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ABSTRACT

Computer models used to predict building heating

and cooling energy and occupant thermal comfort at

present rely on climate data collected at a remote

meteorological station. No account is taken of the

changes in meteorological conditions caused by the

urban developments, yet it is known the differences

can be important. This paper reports on a project

aimed at the development of a computer simulation

model that will provide data representing realistic

site-specific meteorological conditions that may then

be input to building thermal simulation software to

produce more accurate modelling of a building’s

thermal performance.

INTRODUCTION

Differences between meteorological conditions in

cities compared with those found in rural areas have

been noted as early as Roman times. Accurate

measurements by Howard described an urban heat

island in London in 1820, and in Paris by Renou in

1855 (Landsberg, 1981). More recently Santamouris,

et al. (2001) have undertaken a comprehensive

project aimed at assessing climate variability and

have measured the climate at 30 urban and suburban

sites around Athens, Greece. They found the average

daily heat island intensity for urban sites to be

approximately 10
o
C with a maximum value of around

15
o
C. This work is one of few to show the

significance of urban climate differences on building

energy consumption for heating and cooling. The

study showed that for buildings in the urban centre of

Athens the cooling load may be doubled and the

heating load reduced by 30%, compared with a

similar building on the outskirts of the city. A study

by Elnahas and Williamson (1997) had indicted a

similar effect and showed a saving in space heating of

about 22% and surplus in space cooling of about 75%

as a result of accounting for the urban heat island

effect. The ability to predict the site-specific

meteorological conditions that cause these large

differences in energy consumption is an important,

yet largely neglected requirement for accurate

thermal simulation.

Differences between the city and the rural

surroundings are known to occur on two distinct

scales, (a) the urban canopy layer which consists of

the air contained between the urban roughness

elements, typically buildings and its condition is

dominated by the nature of the immediate

surroundings, especially site materials and geometry;

and (b) the urban boundary layer which is that

portion of the planetary boundary layer whose

characteristics are affected by the presence of an

urban area at its lowest boundary, generally

considered to be approximately at roof level. (Oke,

1976) There are five main differences between the

urban climate and that of the natural rural

surroundings: the radiation budget, sub-surface

(storage) heat flux, advection, anthropogenic heat

release, and turbulent heat transfer including the

effects of vegetation.

Radiation budget

Urbanization affects the absorption of incoming

(mostly) short-wave solar radiation as well as the

emission of long wave infra-red radiation from the

surface. The cause of the largest discrepancy between

urban and rural conditions is apparently the smaller

sky view factor characteristic of dense urban centres,

which results in reduced long wave heat loss (Oke,

1981). Characteristic urban surface albedo based on

remote-sensing data reported in numerous studies is

within a range of 0.09-0.27, with a mean value of

approximately 0.14 for urban centres (Oke, 1988).

Rural values are typically higher by about 0.05,

probably because dark coloured roofing materials and

the trapping role exerted by urban geometry result in
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less reflection compared with typical rural surfaces

(Aida and Gotoh, 1982). Maximum urban heat island

intensities usually occur at night in clear conditions

with little wind, and are thus attributable to the

morphology of the city, typically measured by the

canyon (urban street) view factor ψs.

Air pollution results in some attenuation of solar

radiation measured near the surface compared with

unpolluted rural areas, but the extent of this

phenomenon varies widely. Measurements from

numerous cities indicate that short wave radiation

received at the surface may be reduced by anywhere

between 1-15%, depending on the type of aerosols,

meteorological conditions etc. (Oke, 1988)

Atmospheric counter-radiation over cities is also

greater than that measured in rural areas, due to the

increased warmth of the city atmosphere (Oke and

Fuggle, 1972).

Subsurface (storage) heat flux

Changes in air temperature near the surface are

driven mainly by energy exchange with it. This in

turn is affected by the thermal conductivity and heat

capacity of the material. A parameter that combines

these properties is the ‘thermal admittance’: materials

with a high admittance absorb heat readily and

transmit it to the substrate, only to release it easily

when the ambient air becomes cooler. Such materials

register a relatively small diurnal temperature change.

