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ABSTRACT

The heat island phenomenon is surveyed. Existing theories are criticized as being excessively qualitative.
A general purpose, numerical energy budget model is described and applied to the urban atmosphere.
Calculations for several special cases as well as a sensitivity analysis are presented. The model is found to
predict the correct order of magnitude of the urban temperature excess. The heat island effect is found to be
the net result of several competing physical processes. In general, reduced evaporation in the city center
and the thermal properties of the city building and paving materials are the dominant parameters. It is
suggested that such a model could be used in engineering calculations to improve the climate of existing

and future cities.

1. Introduction

In this paper we describe an application of a numeri-
cal energy budget model to the urban heat island prob-
lem. The model, which was designed as a teaching aid
for micrometeorology and ecology courses, has been
found to have a utility beyond the specific application
considered here. Consequently, we shall discuss the
model in some detail in the third section of this paper
before specializing to the urban atmosphere.

2. The urban heat island phenomenon

The existence of the urban heat island phenomenon
has been documented for over a century (Howard,
1833). Howard’s measurements showed the average
urban temperature excess of London to be 2.0F, the
excess being greatest at night, when it amounted to
3.7F. On the average, the heat island effect was largest
in the winter and least in the spring. During the day,
the situation was reversed with the city being 0.3F
cooler than the surrounding countryside. These results
are essentially the same as those of modern investiga-
tions (Chandler, 1962).

In recent years, heat island climatologies have been
formed for many cities (Duckworth and Sandberg,
1954; Landsberg, 1956; Mitchell, 1961; Roden, 1966;
Bornstein, 1968). We shall not review these studies in
any detail since it is clear that the particular numbers
are peculiar to each city. In general, the results are simi-
lar to those obtained by Howard. The nighttime excess
is always the largest, while the daytime urban tempera-
ture is found to be less than the surrounding rural areas
for some cities. The largest heat island was measured in
San Francisco (Duckworth and Sandberg, 1954) where
the temperature difference between a large park area
and the city center was over 10C on one occasion. The

season of the maximum heat island varies. Unlike Lon-
don, most cities develop the maximum temperature ex-
cess in the summer. Probability displays of the tempera-
ture excess show the effect is highly variable from day to
day (Landsberg, 1956). Sundborg (1951) analyzed the
heat island of Uppsala in terms of the prevailing me-
teorological conditions and found the wind speed to be
a dominant parameter with decreasing temperature ex-
cess with increasing wind speed. Landsberg (1956) has
shown that the magnitude of the heat island effect to be
positively correlated with city size.

Many explanations have been given for the heat
island. Howard believed that urban temperatures were
raised by self-heating due to industrial and domestic
combustion. Kratzer (1956) attributes the heat island
primarily to the blanketing effect of urban atmospheric
pollution. The pollution cloud at night is supposed to
absorb and re-emit thermal radiation. from the city,
resulting in the observed large nocturnal temperature
excess. Other authors have pointed out the importance
of reduced evaporation in the center of cities (Born-
stein, 1968; Chandler, 1962). It is argued that if little
evaporation or plant transpiration is occurring in the
city center, then the available solar radiation must go
into heating the city streets, buildings and air. Mitchell
(1961) emphasizes the role of building and paving ma-
terials having large heat capacities and conductivities.
The argument is that the city can absorb large amounts
of heat, relative to rural soils, during the day which then
becomes available at night to partially balance the noc-
turnal radiation loss. The effect of buildings on the wind
field has been discussed in connection with the heat is-
land. Mitchell reasons that buildings act to “. . . break
up the cooling breezes that might otherwise offer relief.”
Chandler, on the other hand, suggests that buildings
act to dissipate the temperature excess by augmenting
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atmospheric turbulence which acts to transfer heat
upward.

These observations and explanations suggest strongly
that the urban heat island is the result of a complex set
of interacting physical processes. In these circumstances
any one-dimensional explanation can have little useful-
ness. It may be possible to identify the dominant pa-
rameter for the particular topography and meteorology
of a given city, but it is decidedly misleading to general-
ize such results to other situations. .

