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ABSTRACT

A review of the literature indicates that there
are deficiencies in numerical models which describe the sensibile
heat flux at the conplex urban interface. Similarly, experi-
mental techniques are not applicable to the urban area (e.qg.,
Bowen's ratio, aerodynamic methods) or can only be applied at
a sufficient height above the roughness elements (eddy corre-
lation). This study investigates an experimental approach to
calculating the sensible heat flux for cloudless skies and light
winds. Using the energy balance at the surface, this term is
‘obtained as a residual if the other terms are measured.

The experiment was conducted in what was considered
to be the essential unit of the urban structure: the 'urban
canyon' consisting of .the combination of walls and ground (street).
and the air volume contained between two adjacent buildings.

If the fluxes_of sensible heat are known at the three canyon
surfaces, then the sensible heat released to or from the atmos-
phere is obtained if proper consideration is given to advection
and heat storage change in the canyon-air volume.

The canyon chosen was located in central Vancouver,
B.C., was aligned North-South and consisted of two concrete
food processing plants, painted white.and separated by a clay-
base floor covered by gravel. The canyon was approximately 8

m in width, 6 m in height and 79 m in length. A boom was in-
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stalled across the canyon top and served as a trackway for

a movable carriage and a vertical mast. Eight net radio-
meters and thermocouple air temperature sensors were mounted
on the mast, and seventeen subsurface'flux plates were in-
stalled on the canyon walls and ground. A lysimeter measured
the surface water loss. In addition to thesevmeasurements,
special experiments were conducted to investigate the indivi-
dual roles of advection, solar radiation and subsurface heét
storage in the canyon.

Results indicate that the solar radiation ré—
ceived along the walls is a function of the solar zenith and
azimuth angle. The average solar flux received by each can-
yon surface is characterized by a peak; with added secondary
maxima on each wall corresponding to periods of maximum irra-
diance on the opposite wall. The albedo of the canyon system
shows two distinct peaks at the times of maximum irradiance
of the white walls. At noon the albedo of the canyon system
approximates that of the canyon floor.

Both the net radiation and subsurface heat flux
respond to solar radiation during tﬁe day and thus a similar
dependence on solar zenith and azimuth angle is observed for
these quantities. At'night the net long-wave radiation at
locations in the canyon varies linearly with the sky view
factor.

The transport of heat by advection into or out

of the canyon air volume depends to a large extent on the
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wind field. With winds 2 m s_l on cloudless days, the net
advection gives rise to an upward flux of approximately 70

2

Wm “. With winds of 1 m s_1 the corresponding advection

is 15 W m-z. In the absence of strong advective fluxes, the
partitioning of - the radiant energy, across the canyon top, 
and at solar noon on a clear summer day is as follows: net
all wave radiation flux: 510 W m_z, sensible heat flux: 320
W m_2, latent heat flux: 50 W m_2, subsurface heat flux: 140
Wwm2,

At night the wind field drops below 1 m s—1 and a
balance is established between the net radiation deficit and
the subsurface heat flux which flows towards the canyon-air
volume. Typical values for both are G0 W m—2 at the canyon
tdp. Both the sensible and latent heat fluxes are close to
zero. Measurements indicate that under these nocturnal con-
ditions, the volume divergeﬁce of net radiation is the main
cooling mechénism for the Canyon—air volume. The cooling may
also be approximated by the Brunt formula curve which employs
a mean cahyon surface admittance and a net radiation across
the canyon top.

A modelling scheme is devised which calculates
solar radiation as the main energy source during periods of
sunny skies and light winds. Linkages are then sought, via
canybn measurements, between the net solar radiation, the

net all-wave radiation and the subsurface heat flux. The

sensible heat flux is the end result. The results appear



promising, although more measurements are needed over a

variety of urban surfaces.
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CHAPTER 1

INTRODUCTION

A. APPROACHES TO FLUX ESTIMATION IN URBAN AREAS

Most work in urbkan climatology has been directed towards
describing the time and space distributions of climatological para-
meters such as air temperature, water vapour, wind speed,';nd air
pollutants (for reviews of this work see Kratzer, 1956; Peterson,
1969; and Oke, 1974). Although this has increased our knowledge
of the climatic effects of urbanization, it has not resulted in
a clear undersfanding of the mechanisms lying at the root of
urban climatology. In particular it is necessary to further
understand the behaviour of the fluxes transferring energy, mass
and momentum betweén the atmosphere and the urban interface.

This study is centrally concerned with the urban inter-
face energy balance, but it is important to point out that the
energy fluxes cannot be divorced from interactions with the
fluxes of mass and momentum. For example, the exchange of both
short and long-wave radiation between the atmosphere and the
surface is modified by the presence of pollutants; the partition-
ing of available energy is strongly influenced by fhe availability
of evaporable water; and the efficiency of turbulent transport is

partially controlled by the generation of forced convection.

In particular this study is concerned with the means

whereby the sensible heat flux by turbulent transfer may be



determined. Its importance in altering the thermal structure of
the urban boundary layer is anticipated to be substantial (e.g.,

in controlling lapse rates and hence stability and pollution dis-
persion; in creation of the urban heat island; in estimating build-
ing and community heating requirements, etc.) but little detailed
work is available.

Three classes of aﬁproach have been undertaken previous-
ly in attempting to estimate the magnitude of the urban sensible
heat flux,’namely numerical models, mixing depth models and
measurement. The theoretical models are usually based upon the

following equations:

* .
Q + Qg +Qy+Q;=20 (1.1)
SSX 3 BSX :
5T ° CXEE(KX SE—J+ Advection | (1.2)
aTZ BZTZ
T = ks W
3z
where,
%*
Q = net all-wave radiation,
Qp = latent heat flux,
Qq = sensible heat flux,
QG = sub surface heat flux,
Sy = climatological variable (temperature,

water vapour, etc.),

C = constant,



Kx = eddy diffusivity for property (heat,
water vapour),

Tz = subsurface temperature,

k = subsurface thermal conductivity,

t = time,

4 = height.

Equations 1.1, 1.2 and 1.3 are the two-dimensional forms
of the surface energy balance, atmospheric turbulent transfer
and sub-surface heat flux equations respectively. As a first
approximation the advective term is ignored. Equations 1.1, 1.2
give a c;osed set if Kx k and the surface boundary conditions are
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known, whence the sensible heat flux (QH) is obtained from:

<

QH = —pcpKHg-g (1.4)
where
p = air density,
e = specific heat of air at constant
P pressure, .
T = mean air temperature.

This approach was taken by Myrup (1969) in his pioneering numeri-
cal model of the urban heat island. The model was not intended
.for research purposes, and for simplification avoided inclusion

of advection, stability correction of K and initially assumed

Hl
QO = 0 in the city. Furtherﬁore, a constént flux layer was

assumed ﬁo that the model was not time-dependent. Nevertheless,

some interesting results were obtained which illustrated the



character of the urban energy balance. vIn his model surface
effects are particularly significant. The model results showed
air and surface temperatures to be strongly related to the
amount of transpiring surface. The model was later applied to
Sacramento, Calif. (Myrup and Morgan, 1972) by dividing the
city into small cells and using representative values of
albedo, emissivity, thermal conductivity,  fraction of tf;ns-
piring surface and heét capacity for each cell. Roughness
lengths were employed using the method of Lettau (1969).
Following this analysis, the authors were able to calculate
the spatial distribution of the different surface energy bal-
ance compohents in Sacramento. Unfortunately independent mea-
surements .0of these terms were not available probably because
of experimental difficulties to be discussed later on in this

chapter. It is reasonable to assume that more realistic des-

criptions of the energy transfers could be had by incorporating:

(a) stability-dependent eddy diffusivities,
(b) radiative flux divergence, |

(c) the momentum transfer equation, -

(d) advection and the equation of continuity,
(e) realistic surface boundary fluxes.

Some early boundary layer models exist which incorporate some
of these features. Estoque.(l963) used (a), (b) and (c)'in his
work which also included a constant flux layer followed by a
transition layer. The model was meant to apply over a rural

surface. Similar models have been developed by Pandolfo et al.



(1963) and Wu (1965) among others. Tag (1969) applied the
Estoque model to an urban area and calculated surface temper-
ature warming., Term (d) can be used to study the urban cir-
culation system in the absence of external winds (Delage and
Taylor, 1970; Vukovich, 1971) as well as to study the modifi-
cation of rural air as it crosses the urban area. These later
models fepresent the most advanced approach to date, and in
most-cases incorporate terms (a) to (d) (Estoque and Bhumra1=
kar, l97b; Pandolfo et al., 1971; Wagner and Yu, 1972),

Although most of these models recreate in some form
the observed features of the urban heat island, there is need
of experimental programmes to verify their results (see, for
example, Tag, 1969; Bornstein, 1972; McElroy, 1972a, 1972b).
in many real situations, the inhomogeneity of the surface may
render the calculations of the eddy diffusivities based on
established wind profile theory, invalid. Furthermore, al-
though the urban boundary layer has been shown to exist as a
mean property (Clarke, 1969; Oke and East, 1971; Tyson et al.,
1972) it must inconporatellarge inhomogeneities at the sur-
face due to the complex nature of the urban atmosphere inter-
face in space. Thus even though the heat flux at any point
on the surface may be well behaved, its estimation from |
boundary layer theory may be incorrect.

 Surface inhomogeneities may also cause difficulties

in thejcalculation of realistic fluxes at or near the inter-



face because current turbulent transfer theory is not appli-
cable. Therefore it seems that category (e) is at present
neglected in these models, and there is need for contributions
in this area. However, due to the complexity of the flow, it
is doubtful if purely theoretical apprbaches could be useful,
even in regular idealized block-arrays. Instead, the input
must come from experimental programmes to study the energy
flow in this complex environment.

- The mixing depth models on the other hand assume
that at some critical height the irregularities in the surface
fluxes have been smoothed to provide an integrated spatial
average. This concept is used by Summers (1965) and Leahey and
Friend (1971) equate the development of a thermal- boundary layer
tb the surface heat flux with assumptions regarding the form of
the wind and temperature profiles. Such anvapproach might appear
attractive in estimating gross urban surface fluxes given the
appropriate input information. However, some of the theoretical
objections raised previously, plus the expense of providing the
necessary data, make this épproach impractical.

The measurement approach to the evaluation of QH in
urban areas usually involves the use of micrometeorological tech-
niques such as the Bowen ratio, aerodynamic or eddy correlation
methods. Oke et al. k1972) have pointed out the relative merits

and deficiencies of these approaches in the urban environment.

They conclude that the first two approaches involve assumptions



unlikely to be realized in the urban situation, but ﬁhat the
eddy correlation approach holds promise. Initial work with such
a system has verified this (Yap and Oke, 1974) ; but also suggests
that it should be employed at a sufficient height that local
spatial variability is smoothed out. If the surface energy
balance is required, this introduces the possibility of errors
associated with any height variation in QHa

Given these difficulties in determining QH in the
surfaée energy balance of the city, a new approach is attempted

here.

B. RESEARCH APPROACH

The essence of the approach employed in this study is
that QH may be obtained as a residual in the simple surface energy
balance equation (Equation 1.1) if all other terms are accurately
measured or otherwise detefmined; Much of the value of such an
approach rests on the careful identification of what constitutes
a significant urban surface. There are probably no truly repre=
sentative urban surfaces such as those identified as character=
istic of rural and other horizontal natural terrain for experi=
mené%l purposes. However, there may be some typical urban sur=
face units consisting of a combination of surfaces (both horizon=
tal and vertical) whose basic form is repeated throuchout the

urban area. Here we specifically identify the 'urban canyon' as



an important basic unit of the urban structure. It consists of
the combination of walls, and ground (street) and the air volume
contained between two adjacent buildings (Figure 1.1).

Such a physical arrangement represents a three-
dimensional distortion of the horizontal surface case, and 1is
characterized by complex radiative and aerodynamic exchanges
below roof-level. The urban canyon together with simpler roof
surfaces forms the lower boundary for most of the urban boundary:
layer, at least in the central portion of most cities. Such a
concept is similar to, but independent of, that employed by Ter-
jung and Louie (1973, 1974) where they identify a "radiation neigh-
borhood" as a typical unit capable of integration to provide a
synthetic Eity system.

The canyon considered in this thesis is essentially a
two-dimensional example in which the transfer of energy between
the atmosphere and the canyon cross-section is not dependent on
the longitudinal distance along the canyon. Thus a real canyon
situation was found which was of sufficient length and which was
characterized by homogeneity in its longitudinal axis. This
characteristic does not exclude the presence of advection but
only assures that the energy exchanges are similar in the greater
part of the canyon. |

The suitability of applying the unit canyon results
to a larger urban area (and other canyons) will, of course, depend

on the character of the energy balance terms at the interface.
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If the radiation fluxes behave as well-defined functions of

the physical properties of the canyon(e.g., dimensions, albedo,
surface fabric) then these terms can be modelled in other can-
yon situations. Similarly if the horizontal transport of heat
into, or out of, the canyon is small, then the implication is
that the vertical exchange of heat is governed by processes
occurring inside the canyon. Thus Qu may be modelled in other
canyon situations if it is shown to be a well-behaved function
of the other energy balance terms.

This attempt at generalizing the canyon measurements
implies that there must be some form of control on the external
énergy inputs to the canyon system (solar radiation and synoptic
winds), otﬁerwise the results will be biased and their applica-
bility to other situations would be questionable. It was decided
in this study to look at conditions which were as close to steady-
state as possible: general lérge—scale subsidence weather charac-
terized by clear skies, light winds and dry spells. These con-
ditions are in themselves important since it is during these
spells that air pollution and heat island anbmalies have maximum
effect (Summers, 1965).

Although the possibility of using the urban canyon
as a modeiling unit is considered hére also, the central emphasis
is upon examining the nature of the physical exchanges interacting
within such a geometric configuration. The study of the urban
canyon 1is important also for what it tells us about the climatic

conditions within streets. For it is here that much of the bio-
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logical activity of cities takes place (both animal and vege-
tative), and wherein some of the pollutants (particulate, gaseous,
thermal and acoustic) are released. Equally it is where most
of the studies of the climatic effects of urbanization have
been conducted (e.g.,.aUtomobile traverses of air temperature)
but where the energetic basis for climatic interpretation is
almost entirely lacking.

Assuming no phase changes of water in the air volume,
the eﬁergy balance for the air volume contained in an urban can-

yon such as that in Figure 1.1 is given:

[QAdv ]+ (QHe + QHW) H.L + QH e W.L - QHt + W.L

= (1.5)
= pc f(%% + dlz - yav
P vy P p
where
[o ] = advected heat due to horizontal
Adv
transport,
QHe' QHw QH = sensible heat flux to, or from,
! g the east, west and ground surfaces
respectively,
H, L, W = canyon height, length and width
respectively,
Q = sensible heat flux through the
Ht
canyon top,
o . T
pcC IEE av = rate of change of energy storage
Py in the canyon-air volume V,
*
fdiv Q av = rate of change of energy storage
v due to net radiative dlvergence

in the canyon-air volume.
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The left-hand side of Equation 1.5 defines the net
sensible heat input to the canyon-air volume. These terms there-
fore must be balanced on the right-hand side by the resulting
change in the sensible energy storage (temperature) in the air
volume plus (or minus) the net energy change due to radiative
flux divergence. Under near calm conditions (commonly at night)
the terms on the left-hand side will become small and the two
terms on the right-hand side will provide the dominant inter-
action.

The divergence of net radiation in the canyon-air
volume can be re-written as

J div Q*dV = I QA (1.6)

\Y i=1 _
where, QI defines the net radiant energy normal to the ith
surface (Ai) of the canyon-air volume.