However, typical values of thermal admittance for

both rural and urban surfaces vary over a wide range

– from about 300 Jm
-2

s
1/2

K
-1

 for dry peat soil and

foamed concrete to approximately 2500 Jm
-2

s
1/2

K
-1

for wet sandy loam or dense concrete (Oke, 1981).

While the thermal admittance undoubtedly has an

effect on the surface temperature, and thus on the

ambient air temperature, the complexity of the urban

environment makes it very difficult to assess the

overall effect of the differences between urban and

rural materials. Swaid (1991) suggested that the net

effect may be negligible, while Oke (1998) observed

that changes in the rural environment, particularly

soil moisture content, had a dominant effect on the

magnitude of the urban heat island.

Advection

Advection (horizontal convection) operates at many

scales in the city. Regional wind encountering the

rough urban surface is affected in various ways. The

horizontal component of the wind may generally be

calculated as a percentage of the gradient wind using

a power function. The exponent of the power law is

altered in response to surface characteristics,

specifically the roughness length z0, so that the wind

speed in dense urban locations is, on the average,

lower than in exposed natural locations such as fields

or over large bodies of water (Landsberg, 1981). The

zero-plane displacement length (zD) is also greater in

built-up areas than in most natural surroundings,

varying from a few centimetres to between 2 and 10

meters or more in urban areas of increasing density

(Grimmond and Oke, 1998). While buildings may

reduce the average wind speed, they also lead to

increased turbulence, and particular urban locations

may be exposed to much higher wind speeds and very

strong gusts. The wind conditions in an urban canyon

which forms part of a homogeneous urban fabric may

generally be described as forming a rotor with a

longitudinal component in addition to the transverse

and vertical elements, and has been modeled by

(Yamartino and Wiegand, 1986). However, actual

wind conditions in a particular urban location are

very difficult to predict, since they are affected by

micro-scale advection due to local differences in

surface temperatures as well as varying in response to

changing atmospheric stability.

Anthropogenic heat release

The release of heat due to combustion of fuels is a

heat source for the city not found in uninhabited

surroundings. Its magnitude varies greatly between

cities, according to per capita energy use and

population density, and depends on the climate (due

to the demand for space heating or cooling), the

degree and type of industrial activity and the type of

urban transport system. Average annual values of

anthropogenic heat have been assessed at anywhere

between 6 W/m
2
 for Fairbanks, Alaska to 159 W/m

2

for Manhattan, New York (Oke, 1988). However, the

mean annual values mask great temporal and spatial

variability: For instance, the anthropogenic heat flux

in central Sydney was estimated to have a daytime

maximum of approximately 60 W/m
2
 in January but

nearly 80 W/m
2
 in July, with similar nighttime

minimums of about 30 W/m
2
 (Kalma and Newcombe,

1976), but it also varied from about 1 W/m
2
 in the

outlying suburbs of the city to over 25 W/m
2
 in the

CBD at 7-9am on an average July (Kalma, 1974).

 The contribution of anthropogenic heat to the urban

canopy is also affected by how the energy is

consumed. For instance, air conditioning systems in

large office blocks typically eject the heat absorbed

by the building by means of heat exchangers on the

roof, so in effect, they transport energy from the

canopy layer near street level to the urban boundary

layer above the roof, where it is quickly dissipated.

However, wall or window mounted air conditioners

dump the excess heat directly onto the street, where it

contributes to the urban canopy layer heat island.

Turbulent heat transfer and the effects of vegetation

The partitioning of energy between sensible and

latent forms depends on the availability of water.

Urban environments may vary from inner-city
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surroundings consisting almost entirely of masonry,

concrete, asphalt and glass, to suburban

developments with dense vegetation and well-

irrigated lawns. The former may result in a very dry

system with very little latent heat, while the latter

create more humid microclimates that are dominated

by the effects of evapotranspiration.