In surveying the explanations mentioned above, the
complete absence of numerical estimates of the order of
magnitude of the suggested mechanisms is striking. In
this regard Landsberg refers to Sundorg’s (1951) sta-
tistical analysis as “. . . an attempt to underbuild the
ohserved facts by a theory.” It is curious that pure
empiricism appears to be “theoretical” in the literature
of the heat island. In the next section, we will outline a
simple energy budget theory to be applied to the urban
atmosphere. In applying energy budget theory to the
urban climate we will not consider the possible role of
pollution on the radiation regime, although we note that
this is undoubtedly an important aspect.

3. An atmospheric energy budget model

The energy budget model we discuss here was formu-
Iated as a teaching tool. Qur objective was to form the
simplest possible set of equations which still retained
the essential physics of the atmospheric surface layer
but which also could be conveniently solved with the
use of a small computer in the classroom or laberatory.

This mode] is essentially derived from the work of
Halstead e al. (1957). We start with the energy balance
equation for the surface of the earth,

Ry=LE+H+S, (1)

where Ry is the net radiation flux, E the evaporation
rate, L the latent heat of water (so that LE is the latent
heat flux), H the sensible heat flux to the air, and § the
flux of heat into the soil. The terms on the right are
defined to be positive for transfer away {rom the inter-
face. Our strategy is now to seek physical relationships
for each of these terms in such a way that we obtain a
closed set of equations. The net radiation term can be
written as

Ry=(1—a)T,Ry|sing sind+cosg coss cosy| ~IRy, (2)

where o is the albedo for incoming solar radiation, T a
transmission coefficient for the atmosphere, R, the solar
constant, ¢ latitude, & solar declination, v the solar hour
angle, and IRy the net infrared flux at the surface of
the earth,
The turbulent fluxes of latent and sensible heat may
be written as
ag - 5
PCPK’la Z’ ( )
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where # is potential temperature, p air density, C, the
specific heat at constant pressure, ¢ the specific humdi-
ity, K) and K, the turbulent diffusivities for heat and
water vapor, respectively, and Z distance from the
interface. Egs. (3) and (4) are only definitions of diffu-
sivity. For neutral and near-neutral stability, the
diffusivity for momentum, K., is given by

Km=kZUs, (5

where & is the von Kdrmdn constant, and U the friction
velocity, defined by

Us=(/p)", (6)

where r is the downward fifix of momentum. Assuming
7 iIs constant, the logarithmic wind law may be inte-
grated to yield

T o
= ny — B
k o
where Z, is a function of surface roughness. Solving this
equation for I/« and substituting in (5) gives
RUZ
Kp=————,
In(Z/Z0)

(8

We now assume that K =K,=K,, so that the turbulent
fluxes become:

—pC kU 06
e e ©
In(Z/Zo)10 InZ
~pLk?U7 o _
E =[—-—~——-] d . (10)
In(Z/Zo) o nz
The soil heat fiux is given by
8T
S=—k; i (11)
¥ _

where T is soil temperature, %, the soil thermal conduc-
tivity, and Z distance from the interface. In order to cal-
culate the soil heat flux at any time, it is necessary to
solve the one-dimensional form of the Fourier heat con-
duction equation, i.e.,

aTr &k, 8T

a pC 6'22’

(12)

where p, and C are soil density and specific heat
capacity.

We lack as yet a boundary condition for water vapor.
Rather than attempting to calculate soil water trans-
port, we make the assumption that the specific humid-
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ity go at height Z,, is a function of the temperature Ty
at that level. If the air is saturated, as it would be in a
freely transpiring plant canopy, then

go=Gsas(T0), (13)
Where guat{Z4) is the saturation specific humidity at
the temperature T9. The saturation specific humditiy
function can be approximated by

t
qsn=E[3.74+2.64(T0/10)’]X10*3. (14)

In order to make calculations over an unsaturated
canopy, such as a city, we add the definition of relative
humidity, RH, to the above relationships and, after
recombination, we have

RH
o=—[3T4+264(Ty/105]X107, . (13)

where we will take RH as constant in these calculations.
Over a surface consisting of a mixture of freely trans-
piring canopies and totally dry streets and buildings,
we will assume that RH can be interpreted as the frac-
tion of total area occupied by transpiring plants.

Egs. (1), (2), (9), (10), (11), (12) and (15) now con-
stitute the model. To proceed further, the equations
must be put in finite difference form. We define the fol-
lowing heights: Z; is the canopy height and Z, is a
height well above the canopy, where we will assume the
meteorological conditions to be constant. In the soil we
will assume the temperature to be constant at depth
2d, and we will calculate temperature only at depth 4.
We assume the air temperature to be isothermal in the
canopy between the surface and height Z,, so that T’
can also be interpreted as the surface temperature.