The QH fluxes for the can?on walls, if assumed to

be impervious and dry, are given as:
*

and for the canyon floor:

]

*

0 =0 -0Q; - Q9 (1.8)

if some' small amount of water is assumed to be available.
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Given an appropriate sampling scheme over the cényon
surfaces, all the terms in Equation 1.5 can thus be measured
utilizing fairly standard meteorological instrumentation (e.g.,
flux plates,’radiometers, a lysimeter and thermometers) with
the exception of QHt‘ ‘This terﬁ then becomes solvable as the
residual, and represents the flux of sensible heat to (or from)
the urban boundary layer above the buildings. 1In combinétion
with fhe sensible heat flux from the roof-tops this term is a
fundamentél lower boundary condition in the meso-scale energy
balance of the city and its. atmosphere.

The knowledge gained in evaluating the energy
balance of the canyon-air volume via measuremenﬁ provides help
in establishing empirical relationships, and in testing theoreti-

cél models, which may then be applied to other canyon systems

existing under similar constraints.

C. OBJECTIVES

The specific objectives of this study may be summar-
ized as the following:

(1) to measure and interpret the nature of
the energy balance terms (radiative,
conductive and convective) at the inter-
face of the component surfaces of an
urban canyon,



(ii)

(iidi)
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to measure, compute and interpret
the nature of heat fluxes (radi-
ative and convective) involved in
the energy balance of a canyon-air
volume,

to generalize the results of (i)

and (ii) towards their future in-
corporation into a modelling scheme
describing the behaviour of Qy at the
urban/atmosphere interface.



CHAPTER 2

SITE, INSTRUMENTATION AND DATA ACQUISITION

a

A. GEOGRAPHIC SITUATION

1. Vancouver Region and Climate

The experimental studieé were conducted in Vancoﬁver,
B.C. (49°N latitude, 123° W longitude) which is located at the
mouth of the Fraser River on the Lower Mainland of British
Columbia (Figure 2.1). The City of Vancouver is mainly resi-
dential except for commercial centres, and pockets of mainly
light industry. The total population of the Greater Vancouver
region is épprqximately one million, with the highest density
located near the Central Business District (CTB.D.).

The macro—climatology'of the Vancouver Region is
characterized by Qet, mild‘winters and dry, warm summers,
The winter is dominated by the passage of Pacific disturbances
caught up in the flow of the Westerlies. In the summer the
northward extension of the Pacific Sub-Tropical High Pressure
area brings generally cloudless skies and lighter winds, and
the tendency for the development of important meso-scale climates.
Detailed accounts of the climate of the region are given by
Harry (1955), Harry and Wrightl(1967) and Hare and Thomas'(l974).

The observations in this study were restricted to the

summer months, and to days with cloudless skies and light winds.

15
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Under such conditions the experimental site location (Figure
2.1) is likely to encounter a number of meso-scale phenomena.

In particular, the wind regime is characterized by east-west
oriented local winds generated by land/sea thermal differences
and probably augmented by a mountain/vélley circulation (Emslie,
1971). The diurnal wind-shift is very marked during this
period. The meso-scale heat island of Vancouver is also‘well
developed under anticyclonic'weather, commonly resulting in
urban/rur;l temperature differences of 5 degrees Celsius, and
maximum differences of greater than 11 degrees Celsius on espe-
cially calm and clear nights (Oke, 1972). The heat island

also shows a diurnal cycle with the maximum magnitude occurring
3;4h after sunset (Oke and Maxwell, 1974). An example of the
héat island configuration is given in Figure 2.2 (Oke, 1974,
personal communication). This shows the experimental site to
be well within the heat island, but is no£ located in an area
of sharp temperature gradient. Note also that the distribution
of particulate matter from a study by Emslie and Salterthwaite (1966)
shows some similarity with.the heat island pattern (Figure 2.2).
Spatial sampling of other pollutants is not suffiéient to make
similar comparisons, but discussion of available information is
contained in B.C. Research Council (1970) and Lynch and Emslie

(1972) .

2. Urban Canyon Experimental Site

To fulfill the requirements of an urban canyon as out-
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lined in Chapter 1, the followingvset of site criteria were
deemed desirable on theoretical or purely practical grounds:
(a) canyon length >50 m,
(b) width: height ratio.between 1:0.5 and 1:6,
(c) homogeneity of cényon surface materials,
(d) uniformity of surrounding structures,

(e) no windows or obstructions along canyon
sides,

(f) no shadows in the canyon cast by external
objects, :

(g)'impermeable canyon surfaces,
({h) freedom from traffic,
(1) easy access.

The selection of a site which fulfilled all of these
nine criteria proved very difficult.. The site selected did not
fully conform with criteria (e), (f) and (g) but was satisfactory
in all other respects.‘

The experimental canyon is located in a residential/
light industrial zone, 3.5 km south'of Burrard Inlet, and 6 km
south—éast of the C.B.D. (Figure 2.1). It is located in a slight
topographic depression, with a 1 in 12.5 slope to the north, and
a l in 19 slope to the south. The neighbourhood location of the
site is shown in Figure 2.3 which also includes the percentage of
each block area which is composed of impervious materials. The
area to the north of the site'is composed mainly:of industrial

buildings (food processing and warehousing), whereas to the south
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the érea is mainly residential. In the immediate surroundiﬁgs
most buildings were 7-8 m in height.

The canyon itself (Figure 2.4) is aligned north/south
and is located between two large food packing and storage plants.
They do not repfesent significant sources for anthropogenic
heat (Qp). The canyon dimensions are approximately 8 m in width,
6 m in height, and 79 m in length. The two walls were, however,
of different heights [see Figure 2.5(a)], and this may be ex-
pected to cause results to depart in magnitude somewhat from
those in a symmetrical canyon, but should not significantly
affect the nature of the processes. Here it will be assumed
that the reSults are the same as those occurring in a canyon
with equal sides, but the magnitude of the expected differences
will be discussed. The canyon walls are concrete, covered with
several coats of flat, white paint. They are smooth except for
some narrow structural columns (9 cm x 60 cm) which occur every
3 m along the east wall, and extend to within 50 cm of the top
of the wall [Figure 2.5(a)]. ThercanYOn floor consists of a 3 to
5 cm layer of gravel chips on a clay base. Unlike the walls
therefore it does not strictly conform to criterion (g), and this
was accounted for in the instrumental design. The roofs of both
buildings are gravel-over-tar. There are some small areas of grass
to the south, and bare ground and bushes to the north ofAﬁhe canyon
buiidings (Figure 2.4). Approximately 80-95 per cent of the hori-
‘zontal area occupied by the two plants is covered by impervious

surfaces.
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There are ventilation ports on the roofs of both
buildings, and a ventilator outlet on the south end of the east
wall. ©None of these is anticipated to provide significant ther-
mal effects in the canyon-air volume. Two superstructures on the
west building did, however, cast shadows on the east wall during
the late afternoon (1430-1700 PST) giving a disturbed shadow out-
line. Data during this period were omitted from analyses -(see

Chapter 3).

B. INSTRUMENTATION

l. Solar Radiation

Two types of pyranometers were used in the experimental
work. For collecting data on a continuous basis a Kipp énd Zonen
solarimeter was used. This pyranometer is of the Moll-Gorczynski
type, consisting of 14 constantan-manganin thermocouples joined
in series to a blackened surface, and this is referenced to the
body temperature of the instrument. The sensing surface is
covered with two concentric hemisphefic glass domes 2 mm thick
designed to reduce the transfer of heat by convection between
the sensitive surface and the outer dome. The glass domes have
an effective wave length transparency in the range 0.3 to 2.0
microns. The instrument is fitted with a dessicant—filled cart-
ridge which prevents moisture build-up in the instrument interior.
The approximate output of the instrument is 1 mv for an incoming

solar radiation of 93 W m—z. The response-time of the instrument
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(represented by ninety-eight per cent of complete response to
a step change) is achieved in 30 s. All pyranometers were
calibrated at the Canadian National Radiation Laboratory.
Where spot readings were desired, the Kipp solari-
meter proved impractical because of its bulkiness and weight
(4.5 kg), and dome solarimeters (Lintronic Ltd., U.K.) were
employed. These solarimeters are relatively light (80 g) and
construction details are described by Monteith (1959). They
consist of an eight-junction thermopile enclosed by a frosted
glass dome, with an effective transparency range of 0.3 to 3.3
mierons. The nominal calibration of the instrument is 1 mv for

an incoming solar radiation of 28 W m~2,

2. Net All-wave Radiation

Net radiometers used were of the Funk type (Model S1,
Swissteco Pty. Ltd., Ausfralia). The tﬁermopile consists of
copper-plated constantan wires joined in-series between the
upper and lower sensing elements. The domes are transparent
to radiation with wavelengths in the range 0.3 to 100 microns,
and thus the instrument is sensitive to both short-wave and long-
wave radiation. 1In certain cases this presents a problem, since
the calibration constant of the instrument might be different
for short-wave and long-wave radiation. To minimize the differ~

ence it is customary to paint thin white strips across the

blackened surface so as to increase the solar reflectance with-

out changing the long-wave absorptivity. Because of this tech-
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nique, the difference between the short and long-wave calibra-
tions for all the instruments employed was < 1.5 per cent. Dur-
ing the daytime, the calibration constants for short- and long-
wave radiation were averaged and the resultant value applied to
the data. The long-wave calibration was used for all night-
time data. All net radiometers were calibrated at the Canadian
National Radiation Laboratory. A typical calibration gives 1 mv
for a het radiation flux.of 28 W m_z. The time constant of the
instrument is 23 s.

The thin polyethylene domes were kept inflated by dry
air pumped into the instrument. The air was dried by forcing it
with a 4W 115V aquarium pump through an acrylic tube filled
with silica gel. The radiometers are fittedrwith small port-
holes concentric with the domes to allow ventilation of the outer
part of the domes and thus prevent dew formation at night. This
feature was not used in this study since it was noticed that no

dew formed either on the instruments, or in the canyon during the

night.

3. Air Temperature

The air temperature element used in this study was a
copper-constantan thermocouple [Ceramocouple, Thermo-Electric
(Canada) Ltd.] with a time constant of 0.25 s. These sensors
are matched pairs of ISA T calibration, 24 AWG conductors,
sealed in a 0.315 cm O.D. stainless steel sheath, and insulated
with magnesium oxide. The sensor was housed in a 13 cm long

shield made from polyvinyl chloride (PVC) tubing with an I.D.
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of 3 cm. The outer walls of the tube were covered with alum;
inized Mylar to prevent radiation heating. Air was aspirated
through the PVC tube by means of a 7W 115V fan. A 60 cm |

cross-arm of PVC tubing connected the fan to the thermocouple
housing (Figure 2.7). The thermocouple reference temperature

is incorporated into the data acquisition system (Section C).

.4. Heat Storage

_Soil heat flux plates (Science Associates Inc.) were
used to measure the flow of heat into, and out of, the canyon
surfaces. The sensor is a disc that measures 1.3 cm in dia-
meter, and 1 mm in thicknéss. The upper and lower faces have
a copper screen coating, and the filling material is a tellur-
ium-silver alloy. A signal is generated by a therﬁopile which
has alternate junctions on each metallic surface. The heat
flow through the instrument (QG) is given by the conductivity
of the instrument (k) multiplied by the temperature gradient

across the faces (AT/Az).
Qg = -~k(aT/Az) (2.1)

The plate output was typically about 0.1 mv for a heat flux of
120 W m™2.

The measurement of canyon wall and floor heat fluxes
is of central importance in this study, therefore considerable

effort was spent in testing this instrument. The test results

\
are given in the sub-surface heat flux chapter (Chapter 5).
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5. Experimental Arrangement in the Canyon

Most of the experimental work was conducted at a
canyon cross-section which was located 35 m from the north
end of the canyon (Figure 2.4). At this position an aluminum
boom was constructed across the cényon top [Figures 2.5(b) and
2.6). The boom formed a rigid trackway for a carriage with
wheels which could be moved to any position across the carfyon°
A vertical mast was attached to the carriage, and it supported
cross-arms at eight levels spaced at 0.76 m intervals upwards
from the ground [Figure 2;5(b), 2.6 and 2.7]. To sample the
crbss—section the mast was moved to five positions across
the canyon width [Figure 2.5(b)]. Thus, with instruments mounted
on the cross-arms, one traverse across the canyon yielded a 5 x 8
matrix of data points.

The net radiometers and air temperature sensors were
mounted on the eight cross-arms (Figure 2.7). The lowest, and
highest radiometers were mounted in the usual horizontal posi=~
tion so as to measure the net radian£ flux on a horizontal sur-
face. The remaining six were arranged with their sensing elements
parallel to the vertical walls, measuring the net radiant flux on
a vertical surface. Thus following .a traverse it was possible to
determine the net radiant flow across the perimeter of the cross-
section. The air temperature sensor shields faced downwards to

minimize radiation errors.
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Seventeen heat flux plates wére embedded in the walls
and floor of the canyon cross-section; six in each wall, and
five across the floor [Figure 2.5(b)]. Holes 1 cm deep, and
1.5 cm in diameter, were drilled in the walls. The hole was
filled to 0.5 cm with wet concrete, the plate installed, and
the hole filled so as to be flush with the wall surface. After
drying the area was sprayed lightly with white paint. The floor
plates were installed 5 cm deep in the gravel (to avoid direct
receipt of solar radiation), and at distances of 0.3, 1.8, 3.6,
5.5 and 7.3 m from the east wall. During one measurement phase
each individual plate was monitored separately, but during the
main energy balance runs the plaﬁes from each of the three com-
ponent canyon surfaces (east wall, west wall and floor) were
joined in-series. An additional heat flux plate was embedded
at a depth of 0.5 cm in the tar-over-gravel rocof of the west
building.

The preceding instruments and experimental arrange=
ment represent the main measurement array. On occasion, differ-
ent instruments, or arrangements were employed. Where this
occurred, it is mentioned within the results sections which

follow in Chapters 3 to 6.

C. DATA ACQUISITION

A trailer (2.4 x 2.4 x 6.2 m) was located at the

north end of the canyon (Figure 2.4) and housed all data acqui-~-



32

sition equipment. The cables for the radiation and heat flux
signals were 18 gauge copper arranged in 9 conductor pairs.
Each pair and its drain wire were shielded with polyester, and
a chrome-vinyl jacket provided overall protection. The tempéf=
ature signals were carried by 20 gauge copper-constantan exten-
sion cable, shielded with aluminized mylar, and covered with
vinyl.

The 8 temperature, 8 radiation and 4 soil heat flux
plate signals were monitored on a data logging system (Digitrend
210, Doric Scientific). It is capable of accepting ten signals
of range 0-10 mv, ten of range 0-100 mv, and 20 copper-constantan
thermocouple outputs. The signals are measured using a dual-
slope integration method. A reference temperature of 0°C for
the copper-constantan thermocouples is an integral part of the
system. A constant voltage check on the accuracy and reliabil-
ity of the data logging system is also built-in. A high pre-
cision option was installed which allowed measurements to a temp~
erature resolution of 0;1°C, and an accuracy of 1 uV. Absolute

temperatures could be obtained to w1th1n +0.3°C.

During the main part of the data collectlon, all chan-
nels from each locaticn were moniﬁored every three minutes during
the day, and the data printed oh paper tape. The data was trans-
ferred to computer cards; two cards representing one 3 min séan-
ning sequence. During nighttime measurements the data from each
location was monitored once every six minutes.’ All data were

subsequently reduced to hourly averages.
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D. OBSERVATION PERIOD

As mentioned previously, the study is confined to
cloudless sky, light wind conditions, and in Vancouver this
is consistently achieved only in the summer. fhe observation
period was between May and October, 1973, and the daily sequence
of some weather elements for this period is given in Figure 2.8.
Temperatures were cooler than normal (except for September), but
rainfall was substantially less than normal throughout. The sche-

dule of field activities is given in Table 2.1.

TABLE 2.1

SCHEDULE OF FIELD ACTIVITIES IN 1973

 PERTIOD ACTIVITY

April 29 - June 28 Calibration of soil heat
flux plates at University
of B.C.

