. Mean temperatures of the approach flow remained 

constant above a height of seven inches. The conformity of the theore­

tical model with the experimental results very near the surface where 

large perturbations in the temperature took place is encouraging. 

5.14 Comparison of the wind tunnel and field experimental results 

Since the objective of the present study was not to simulate the 

airflow over any particular city but to conduct the experiments with 

the general conditions of an urban heat island reproduced in a model, 

only qualitative comparison is possible with the field studies conducted 

and reported over several cities. Similarities regarding the inter­

acting mechanisms of an urban heat island in the laboratory and the 

field are discussed in this section. 

In order to relate and compare the experimental results with those 

obtained in the field a general scaling length was necessary between 

the model and the prototype. Davenport (1960) suggested a depth of 

1700 feet for the boundary layer over the center of a typical city. 

Since the average boundary-layer thickness was 15 inches over the model 

for the stable flow over an unstable, rough heat island near the center 
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of the heat island, the model length scale was taken to be approximately 

equal to 1:1000 with the roughness blocks representing buildings of 

height of about 25 feet. With this length scale one can compare with 

the results of the field experiments more effectively. 

An urban heat island induces posi t ive perturbations in the other­

wise undisturbed mean temperatures of the air flow over the urban complex. 

The pronounced effect of the city on the airflow will be felt only for 

a finit e depth of the atmosphere, the effect fading off at greater 

height . Hence, this finite depth characteri stic of maximum urban 

t emperature excesses will, to a certain extent, define the intens i ty of 

the urban heat island. In conjunction with the mean temperatures , mean 

wind speeds also must show a definite trend in this region . It was 

found that the intensity of the heat island was maximum be l ow a z/ o of 

0 . 05 in t he model where z is the distance in the vertical direction 

and o i s the thickness of the boundary layer over the heat island 

(see Section 5.4. 1). This he i ght was equival ent to a prototype elevation 

of about 85 feet. Bornstein (1968) found the aver age intensity of t he 

New York City urban heat is land based on the t emper ature di fference 

between the urban and rural sites to be maximum below a dept h of 82 feet. 

Sekiguti (1970) on the basis of t he studies conducted over 

different cities in Japan indicated the heights of the heat island to be 

fairly shallow equal t o 3 to 5 times the average height of the buildings 

which amounted to about 75 to 125 ft in prototype. This again compared 

wel l wi t h the laboratory model r esu ts . 

Temperature cross overs have been observed in urban areas by several 

investigators (Duckworth and Sandberg, ~954, Bornstein 1968). The mean 

temperature profiles over the model showed weak cross overs above t he 
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heat island. Weak elevated inversions have been observed over the 

cities in all field studies for stably stratified approach flows. The 

mean temperature profiles in the laboratory model for the present study 

showed similar results. 

Chandler (1960, 1961) observed the urban heat island circulation 

in which cool air from the rural area near the surface moved across the 

fringes of an urban area towards the core of the city. Drifting of the 

rural air into the city due to the mesoscale circulation created by the 

urban rural complex was also reported by Munn (1970). This circulation 

causes inflow of air near the upwind edge of the city and countergradient 

or reverse flow near the downwind edge of the city. The convergence at 

the surface causes air to raise and move above the stable layer of the 

downwind rural region. This type of motion was observed in Cincinnati, 

Ohio (Clarke, 1969) as an "urban heat-island plume." Flow visualization 

and the quantitative measurements of the mean quantities of wind speed, 

temperature and mass concentration over the model indicated mechanisms 

similar to those observed by Chandler and Clarke. 

Clarke (1969) found from his measurements over Cincinnati, Ohio 

that 

"with a strong inversion over the rural area upwind of the 
city, the urban boundary layer appears to result primarily 
from the addition of heat within the urban area rather than 
from mechanical turbulence generated by the wind passing 
over the large roughness elements of the city." 

Figs. 5.50 and 5.51 indicated a similar action taking place in the wind­

tunnel model. The mean wind speed measurements over the model indicated 

essentially the same characteristics. Whereas the effect of the mechan­

ical roughness was to reduce and the heating was to increase the mean 
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wind speed, the combined effect was to increase the wind speed indicating 

the predominance of heating over mechanical roughness. 

Bowne and Ball (1970) based on the measurements of wind speed and 

mean temperature made in GT tower in the downtown area of Fort Wayne, 

Indiana have reported Richardson numbers less than -1.0 frequently at 

the lowest level and often at the upper level indicating very unstable 

lapse rates. The order of magnitude of the Richardson numbers observed 

over the heat island of the model are comparable with the values report­

ed by Bowne and Ball. 