In finite difference form equations (9), (10), (11},
and {12) then become:

—oC kU
= {m} (To+TaZa—T), (16)
LE= {ﬂ——] (g—g0), an
[in(Zy/Zo)
—k,
‘—'T(T-—Tn), (18)
r=— [ ‘(n—zr.+ru)dz, (19)
p,.Cd" 0

where I'; is the adiabatic lapse rate, T, the soil tempera-
ture at depth d, 7', the soil temperature at depth 2d, and
the quantity in parentheses in (19) is the finite differ-
ence form of the second derivative in Eq. (12). It should
be noted that we have assumed that H, LE and Us are
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constant between Z, and Zs. This assumption is incon-
sistent with the earlier assumption that Z: is high
enough that the meteorological parameters can be
taken as constant. The implications of this inconsist-
ency will be discussed later.

Egs. (1), (2), (15), (16), (17), (18} and (19) consti-
tute the complete model. We have included no equa-
tions for the net infrared exchange. This could easily
be done by using an empirical relationship, such as the
one proposed by Swinbank (1963) for the atmospheric
emission. For these calculations, however, we have
chosen to hold 7Ry constant. This assumption appears
to have no important effect on the model results.

The input information required to solve these equa-
tions is as follows:

1) Latitude ¢, date, atmospheric transmission coefh-
cient T, and surface albedo a.

2) Us, T, and ¢u, the meteorological conditions at
height Z.. ' :

3) Z,, the roughness of the canopy.

4) C, &, and RH, the soil heat capacity, conductivity,
and atmospheric relative humidity near the soil surface.

5) Ty, the temperature at depth 24.

The fundamental assumptions made in formulating
this mode! are that 1) horizontally homogeneity is as-
sumed in afl meteorological and soil parameters; 2)
the turbulent diffusivities for heat and water vapor is
given by the near-neutral value for momentum; 3) the
turbulent fluxes of heat and water vapor are assumed to
be constant between Z; and Z;; 4) the canopy is
uniquely characterized by the roughness length Zy; 5)
the relative humidity at height Z, is a constant; 6) tem-
perature, wind speed, and specific humidity are con-
stant at height Z,; 7) the canopy temperature is iso-
thermal from the surface to height Z,; and 8) the infra-
red radiation balance, /Ry, is taken as a constant.

If this model were to be applied to a plant canopy, it
must be recognized that the physical and biclogical
processes within the canopy are treated in the crudest
manner possible. The vertical distributions of wind
speed, temperature and specific humidity within the
canopy, for instance, are known to differ considerably
from the logarithmic distributions assumed here, The
medel is too simple to allow the calculation of interest-
ing feedback effects of the biological processes on the
canopy microclimatology. In this model the only feed-
back of this kind permitted is through the effect of
canopy growth which could be handled as an increasing
roughness length Z,.

In applying the model to a biologically inactive urban
environment where the canopy consists of buildings,
some of the difficulties vanish. The RH parameter can
now be interpreted as the constant{fraction of the city
occupied by evaporating surfaces, which may be a
better assumption than holding the relative humidity
constant.
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The two-layer soil model adopted here eliminates
much of the complexity which is actually observed in
soil thermal behavior. This is not, however, an import-
tant limitation in principle since as many soil layers as
desired could be added. Likewise, the assumption of
constant meteorological parameters at height Z, is not
in itself a fundamental limitation, since in principle that
height could be made as high as desired. However, if Z,
is made high enough that the meteorological parameters
could be considered reasonably constant, then the as-
sumption that the logarithmic wind law continues to
hold to height Z, becomes very dubious. The basic prob-
lem here is that the empirical data which has allowed us
to specify the turbulent diffusivities applies only near
the surface of the earth. At greater heights little is
known about turbulent transfer.

Micrometeorological measurements have shown con-
clusively that the logarithmic relationships are valid
only for a restricted range of atmospheric stabilities.
For sufficiently stable or unstable conditions the dif-
fusivities are functions of stability parameters, such as
the Richardson number. These functions are known
empirically near the surface of the earth and could be
included in more complex models.