July 9 - July 14 Canyon advection

July 16 - July 20 Net radiation flux divergence
along canyon axis

July 26 - August 1 Canyon subsurface heat flux

August 8 - August 14 Canyon solar radiation

September 1 - October 12 Canyon energy balance
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CHAPTER 3

SOLAR RADIATION EXCHANGES IN THE CANYON

A, INTRODUCTION

1. General

Most research on solar radiation in urban areas has
been concerned with the attenuation due to increased, or changed,
aerosol. This study, on the other hand, considers the incoming
solar radiation at roof-top level and within the structure of
the urban canyon. Thus there is no attempt to analyze the mod-
ification of the solar beam during its passage through the urban
atmosphere, the emphasis here is upon its receipt, reflection,
absorption and transformation in the canyon environment. It is
therefore viewed as the most important input forcing function
in the surface energy balance of the total canyon system via
its component surfaces (walls and floor).

Previous work on the role of the surface in the ex-
change of solar radiation at the urban surface has been restric-
ted to only a few observational studies, and fewer modelling
attempts. Observations of the solar fluxes or the surface al-
bego have been undertaken from aerial platforms (Kung et al.,
1964; Barry and Chambers, 1966); from single urban surfaces such
as a roof, parking lot, etc. (Bach and Patterson, 1969; Oguntoy-
inbo, 1970; Fuggle, 1971); and in only one case within the urban

canyon (Tuller, 1973). These studies generally refer to gross

35
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aerial estimates of surface albedo, or very limited spot values,
and therefore do not contribute significantly to an understand-
ing of the details of radiative exchahge at the complex urban
surface. The modelling studies (Craig and Lowry, 1972; Terjung
and Louie, 1973, 1974) involve calculating solar fluxes and
albedos from theoretical solar distributions and assumed sur-
face dimensions and radiative properties. They predict a
canyon system albedo which is dependent upon the zenith angle
of the Sun, and increased absorption in the canyon compared to
a flat surface. These results are capable of testing by obser-
vation and will be referred to later.

This chapter describes the results of solar radiation
measurements in the experimental canyon (Chapter 2). It con-
siders the time dependent input of solar radiation to the indi-
vidual canyon surfaces, the albedo of the surfaces and the
total system, and the resultant absorpﬁion by the total canyon
system. Such information is important in understanding the
role of such a three-dimensional configuration in reflecting
or trapping solar radiation, and in evaluating the performance
of theoretical models in the prediction of solar exchanges under
non-ideal conditions. The biological and architectural valuebof

~

such.iﬁformation should also not be overlooked,

2. Experimental Arrangement

(a) Component surface fluxes. To measure the solar




37

radiation normal to each component canyon surface the light-
weight dome solarimeters (Chapter 2) were employed, Two solar=
imeters (back-to-back) were attached to the end of an aluminum
pole. Spot measurements of the incoming and outgoing solar
fluxes were made by holding the solarimeter sensing surface
parallel to and about 0.5 m above the surféce being investigated,

The surface albedo (o) is then defined by:

=
>

= = ‘ (3.1)

Q
|

A
<

where K+, K+ = outgoing and incoming solar radiation fluxes,
respectively. Observations were made at heights of 1 and 3.3 m
above ground for the east and west walls, at distances of 0.6,
3.8 and 7 m from the east wall for the canyon floor. The solar=
imeter outputs were measured on a'portable DC microvoltmeter

(Comark Electronics Ltd.) once every hour,

(b) Canyon top and floor fluxes. lTo measure the radie
ation fluxes af the top of the canyon,upward and downward faeing
Kipp and Zonen solarimeters (Chapter 2) were mounted at a height
of 5.5 m on an arm extending horizontally from the movablé car=
riage on the cross-canyon boom. Measurements were made at dig-
tances of 0.6, 1.8, 3.8,.5.6 and 7 m from the east wall., Assum=
ing the albedo to be constant along the length of the canyon,
which seems reasonable, the integrated albedo of the canyon

system averaged across the top (at) is given by

'\
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5
.Z,K+1 K+
o = i=1 - t (3.2)
t 5 K+t '
X K&i
i=1
where
K+i, K+i = individual measurements of K+ and K+, at

~the five locations across the canyon top,

K+t, K+t = outgoing and incoming solar radiation.
of the canyon system averaged across
the canyon top.

Another solarimeter was located over the roof of the west build-
ing to continuously monitor the solar fadiation reflected. The
roof albedo was caléulated from Equation 3.1 using K+i from
the boom results. In September both K+ and K+ were measured
over the roof. All signals were recorded on a potentiometric
strip-chart recorder (Model 194, Honeywell),

To simplify comparisons, the data for most of the
results presented in this chapter are for the same four cloud-

less days (August 8, 9, 13 and 14,1973).

B. SOLAR RADIATION RESULTS

1. Solar Radiation Input (K+) to Component Surfaces

The incoming solar radiation flux for each component
surface is shown in Figure 3.1. This shows that the regime for
each canyon surface is characterized by one period of strong

solar irradiance. The position and magnitude of the peak input
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for each surface is governed by the local angle of incidence

of the direct solar beam for that surface orientation, and the
intensity of the solar beam. Thus the maximum K+ occurs at
approximately 0930, 1330 and 1500 PST for the west wall, floor
ane east wall locations respectively. The floor receives the
highest input (=750 W m_z) near the time of solar noon, and the
two walls receive approximately 150 W m_2 less at the time of
their maximum receipt.

The two walls also exhibit an interesting secondary
peak (1500 PST for the west wall, and 0930 PST for the east
wall) . These are probably a result of the increased diffuse
reflection in the canyon since the timing of these secondary
peaks corresponds to the times of maximum solar irradiance
of the opposite wall. Note also that the effective day length
for solar radiation is short for all surfaces (=10 h) but that
for approximately 4 h there is a relatively intense radiation
climate. Each surface is active for a short time whilst the
others are relatively passive.

The form of the solar radiation receipt for each
component surface in Figure 3.1 is very basic to the energy
balance of the canyon. It will be shown that the course of Q*,

Qs and Qy are intimately linked to the form of the solar input.

2. Albedos of the Canyon Component Surfaces and Roof.

The albedos of the component surfaces are given in
Figure 3.2 as a function of the solar angle of incidence,

defined relative to the individual surface's local orientation.
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Thus for the horizontal surfaces (ground and roof) this is syn-
onymous with the Sun's zenith angle, but for the vertical sur-
faces (walls) it is a complicated function of the Sun's zenith
angle and the azimuth angles of both the Sun and the surface.

The component surface albedos are grouped into two
gross classes, The roof and floor albedos are generally low
in comparison with most natural surfaces (0.10 - 0,20), whereas
those of the walls are relatively high (0.45 - 0.75). Ignoring
anydepeﬂdenceof the albedos on zenith angle (see below) the
data in Figure 3.2 were averaged and the mean surface albedos
were 0.62, 0,52, 0.13, and 0.13 for the west wall, east wall
canyon floor and roof surfaces respectively. Clearly the con-
fidence to be placed on these mean values is different for each
éurface.

Some natural surfaces exhibit a dependence of their
albedo on the zenith angle of the Sun (e.g., for crops see
Monteith and Szeicz, 1961; Davies and Buttimor, 1969; Nkemdirim,
1972; for water see Nunez et al., 1972), but there is little in-
formation for buildihg maﬁerials. Craig and Lowry (1972) assumed
such a dependence for the materials in their theoretical canyon
albedo model and therefore it is interesting to see if the data
here confirm this. |

The results in Figure 3.2 do not clearly demonstrate
that the surface albedos are dependent on zenith angle. Visually,

there is some suggestion of the wall and roof albedos slightly
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increasing at greater local zenith angles, but statistically
these trends proved to possess little significance. The small
range of canyon floor zenith angles allows little interpretation
to be made. In summary therefore the data do not allow firm con-
clusions to be drawn. This is in part probably due to the spot
measurement technique adopted. In the absence of this infor-
mation it will be assumed that  there is no zenith angle de~

pendence, and the mean albedos will be used in calculations.

3. Albedo of the Canyon System

Although the component surface albedos do not show
an obvious solar angle (or time) dependence, the albedo of the
canyon system, @y (as calculated from Equation 3.2) does sho& é
marked variation.(Figure 3.3). The variation shows a, to peak
at 0930 and 1500 PST, and to be a minimum at 1230 PST. The di-
urnal range being approximately 0.18.

The time-dependent changes of a, are easily explained
in terms of the roles of the component surfaces élready discussed.
The system albedo peaks correspond exactly with those of the two
walls. Some of the diffuse reflection from the high albedo walls,
at these times of their maximum irradiance, will be lost to the

atmosphere thus increasing « The time of minimum a, corresponds

t* t
to maximum irradiance of the floor whose albedo is the lowest of
all the canyon component surfaces. By contrast the albedo of the

essentially horizontal roof is also included in Figure 3.3 (sha-
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dows prior to 1000 PST precluded early morning results) and sug-
_gests a much more regular diurnal pattern.

Explanation of the different magnitudes of the two
@y peaks is less simple, but the following three explanations
are suggested. Firstly, the higher morning peak compared to
that in the afterpon must in part be due to the higher albedo
of the west wall (see Eigure 3.2). Secondly, the complication
of super-structure shadows in the afternoon on the east wall
may reduce its reflectivity, but this should only decrease the
.value of oy by a small amount (=0,01). Thirdly,the differences
in height between the two walls (Chapter 2) will result in asym-
metry in Ky, between the morning and afternoon. This will de-
crease the input of direct beam and diffuse sky radiation in
the morning, and increase the diffuse in the afternoon due to
the reflection into the canyon from the portion of the east
wall whichis above the theoretically defined éanyon-top (i.e.,
above the boom). It is possible that the morning/afternobn
change in the ratio of direct to diffuse beam solar radiation has

an effect on the system albedo., The asymmetry of K+  is illus-

t
trated in Figure 3.4, where measured K+o is compared to the
theoretical K+t obtained from the Houghton (1954) model as used
by Nunez et al. (1971). Note, however, that because of the
asymmetric oy distribution the measured K¢t does appear to be

roughly symmetric about solar noon (v120Q PST).

The time~dependence of oy implies that aerial sur-
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veys of urban albedo must integrate their results over time as
well as space. Equally it will be important to ascertain the

roles of street orientation, and geometry.

4. Absorption by the Canyon System

The role of geometryin trapping solar radiation
can be isolated by comparing the absorptivity of the canydn
syétem (1 - at),'with that of an equivalent horizontal area
with the. same perceﬁtage composition of surface albedos (i.e.,
this is equivalent to removing the canyon geometry by laying
the walls flat but maintaining the areas and albedos of the
component surfaces). Uéing the mean albedos of the floor and
walls, and the canyon dimensions, we can define the albedo of

2

an equivalent horizontal area (a) by:

0.13 W+ 0,52 H + 0.62 H

o= 7H + W

(3.3)

Since all the quantities are constant for the canyon & is con=-
stant and equél to 0.393 for the experimental ‘canyon, giving

(1 - E)_= 0.607. The factor which defines the relative trapping
efficiency of the canyon geometry is the ratio of absorptivities

(R) given by:

- ay)
R = ——t_ | (3.4)
(1L - a)
Figure 3.5 shows how R varies with the zenith angle

of the|Sun. Clearly the geométry increases the absorption
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efficiency by a minimum of 20 per cent to a maximum of 50 per
cent at solar noon. The un-weighted mean daily value of R is
1.36, indicating that this canyon is about a third more effi-
cient in trapping solar fadiation than an equivalent horizontal
surface.

The behaviour of R with zenith angle was considered
by Terjung and Louie (1973) for the case of theoretical can-
yons having different height to width ratios, and a uniform
albedo for all cbmponent surfaces, Their calculations show
an increase in R with a decrease in zenith angle. The experi-
mental results show a much more complex pattern which is attri-
butable to the changing roles of the component surfaces and roof with
time, and their very different albedos.

Finally, in this chapter we consider whether the two
sets of experimental data (individual surface fluxes, and fluxes
across the canyon top) are consistent in accounting for the solar
radiation in the system. Thus we require that all the solar

radiation entering the canyon volume balance with that leaving:

K+t.L.W. + aeK+e.L.H + agK#g.L.W.+ awK+w.L.H.

= atK+t.W.L. + K+e.L.H. + K+w.L.H. + K¢g.L.W.

or,

* _ * * *
Kt = (H/W) (Ke + Kw) + Kg (3.5)
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where K* = net solar radiation, and the subscripts-e, w, and g
refer to the east wall, west wall and ground (canyon floor)
surfaces respectively.

The results of substituting the experimental results
in Equation 3.5 are shown with Figure 3.6. Apart from the dis-
crepancy between 1400 and 1600 PST the agreement-is good. Ig-
noring the data for this period, the daily mean solar abgorp—

tion from the individual surfaces was 363 W m—z, and that from

the canyon top was 389 W m 2

. This agreement to within 7% is
encouraging and helps to support the choice of instrumental
techniques employed. The discrepancy between 1400 and 1600
PST.is probably a result of an instrumental view factor prob-
lem during this time when the east wall has super-structure
shadows upon it (Figure 2.6). Thus the spot measurement solar-
imeter close to the wall would register a much reduced flux,
but thé overhead solafimeter would 'see' a much larger area
(including the non-shadowed wall further down canyon} and

would register a much smaller effect. The shadow will also
affect the fluxes of Q* and QG measured on the east wall., Thus

measurements for the east wall in this period are omitted in

the chapters which follow.
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CHAPTER 4

NET RADIATION IN THE CANYON

A. INTRODUCTION

*
The net all-wave radiation (Q ) represents the
effective energy source (or sink) driving the exchange of
heat and water vapour between the surface and the atmosphere

(Equation 1.1). The net radiation balance may be written:

* * *
Q =K + L
= K¢ - Kt + L¥ - Lt - (4.1)
= K¥(1 - o) + Li(1 - o)~ coTh
where ' | ’
L*, L+, I+ = net,incoming and 6utgoing long-wave

radiation, respectively,

o' = surface reflectivity for long-wave
radiation,

e = surface emissivity,

o = Stefan-Boltzmann constant

(5.67 x 10-8 w m~2 k~%),

Ts = surface temperature,

By day the solar radiation terms dominate in deciding the course
: *

of Q , and these have been described for the canyon situation in
Chapter 3. 1In the absence of obstructions L+ is a function of

the atmospheric emissivity and temperature structure, and Lt

\
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depends on the surface properties e, a' and Ts° By night the
balance is restricted to these long-wave exchanges.

There are few experimental studies of Q* in cities.
Available urban/rural daytime comparisons (Bach and Patterson,
1969, Probald, 1972) indicate that Q is slightly decreased
in .the city. By night, results (Oke and Fuggle, 1972; Rouse
and McCutcheon, 1972) show the L* loss to be slightly greater
from cities because even though L+ is increased, It is even more
enhanced.

This chapter firstly investigates the magnitude, and
time and space variations of Q* reéeived by the component sur-
faces. Secondly, it considers the role of radiative flux diver-
gence in the canyon-air volume, and thirdly,.its relation to

canyon cooling rates.

B. SURFACE NET RADIATION IN THE CANYON

1. Net Radiation of the Component Surface
The three—dimensional nature of the canyon.dictates
that Q* for its component surfaces will be a complex function of
many factors. The variability of the solar terms has been Qis-
cussed, but the long-wave terms are equally complicated. In par-
ticular, the long-wave exchange will depend upon the temperature

and emissivity of all media in its field of view, and for a can-

yon surface that will involve other canyon surfaces in addition
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to the sky. All points in the canyon will possess their own
view factor (VF) with respect to all other radiating objects.

*
The form of the Q distributions in the canyon re-

mained similar throughout the period of measurement and hence
here we will confine analysis to the data from one day (Sept-
ember 10, 1973). Measurements were taken 0.3 m from each sur=-
face; these were at 1.06, 2.58 and 4.12 m above the floor for
the wall data, ahd at three locations across the canyon fbr
the floor data (0.30 m from each wall and in the centre).