Jones et al. (1971) have estimated the roughness length Z 
0 

for 

Liverpool to be equal to 123 cm, and have reported a z 
0 

of 165 cm 

found for Tokyo by Yamamato and Shimanuki. An average value of 0,05 

in. was estimated for the model which is equivalent to a prototype value 

of about- 162 cm based on the scaling length. Thus the model value of 

the roughness length is consistent with the fie l d values. 
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Chapter VI 

CONCLUSION 

In the light of the foregoing discussions the following conclusions 

can be made: 

(1) Simulation of a three-dimensional flow over an idealized urban heat 

island in a wind tunnel with stratified approach flows gives results very 

similar to those observed in the field. 

(2) The orders of magnitude of the depth of the heat island representing 

the maximum effect on the airflow and the roughness length are the same 

as found over "typical" cities. 

(3) Flow visualisation and quantitative measurements of mean and turbu­

lent velocities, mean temperatures and diffusion for different conditions 

(of stratification) of the approach flow and the heat island reveal the 

following significant flow characteristics of the flow pattern: 

Cool air from the surrounding area near the surface moves across 

the periphery of the heat island towards the center due to the circulation 

caused by the adjoining hot and cool areas (similar to urban - rural 

complex). This circulation causes inflow of air near the upwind edge 

of the heat island and reverse (counter-gradient) flow near the downwind 

edge. The convergence at the surface and the buoyancy forces set up by 

the heat source causes air to raise and move above the cool floor (similar 

to rural area) downwind of the heat island as a massive plume. This plume 

is well defined and narrow for a stable approach flow. For an elevated 

inversion approach flow it becomes more diffused . The reverse flow near 

the downwind edge of a smooth heat island is persistent and stronger than 

if the surface is rough. 
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(4) Longitudinal vortices are seen to exist near the fringes of the 

heat island as noted by flow visualisation. Measurements indicate a 

region of low turbulence over the edge which may be the core of the 

vortex. 

(5) Similarity of z/L' where z is the height above the surface and 

L' is Monin-Obukhob's length ensured a reasonably good simulation of 

the heat source f or the urban heat island. 

(6) A linear model incorporating a boundary layer type velocity profile 

predicts the perturbed temperatures near the surface of the heat island 

fairly well for l aboratory and field experiments. Variable stability 

factor for the approach flow in line with the actual conditions may 

improve the capability of the linear model to predict the urban excess 

temperatures at higher levels equally well. 
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Table 4.1 

Performance Characteristics of the Meteorological 

Wind-tunnel 

Charact eristic 

1. Dimensions 

Test-section length 

Test-section area 

Contraction ratio 

Length of temperature 
controlled boundary 

2. Wind - tunnel drive 

Tot a l power 

Type of drive 

Speed contro l : coarse 

Speed contro l : fine 

3 . Temperatures 

Ambient air t emperature 

Temp . of controlled boundary 

4. Velocities 

Mean velocit i es 

Boundary layers 

Turbulence level 

5. Pressures 

6. Humidity 

Meteorological 
Wind Tunnel 

27 m 

4 m 

9.1 

12 m 

200 Kw 

4-blade propeller 

Ward-Leonard DC control 

pitch control 

s0 c to 95°C 

5°C to 205°C 

approx. 0 mps to 33 mps 

up to 50 cm 

low (about 0.1 percent) 

adjustable gradients 

controlled from approx. 20% to 
80% relative humidity under 
average ambient conditions . 
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Table 4.2 

Technical Data for the Temperature Compensated 

Probe (DISA 55E30) 

TECHNICAL DATA 

Hot-wire material 
Temperature sensor 
Hot-wire length 
Hot-wire diameter 
Hot-wire resistance at 20° 

Temperature sensor resistence 
at 20°C 
Overheating ratio (autom .adj . ) 
Max. wire temperature 
Max . ambient pressure 
Max . ambient temperature 
Max . velocity in air 
Min. velocity in air 
Upper frequency limit 
in without compensation 

Frequency limit in air 
Temp. compensation 
reaction time 

Accuracy 

Pt-plated tungsten 
Tungsten 
1.2 mm 
5 U m 
approx. 3.5 

approx. 6.3 
0.8 
300°C 
50 Kp/Cm 
150°C 
250 m/sec 
0.1 m/sec 

350 kHz 

90 Hz. 

approx. 0.5 sec 

± 0.05% per °C 



1. 

2 . 

3. 

4. 

5. 

6. 

7. 

8. 

9 . 

10. 

11. 