It should be emphasized that this model was delib-
erately formulated to be as simple as possible. It was
felt, however, that a simple model would allow insight
into complicated boundary layer processes which may
actually require more sophisticated treatment. An
analogy could be made with the barotropic model in the
history of numerical weather prediction. Although the
barotropic model could in no sense be said to be an ac-
curate representation of the real atmosphere, that model
nevertheless provided enormous insight into the work-
ings of the atmosphere as well as practical forecasts
within a restricted range of conditions. We have had
similar experiences with the energy budget model under
discussion. It has provided insight to students as well
as professional workers in micrometeorology. In addi-
tion, the model has been found to have a surprising
range of practical applications. Using the model we have
been able to calculate the incubation time of the African
desert locust under a variety of meteorological condi-
tions, and we have studied the body temperature of
desert beetles, We are now working with a more ad-
vanced model which includes a realistic net infrared
exchange calculation, Richardson number dependency
for the turbulent diffusivities, a multi-layer soil calcu-
lation, and soil moisture transfer.

4. Application of the model to the urban boundary
layer

The urban heat island phenomenon was brought to
the author’s attention by colleagues working in the area
of human ecology, particularly K. E. F. Watt. The kinds
of questions which arise in this context are the follow-
ing. How large can the heat island effect be expected to
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be for the projected supercities on the east and west
coasts of the United States? What are the dominant
causes of the urban temperature excess? Are there engi-
neering techniques which could be employed to reduce
the heat island in existing cities? Could cities of the
future be planned to eliminate the heat island? Could
the processes which give rise to the urban heat island
be exploited for beneficial effects in agriculture, such as
frost protection? In general, these problems center
around the question of whether or not the microclimate
can be rationally planned and controlled.

As mentioned above, we concentrate here on bound-
ary layer processes and will not consider the effect of
pollution on incoming or outgoing radiation. In addi-
tion, all our calculations have been made for clear skies.

In applying our model to the urban boundary layer
we have been forced to make a series of more or less
arbitrary decisions as to the proper input data due to
the rarity of information on the physical characteristics
of cities. We have chosen the region in the vicinity of
Davis, Calif., for a representative rural site because
micrometeorological data, is available from the field site
maintained near there by the University of California.
We have compared the calculations for this rural site
with those for a nearby hypothetical city occupying
100 km? with a population of 1 million. This hypotheti-
cal city should not be identified too closely with Sacra-
mento as that city is atypical in respect to amount of
vegetation and proximity to several rivers.

We have specified the city substrate to be 20 cm of
concrete, which is taken to represent the entire mass of
the city. Doubtless the nature of the building and pav-
ing materials may differ considerably from this choice
but proper data were unknown to the author. The tem-
perature at a depth of 20 cm was taken as constant and
given the climatological value for the month in question.
Values of the roughness length for cities are available
from Slade (1968). A dense array of one-story buildings
is supposed to have a Z, of 5 ft and a two-story city a
Zy of 10 ft. In some of our calculations we have taken
the figure of 15 {t for a three-story city.

We have taken Z., the height at which the meteoro-
logical parameters are held constant, to be 300 m.-Our
argument is that although the diuwrnal temperature
variation does certainly extend above that height this
is the best compromise with the competing requirement
that Z; be low enough that the fluxes can be considered
constant with height. We have clearly satisfied neither
requirement and this is taken to be part of the price we
pay for a relatively simple model. We have chosen the
data at 300 m from meteorological experience in the
Davis-Sacramento area.

One of the interesting questions which arises in con-
nection with urban heat budgets is the magnitude of the
self-heating effect due to combustion and dissipation of
other energies. Reliable figures are difficult to come by.
Davidson (1967) has made estimates for New York
City, but this is a very special city in terms of the mag-

020z ¥snbny zz uo 3senb £q 2:00°0'Z<N LONNY:8060>800(6961)05+0-0ZS 1/S. L L 01 /4pd/10p/Bi0 00s}ewe sjeuinolj/:dny woy pepeojumoq



912 JOURNAL OF APPLIED METEOROLOGY

VOLUME 8

e Undisturbed Rural Heat Budget =
NE Summer Solstice N
'€ LE
Cos / \
fel
()
= \\ / /S
x
=2e)
© —~ T Ny
,._
<{
S
1800 0000 0600 1200 1800

TIME (LST) —»

F16. 1. The rural heat budget calculated for the summer solstice. Soil and meteorological
parameters are taken for the Davis-Sacramento area.