The diurnal course of Q* for positions on the canyon
West wall are given in Figure 4.1. During the daytime the
pattern is strongly related to K+ [Figure 3.1(a)]. As the
diffuse beam input strengthens after 0530 PST the Q* loss is
decreased until the direct beam suddenly enters the canyon. At
the time of maximum K+ at each location Q* is also maximum. The
peak input occurs at the highest location on the wall first, and
with the greatest magnitude since the local angle of incidence:
is closest to the normal then and there. As the day progresses
the local angle of incidence on the wall increases so that the
magnitude of the peaks at lower levels is less, and the radiant-
input decreases towards noon. At approximately the time of
maximum solar irradiance of the east wall [Figure 3.1(c)] there
is a weak secondary peak Q*‘on the west wall (Figure 4.1), The
nocturnal situation is characterized by a net radiant loss at
all locations. The loss is greatest at the highest levels which

possess the largest sky view factor [see section B(3)]. The loss
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is greatest in the early evening when surface temperatures are
at their warmest for the night.

The daytime pattern for the canyon floor is deter-
mined by its north-south orientation (Figure 4.2). As diffuse
radiation fills the canyon Q* increases slightly, but with
direct irradiation (first at the west location, then at the
centre and east) it rises sharply, and falls again equally
sharply with the progression of the shadows. At night the
relative‘long—wave losses at each location are in accord with
their sky view factors, being greatest at the canyon centre,
and least for base of the west wall [see Section B(3)].

The Q* cycle for the east wall (Figure 4.3) is almost
a mirror-image of that for the west wall, except that data are
omitted at the time of the superstructure shadows in the after-
noon. Note, however, that contrary to fhe west wall the magni-
tude of the Q* peaks decreases with height; This is because in
the afternoon the whole wall is irradiated by direct beam and
then the shadow moves up the wall, whereas in the morning the

shadow moves down the wall as deeper positions are irradiated.

For the afternoon case the topmost level on the east wall has
been warmed for many hours before it receives its maximum Kv.
Thus it will have warmed-up and be emitting Itmore strongly,

*
resulting in a lower Q .

2. ' Net Radiation of the Canyon System

The average net radiation over the canyon surfaces
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- .
(Q ) is calculated using the canyon dimensions as weighting
factors so that:

* * *
o« (Qg - HHAQ - H+Q -« WL

Q = 2H + WL A : (4.2)

where
* * * . .
Qe, Qw’ Q = net all-wave radiation averaged
g over the east, west and floor
+ surfaces of the canyon respectively,
and the dummy length L is included for clarity, thus units in
the numerator are energy/unit time, and in the denominator are
%
area. Figure 4.4 gives Q for the same day as Figures 4.1, 4.2
*
and 4.3. Note that unlike the Q regimes of the component sur-

-% .
faces, Q@ for the canyon system is a smooth bell-curve similar

in form to that for an unobstructed horizontal surface.

It is important to realize that‘é* is the average
surface value for the canyon and is not synonymous with the net
radiation measured across the top of the canyon (Q;), which is
a spatially averaged value as seen from above the canyon. The

two quantities are related:

* -k *

Qt(W.L) = Q (2H + W)L + [Q ] (4.3)
where [Q*] = the ﬁet radiant energy storage in the canyon-air
volume.

The first term on the right has units of energy/unit

time, and when added to the volume storage gives the energy /

unit time across



Radiont Flux (Wm-2)

ul
J

Q

280

240

200

160

120

®
o

H
(o]

60

¥

Noja Fhe éx,aonc’eo’
8cale Balow aro

o

14 .
Time (PST)

Fig. 4.4 Net all-wave radiation averaged over three
R ----A———-~—A—Canyan—sul’—face&-4@)1-—-—869‘;‘;9_53})&:'—-}0-,“ 1973



61

the canyon top. If there is no storage (or divergence) in

the air volume, Equation 4.3 reduces to:

* _ =% (2H + W)

Qt =Q W (4.4)

* -
Thus Qt and Q are related by a constant factor governed by the

- canyon dimensions.

As a first approximation in overall energy flux con-
siderations it is probably acceptable to ignore [Q*] as in Equa-
tion 4.4. However, although small this term will be shown in
Section C to be of ceﬁtral importance in explaining nocturnal

air temperature cooling rates.

3. Net Long-wave Radiation in the Canyon at Night

The net long-wave radiation (L*) measured anywhere in
an urban area is complicated by the range of radiating surfaces
which contribute to the balance at any one point. This is espe-
cially important when tall structures enter the field-of-view
of a pyrradiometer at night. Under such circumstances'L¢ will
be enhanced compared to an unobstructed sky because ¢ (and
commonly TS) are larger than for the atmosphere. The effective-
ness of the night sky as a radiation sink for any location is
therefore intimately connected to the sky view factor (VFS) of

that point.
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The calculation of the view factor (VF) for locations
in the canyon followed the method of Davies et al. (1970). The
calculations refer to an infinitesimal surface element just above,
and parallel to, a canyon surface. For a vertical wall of infinite
length (-¢°to + «), with the sensing element horizontal and in a
place which includes the base of the wall:
2

sin“0' + cos 0" = 1

-1,
VF 2 cos 0

(4.5)

N

where :
: @ = arctan (Y/X),

Y = wall height,

X = distance between sensing element and the
base of the wall.

Equation 4.5 can be applied to obtain the sky view factor for

surface elements along the two walls if we assume the
walls to be of sufficient length that they approximate infinity.
For a pointon the east wall, at a height h above the ground Y = W
and X = (H - h). For a point on the west wall the greater height
of the east wall (Hg) must be considered, so that Y = W, but
X = (He - h).

Equation 4.5 does not apply to points along the
ground, but the sky view factor for the ground can be obtained

as the residual after calculating the view factors for the

east and west walls (VFe, VFW) since:

VFS + VFe + VFw = 1.0 (4.6)
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This states that the entire field of view for a
sensing element along the canyon floor is determined by the
east and west walls, and the sky. This is only strictly true
if the walls are of infinite length (i.e., the canyon ends do
not contribute radiation to the sensing element near the
ground), but will be taken as an approximation here.

~Values of 1" measured at different locations near
the walls, and canyon-ground and across the canyon top are re-
lated to—the sky view factor for each location in Figure 4.5.
The data are for two nights. Two relationships appear to be
evident. The first covers the results for the walls and canyon
top. The relation is approximately linear, with increasing Lﬁ
at higher VFS. The second applies to::the canyon f£loor results
Which also exhibit a linear relation, with about the same slope,
but displaced =12 W m~? below the first line for the same view
factor. This is explained by the fact that the cényon walls
are warmer than the floor. An estimate of this difference
may be made by assuming the floor relation can be extrapolated

to zero view factor at which time all the radiation must come

from the walls. Then:

Lo = eo(rd, - 1hH - geor3, 1, - T (4.7)
g w' g T REOIg Wy g °
where
* -
Lg = regression intercept = 3.4 Wm 2 (Table 4.1),

™
I

surface emissivity of walls and ground
(assumed = 0.95), :
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Tw" Ty = mean wall and canyon floor temperatures
- respectively.

Assuming Tw is approximated by the mean air temper-
ature in the canyon on these nights (289 K), the temperature

difference between the walls and the floor is:
*

L .
g9

4eoT”,
w

= 2.60°C ' (4.8)

T "T3_=
Results from 0300 PST indicate that the linear re-
. _
lation between L and VFs is maintained through the night with

minor changes in slope and intercept (Table 4.1).

TABLE 4.1
. *
RESULTS OF REGRESSION ANALYSIS BETWEEN L AND VFS

*
(L = a + b.VFS)

2 S.E._*
DATA SET TIME a_, b r L
(PST) (Wm ™) . (Wm 7)
ALL DATA 2030  -4.9 ° -71.2  -0.86 7.3
0300  -7.2 -64.0 -0.85 6.7
ALL DATA (Less Floor) 2030  ~-8.8 ~70.7 -0.98 3.4
0300 -10.8  -63.5 -0.98 2.6
FLOOR ONLY 2030 3.4 -63.6 -0.61 2.3
0300 7.9 -73.3  -0.79 1.7

It is likely that this type of relationship holds on

most occasions with cloudless skies, light winds and a dry sur-
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face. This situation occurrs when the processes are largely governed
by such properties as the surface thermal conductivity and

the radiation geometry which remain essentially constant.

C. LONG-WAVE FLUX DIVERGENCE IN THE CANYON-AIR VOLUME

1. Introduction

Initial work in radiative flux divergence was by
use of radiation charts or complex numerical methods (Elsasser,
1942; Elsasser and Culbertson, 1960; Brooks, 1950). These tech-
niques were further refined for the case of the boundary layer
(Deacon, 1950; Funk, 1960) and computer technology has allowed
flux divergence (div Q*) to be incorporated into boundary layer
models (Zdunkowski and Track, 1971; Atwater, 1972).

Funk (1960) made the first direct measurement of
div Q* at a rural site using accurate radiometry. Funk's re-
sults, later verified by Gaevskaya et al. (1973) show that with
light winds and cloudless skies the radiative cooling rate con-
siderably exceeds the actual measured cooling rate. Fuggle
(1971) shows similar results for an above-roof urban site. The
discrepancy is attributed to the fact that the radiative cooling
is in fact offset by turbulent warming. Gaevskaya et al. (1973)
point out that the radiative and turbulent processes are simul-
taneous, non-linear and cannot be simply added to achieve total
cooling. This is further supported by the results of Timanov-
skaya and Farapanova (1967) who independently measured the

radiative and sensible heat divergences.
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Under calm conditions we might expect that the radia-
tive divergence will dominate, and may approximate the actual
cooling rate. Rider and Robinson (1951) found that on calm
clear nights, the radiation divergence approached zero in the
mean. The urban canyon is likely to be a good location since
airflows sometimes almost becomes stagnant between the radiating
elements. Thus div Q* was studied in the canyon at night to ob-
serve its magnitude and direction, and to compare the radiative

cooling rates (AT/At)r with the actual cooling (AT/At) In

meas’
* .

studying div Q it must be remembered that the canyon is not

homogeneous in the lengthwise direction. Thus it is necessary

to investigate both this horizontal divergence, and that in the

canyon cross-section, resulting in canyon-air volume divergence.

2.Longitudinal Flux Divergence in the Canyon

Longitudinal flux divergence along the canyon length
was investigated with the aid of two net radiometers whose long-
wave calibrations agreed to within 1 per cent. They were mounted
at 3 m above the floor on two masts separated by a horizontal
distance of 7.6 m and were located on either side of the main
experimental cross-section. The radiometer receiving surfaces
were oriented normal to the lengthwise direction, and their
difference was taken to be the horizontal divergence. The
radiometer signals were monitored every 10 min, and the data
averaged over a 1 h period during the period from 1600 PST on
July 17, to 0700 PST on July 20, 1973. Only the nocturnal data

are considered here.
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The overall longitudinal radiation divergence in the

*
canyon-air volume [Q ]H is given by:

* - (o * 4.9)
[Q ]H = (QS - QN)W.H. (4.
where

* *

QS’ Q.. = the net all-wave radiation at the

N south and north ends of the canyon,
respectively,

and the square brackets indicéte volume averages. It is
assumed that Q; and Q; are average values of Q* for the south
and north vertical cross-sections. Generally the radiometers
indicated a nét radiant cooling in the canyon. The possibility
exists that this arises from different.view factors for the
two radiometers, but this is discounted on the grounds that
the canyon has a uniform cross-section, and the distance to
the canyon ends is considerable. The value of [Q*]H obtained
is interpreted to be due to the difference in thermal environ-
ment between the canyon and its surroundings.

The radiative temperature change per unit time in
the canyon-air volume corresponding to the net change in

*
storage [Q ]H is given by:

1)

(4.10)

The resulting radiative cooling in the canyon-air volume for
the three observation nights is given in Figure 4.6. Most of

the cooling rates are in the range 0 to 1.0°C h-l with a mean
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of 0.6°C h™L. a regression line fitted to the data in-
dicated a slight decrease in radiative cooling with time,

but the slope was not highly significant. The results clearly
show the existence of [Q*]H in the urban canyon and therefore

it must be considered in canyon-air cooling at night.

3. Flux Divergence in the Canyon Cross-Section

The radiative flux divergence for the canyon cross-
section (i.e., the experimental section normal to the canyon

axis) can be expressed in terms of a net storage in the air-

.

volume:
* - * ‘ * * *
[071, = (W.y +H(Q, + Q) - W.Q}L (4.11)

Equation 4.11 can be evaluated using the mast and boom arrange-

ment of radiometers described in Chapter 2. All of the Q*

terms on the right-hand side represent measurements around the
perimeter of the cross-section. During nocturnal observations

.each of the five positions'across”the canyon ¢;oss-section was
sampled once every 3 min before midnigpt and once every 6 min.
after. The data were averaged over a 1 h period and [Q*]C calcu-
lated. The sampling frequency is adequate to account for storage )
changes with time based on the work of Lee and Gille (1972). They
show that air temperature changes in the atmosphere due to an oscilla-
tory radiation field is a function of height so that high frequency

fluctuations are damped within a few centimeters of the sur-

face, 1leaving longer period waves to contribute at greater
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heights. Also Fuggle (1971) showed thaf high frequency fluctu-
ations of div Q* are an order of magnitude less than the steady-
state value.

Figure 4.7 shows the variation of the radiative temper-
ature change (using [Q*]C in Equation 4.10) with time on four
cloudless nights with light winds, 2 of which are incomplete
data sets. In the €arly evening there is considerable scatter,
probably as a result of temperature fluctuations associated with
intermit%ent turbulence as the daytime winds subside to the
nocturnél calm. Following sunset at approximately 1730 PST

radiative cooling is strong (1.5 - 3.0°C h_}

), but as the night
progresses this gradually decreases until about midnight follow-
ing which radiative warming occurs. This is a very interesting
pattern guite unlike most othér environments reported, but its
explanation is not clear. The possibility of measurement error
due to dew deposition (increasihg L+) is very unlikely because
the instruments were checked visually whilst in operation and
no dew was observed, and as the results in Chapter 6 will show,
the canyon is characterized by evaporation throughout these
nights. Assuming the warming is real its explanation must be
related to the temperature structure.

In general most theory and_measurements find radia-
tive warming close to the ground by day (lapse conditions), and
radiative cooling by night (inversion), but it is possible to

find accounts of warming close to the ground at night. Fleagle
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(1965) and Kondo (1971) both note this close to the ground from
theoretical considerations, and Lieske and Stroschein (1967)
corroborate this from div Q* measurements over an arctic snow
surface.

In the three-dimensional canyon situation radiative
warming occurs when the sum Q* entering the volume is greater
than the sum Q* leaving the canyon top. This might occur if
the canyon-air volume were warmer than the air above the canyon
top and surrounding roofs. Unfortunately, no temperature data
linking the canyon and the air layer above were observed in
this study. It does seem realistic, however, to postulate that

the roofs cool more than the canyon from view factor consider-

ations (Figure 4.5).

D. RADIATIVE AND ACTUAL COOLING IN THE CANYON-AIR VOLUME

As mentioned it is not normal to expect actual measured
cooling rates to agree with computed radiative rates, because the
procedure neglects turbulent heat transfer as a process in producing
air temperature change. However, for the case of stagnant air
in a canyon it may not be unreasonable to expect agreement, and this.
possibility is tested here. Measured temperature chang’e'(AT/At)meas
was obtained by spatially averaging the mean hourly air tempera-
tures across the canyon cross-section, and radiative change was

*
computed using [Q ]C in Equation 4.10. Data was available for

the nights of September 9-11 and 13, 1973.
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Figure 4.8 (a) shows the agreement between (AT/At)r
and (AT/At)meas. Large scatter is obtained at high cooling
rates which tend to occur in the early evening and may be
related to unsettled winds at this time (see also Figure
4.7). Because the variance is not evenly distributed a re-
gression analysis was not attempted. Howevér, when the data
prior to 2030 PST are eliminated a more defined relation is
obtained [Figure 4.9(a)].- The least squares fit to the data
indicates that (AT/At)r is approximately twice as large as

(AT/AL) and the relationship is significant at the 1%

meas’
level.