Many impervious urban surfaces, such as asphalt

roads, channel their entire net radiant surplus during

the daytime into sensible heat, warming the substrate

or the adjacent air. Natural surfaces are rarely totally

impervious, so in the presence of moisture, the

surplus radiant energy may be converted to latent

heat. On the other hand, in the event of precipitation,

the natural surfaces absorb much of the additional

water, while impervious urban surfaces remain wet,

and considerable moisture may be available for a

limited period to be converted into latent heat. In

terms of climatic response, there are thus two surface

types of great importance, first, impervious surfaces

that can cover the full moisture range from ‘wet’

(after rain) to ‘dry’ in a very short period, and

second, pervious natural surfaces that can cover a

similar range, but over more extended periods and

with a much slower response.

The close juxtaposition of surfaces that react so

differently to radiant heat flux, such as those found in

many urban systems, is also very likely to result in

micro-scale advection.

SIMULATION

Several models have been developed over the years

in an attempt to describe microclimatic conditions in

the urban canopy layer. Bornstein (1984) provided a

comprehensive review of urban climate simulation

models and noted that a,

"…potentially important use of such models

could be in planning of urban development so

as to create urban climates that are more

healthy or urban dwellers." (Bornstein 1984,

pg.237)

Indeed Clarke (1993) identified microclimate and site

specific data as one of the problem areas defining

boundary conditions for building performance

simulations. Despite this imperative few

comprehensive urban climate simulation models exist

which focus directly on the issues of importance for

building thermal performance simulation. Sharlin and

Hoffman (1984) and Swaid and Hoffman (1990)

described the development of a simulation model

based on a CTTC (Cluster Thermal Time Constant)

parameter to predict urban temperatures as a function

of some basic urban geometry. This CTTC model has

been used in a number of studies to predict urban air

temperature variations (Swaid, 1990). The basic

CTTC model considers the urban air temperature Ta

as a combination of the individual contributions of:

• the prevailing regional background weather

conditions expressed as a base temperature t0

which is equal to the daily mean air temperature

at a standard meteorological station representing

(as far as possible) the climate of the natural

surroundings of the city;

• the contribution of the solar radiation absorption

on the surfaces of the urban canopy layer;

• the cooling effect of the net outgoing long-wave

radiation from the urban surfaces.

Although satisfactory results were reported for

periods of one or two days the original CTTC model

was fairly limited in its application, due to the

imposition of several restrictive requirements and

assumptions.

a. Prevalence of fair-weather conditions, i.e. clear

skies and light-to-moderate winds;

b. Spatial homogeneity of building and surface

characteristics in the locality;

c. Thermal processes occurring at roof surfaces do

not contribute to the diurnal variations of air

temperature within the urban canopy layer

below the mean height of buildings;

d. The air in the urban canopy layer is well-mixed,

with no temperature differentials occurring

within it;

e. The effects of vegetation and moisture content

are not included;

f. The effect of anthropogenic heat contribution to

the urban canopy layer is not modelled.

Mills (1997) and Bruse (1998) discuss two models

for predicting the impact of groups of buildings on

the urban climate. Mill’s model allows the influence

of different building group configurations on the

urban temperature to be assessed. Bruse's model,

ENVI-met, allows the user to analyse the effects of

small-scale changes in the urban design such as

construction materials, vegetation etc. on the

microclimate. Bruse illustrates the use of the program

with a case study that examines the climatic changes

brought about by building a small park inside a

central business district. The complexity of changes

in the before and after simulations lead Bruse to

conclude that it is "….impossible to assess all

changes just by linear combination of known single

facts." (Bruse 1998, pg.9) This conclusion

emphasises the difficulties of simulating the dynamic

nature of changes in the environment. Hagishama, et
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al. (1999) reported the development of a Building-

Urban-Soil model (BUSSSM) to obtain a

simultaneous solution to the complex non-linear

problem.

Elnahas and Williamson (1997) detailed an extension

to the original CTTC model to operate at hourly time

intervals and to include the dependence of total solar

radiation absorption, instead of direct radiation only;

the modification of outgoing long-wave radiation loss

by the inclusion of cloud cover; the thermal effect of

vegetation in the urban site; and the contribution of

anthropogenic heat. The present model under

development designated URBANm, while retaining

the extended CTTC calculation technique,

incorporates better data handling and improved

algorithms for shading, long-wave radiation and wind

effects. An experimental program to collect data to

validate this model has been established.