nitude of the industrial activity and the severity of the
winters., We have chosen then to estimate the heat en-
ergy released in our hypothetical city as follows. Morri-
son and Readling (1968) calculate that the total energy
released in the United States in 1965 was 53.8X10®
Btu. This is equivalent to a per capita expenditure of
6.78 10" cal year™'. For our hypothetical city this
figure reduces to an energy flux of 0.013 cal cm™ min™.
In order to evaluate the effect of this additional energy
on city temperature we have simply added a figure of
0.05 cal ¢cm™ min™! to the net radiation term in the
model equations. We have increased the size of the
self-heating over our calculation to allow for the fact
that domestic heating would be concentrated in the
winter. For the calculations which follow, most of which
are for the summer solstice, the self-heating effect speci-
fied above must be a large overestimation.

The model equations can be conveniently solved by
either analog or digital techniques. For classroom con-
venience, we have chosen to solve the present model by
means of a desktop analog machine, the Electronics
Associates, Inc., TR10.

5. Results

We have applied the energy budget model discussed
above to a number of special cases chosen to give insight
into, if not conclusively answer, some of the questions
posed above. In addition we have performed a syste-
matic sensitivity analysis of the model equations for the
leading input parameters. Except for case presented in
Section 5f, in which seasonal variation of the heat
island is considered, all of these calculations were made
for the summer solstice.

a. City vs surrounding countryside

For this calculation, which we take as the basic case
from which to form variations, we have taken the city
as a dense array of one-story buildings with 109, of the
city occupied by evaporating areas. For the rural cal-
culations we have used the thermal properties of the
soils in the vicinity of Davis, where k,=2.6X107% cal
em™ sec™! (°C)™! and p,C=0.52 cal cm=2 (°C)~. The
rural ground cover is assumed to be grass 10 ¢cm high
with a roughness length of 1 cm with 1009 of the area

35
Surface Temperature

f 30 L—Undisturbed Rural Temperatures e
— Summer Solstice
O
o - Air Temperature
W
i
N ,_,_¥
é 20 Soil Temperature
w
o
& \
L
= 15 \S —

10

1800 0000 0600 1200 1800

TIME (LST) —»

Fi1G. 2. Surface, air and soil temperatures calculated for a rural area in the Davis-Sacramentg
area for the summer solstice.
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F16. 3. The surface heat budget calculated for a hypothetical city in the vicinity of Davis,
Calif., for the summer solstice.

being taken as occupied by freely transpiring plants.
For both city and country we have taken the same
values for the following parameters. The albedo is 209,
the transmission coefficient is 0.664, the temperature at
20 cm below the surface is 21.3C (the climatological
mean for June), the wind speed, temperature and spe-
cific humidity at 300 m are Sm sec™, 21.3C and 51073,
respectively, and the net infrared balance is held con-
stant at 0.1 cal cm™2 min=.

The results are shown in Figs. 1 and 2. The rural heat
budget, shown in Fig. 1, indicates that the majority of
the available energy is going into evaporating water.
The general nature of the energy budget during the day,
including the magnitude of the net radiation, agrees
with measured heat budgets at the Davis site (Pruitt
et al., 1967). At night, the model overpredicts evapora-
tion. It is interesting that the model correctly estimates
evapotranspiration during the day, although the dif-
fusivity used in these calculations is equivalent to the
Thornthwaite-Holzman (1939) evaporation formula,
which is known to underestimate evaporation during
unstable conditions. Evidently, the additional require-
ment that the energy balance be satisfied improves this
approach. The corresponding rural temperatures for the
soil at a 10 cm depth, the surface, and air at a height of
S ft are shown in Fig. 2. The air temperature rises from
a minimum of 19.3C to a maximum of 27.7C. These are
reasonable values according to local experience although
the minimum is somewhat high.