These relations do not, however, account for [Qf]H.
If we assume the rates given in Figure 4.6 are applicable to
the September data then an overall canyon-air volume flux diver-
gence [Q7] = [Q*]H + [Q*]c is obtained. Although this approach
oversimplifies the situation it is the only practical means
available here. Figureél4.8(b) and 4.9(b) show how the total
radiative temperature change (using [Q*] in Equation 4.10). agrees
with the measured cooling for all the data, and for data after
2030 PST respectively. Again the latter relation is best and
significant at the 1% level. The slope of the relation in
Figure 4.9(b) is 2.27 and this is considerably smaller than the
3.5 reported by Funk (1960) for a rural site, and 3.0 given by
Fuggle (1971) for an above-roof urban site. These differences

are probably related to such site physical properties as atmos-
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pheric emissivity, sky view factor, aerodynamic roughness
and vertical temperature structure. The results bear out the
hypothesis that in a sheltered urban canyon the agreement

between (AT/At)r and (AT/At) is improved. This is further

meas
supported by Figure 4.10(a) which compares the radiative, and
actual cooling following sunset. Initially radiative cooling

is stronger than the measured, but 5h after sunset the trend
reverses due to the flux convergence noted in Figure 4.7.

The cumulative agreement is excellent since by 9h after sun-

set the difference is only 0.5°C. At any time during the cool-
ing period the maximum discrepancy is approximately 1l.2°C,

- Although radiative flux divergence gives useful
insights into the physical processes controiling nocturnal
cooling, its usefulness as a predicﬁive or forecasting tool
is limited, especially in an urban canyon where a theoretical
framework has yet to be.formulated. A much more common approach
is to relate air cooling to surface cooling via an analysis pre-
sented by Brunt (1941). The Brunt formula is a solution of
the surface energy balance equation for conditions when advec-
tion, and appreciable sensible or latent heat transfer may be
neglected. This occurs under cloudless, light wind conditions
and then the L* loss must be balanced by an upward flow of heet
from the underlying medium.. Further, if L*'is assumed te be
constant with time (for the canyon see Figures 4.1 to 4.4 at

night) and the initial subsurface temperature profile is assumed
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isothermal, then the surface temperature decrease from sun-

set (ATS) is given by:

2L L
ATS = - NS PR vy L (4.12)
4 (kC) '

where

t

time from sunset,

C

heat capacity of the underlying medium.
Similar but more complex formulae have been developed by Fleagle
(1950),'and Haltiner and Martin (1957) but they involved too many
input parameters for use here. Kawamura (1965) showéd that intra-
urban air temperature differenceé were correlated with surface
conductivity.énd heat capacity. Oke and Maxwell (19755 show
that although Equation 4.12 fits rural data well, it is not as
useful in describing the urban cooling in Montreal and Vancouver
whose cooling appears to be linearly related to time.
Although‘Equation 4.12 was intended for horizontal
surfaces it was tested here for use in describing cooling in
the canyon, with appropriate modification. Firstly, the values
for k and C were selected (Table 4.2). The canyon floor was
assgmed to be composed ofv80% gravel (granite + air) and 20%
sanay clay, and the gravel was found to contain 37% air By
volume.
Secondly, it is not clear where L* refers to in the

case of the canyon. Two different values were used in Equation
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’ *

4.12, one was an average L for the three canyon surfaces
% .

computed in the same manner as Q (Equation 4.2), the other

* *
was I for the canyon top computed as_Qt (Equation 4.4).

TABLE 4.2

VALUES OF THERMAL CONDUCTIVITY (k), HEAT CAPACITY (C),
THERMAL ADMITTANCE (u) FOR CANYON MATERIALS

-i.
k c y
MATERIAL ) . I SOURCE
(Wlel) (Jm3Kl) (szKlsz)

CONCRETE 1.60 2.09 x 10° 1.83 x 103 I.H.V.E. (1969)
GRANITE 2.80 2.15 x 10° 2.45 x 103 List (1965)
SANDY CLAY 0.92 2.47 x 10® 1.51 x 103 List (1965)
AIR 0.02 1.20 x 103 4.89 List (1965)
CANYON 6 3

AVERAGE 1.60 1.88 x 10 1,73 x 10 Calculated

: 2
u = (kC)

The resultsvof the Bruﬁt calculations are compared with
the average measured canyon cooling [calculated as in Figure 4.10
(a)? in Figure 4.10(5). Clearly the Brunt curve using the aver-
age surface L* value is unsatisfactory but that using L* for the
canyon top is a good deal closer to the measured results, such

that a slight adjustment in the ¢ value would produce good
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agreement. In the first few hours after sunset the Brunt
curve represents too high a cooling rate but later it

almost parallels the measurements. It may be that increased
turbulence in the early evening retards the canyon cooling,
or it may be thaf initially the surface cools more rapidly
than the air. Alternatively it may be that the sensible
heat loss from the top of the canyon is restricted in the
early evening until the warmer canyon air possesses enough
buoyancy'to interact with the air layer above.

Results from Oke and Maxwell (1975) are also in-
cluded in Figure 4.10(b). These data are spatially averaged
temperatufes observed during automobile traverses in central
Vancouver on cloudless ﬁights with very light windgs. 'The
fesults, therefore, also refer to in-canyon conditions and
the agreement with the data here is remarkably godd especially
after about 3h after sunset. |

The Brunt analysis provides a relatively simple
way to model the heat island using appropriate surface proper-
ties fpr urban and rural areas, but it is restricted to the

meteorological conditions outlined.



CHAPTER 5

SUBSURFACE HEAT FLUX IN THE CANYON

A. INTRODUCTION

The subsurface heat flux (QG) is considered to be
an important term in urban élimates. It is commonly regarded
as a critical factor in the development of the nocturnal heat
island (i.e., release of stored daytime heat from building
materialé), but there are no direct studies to verify such'an
assertion. In addition in the casé of a 'dry' canyon an abil-
ity to apportion the appropriate amounf of Q* that is used or
provided by QG automatically gives QH as a residual.

Given the thermal properties of the material-(espe—
éially k and C), and the surface boundary conditions the sub-
surface heat flux could be derived theoretically (e.g., Carslaw
and Jaeger, 1959). For the canyon, hoWever, the surface bound-
ary conditions are not all known and direct measurement of Qe
was undertaken.

This chapter exémines the proﬁlems of measurement of
QG in the canyon (including the calibration, behaviour and errors
associated with heat flux plates),and the typical pattern of heat
conduction in the canyon. In particular the patterns of QG are
related to the complex input (or loss) of radiant energy in the

canyon (as shown in Chapters 3 and 4).
i
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B. CALIBRATION

The heat flux plates (described in Chapter 2) were
supplied with factory calibrations. A check on this calibration
was first conducted following the technique of Idso (1971, 1972).
Details are.provided in Appendix A. In outline the method in-
volves the heat flux sensor being placed in front of ‘a hot plate the
heat output of which is continuously adjusted. Both sides of
the sensor, and the hot plate are painted flat black, and the
experimeﬁf is conducted in a controlled light and temperature
environment. A plot of sensor output at known hot plate temp-
eratures should yield a straight line, the slope of which is
related to the sensor calibration.

A comparison between six of these laboratory cali-
bfations‘and tHose supplied by the factory is given in Table
5.1. Clearly the laboratory technique gives lower sensor out-
put calibrations, but the range of differences (6 - 25%) is
unacceptably large. The repeatability of the laboratory cali-
bration was found to be approximately 10% for a given plate.
Random errors are unlikely.to explain the observed factory/
laboratory calibration differences which are therefore probably
related to an error in one of the procedures.

A second independént check on the factory calibration
was conducted following the scheme of Fuchs and.Tanner (1968) .
This involves_immerSing_the sensor in a substance of known ther-

mal conductivity, and measuring the vertical temperature gradient
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across it. By employing a modification of Equation 2.1, the

sensor output at known heat flux rates is obtained.

TABLE 5.1

COMPARISON OF HEAT FLUX PLATE CALIBRATIONS

PLATE FACTORY LABORATORY _ LAB./FACT. %
NO. CALIBRATION CALIBRATION RATIO DIFFERENCE
(uV/Wm™2) (uV/Wm=2) FROM FACTORY
1 0.71 0.63 . 0.89 ‘ 11
2 0.86 0.65 0.75 24
3 0.71 0.67 0.94 6
4 0.69 0.57 0.83 17
5 0.75 0.64 0.86 13
6 0.79 0.59 0.74 25
Mean 0.84 16

Following Fuchs and Tanner a plate was placed in a
box (0.53 x 0.53 x O.lém) of dry beach sand. The plate was
located at a depth of 5 cm and thermocouples were used to mea-
sure the vertical temperature differences between the 3 and 5
cm, and 5 and 7 cm depths. The sand heat flux (QG) was then
assumed to be given by:

AT AT

= z Z
Og ks {(KE_)B—S + (KE—)5-7}/2 (5.1)

where

ks = thermal conductiyitglof sand (assumed
value of 0.25 Wm K after Fuchs and
Tanner, 1968);
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(KEE)X_ = vertical temperature gradient
y between depths x and y.

Figure 5.1 gives the results of comparison between
Q, obtained from the gradient method (Equation 5:1) and frém
the heat flux plate (using both the factory and laboraté#y
calibrations), for an experiment conducted out=of-doors: ’Séﬁé
of the data scatter is probably attributable to the Céﬁbiﬁéé
effects of the natural'Qariability'in the' radiant input and éséh=
vective activity, and the different response times of £hé
thermocouples vis-a-vis the heat flux plate. The factéry
calibration underpredicts the flux (regression slope = §:85);
whereas the laboratory calibration slightiy overpredicts (te=
gression slope = 1.14). There is little to chodse betweéen thé
two approaches, but the factory values would appear betEéF
for the following reason.

Preliminary measurements up to 10 days prio¥ €6 €he
results in Figure 5.1 suggest that the oridihal sand was A&&
entirely dry and thus the assumed value of ks was incorrect:
This arying appears to be almost complete by June 28 but any
further slight changes would bring the factory results closeF
to the 1:1 line, but move the laboratory values fﬁrthef away :
Knowing the plates were to be used in concrete in the danyoh;
it was decided to repeat the gradient approach experiment using

a concrete block.
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Fig. 5.1 Comparison of soil heat flux pla‘té with °
gradient measurements (sand). June 27,
28, 1973. ’ Co
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C. CALIBRATION IN CONCRETE

To repeat the sand experiment using concrete re-
quires a knowledge of the thermal conductivity of concrete (kc).
The value of kc' however, shows a wide range of values (see
I.H.V.E., 1969) therefore experimental determination was
deemed necessary.

| The value of kc for the concrete block was deter-
mined using a thermai comparator (Powell, 1957; Ansori and
Igbal, 1971). The comparator consists of two phosphor-bronze
spheres (0.4 cm diameter) mounted in balsa wood. One sphere
protrudes slightly from £he wood, the other remains slightly
inset, and the differential temperature between them is
measured by 36 AWG iron-constantan thermocouples.o The pro-
cedure is to heat these units to approximafely 70°C in an
oven and allow the differential temperature to settle to zero.
The comparator is removed and placed in contact with the sample
which is at room temperature. Ansori and Igbal (1971) then
show that the spheres cool. at different rates, and by conduc-
tion alone, and that the cooling is proportional to the root
of the sample's conductivity. The conductivity of the sample
canbbe measured if samples of other materials of known conduc-
tivity are available for comparison. In this case samples of
ebonite, pyrex and quartz (thermal conductivities 0.19, 1,15

1

and 1.40 Wm K-l, respectively) were compared with a slab of

|
concrete (18 x 13 x 2.5 cm) cut from the block used in the ex-
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periment. Figure 5.2 shows an example of the k% vs cooling

lk—l, and on the

basis of other runs a mean value of k, = 0.90 wm~ k™ was

plots. This experiment yielded k_ = 0.85 Vim

selected for use.

It is implicit in the'theory of the heat flux
plate that the plate conductivity be roughly equivalent to that
of the medium in which it is immersed. Soil heat flux pfates
of the type used here normally have thermal conductivities with-
in the range of most soils, 0.3 to 30.0 Wm YK % (Fuchs and
Tanner, 1968), and the concrete value lies within this range.
Because the actual thermal conductivity of the plates were not
available . (either from the manufacturer, or from experiment)
the heat flux output of the plates was directly compared with
that from the gradient methbd outlined in the previous sec-
tion. |

Concrete was poured to form a block (0.42 x 0,42 x
0.15 m).. This enclosed a heat flux plate at a depth of 5 cm
and two temperature difference thermocouple pairs between 3
and 5 cm, and 5 and 7 cm as in the sand experiment. After allow=-
ing the concrete to dry, measurements were conducted out-of-doors
to give simultaneous heat fluxes from the plate and the gradients
using Equation 5.1, and kc derived from the comparator experi-
ment. |

The results of this experiment are given in Figure

5.3. Clearly the comparison using the factory calibration is
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superior, and this verifies the tentative conclusion reached
in the preceding section. The agreement using the factory
calibration is within 5%, and on this basis factory values

were applied to all the canyon subsurface data.

D. SUBSURFACE FLUX DIVERGENCE

Heat flux plates inserted beneath the surface re-
fer to heat fluxes at that depth and not those at the sur face/
atmosphere interface which are needed in the surface energy
balance. It is therefore necessary to estimate this diver=-
gence to assess its importance. The vertical divergence in

o

‘the heat flux Qs is given by:

3Q aT
G _ z
-a?- C-——'at . (5.2)

Integration between the surface and a depth z gives:

aT

o z. 2
W) = %) * G TE 2 o (5.3

where

QG(o) = conductive heat flix at the interface;

QG(z) = subsurface heat flux at depth z.