METHODOLOGY

In the first stage of this current project accurate, well-

documented and comprehensive meteorological

measurements were made at several urban sites

within the City of Adelaide and a reference site (the

City Nursery) adjacent to the City. This data, together

with data from the Bureau of Meteorology is being

used to develop and validate the URBANm model.

Field measurements were carried out at two urban

canyons in Adelaide – Chesser Street with a north-

south axis and French Street with an east-west axis.

Data was sampled at 15-second intervals, and 15-

minute averages were computed by the electronic

data loggers and stored for subsequent retrieval. The

data from the urban sites was compared with that

recorded at a reference site at the Adelaide City

Council Nursery, north of the Torrens River, and with

records provided by the Bureau of Meteorology from

the Kent Town station.

The reference site is located in a green belt

surrounding the central business district of Adelaide,

approximately 2.1km north-east of the city centre.

The urban sites are two relatively narrow streets

about 0.5km from the centre of the business district,

and about 1.5km south-west of the reference site.

Figure 1 shows an aerial photograph of central

Adelaide, highlighting the test sites. The area as a

whole is the core of the Adelaide metropolitan area,

which extends about 20kms east-west from the Gulf

of St. Vincent to the Adelaide Hills, and about 25kms

from north to south. Data is also obtained from the

Bureau of Meteorology located in a light

commercial/suburban area 2.4Km east of the city

centre.

reference

urban sites

Kent Town Met. Station

N

Figure 1: Aerial Photograph Central Adelaide

Data recorded directly, representing the whole of the

study area, included global solar radiation, diffuse

solar radiation, net all-wave radiation and ‘effective

sky temperature’. At the reference station dry bulb

temperature, relative humidity, wind speed and

direction, soil temperature and soil moisture were

monitored. At the urban sites air temperature at

several points in each street cross-section, relative

humidity, wind speed and direction and mean surface

temperature of the road surface (by remote IR

sensing) were measured.

Sensor Array

Figure 2: Chesser Street Monitoring Site showing

sensor array.
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EXPERIMENTAL RESULTS

At the time of writing this paper only monitored data

for May and June 2000 had been complied. Figure 3

illustrates temperature data over several days

collected at the reference, the urban Chesser Street

sites and the Bureau of Meteorology. The difference

between the reference site (and BoM) and the urban

site is significant, with a heat island effect obvious

during the nighttime. To illustrate the magnitude of

the differences the mean temperature for the

reference, BoM and Chesser Street sites over the two

month period were 11.2
o
C, 11.7

o
C and 13.5

o
C

respectively.

PRELIMINARY URBANm MODEL RESULTS

The essence of the methodology used in URBANm is

that temperatures recorded at a nearby reference site

(eg. meteorological station) are transformed to take

account of variations in development density,

building configurations, anthropogenic heat and

evopotranspiration that occur at the urban site.

Figure 4 shows results from the preliminary

URBANm simulation model over a period of several

days for June 2000. While there are some obvious

shortcomings we are cautiously optimistic that the

model, when further refined, can be used with

confidence.

To investigate the importance of site-specific climate

data, a simulation of heating energy requirements was

conducted for a reference building using the

measured temperatures (May-June) for the three

locations illustrated in Figure 3. Compared to the

reference site, using the BoM climate data resulted in

a 3% decrease in heating energy requirement. Using

the urban city site data resulted in a significant 19%

reduction in heating energy. This result backs up the

previous results of Elnahas and Williamson (1997)

and the recent work of Santamouris, et al. (2001).

CONCLUSIONS

An urban climate simulation model URBANm is

presently under development. When completed, the

model will enable the transformation of reference site

climate data to site-specific climate data. The

preliminary model results, compared with measured

data, are promising.

The site-specific data generated by the model will

improve the accuracy of thermal performance

simulations of proposed buildings. The model may

also be used to investigate implications of urban

configurations on issues such as pedestrian thermal

comfort in outdoor spaces in the urban environment,

and predict possible changes as a result of proposed

building projects.
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Figure 3: Measurements from Reference and Chesser Street Sites and Bureau of Meteorology (May, 2000)
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