Figs. 3 and 4 show the companion calculations made
for the city. The heat budget, shown in Fig. 3, includes
the same net radiation as for the rural case. This en-
ergy, however, is used much differently. Most of the
energy goes into heating the concrete. No energy ap-
pears in the latent heat flux term because with only a
109, evaporating area in the city, the specific humidity
at street level does not reach high enough values to
cause an upward diffusion of water vapor. The corre-
sponding air temperature at 5 ft and concrete tempera-
ture at a depth of 10 ¢m are shown in Fig. 4. The air
temperature reaches a maximum of 33.7C after a mini-
mum of 22.7C. The model thus produces a heat island
of 6.0C in the maximum temperature and 4.1C in the
minimum. Although the model predicts the largest tem-
perature excess during the day rather than at night, as is
observed, this result seems encouraging enought to call
for a more detailed analysis, which we present in the
following cases.

b. City park case

Since the largest heat island effect reported in the
literature was for a city park (Duckworth and Sand-
berg, 1954), we have made a special calculation for this
case. Here we have replaced the city concrete with soil
characteristic of the surrounding countryside, a 3.4 m
canopy of trees with a roughness length of 200 cm, and
specified 909, of the area of the park was freely trans-
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L T16. 4. Air and substrate temperature calculated for a hypothetical city in the vicinity of
Davis, Calif., for the summer solstice.

020z ¥snbny zz uo 3senb Aq z:00°0'Z<NLONNY:8060>800(6961)0570-025 /5.1 L"0L/4Pd/10p/B10-00s}oWE S|EUINO//:dRY WOl papeojumog



914 JOURNAL OF APPLIED METEOROLOGY

VoLume 8

o
o

City Air
Temperature
t

City Park Case

&Ome _,%

/Park Soil Temperature

City Substrate Temperature

N

n
o

o —

TEMPERATURE (°C) —*

\

10

-

/g,rk Air Temperature \

1800 0000

0600 1200 1800

TIME (LST) —»

Fic. 5. Air and soil temperature for a city park area calculated for the summer solstice.
Temperatures calculated for the city center are also shown for comparison.

piring. All other parameters are the same as for the city
case. Fig. 5 shows the soil and air temperature at 5 ft
for the park. Also shown for comparison are the corre-
sponding city temperatures. The calculation indicates
the park air temperature to be 11.5C cooler at midday
and 8.1C at dawn. These figures are close to those ob-
served by Duckworth and Sandberg, although again
the largest excess is calculated to be during the day
rather than night.

c. Self-heating case

For this case, we have added a constant 0.05 cal cm™2
min~' heat flux to the net radiation to simulate heat
released within the city due to the activities of men. As
we indicated above, this figure is probably much too
high for the summer solstice. All other parameters were
specified to be the same as for the city case already dis-
cussed. The result of this calculation showed the city air
temperature to be raised by 0.8C due to the self-heating
mechanism. There was no diurnal variation in the mag-
nitude of this effect.

d. Moist city vs dry countryside

In many agricultural areas crops are not irrigated.
Under these conditions the specification that 1009 of

TaBie 1. Input data for city to country traverse.

Distance
from Evap-
city Conductivity orating
center [cal cm™ sec™! Diffusivity Zy area
(km) (O (cm? sec™) (cm) (%)
0 11.00X103 20 X107 305 0
1 9.33 X103 17 X1073 250 10
2 7.65X1073 14 X1073 200 20
2.5 6.80X1073 12.5X1078 150 . 30
3 5.97X107¢ 11 X107® 100 40
4 4281073 8 X103 10 60
5 2.60X1073 5 X103 1 90

the area is freely transpiring may be too high. In addi-
tion, Kratzer (1956) lists large European cities with up
to 249, of their area occupied by woods. For smaller
cities this figure rises to 38%,. Consequently, we have
repeated the city vs countryside study, holding all pa-
rameters the same as before except that we now specify
that 509, of the countryside and 309, of the city is
occupied by transpiring plants. Under these conditions
we obtain maximum air temperatures at 5 ft of 32.3C
in the country and 29.4C in the city. In this case the
city is a “cool” rather than heat island during the day.
At night the situation is reversed, the minimum tem-
perature is 22.4C in the city and 22.1C in the country.
Presumably, these results are related to observations
that some cities are cooler than their surroundings
during the day. Again it appears that the night tem-
perature in this model is too high.