The second term on the right hand side of Equation 5.3 may be

i

approximated:

\,
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2 BTZ ATZ
Cof -a-t—- dz ~ C-A—t— Az ) (594)

Flux divergence in building materials was first
evaluated in the tar and gravel roof of the U.B.C. Geography
Building. Equations 5.3 and 5.4 were used to estimate this

divergence by measuring QG at 0.5 cm with a flux plate, ATZ/At

6 3.-1

at 0.25 cm with a thermocouple, and using C = 3.17 x 10 Jﬁ- K
(Ssaal, Heukelom and Blokker, 1940; I.H.V.E. Guide, 1969 . The
results in Figure 5.4 show divergence to be least at night with
a slight tendency for underestimation of the nocturnal upwérd
flux using the pléte alone. In the late morning there is an
underestimation by the plate of the flux into the roof, reach-

2

ing a maximum of 40 Wm “, or about 35% of Q at about 1000

G(o)’
PST. The divergence changes sign in the afternoon so that the

plate alone will overestimate the flux when Q becomes neg-

G (o)
ative. This hysteresis behaviour is consistent with soil re-
sults (Fuchs and Tanner, 1968; Fuchs and Hadas, 1972),

Table 5.2 presents a comparison of.the maximum flux
divergences for the roof, the canyon concrete walls, and the

canyon floor. The canyon ATZ/At values are surface values mea-=

sured with a Barnes Infra-red Thermometer (Model PRT 10, Barnes

o,

~J

Engineering Ltd.), and are therefore larger than a layer aver-
age. Equally they were taken in extreme conditions when shading
of a sunlit wall causes sudden cooling and therefore provide
safe overestimates. The divergences in Takle 5,2 refer to the

layer from the surface to 0.5 cm (the depth of the plates).
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TABLE 5.2

COMPARISON OF ROOF, WALL AND FLOOR MAXIMUM
HEAT FLUX DIVERGENCES

C div Q = C(ATZ/At)Az

5 ATZ/At G (0-0.5)
SURFACE 5 n 3L 51 _—
| 6 —4
Roof 3.17 x 10°  25.2 x 10 40
*
Canyon Walls 2.09 x 10° 5.5 x 1072 6
*
Canyon Floor 1.57 x 10° 44.6 x 1074 35

*
From Table 4.2

In more uniform conditions the canyon ATZ/At measure-
ments indicate that div QG (0-0.5) will only be 12-20% of these
maximum values and in energy terms can be considered small (i.e.,

walls 0.75 - 1.2 Wm 2; floor 4.4 - 7.0 W m™2

). Consequently,
no corrections for flux divergence were applied to the canyon

data,

E. SUBSURFACE HEAT FLUX IN THE CANYON

The nature of Q. in the canyon was intensively
studied in the period July 26 to August 1, 1973. This period

was characterized by cloud-free conditions and light winds.
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Observations were made eVery lodmin frdm each of fhe 17 heat
flux plates in the canyon cr&ss-section [Figure 2.5(b)]; Thé
data were averaged to'give half-hourly means. The diurnal

- pattern was consistent from day to day and therefore the
results for one day (July 27) may be-assumed~typicéi;

-~ Figure 5.5 shows the daytime variation of Qg at

two positions, for each of the three canyon surfaces on

41

July 27. Obviously, the storage pattern in each'compéﬁeht '
surface is strongly related to the pattern of Q?, as coﬁ-
parison of Figqures 4.1 - 4.3 and 5.5 will show. Common features
of the daytime Q* and.QG_regimes include the,relétivé timiné_and.mg .
magnitude of the peak fluxes at each location; the seconaary
peaks related to reflection of solar radiation from the two
walls; and the relative lack of differentiation in flux magni-
tude when the surface is not .in receipt of direct beam short-
wave radiafion. | |

The noctﬁrnal results also show‘agreement.with the
Q* (or L*)pattern. In particular in the early evening the great~i
est storage release from both walls is ffom the locations with
the largest Sky view factor‘(i.e., the highest sensor level),.
The difference is much smaller in the léte nigﬁﬁ périod, pre- |
sumably because the L* losses are less when the heat reserQoir
is somewhat depleted. All locations in the canyon exhibit nega-.
tive QG values aﬁ night (i.e., heat flow out of the buildings

and ground). The upper level on the west wall also shows nega-
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tive Qg at midday, just after it becomes shaded. This be-
haviour is similar to that described by Yap and Oke (1974),
Their qualitative explanation suggests that if a strongly
heated surface is plunged into shade iﬁs rapid surface cool-
ing reverses the temperature grédient in the topmost layer
and results in an upward heat flux, even though Q* may not

be negative. The same explanation may explain the sharp}revern
sal in the direction of Qg at the upper sensor level on the
east wall at about 1730 PST. It is also clear that(%;for the
‘ground afvnight is less than for the walls. This is opposite
to expectations based on view factor considerations. It is
possible that this is due to the fact that Q; from the walls

is enhanced by the release of anthropogenic heat (Q ) from the

F
buildings.
The Spatially averaged fluxes for each surface
(QGw’ QGg and QGe) are given in Figure 5.6(a). This clearly

demonstrates that the importance_of the individual components

is restricted to separate times of the day, and also the domi=-

nant role played by the ground heat storage in absolute terms,
In a manner analogousto Equations 3.3 and 4.2, a

spatially averaged 6G over the three canyon surfaces is defined:

. Q e H + Q . W + Q ° H .
= _ “Gw Gqg - Ge
% = T+ W (5.5)

The result is given in Figure 5.6 (b), which is

characterized by a smooth diurnal course, approximately symme-
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Fig. 5.6 Spatial average of the subsurface heat
flux for July 27, 1973: (a) averaged
along each canyon surface; (b) averaged
over the three canyon surfaces.
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trical about noon, even though the component surface roles are
‘not. Also it is noted that the peak éG of 53 Wm 2 is attained
at about 1245 PST, close to solar noon (1315 PST). It is nor-
mal for QG to peak about 2h ahead of Q* for most unobstructed
horizontal surfaces (Sellers, 1965). Although daily total cal-
culations for the walls showed slight deficits, this was large-

ly offset by a net gain in the floor and the ground. Thus for

the whole system the daily total storage approximates zero.



CHAPTER 6

ENERGY BALANCE OF THE CANYON

A, INTRODUCTION

As noted in Chapter 1, solution of the energy
balance of the canyon is an important objective of thié study.
The complexity of the urban/atmosphere interface has discour-
aged direct measurement of the energy balance until recently.
There are a few pilot studies of the urban energy balance above
roofs (e.g., Oke et al., 1972; Yap, 1973; Yap and Oke, 1974)
and over paved urban surfaces (Landsberg and Maisel, 1972),
but none for the canyon environment.

The energy balance for most surfaces may be written

as in Equation 1l.1l:

*
Q +Qu+0p +Q

E

We observe the sign convention that positive quantities con-
tribute to interface warming, and negative ones to cooling. 1In
this study‘Equation 6.1 was used for the energy balance of the
canyon floor where Q*, QE and QG were available from measure-
ment, and QH was obtained as a residual. For the painted-
concrete canyon walls QH was again determined as a residual.
in .Equation 6.1 but QE was assumed to be zero. Anthropogenic
heat terms will modify QG but will not introduce errors in the

surface energy balance. The enerqgy balance for each of the com-

100
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ponent surfaces is given in Section C of this chapter.

Whenever measurements remote from a finite surface
are used to characterize the energy balances at the interface
the possibility of energy advection from surrounding environ-
ments must be considered. Convergence or divergence of heat
within the canyon from outside will mean that Equation 6.1
does not represent the surface balance correctly. Equally
the energy balance of the canyon system defined across the
top:

*

Q * Q¢ * Qpe * Qg = 0 (6.2)

will not agree with measurement if energy is added to the
canyon-air volume by advectioh from outside. To evaluate the
role of advection in the canyon an experiment was conducted,
and is reported in Section B ahead of the energy balance re-
sults. Finally, this chapter deals with the air cooling/warm-
ing rates in the canyon because these are the thermal climatic
expression of the energy exchanges, and becausé they provide

some indirect verification of the canyon air circulation.

B. ADVECTION - HORIZONTAL AND VERTICAL TRANSPORT OF HEAT
5 BY MEAN MOTION

Here we will cbnsider the problem of advective
heét transport into (or out of) the canyon under two types of
air flow. Initially we will consider the simplest condition
where the wind is flowing parallel to the canyon sides (i.e.,

lengthwise) as illustrated in Fiqure 6.1(a). Later we will
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a)

b)

¢c)

Fig. 6.1  Schematized air flow in the canyon.
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consider the case of Figure 6.1(b) where the external wind
strikes the canyon at some angle to the lengthwise axis. The
dimensions and areas in the analysis which follows are given

in Figure 6.1(c).

1. Flow Parallel to Canyon

Let ug be the instantaneous wind velocity, -

averaged over the cross-sectional area A for the parallel-

ll
flow case., Then the mean-horizontal heat transport through Al

can be approximated by:

= by | + ] m + ]
pcp uoToAl pcp(uo uo)(To TO)Al
- gl -
pcp(uoTO + uoTO)Al (6.3)
where
Go = time-averaged horizontal velocity,
ué = instantaneous velocity departure from
the mean,
T, = instantaneous air temperature,
Eo = time-averaged air temperature,
Té = instantaneous temperature departure from

the mean .

and these results are assumed representative over the cross-
sect%on A, . The first and second terms in Equation 6.3 represent
the mean, and turbulenﬁ heat transport respectively. Similarly
at some distance L downstream the mean transport through the

canyon cross-section
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will be:

qom "ItV

and the mean heat flow through the canyon top (QHt) iss

Que = PCy (WTz)Az
9]
= o Tmo ’
pcp(wT2 + w'T))A, (6,5)
where
w = instantaneous vertical velocity

averaged over the area A2 = W,L,

£
1

time-averaged vertical velocity,

w' = instantaneous vertical velocity
departure from the mean,

52 = time-averaged air temperature,
and space-averaged over the
canyon top area A,,

Té = instantaneous departure from 523

Denoting positive changes by the delta symbols, we have Gl =

Go - Bu, since any change in u inside the canyon must be due

to friction with the walls. The sign of the change in T0 is
not certain so that Tl = TO + Aio. Substituting these re-
lations in the energy balance of the canyon-air volume

gives:
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pcp[uoToAl - ulTlAl - wT2A2] + Source terms + Storage terms

- R AT TTTA. - wTTA. - wT A
ocp[:ATo (uO Auo)Al + TOAuOAl + ulTla, “1T1A1 wT A,

- w'TéAZ] + Source terms + Storage terms = 0 (6.6)

The signs of the turbulent transfer terms are arbi-
trary since the correlation between ué and Té is not known.,
The other terms are positive if they contribute to canyon-
air warming,

We will now consider the role of the terms in
Equation 6.6. Observations of the air temperature change in
the canyon show that the heat storage term is negligible. We
will also assume that the horizontal divergence of the turbu-
lent transport terms G;T; is small and may be neglected. This

assumption, however, remains untested for a canyon environment.

With these assumptions Equations 6.6 reduces to:

pcp[(tAfo(ﬁo - Aﬁo) +‘§OAGO)A1'-.(QTZ + WTT;)Azl + Source terms
=0 (6.7)
Under virtually calm conditions the mean flow terms are negli-
gible, and the energy of.the source terms is transported out of
the canyon by vertical turbulence pcp(WTTE)AZ alone., This would
be the ideal case where advection would be zero. Although the
energy balance measurements in this study were réstricted to

very light winds, it was felt necessary to ascertain the magni-
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tude of the first four terms in Equation 6.7 under the experi-
mental conditions. To begin with, we will investigate the
size of the first two terms, #*pc Af;(ﬁo - Aﬁo)Al; and then

p
the third and fourth terms in combination, pcp(ioAﬁoA

1" v'GE'ZAz) .
The terms tpcpAio(ﬁo - AGO)Al represent the heat
transport by the mean wind in combination with the mean hori-
zontal temperature gradient. To evaluate this two instrdﬁen—
ted masts were located at the mid-width of the canyon, separated
by the length-wise distance L = 28 m, and with the most souther-
ly mast 40 m from the canyon's south end. Sensitive anemometers
(C. W. Thornthwaite Assoc.) and thermometers were exposed at 1,8
and 3.7 m.above the canyon floor. The thermometers were shielded,
and aspirated 26 AWG copper-constantan thermocouples joined to
provide temperature differences between the two masts at the
two heights. A Gill wind vane (R. M. Young Co.) was also in-
stalled between the twb masts to measure the wind direction, All
signals were moﬁitored every two minutes on the data acquisition
system (Chapter 2) and hourly averages calculated. The experi=-
ment was conducted during portions of four cloudless days.
Figure 6.2 presents the results for along-canyon
winds (from different directions at different speeds). The
value of ﬁo is the mean of two levels, and ATO is the mean of
the two horizontal gradients. Thus it is assumed that these
point measurements approximate the mean cross-section conditions.

From what at first appears to be a confused scene, two conclusions
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emerge. Firstly, with winds consisﬁently from one direction
along the canyon, the advected energygterm is a function of
windspeed (e.g., July 10). Secondly, the sign of the advec-
tion term is directly related to the wind difection, souther-
ly winds result in a net addition of energy to the canyon-air
volume (warming) and northerly winds a net depletion (cooling).
This means that the area to the south of the canyon (Grandview
Highway) is generally warmer than the canyon, whereas the area
to the north (railroad right-of-way) is cooler (see Figure 2.4).
Ignoring the sign of the advection it becomes clear
that the absolute value of the net transport is related to the
canyon wind speed (Figure 6.3). The form of the relation is
not certain but an average trend is given by the eye-fit iine.

This indicates that on average for along-canyon winds of 2 m s"l

on cloudless summer days the net advection ig about 70 W m—2;

and at 1 m s 1 the transport is approximately 15 W m~2,

The term of pcp(ToAqul - wT2A2) aylses from the fric-
tional retardation of airflow along the canyon surfaces resulting
in uplift. Components Aﬁo and w are related by the equation

of continuity for incompressible flow:

o _ A
' '

|

[
o
I

(6.8)

and substitution gives the expression for the mean heat transport

as a result of frictional retardation:

pcpAlAuo(To - T2) (6.9)
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if 50 > 52 there will be advective warming, if TO < 52 cool-
ing, and if Aﬁo = 0 advective transport is zero. The observed
frictional loss AGO as a function of Go is given in Figure 6.4,
using the average data from the two masts and winds from both

the north and south. From Equation 6.8 the maximum Go value

of 4.75 m s 1 corresponds to a vertical velocity, w of 1.28 m gL,
No simultaneous (TO - TZ) measurements were observed. However,
using the results from September with the full moveéble mast
temperaéure matrix, maximum (EO - 52) values of 0.2°C were ob-
served in the canyon. This would produce an inflated maximum

advective warming of approximately 100 W m_zg More typical

values reduce this to about 25 W n2,

It is concluded that under light wind.conditions
‘the total advective trahsport with along-canyon winds is <100
W m_z. This term will not be accounted fqr in the energy
balances to follow, and must therefore be considered to be an
error factor.

1

2. Flow Across the Canyon

In the case where the mean wind direction is
at some angle to the canyon”axis, a circulation similar to that
shown in Figure 6.l(b)_(e.g., Georgii, 1969; Wise 1971) may be
exéected. In this situation the mean vertical flow may be im-
portant in transporting the heat from the canyon into the over-

'1yinglurban boundary layer. The mean flux across the canyon
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top will then conform to the following modification of Equation

6.5:

= S om =T ) 42
Qe = pcp Aész + w'T 2)dAz)/A2 (6.10)

The existence of such a circulation was visually noted by obser-
ving tracers, and by measuring the sign and size of the vertical
velocity with a Gill propeller anemometer (R. M. Young Co.).
The results in Figure 6.5 are 15 min averages for three
locations across the top of a canyon on a day with strong WNW
winds. The results confirm that w # 0 with downdrafts over the
east wall, and updrafts over the west wall and centre, and thus
we must expect the mean circulation term (&52) in Equation 6.10
to be operative. There is no reason to believe that under these
circumstances the turbulent term WTTTé is absent either, and
therefore both measurements may operate to remove (or add) heat
from the canyon volume. |

When the meso-scale wind direction is normal to the
along-canyon axis the horizontal advection illustrated in Figures
6.2 and 6.3 may be assumed to be absent, and the mean vertical
circulation exchange expressed by Equation 6.10 will be the domi-

nant non-radiative mode of heat exchange with the canyon surround-

N

ings. This form of 'advection' is not expected to be of net im-
portance to the energy balance of the canyon-air volume. This
is because unlike the horizontal advection case the air is not

free to pass through the canyon, it can only enter and exit the
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canyon via the area A2 (canyon top). Any net input of energy
(i.e., from the heated upwind roof) must result in either a
net change in energy storage in the air volume, or a net
change in the canyon surface energy balance. The former is
not observed in our observations, and the latter although une-
likely would be accounted for in the Q* and QG measurements
near the interface. Therefore Equation 6.10 will represent
the total energy flux from the canyon-air volume that is
escaping-into the atmosphere during the day. A negative
quantity implies a loss .of energy while a positive value
represents an energy gain by the air volume. In the absence
of horizontal advection and radiative flux divergence, the above
term equals the total sensible heat incoming or outgoing from
the three canyon surfaces.