12. 
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Table 4.3 

Average Thickness of the Momentum Boundary Layer over the 

Heat Island 

Approach Flow 

Neutral 

Neutral 

Neutral 

Neutral 

Stable 

Stable 

Stable 

Stable 

Elevated inversion 

Elevated inversion 

Elevated inversion 

Elevated inversion 

Heat Island 

Unheated - smooth 

Unheated - rough 

Heated - smooth 

Heated - rough 

Unheated - smooth 

Unheated - rough 

Heated - smooth 

Heated - rough 

Unheated smooth 

Unheated rough 

Heated smooth 

Heated rough 

Thickness of the 
momentum boundary layer 

(inches) 

12.0 

12.5 

14.5 

15.0 

10.0 

11. 0 

13.5 

14.0 

13 . 75 

14 . 0 

17.0 

17.5 



Reel No. 

1. 

2. 

3. 

4. 

5. 

6 . 

7. 

8. 

Footage 

0-78 

78-88 

88-100 

0-12 

12-60 

60-100 

0-100 

0-20 

20-87 

87-100 

0-16 

16-44 

44-100 

0-27 

27-37 

37-4 6 

46- 85 

85-100 

0- 57 

57-75 

75-100 

0-20 

20-58 
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Table 5.1 

Footage Index of the Motion Picture 

Approach F 101,· 

Inversion 

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

Elevated 
I tl\'ersion 

-do-

Elc,·:1 tcd 
Im·crsion 

-do-

Condit i on of the heat 
island with r espect to 

Temperature Roughness 

cold 

-do-

-do-

-do-

hot 

-do-

- do -

- do-

-do-

-do-

-do-

-do-

-do-

cold 

-do-

-do-

hot 

-do-

-do­

cold 

-do-

hot 

-do-

smooth 

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

-do-

rough 

-do-

-do-

-do -

-do-

-do-

rough 

-do-

rough 

-do-

Position of the 
Smoke Source 

upwind 6" elevated 

left 6" elevated 

left surface 

at the center 

upwind surface 

upwind left · surfac e 

upwind cievated 

left surface 

• 

two sources left sur f aci 

over the heater 

two sources - one upwinc 
and the other over the 
heater 

two sources - one upwinc 
and the other downwind 
of the heater 

Source ~iwind traversed 
vertically 

upwind - surface 

left - surface 

at the center - surface 

upwind corner - sur-face 

left side - surface 

downwind - surface 

upwind - surface 

at the center - surface 

up1d nd corner - surfocc 

at the center - surface 
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Day Urban Area 
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Night 

QN 
QH 
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QE 
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QN Energy Through Radiation 

QH Turbulent Transfer of Heat 

QG Conduction of Heat 

QE Energy Involved in Evaporation 

QF Heating Due to Furnaces 

and nighttime energy balances in rural and urban regions. 
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Fig. 4.4 Photograph of the variac assembly. 
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Fig. 4.8 Photograph of some of the instruments used for the experiments. 
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Fig. 4.9 Photograph of the infra-red pyrometer. 
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Fig . 4 . 13 Photograph of the diffusion sampling equipment . 
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Fig . 4.14 Photographs of the experimental 
arrangement and a close -up view of 
the roughness elements . 
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Fig. 5.1 Photograph Neutral approach flow over neutral 
smooth heat island-elevated smoke source upwind. 

Fig. 5.2 Photograph Stable approach flow over unstable 
smooth heat island - elevated smoke source upwind. 
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Fig. 5.3 Photograph - Stable approach flow over neutral 
smooth heat island - ground smoke source at left side . 

Fig. 5.4 Photograph - Stable approach flow over unstable 
smooth heat island - two ground smoke sources at 
left side. 
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Fig. 5.5 Photograph - Stable approach flow over unstable smooth 
heat island - ground smoke source at left side. 

Fig. 5.6 Photograph - Stable approach flow over unstable rough 
heat island - ground smoke source at left side. 
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Fig. 5.7 Photograph - Stable approach flow over neutral 
rough heat island - ground smoke source along the 
centerline over the heater. 

Fig. 5.8 Photograph - Stable approach flow over unstable 
rough heat island - ground smoke source along the 
centerline over the heater . 
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Fig. 5.9 Photograph - Stable approach flow over neutral 
smooth heat island - ground smoke source downwind. 

Fig . 5.10 Photograph - Stable approach flow over unstable 
smooth heat island - ground smoke source downwind. 
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Fig. 5.11 Photograph - Stable approach flow over unstable 
rough heat island - ground smoke source downwind. 

Fig. 5.12 Photograph - Stable approach flow over the unstable 
rough heat island - ground smoke source at upwind 
left corner. 
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