e. Transverse from city o country

In order to see more clearly how the rural climate
relates and merges into the city, we have calculated a
traverse from the edge of the urban area into the city
center. For these calculations we have varied the con-
ductivity and diffusivity of the underlying surface, the
roughness length, the evaporating area, and held all
other parameters to be the same as the first case con-
sidered. The values used are shown in Table 1. Fig. 6
shows the maximum and minimum temperatures cal-
culated at various distances from the city center for
the summer solstice. It can be seen that the highest tem-
perature is found at a distance of 1 km from the city
center. This occurs because the increased roughness at
the city center (three-story buildings assumed) results
in more efficient diffusion of heat upward while the
model treats the 109, evaporating area at 1 km as no
evaporation so no energy is absorbed in the latent heat
mechanism in the city center. The largest rate of change
of the maximum temperature occurs between 2 and 3
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F16. 6. Air temperature calculated at various distances from the city center for the summer
solstice. The various meteorological and substrate parameters chosen for this calculation are

given in Table 1.

km., As we shall see in the sensitivity analysis to be pre-
sented below, this seems to be mainly due to the change
in evaporating area, as the model is most sensitive to
this parameter in the vicinity of a value of 259,

f. Seasonal variation of the heat island

In order to investigate the seasonal variation in the
heat island phenomenon, we have repeated the calcula-
tion at the times of the spring and fall equinoxes and
for the winter solstice. As much as was possible with the
data available, we have used climatological values for
the meteorological parameters at height Z, and the soil
boundary condition. Otherwise, the input information
was the same as for the first case discussed. The calcu-
lated temperatures are shown in Table 2, where AT is
temperature difference between city and country. It
can be seen, according to the calculation, that the city
is always the warmest with the largest excess found at

TABLE 2. Seasonal variation of the heat island.

) Tmax (OC) Tmin (DC)
Date City Country AT City Country AT
Spring 17.2 157 1.5 10.8 82 26
equinox
Summer 33.7 277 60 234 193 4.1
solstice
Fall 279 240 39 21.0 174 3.6
equinox
Winter 13.5 125 1.0 9.2 6.7 2.5
solstice

the times of the summer solstice and fall equinox and
the smallest at the winter solstice. It is interesting that
the model predicts the night heat island to be larger
than the day heat island during the winter and spring.

g. Sensitivity analysis

In order to see more clearly how the various com-
peting parameters combine to produce the calculated
temperatures, we have made a systematic sensitivity
analysis for the leading parameters. The strategy has
been to use the summer solstice city case presented in
Section 5a as the base calculation, and to repeat the city
temperature calculation for various values of a par-
ticular parameter while holding all others constant. In
this way we have investigated the effect of wind speed,
albedo, roughness and evaporation on the city tem-
perature. Table 3 and Fig. 7 show the result for wind
speed. It can be seen that city temperatures are most
sensitive to wind speed at low wind speeds and that
increasing wind speed has the effect of decreasing the

TasLE 3. Effect of wind speed on city temperature,

Sensitivity Wind
U, Tmax Tmin [°C (m sec™)~1] range
(msec™) (°C) (°C) Day Night (m sec™)
1 38.5 22.9 —1.70 +0.40 1-2
2 36.8 23.3 —1.03 +0.13 2-5
5 33.7 23.7 —0.50 +0.08 5-10
10 31.2 24.1 —0.35 +0.05 10-20

20 21.7 24.6
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F1G. 7. The effect of wind speed on summer solstice air temperature
in the city according to the model.

maximum and increasing the minimum temperature.
Fig. 8 is a tracing of the actual machine output from
which the above figures were obtained. The calculation
was continued 5 days to make sure that equilibrium
conditions were obtained, since the first day’s tempera-
ture was sensitive to the particular initial temperature
chosen at a depth of 10 ¢m. In each of the following
sensitivity cases, the same procedure was followed to
ensure equilibrium values.

Table 4 shows the results of the albedo calculation.
The albedo is calculated to have relatively small effect
on city temperature over this albedo range, which seems
appropriate for cities according to the available infor-
mation. The overall sensitivity is 1.25C per 15 albedo
change.

The effect of roughness on the summer solstice city
temperature is summarized in Table 5.

It is seen that increasing the roughness length from
values appropriate for grass to those for two- and three-
story buildings decreases the maximum temperature
considerably while slightly increasing the minimum tem-
perature. When this data is plotted on semi-log paper it
is not linear but a reasonable overall sensitivity figure
for the maximum temperature would be —2.3C per
decade increase in Zo.

The effect of increasing the fraction of the city from
which evapotranspiration is occurring is shown in Fig.
9 and Table 6.

As we anticipated above, the city temperature is
most sensitive to evaporation in the case when the
.evaporating area is between 0.2 and 0.3. Here the effect
of increasing the evaporating fraction by 0.1 is to de-
crease the maximum temperature by 3.5C.