For the more general cése of meso-scale winds at
other angles of attack to the canyon the net heat exchange with
the surroundings will involvé some horizontal adwvection and
some mean vertical circulation transport. This should result
in a total 'advective' trénsport which will be approximately

represented by the horizontal advection relation of Figure 6.3,

C. ENERGY BALANCE OF THE CANYON

l. Instrumentation

® _
‘ The energy balance instrumentation for Q@ and QG
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at the canyon wall and floor surfaces was as in Chapters 4

and 5. Assuming the walls to be 'dry' during the observation
period their balance is completed by assuming QH to be the
balance residual. The gravel over clay floor, however, could
be assumed to possess evaporable water even though the surface
appeared relatively arid. Correspondingly a miniature weigh=-

able lysimeter was installed in the canyon. “

The simple design principle followed that of Pas-
quill (1950). The lysimeter consists of two acrylic tubes
(thickness 0.4 cm, length 16 cm), one able to fit inside the
other (diameters ld and 11 cm). The inner tube contains the
undisturbed soil sample (closed at the base with a plastic
bag coverj, and the other tube is sunk in the ground to pro-
vide a neat housing and moisture shield. The inner tube is
filled with soil by inserting it inside a standard golf hole=-
cutter, which is then used to core out the undisturbed sample,

The lysimeter was located in the centre of the canyon,
and 0.5 m south of the flux plate line. Measurements were made
every hour during the energy balance experifnent° The inner
tube and soil were removed and quickly weighed on a triple-
beam balance (Fisher Scientific Co. Ltd.) and then réplaced°
The balance had a capacity of 2.61-kg, and a resolution of 0.1
g; this gave a resolution of about 10 W m_z_in the hourly QE
estimates (excluding observer and other errors). The sample

needed replacement following rain, and after a few days' use,
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2. Surface Energy Balance of Component Surfaces

The intensive observation period for energy
balance measurement was September 9-11, 1973, The weather
was characterized by continuously cloudless skies, and weak

winds (usually <2 m s % by day, and <1 m s *

by night in the
canyon). Figure 6.6 shows the three-day average hourly energy
balance components for both walls and the canyon floor. Simi-
lar diurnal pattefns of Q* and QG for each surface have been
described and analyzed in Chapters 4 and 5, thus here we will
focus on the turbulent terms Q. and QE,,and the relative mag-
nitude of the component.terms.

For all three surfaces QH represents the dominant
energy dissipation mode during the daytime. Thus at midday Qy
'represents 0.70 - 0.80 Q* for the dry walls, and 0.60 Q* for
the canyon floor. At night Oy is very small for all surfaces,
and thus for the two walls the nocturnal bélance is approxi-
mately Q" = Qg * 50 W m2. In general Qy is positive at night
(i.e., the canyon air is warmer than the walls and floor) but
slightly negative values are evident for the west wall at times.
This may be real, but is also probably within instrumental
accuracy. The pattern of Qp for the floor is reasonable giving
slight evaporation through the night [again within the instru-

mental accuracy given in Section C(1l)], and peak values (=50 W m-z)
at midday. This would produce a Bowen ratio (B' = QH/QE) of

appro*imately 5.5. Clearly in absolute energy terms the floor
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is by far the most important exchange surface in the canyon.

3. Energy Balance at the Canyon Top

The diurnal variation of the average energy
balance components for the complete canybn system (as in Equa-
tion 6.2), are shown in Figure 6.7. Considering the windspeeds
during the experimental period it is assumed that the maximum
error involved in ignoring the advective terms is approximately
70 W m~ 2 by day,and 15 W m 2 by night (Figure 6.3). On most
occasidnsfhey will be less than these values. It is alsoc im=
bortant to remember that Q: is obtained from the three surfaces
(see Equa;ions 4,3 and 4.4) and is not a measured value, Differ-
ences between this quantity and measurement would be important
in radiative cooling/warming calculations, but do not signifi-
cantly affect the residual, QHt°

The course of the composite balance components is
remarkably smooth considering the differing phase relations for
the individual surfaces (Figure 6.6)., It is interesting to note

2, which is very similar to

that the peak Qz value is 500 W m~
the 460 W m-2 measured over a flat gravel-over-tar roof in
central Vancouver at the same time (Brown, personal communi-
cation). Equally the nocturnal Q* loss values agree very close-
ly at both sites, being approximately 70 W m_zg The only sig=-

nificant difference between the two sites is that the times of

*
Q = 0 occur about one hour later in the morning, and probably
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one hour earlier in the evening, at the canyon site. This
agreement between roof and canyon values may indicate that
the spatial variability of Q* in an urban areais not large
when viewed from an aerial platform.

The relative roles of Q and QEt show that

Gt' QHt
by day the most important mechanism for heat loss from the
canyon is that of sensible heat, and at the peak QHt = 0.66 Q*.
By comparison the latent heat transfer is small, so that g{ =
6.5 at midday. The role of QGt is certainly important in the
overall balance so that at the peak QGt = 0.30 Q*. The posi-
tion of this peak storage is in phase with the net radiation,
as noted for éG earlier in the summer [Figure 5.6(b)], and
this is 1atér than for horizontal surfaces (e.g., for flat
roof values see Yap and Oke, 1974),

At night the turbulent terms QHt and QEt are small
(<25 W m-z) and of opposite sign, thus their net effect is
close to zero in the balance. The net loss of long-wave radin
ation is therefore balanced by drawing upon the subsurface heat
storage. The absence of convective activity therefore high-
lights the conclusion drawn in Chapter 4 that radiative flux
divergence is the main air cooling mechanism at night in the
canyon under anticyclonic conditions.

There are no energy balance measurements for a

canyon with which these results can be compared. To put them

in the urban context, however, there are energy balance data for
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other parts of Vancouver. Yap (personal communication) pro-
vides data from above a flat gravel-over-tar roof in central
Vancouver. With 0" = 500 W n? at midday on September 1, 1972,
QH from eddy correlation measurements was about 250 W m—2 near
the roof, and 200 W m"2 at higher levels which were interpreted
as representing areal values.rather than just for the roof,
Perhaps more pertinent to this study, are measurements conducted
at 50 m on a tower 4 km downwind of the canyon at the same time
as the results in Figure 6.7. The eddy correlation measurements
are expected to represent integrated urban QH fluxes. Although
somewhat variable, the peak QH values were approximately 250 W m‘“2
during the period of the canyon experiment. (Brown, personal
communication). Thus the canyon results probably represent close
to an upper-limit for QH values in the urban area as we might

expect, since water is very restricted there compared to the

total urban surface.

4, Canyon Air Cooling/Warming Rates

Canyon air cooling/warming rates were calculated
as in Chapter 4, Section E from the hourly mean temperatures in
the 7 x 5 matrix. The results for September 9, 1973 are given
ingFigure 6.8,

At 0800 PST the top of the west wall is in direct

illumination and the strongest heating of the air occurs at

the same location. Note, however, that the rates of change of
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air temperature have their highest numerical value of any time
of the day‘in the morning., This may be because the canyon aizx
is stable and is not readily exchanging heat with the exterior.
By 1200 PST a very different situation has developed now that
the sun is shining directly down the canyon. The strong
changes of warming rate in the horizontal may be related to

a meaﬁ vertical circulation. Such a circulation could agise
from external wind effects, internal buoyancy effects, or a
combination of these dynamic and thermal causes. By 1600 PST
the whole canyon is cooling as it becomes shaded,. The strong=
est cooling occurs on the east wall which has just changed from
strong Q* gain to a loss. The iso-lines of temperature change
are stilllaligned vertically. At 2100 PST the canyon cooling
appears to originate from the walls in agreement with theory.
The smaller cooling near the floor is somewhat surprising on
view factor grounds (see Figure 4.5). A full explanation is
not apparent but may be related to the differing heat capaci-

ties of the walls and floor (see Table 5.2).



CHAPTER 7
MODELLING CONSIDERATIONS

A. INTRODUCTION

The preceding chapters present and interpret measure-
ments of the energy exchanges and balances in the environment
of one specific urban canyon. The purpose was to illuminate
the nature of the physical processes operating in such a struc-
ture, and their role in establishing the thermal environment of
the canyon. In the larger context of urban climatology the can-
yon is seen as a basic geometrical unit of the urban-atmosphere
interface, so that these data may help to establish theoretical
and empirical relationships of use in modelling other urban con-
figurations,.and possibly an integrated urban surface.

Because the modelling scheme must incorporate some
of theée empirical relations, the generality of the model is
limited by the constraints of the experimental conditions. In
particular the model which follows can refer only strictly to
surface conditions in the ﬁid—latitudes»in summer with cloud-
less skies, weak airflow and locations where evaporating sur-
faces are absent. Although such limitations may appear very
restrictive, in fact they largely represeﬁt conditions under

which maximum heat islands and air pollution concentrations

are observed, and'under which many other models break down. The

\
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modelling scheme is directed towards the sensibie heat flux
which is important in the urban atmosphere because it directly
alters the stability.

Figure 7.1 schematically depicts the sequence of
steps involved in operationalizing the model proposed here.
The theoretical, cloudless sky value of KV above the surface
is calculated in STAGE I. Given the building dimensions and
the albedos of the component surfaces the value of K* is ob-
tained in STAGE II. Using an empirical relationship between K*
and Qf (developed here) the radiation balance is determined in
STAGE III. A similar relationship is employed to obtain QG from
Q* in STAGE IV, and thus finally by assuming latent (QE) and
anthropogenic heat (QF) to be negligible, Qy is obtained as a
residual in the surface energy balance (Equation 6.1) in STAGE
V.

The need to resort'Uaempiriéal.relationships between
K* and Q*, and Q* and QG is rooted in fundamental theoretical
difficulties which are outlined later in this chapter. The
assumption regarding Op is validated for the experimental site
in summer by the work of Yap (1973) on the urban scale, and by
the&building characteristics (Chapter 2) on the micro-scale.

Given reasonable adhefence to the constraints on this
model, it may be possible to apply it not just to a single can-

yon, but to an array of block-like structures with dimensions and
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orientation approaching an urban situation. For example, the
model may pfovide a first approximation to the surface energy
balance in an urban area characterized by lack of natural sur-
faces and uniformity in building type. In particular it may
provide more realistic surface boundary conditions for dynamic
models of the urban boundary layer.
The remainder of this chapter is organized according

to the sequence of STAGES involved in the model (i.e., Figure

7.1).

B. STAGE I - CALCULATION OF K+

The Houghton (1954) model for clear skies, as out-
lined in Nunez et al. (1971), was used to predict incoming solar
radiation. In the model the extra-terrestrial radiation is de-
pleted by water vapour absorption and séattering, atmospheric
Rayleigh scattering, aerosol scattering and absorption. Hough-
ton assumed that absorption occurs before scatfering, and that
one-half of the scattered radiation reaches.the surface as the

diffuse component. The final expression is:
I
R = 5— ° COS Z'[(l—¢w) . (l—Sw) . (l—Sr)rd +

I1

0.5 144 (1-8 ) (1-(1-S_) - (1-§,) ©4,)] (7.1)
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where

I = extra-terrestrial solar radiation
intensity = 1355 W m~2,

r = radius vector of the Sun,

Z' = zenith angle of the Sun,

¢w = absorption coefficient for water vapour,

Sw = scattering coefficient for water vapour,

S, = Rayleigh scattering coefficient,

Tq = transmission coefficient for aerosol absorp-

tion and scattering = (.95)™, where m is the
solar air mass,

= transmission coefficient for aerosol scatter-

Tat
d ing or absorption = (.975)M,

Term I represents the direct radiation received at the surface,
and Term II the diffuse component. The aerosol transmission
coefficient 4 is a global average calculated by Houghton.

Values for ¢w’ ) Sr were also obtained from curves given by

w’
Houghton (1954). Nunez et al. (1971) assumed that halft of taez
aerosol depletion was due to aerosol scatte:ing° Therefore

q " [Td;]z. Nunez et‘aZ. (1971) confirm that this technique

provides a good method for obtaining K+ for a horizontal surface
in different aerosol environments. A mean monthly precipitable
water vapour of 1.80 cm was used in the calculation of ¢w° This
value was obtained from Hay.(197l). Figure 7.2 shows the agree-

’ *
ment between caculated K values (using K+ from the Houghton

model, and a mean measured albedo of 0.124), and those measured



* -
K™ (theoretical) (Wm™)

128 -

/DD
800 o o
( ;. //U /
o /b/
%
7001 St T
) y
/ 5
600- =k~ /
A
__ _3\ %
S
500} L
/ /
J/ /
400} /)/
V4
2 _
300k / : A - == 5% Deviation ™"
Y/ . From !z} Line~
// . , June 17,18,1974
V/ : ‘
Yy s
200F {//u. _
/R
N/
Y
IQO/ 1 1 1 1 1 i g
100 200 300 400 500 600 700 800

* .2
K (measured) (Wm™ )

Fig. 7.2 Comparison of calculated and measured net

solar radiation (K*) for the Geography
Building roof, U.B.C.



129

over the roof of the Geography Department building at U.B.C.
on June 17, 18, 1974. It is now required to devise a modelling
scheme which allows similar predictions within a canyon geo-

metry.

*
C. STAGE II - CALCULATION OF K IN THE CANYON

[+

The approach utilized here first involves calculating
the solar radiation incident on each of the canyon surfaces (both
walls, and the floor). Given the albedo of these surfaces and

*
the canyon dimensions it is then possible to calculate Kt from

"Equation 3.5:

*__ * x* * 72
Kt—- (H'/W) (Ke + Kw) + Kg - (7.2)

and also the albedo of the canyon system (at) from:

%*
K¢, - K |
ap = __E@_._E (7.3)
t |

where, K¢, is the input from the Houghton calculations averaged

across the canyon top. Since this particular experimental can-
yon has walls of uneven height, K+t will differ slightly from

the Houghton calculation.
*

The Kt model given in Equation 7.2 involves the follow-

ing assumptions:

(i) diffuse radiation from the sky is
distributed over the canyon surfaces according
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to their surface areas,

(ii) the canyon surfaces are Lambertian
and therefore reflect the solar radiation in a
diffuse fashion,

(iii) the canyon is of sufficient length
such that the surfaces may be considered of in-
finite extent in view factor calculations,

(iv) there is no loss of solar energy

lengthwise from the canyon, o

(v) there is no absorption of solar energy
in the canyon-air volume.

As an example, the solar radiation incident on each of the
three canyon surfaces (K+w, K+g and K+e) for the early morning

is given by:

= ' . : Q
K+w (I cos Y)P + Dw + w

= 3 ' » + Q
K+g Dg + oo (I' cos V) VEwhg g (7.4)
K¢ =D + o » (I' cos ¢) - VF + Q
e e " w-e e
where
I' = incoming direct radiation after depletion
by Rayleigh scattering, water vapour and
aerosols, (Houghton model),
¥ = angle of incidence for the canyon walls,
P = per cent of the canyon walls in sunlight,
Qg0 Qw’ Q = solar irradiance from secondary reflections
g on the east, west and ground surfaces,
De’ Dw' D = diffuse radiation incident on the east,
g west and ground surfaces,
VFi—j = view factor for the irradiated ith sur-

face as seen by the jth surface.
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The diffuse radiation from the sky (D) incident on each wall is
calculated using the principle of conservation of radiant energy.
Denoting Fl and F2 as the fraction of the incoming diffuse radi-

ation incident on the walls and ground respectively, we obtain:

DW=+ L =(D-F1'H-L)+(D°F1~H°L)

+ (D F, «- W- L) ?

2 (7.5)

The first and second terms on the right-hand side refer to the
diffuse radiation incident on the two canyon walls (Fl is assumed
by symmetry to be equal on the two canyon walls). The third

term refers to D on the canyon ground. Simplifying,

F (2H/W) + F, = 1 | | (7.6)

and thus an infinite number of solutions exist for Fl and F2°
The isotropy of the diffuse radiation would best be represented
if Fl = F2, If this is the case Fl would equal L/(1 + 2H/W)

which equals 0.403. Therefore D, =>Dw = Dg_= 0.403D.

The view factor for each irradiated canyon surface
as seen by an oppos@te canyon surface is calculated as follows.
For each point (i) along the receiving surface, the view factor
is obtained using Equations 4.5 or 4.6 depending on whether the
surfaces are perpendicular or parallel. The mean radiation re-

ceived on the first surface from the irradiated“second surface

K¢' is:
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K¥' = I' cos ¢ + a—"—— =1I'cos § + o VF, | (7.7)

and the sum is performed over the n receiving points along
surface 1. The view factors change with the irradiance of

the wall. It is important to realize that this analysis only
applies to the irradiated portion of the canyon surface. Other
surfaces do not reflect solar energy other than that from the
irradiated walls. The outgoing radiation from the sunlit wall
was allowed to be reflected a maximum of threé times in the can-
yon since the third order term calculations were small. This
term is calculated from Equation 7.7, and is denotéd by the
symbol Q@ in Equation 7.4. The calculation of y and P are
described-in Appendices B and C.

Figure 7.3 shows the net solar absorption by the
experimental canyon system (Kz) for August 13. Albedos of 0.62,
0.52 and 0.13 were used for the west wall, east wall and ground
respectively (see Chépter 3). The comparable experimental data
in Figuré 7.3 are based on 4 days of observation {August 8, 9,
13 and 14, 1973) and represent instantaneous reaéings at the
given times. 1In the morning experimental-model differences
are <50 W m 2.

In the afternoon, however, the model consistently
underestimates the fluxes. The maximum underestimate is =50
W m"2 at 1400 PST. Reasons for these différehces are unexplained,
but could include the following:

| (i) temporal changes in the attenuation of

Ky, due to the diurnal transport of pollutants by
thé sea breeze circulation,
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(ii) improper assumptions regarding the
radiative properties of the walls and their
paint, including the pOSSlblllty that the sur-
faces are non-Lambertian,
(iii) measurement errors.
On a mean daily basis the discrepancy between the
%
model and measurements Ky above the canyon is about 7% (389 W
m~? measured, 365 W m 2 calculated). However, the discrepancy
between the model and measurements from the individual canyon
surfaces is <1% (363 W m_'2 measured; 365 calculated). This
raises the possibility that the measurements above the canyon
are in error but this could hot be further proven. Thus for

daily totals the model is probably adequate, but requires fur=

ther work to gain confidence in predicting hourly values.

D. STAGE III = THE RELATION BETWEEN K AND Q

Prompted by difficulties in measuring Q*, and the
low density of standard networkg, several studies have attempted
to define relations between K* and Q . Monteith and Szeiecz (1961)
and Davies and Buttimor (1969), among others, have investigated
the usefulness of a surface heating coefficient (h) which tee
lates the thermal response of the surface to the net radiant in-=
put? and is defined by h = —dL*/dQ*. According to this appfoach

* *
the relation between Q and K has the formg

* *
Q =K /(1 +h) +a (7.8)
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%
where a is a constant obtained from a linear regression of Q

*

and K .
Idso (1968) has criticized the heating coefficient

concept on the grounds that it is inappropriate to expect a
single constant to represent the interaction of all the exchanges
contributing to the thermal balance (and‘therefore L*) at a
surface. Similarly, on statistical grounds Gay (1971) argued
against plotting K* vs Q*, and proposed that the long-wave

- * %
response would be better given by a plot of K vs L . The

slope of this relation'(x de/dK*) will then be negative,
zero or positive depending on whether for a given 6K*, L+ ig
greater, equal or less than S§L+,

Unfortunately, measurement limitations ,in thig study
ﬁrecluded the implementation of the Gay (1971) approach. In
order to obtain Q* it was therefore necessary to resort to the
physically less satisfactory relation betweén K* and Q* (Equa=
tion 7.8). Such an analysis is therefore only defended on tha
grounds of practicality, and no detailed physical interpretations
(e.g., heating coefficients) will be pursued. Clearly further
work should attempt to follow the physical linkages between
K*, L* and Q*.

Hourly Q* measurements for the individual canyon

surfaces on September 1-5, 7, and 9-11 were averaged to obtain

-k *
a mean Q day, and Qt was obtained by use of Equation 4,4, Cor-=
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* ) .
responding Kt values were computed for Septeibe¥ 10, as in

* * -
STAGE II. The relation between K and Q is §iven in Figure
7.4. The canyon results (walls, floor and canyon top) form a

well defined relationship for modelling purposes (r? = 0.96;

2 ®

S.E.., = 28.0Wm )., fThis i$§ to be expected sincé O c&ontains

Q
* .
K as its dominant term. Equally the roof=tép Measurenents
from the U.B.C. Geography Department.building shoéw a §trong

= 16.7 Wm %), fThe differafice

i

correlation (r2 = 0.98; S.E.Q*

. : R
between the two could be related to the erro¥ in computing K
' R
for the canyon (Stage II), or measurement erré¥§ ifi K £6F
the roof, or it may be real (difference in Ganyon/re6f warming/

cooling rates).

N
E. STAGE IV - THE RELATION BETWEEN Q. AND

GE

Partitioning the net radiant eneryy in€d its Gonmpé =
nent turbulent and storage enérgy fluxes is 6f Gent¥al importanse
in any modelling scheme of the urban enerqgy balanée. Given &he
theoretical difficulties involved in obtaining Qg (séé Chapte¥ 1),
this section discusseg another approach.

Following Priestley (1959) the ratic 6f sénsibleé €6
subsurface heat flux in the absence of evapordtion can be describad
by:

QH _ pcpKHa?/ag (
koT/3z2

|

0
@
~J)
O
~
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where

turbulent diffusivity for heat;

=
I

potential temperature;

@
i

Furthermore the thermal conductivity K ¢an be written in teérms

of a thermal diffusivity g:

k = k/p'c’ (7.10)
and
p' = density of the surface material,
c' = specific heat of the sirface material.

Schmidt (1918) derives the following relation:

Q.. pc_ VK., pc_VK,
H _ p H _ " p_H 5 s
0 T o'c Ve " , (7.11)

Thus the ratio of the two fluxes:is related to the physigal
propéerties of the two media, and to thé aerodynamié¢ properties
of the location. Therefore under varying synoptié éonditions and

in the absen¢e of latent heat transfer; KH is thé only teffm €0

change in the right hand side of Equation 7.11.

) x . X R
Hourly averaged values of Qt and QGt are available fo¥

the canyon. Neglecting the small latent heat term, QHt/QGt c¢an

* i o R
Ht/QGt = (Qt/QGt)él, and therefore KH can be

obtained for the light wind condition of the experimental per=

be obtained from Q

iod. However, it must remembered that KH normally refers to &
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horizontal surface. The resultant KH obtained in this analy-

sis refers to a canyon configuration. To prevent confusion
|

the canyon diffusivity will be labelled Ky

Figure 7.5 shows hourly Q: and QGt for the canyon
during the calm, cloudless spell in the first half of September.
The relaﬁionship is well defined. Furthermore, two different
regimes are noticed. The late evening, early morning and night-
time déta (QGt <50 W m—2) have a lower slope than the rest. This
is probably due to the lower level of turbulent activity at ‘
night. The greater scatter in the >50 W m-2 data reflects the
variability of the daytime turbulent heat flux. On this basis
two distinct regimes in partitioning are recognized, and

referred to as the 'night' and 'day' condition regimes.

Using a mean thermal admittance (1) of 1.73 x 103
gn2 g7t s ?,for the three canyon surfaces (Chapter 4), and a
value of 1.20 x 103 J m—3 K—l for the heat capacity of air, the

-1 L '
solution to Equation 7.11 is QHt ls2 /KH. Since

* N - .
QHt/QGt = Qt/QGt—l values of QGt can be obtained using the slopes

/QGt = 0.69 m

of the QGt vs Q: relationships (night-weak turbulence; day-strong
turbulence) shown in Figure 7.5. The slopes are 2.22 and 4.70
for the night and day cases respectively. These yield values
of Ky of 3.13 m%2 5”1 at night and 28.7 m? s~! by day. The latter

agrees to within an order of magnitude with daytime values of

KH (Sellers, 1965; Priestley, 1959).
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Future work should investigate the relation between
Q* and QG for a variety of urban surfaces and configurations
under the same synoptic conditions. As a first step in such
an analysis, Q* and QG values from the Geography Departﬁent
roof are included in Figure 7.5. The data represent mean
hourly values collected during relatively calm clear conditions
on June 17, 18, 1974. The data give indications of a hystere-
sis loop between the morning and afternoon results. This is
simiiar to the results of Fuchs and Hadas (1972) working over
dry loessial soil. If this phenomenon is characteristic of
dry, horizontal surfaces, future work must incorporate it intol

modelling schemes.

F. CONCLUSION

In reviewing the model STAGES it is clear that the
solar terms K+ and K* can be calculated in an urban canyon.
In the case of K* this assumes an accurate knowledge of the
albedo of the component surfaces. The daytime model was, how=-
ever, unable to incorporate long-wave exchange in the canyon.
AAt gight the situation is simplified, and the relation between
L* and the sky view factor (Chapter 4) is well defined, and in
conjunction with a Brunt-type cooling analysis allows calcula=

tion of canyon cooling rates (Chapter 4). The relation be=-

* . . .
tween Q and QG is promising, but requires testing in other
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geometric configurations and for other Surface materials,

Since the model is directed towards prediction
of QH relatively large errors in such intermediate terms
as QG may be acceptable if the resultant QH error is

small.

e}



CHAPTER 8

SUMMARY OF CONCLUSIONS

The following major conclusions may be drawn from

the preceding study:

[1] In agreement with theoretical models, the diurﬁal
spatially integrated albedo of the canyon system shows three
distinct periods. The first and last periods are dominated

by a large solar reflection of the east and west walls. The
middle period has a low albedo and represents the contribution
of the canyon ground. Thus two distinct albedo peaks occur
which support the Lambertian assumption for the canyon surfaces.
The absorption efficiency of the canyon relative to a horizontal
surface varies from a minimum of 1.2 when one of the walls is

fully irradiated to a maximum of 1.5 at noon.

[2] The net all-wave radiation is dominated by the solar
term during the day. The actual amount of radiant enerqy re-
ceived depends on the solar zenith and azimuth angles. Thus
the Q* trace for each wali is characterized by a peak. At
night the net long-wave radiation deficit (L*) in the canyon
increases linearly with sky view factor. Divergence of net

long-wave radiation is found to exist along the longitudinal

143
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length of the canyon, and total divergence in the canyon-air
volume is the main air cooling mechanism at night. Values of
Q: and spatially averaged values of k and C gave good esti-

mates of the canyon-air cooling when used in the Brunt equa-

tion.

[3) The subsurface heat flux in each canyon wall responds
to solar radiation during the day. Therefore a distinct peak
in QG occurs for each wall as it is irradiated. Divergence

of QG was found to introduce only a small error in the measure-

ments.

[4] The transport of heat by adveétion is sttongly dependent
oh the wind field. The hot and cold sources seemed to be localized
to the south and north end of the canyon respectively. With winds
A2 M s_l on cloudless summer days, the net advection is approxi-
mately 70 W m 2. With winds of 1 m s~ the value drops to 15 W m 2.
A mean circulation develops along the canyon cross-section if the
external wind is at right éngles to the canyon length. This mean
flow may also be an important mechanism in transporting heat to,

or from, the canyon-air volume. Maximum values for Q: and QGt
at solar noon during a clear summer period are 510 and 140 W m°2
respectively. Similarly maximum QEt is 50 W m—z, while maximum

. . -2 .
QHt 1s approximately 320 Wm . At night both QEt and QHt are

|
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close to zero, and a balance seems to be established between

* : -
QGt and the net radiation deficit Qt (v60 W m 2)°

[5] The solar radiation model predicts daily values of
Kz which agree to within 7% with measured values. However,
there seems to be consistently better prediction in the
morning than in the afternoon. The relation between computed
K* and measured Q* is well defined although considerable
scatter exists. This relation may possibly be improved by
taking simultaneous measurements of Q*.andAK*. Similarly,

*
the relation between Q and Qd~is promising, but more measure-

ments are needed over a variety of surfaces.
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APPENDIX A

HEAT FLUX PLATE CALIBRATION [IDSO (1971, 1972) TECHNIQUE]

The Idso (1972) technique of heat flux plate calibra-
tion involves exposing the flux plate to the heat output of a
hot plate under controlled conditions.

The hot plate used was made of aluminum (15 x 20 x 1 cm)
and the output could be varied from 0 to 20 W. An FD 300 diode
was inserted at a depth of 0.5 cm under the centre of the plate.
This was achieved by drilling a hole in from one side and para-
llel to the face of the plate. The diode was sealed in witﬂ sil-
icone rubber cement. The temperature given by the diode.was
assumed to be that of the surface, Ts. The diode output was
continuously'monitored on a potentiometfic strip-chart recorder.
The surfaces of the hot plate and the heat flux plate were sprayed
with black paint.

The experiment was conducted in a controlled light and
temperature environment, with the hot plate placed with its face
in a vertical plane, and the heat flux plate suspended parallel
to it and 10 cm from its centre. The hot plate was heated to a
high;temperafure (=50°C), and then allowed to cool to room temp-

" erature by altering the power output. During the cooling phase

both TS and the heat flux plate output were monitored.
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Under these conditions the total radiation received
by the heat flux plate from the blackened hot plate is given
as:

L+ = e.VF.oT: (A.1)

where VF is the view factor of the hot plate as seen from the
heat flux plate. The value of VF was calculated to be 0.495
following the method of Davies et al. (1970) and ¢ was assumed
to bev0.95. The flux plate output (uV) will depend upon L+ and
therefore TS. A plot of this output vs L+ yieldé a straight
line whose slope defines a calibration factor (CF) for the flux

plate response to a net radiation change (uV/W m_'2

). Further

Idso (1972) shows that the net radiation of the vertical flux
. * /

plate (Q ) is related to the heat conducted through the plate.

(Qg) by:

. _ .
eQ = 2QG (a.2)

Thus, the calibration of the sample heat flux plate

(CFl) is found to be:

CFy =%+ ¢ CF . (A.3)



APPENDIX B

CALCULATION OF THE SOLAR ANGLE OF INCIDENCE
ON THE VERTICAL WALLS OF THE CANYON (y)

By definition, the angle of incidence is the angle
between the normal to the surface (vector 1) and the direct
solar radiation (vector 2). This angle can be calculated if
the direction cosines of the two lines are known with respect
to an arbitrary axis. Denoting the angle of incidence as’ y we

have:

cos § = cos j; cos j2 + cos p, cOs p, + cOs q; cOs q,

(B.1)

where j, p and g are the direction cosines of vectors 1 and 2
against the x, y and z axes respectively.

Choosing co-ordinates with the x-axis normal to the
wall; the y axis running horizontal and on the wall; and the

z axis vertical and on the wall, we have:
coSs jl =1,
cos j2 = sin 2Z2' sin(180 - ¢'),
cos P, = cos q; = 0

and ¢' is the azimuth angle between the solar beam and the

canyon longitudinal direction.
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Therefore:
cos ¢ = sin Z2' sin ¢'
and

v = cos-l(sin z' sin ¢'). (B.2)

I



APPENDIX C

CALCULATION OF SUNLIT PORTION OF CANYON (P)

Figure C.1(a) illustrates the azimuthal geometfy of
the canyon situation. InC.Xb), a ray grazing the top of
the eastern wall strikes the opposite wall at some unknown
depth H' measured from the top of the canyon wall; From

geometry it can be deduced that:
H' = [7.54/sin ¢']/tan Z° - (C.1)

and therefore the sunlit portion of the wall (P) is given as:

In the late morning sunlight strikes the ground directly and

the portion of the ground that is in shadow X is:

= 7.31(7.54)
Xm = e (C.3)
so that _
7.54 m = X
P=— 351w (C.4)
o Similarly, in the early afternoon [Figure C.1(d)]
. the length of shadow is:
' ‘ _ 5.59 (7.54)
Xy = T ‘ (C.S)
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Fig. C.1 Shadow lengths in the canyon.
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and
7.54 m - XA

P = ———r0 | (C.6)

In the late afternoon [Figure C.1l(a)l the total sunlit portion

is simply given by:

]
p = 1.72 m + H (C.7)

7.3l m