Table 7 shows the effect of changing the temperature
at height Z, 300 m in this case, on the city temperature
at 5 ft.

The overall sensitivity was 0.59C (°C)~! for the maxi-
mum and 0.61C (°C)~! for the minimum temperature.

6. Discussion and conclusions

The general nature of the calculations presented
above appear to be quite encouraging. Although the
energy budget model is relatively crude, these calcula-
tions are qualitatively and quantitatively reasonable.
The energy budget approach appears to explain many
of the observed features of the urban heat island
phenomenon.

TasLE 5. Effect of roughness length on city temperature.

Zo Tma.x Tmin

TasLE 4. Effect of albedo on city temperature. (cm) °C) °C)
1 379 23.0

Tmax Tnin 10 36.7 232

Albedo o €O 100 344 234
0.10 35.2 23.7 152 33.7 23.6
0.15 344 23.7 200 33.4 23.6
0.20 33.7 23.7 250 33.0 23.7
0.25 33.3 23.6 305 32.7 23.7
0.30 32.7 23.6 457 31.9 23.8
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Fic. 8. Tracing of the machine output from which Fig. 7 was prepared.

Our results indicate that the urban temperature ex-
cess is the net effect of several competing physical pro-
cesses, each of which, if acting alone, could produce
relatively large temperature contrasts. Generally, there
is a tendency for a cancellation effect so that ordinarily
the temperature contrast between city and country is
small. For instance, the decrease in evaporation as the
city center is approached is balanced by the increasing
size of the buildings which augments the diffusion of
heat upward. In the city park case these two factors
work together to produce the largest contrast with the
city center.

In general, our model indicates that the most important
parameters which determine the size of the heat island
effect are the reduction of evaporation in the city, the
increased roughness of the city, the thermal properties
of the building and paving materials, and wind speed.
Overall, reduced evaporation dominates during the day
while the thermal properties of the substrate dominate
at night, other factors being equal. Our calculations in-
dicate that self-heating is probably not an important
contributor to the heat island, although it may be de-
tectable in some circumstances.

TastrE 6. Effect of evaporation on city temperature.

Evapo- Sensitivity
ratilrjlg Tonax Train L°C (0.1 change)™] Fractional

fraction (°C) °C) Day Night range
0.0 34.6 24.3 0.0 0.0 0-0.1
0.1 34.6 24.3 —2.2 —0.2 0.1-0.2
0.2 324 241 —3.5 —1.3 0.2-0.3
0.3 29.9 22.8 —2.1 —14 0.3-04
0.4 27.8 214 —1.6 —1.1 0.4-0.5

0.5 26.2 20.3

Probably the outstanding failure of this model is the
fact, for the summer solstice and fall equinox, that the
heat island is calculated to be largest during the day
while all observations indicate that the temperature ex-
cess is actually largest at night. Calculations with a more
sophisticated model will be required to identify the
cause of this discrepancy. Two possibilities would be
the radiation blanket effect of pollution or Richardson
number effects on the turbulent diffusivities at night.

In the future, we plan to make further calculations for
the urban boundary layer and other problems with a
more advanced model. The improvement to be expected,
however, is limited by the nature of the data available.
Information as to the physical nature of cities, such as
the average thermal properties or the total green area,
and roughness length of cities, is hard to come by. It
would seem that the gathering of such information
would be an excellent objective for the remote sensing
technology.

Finally, the relative success of this simple model in
predicting city temperature as a function of boundary
layer parameters raises the possibility of the engineering
use of such models in city planning. It seems highly

TABLE 7. Effect of temperature T, at 300 m on city temperature,

Tz Tma.x Tmin
(°C) °C) (°C)
15 29.7 19.6
17 31.0 20.8
19 323 22.2
21 334 23.3
23 34.3 24.2
25 357 25.7
27 36.8 26.8

29 38.0 28.2
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Fi6. 9. The effect of evaporation on city air temperature on the
- summer solstice according to the model.

desirable that cities be planned to eliminate the swelter-
ing summer nights often experienced in eastern cities,
for instance. According to our calculations, the addition
of sufficient plants would improve the summer climate
of existing cities, particularly if the green area is near the
critical 209, value. Perhaps roof-top parks would be a
feasible way in which to modify existing cities.
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