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FOREWORD

In récent years the application of climatology to urban planning problems
has received particular attention within the WMO Commission for Climatology and
Applications of Meteorology*.
In 1974 WMO published a Technical Note under the
title "Review of Urban Climatology, 1968-1973", the text of which had been prepared
by Professor T. R. Oke (Canada) who had been appointed by the Commission as
Rapporteur on this subject. At its sixth session the Commission considered this
subject and recognized the need to continue to follow the developments.
Professor Oke was accordingly invited once again to serve as a Rapporteur
and, inter alia, to prépare a report to complément the material contained in the
above Technical Note. The Commission at its seventh session (1978) commended
Professor Oke for the excellent report prepared by him in response to this request
and agreed that it should be published in the WMO Technical Note séries. The présent
publication, entitled "Review of Urban Climatology, 1973-1976" contains this report.
I should like to take this opportunity of expressing the gratitude of the
World Meteorological Organization to Professor T. R. Oke for his valuable report
on a subject of great topical interest.

/-—>
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D. A. DAVIES

Secretary-General

Prior to 1979 this Commission was known as the Commission for Spécial Applications
of Meteorology and Climatology.

SUMMARY

This publication reviews developments in the fields of urban climatology
and meteorology in the period 1973-1976 inclusive. It therefore forms an addendum
to WMO Technical Note No. 134 "Review of Urban Climatology 1968-1973" produced
earlier by the author. The organization of the report follows that of the earlier
one and the combined bibliographies along with that produced by Chandler (WMO
Publication No. 276, 1970) provide a reasonably comprehensive coverage of literature in urban climatology.
The report is in two parts. The first concentrâtes on observational
studies including research into the radiation, energy and water balances of cities,
inadvertent modification of cloud and précipitation and the perturbation of wind,
température and moisture fields by urban areas.
The second part deals with attempts to construct models (scale, statistical and theoretical) to simulate the atmosphère both below urban roof-level and
in the overlying urban boundary layer. The models range from those aimed at
statistical prédiction of a single climatic variable to those attempting to
simulate the three-dimensional characteristics of the urban boundary layer.

RESUME

Cette publication passe en revue les études faites dans le domaine de la
climatologie et de la météorologie urbaines de 1973 à 1976. Elle constitue, donc,
un additif à la Note technique N° 134 de l'OMM, intitulée
"Review of Urban
Climatology 1968-1973", déjà préparée par l'auteur. Ce rapport est présenté de la
même manière que le précédent et les deux bibliographies combinées, avec celle qu'a
établie Chandler (Publication WMO-No. 276, 1970), donnent un aperçu assez complet
des ouvrages publiés au sujet de la climatologie urbaine.
Le rapport se divise en deux parties. La première est essentiellement
consacrée à des études fondées sur l'observation, notamment les recherches concernant les bilans radiatif, énergétique et hydrique des villes, la modification
involontaire des nuages et des précipitations et les effets perturbateurs des
zones urbaines sur les champs de vent, de température et d'humidité.
La seconde partie traite des tentatives de construction de modèles
(réduits, statistiques et théoriques) pour simuler l'atmosphère tant au-dessous
qu'au-dessus du niveau des toits en ville. Les modèles vont de ceux dont le but
est la prévision statistique d'une seule variable climatique à ceux qui s'efforcent
de simuler les caractéristiques tridimensionnelles de la couche limite urbaine.

PE3KME
B jjaHHofi nyôjiHKaiïHH paccMaTpHBaioTCfl jjocTHMceHHH B oôJiacTH
KJIHMaTOJIOrHH H MeTeopojiorHH 3a nepHOfl 1 9 7 3 - 1 9 7 6 r r .

BKjiioqHTejibHO.

ropoflCKoft
TaKHM

0ôpa3OM, 9Ta nyÔjiHKaiJçHfl HBJineTCH jjonojiHeHHeM K TexHH^iecKoiî 3airacKe BMO
W 1 3 4 " 0 6 3 o p ropoflCKoô KjiHMaTOJiorHH 3a 1 9 6 8 - 1 9 7 3 r r . " ,
aBTopoM p a H e e .

HanncaHHOH GTKM ace

CTpyKTypa jjaHHoro o m e T a coBnajjaeT c nocTpoeHHeM n p e f l t m y -

meô p a d o T H , a od'LeflHHeHHafl ÔHô'jiHorpa<|)HH BMecie c o cnncKOM jiHTepaTypu,
BOflHMOM IIIaHflJiepoM (ilydjiHKaiïHH BMO W- 276,

1970 r . ) ,

npn-

npeflCTaBJineT coôofî J J O -

CTaTO^HO fflHpOKHH CÏÏHCOK JIHTepaTypH B OOJiaCTH ropOflCKOH KJIHMaTOJIOrHH.
OïtieT no,n;pa3^ejiHeTCH Ha #Be ^ a c T H :
CJieflOBaHHtfX,

nepBajî KOHiieHTpnpyeTCH Ha H C -

OCHOBaHHHX Ha HaÔJIWfleHHHX, BKJHO^aH HCCJieflOBaHHH paflHaiïHH,

SHepreTH^ecKoro

H

BOjjHoro dajiaHca ropoflOB, HenpejjHaMepeHHoro

Ha oôJia^HOCTB H ocaflKH H B03MymeHHH nojieft B e i p a ,

BO3JJ,6HCTBHH

TeMnepaTypH H B J i a r n ,

BH-

3HBaeMHX TOpOflCKHMH paftoHaMH.
Bo BTopoft qacTH npejjnpHHHMaioTCH nonHTKH nocTpoeHHH MOflejien (MacmTaÔHHx, cTaTHCTH^ecKHX H TeopeTHxiecKHx) aTMOC$epH KaK HHsce ypoBHfl ropo^cKHX
Kpran, TaK H B norpamniHOM c j i o e , pacnojiaraiomeMCfl Ha,n ropoj;oM.

KjiaccH npejj,-

CTaBJieHHHX MOflejieM KOJieôJiioTCfl OT T e x , KOTopHe HanpaBJieHbi Ha CTaTHCTH^ecKoe
npeji;cKa3aHHe e^HHH^HHx KjiHMaTH^iecKHx nepeMeHHHx,flo MO#ejieft,
HHX JJJIA

npe,n;Ha3Ha*ieH-

MOfleJiHpoBaHHH TpexMepHHX xapaKTepHCTHK ropoflCKoro norpaHHtiHoro

CJIOH,

RESUMEN

Esta publicacién examina los acontecimientos que han tenido lugar en el
sector de la climatologîa urbana y de la meteorologla durante el perlodo de 1973 a
1976 inclusive. Por lo tanto, constituye un aditivo a la Nota Técnica N° 134 de la
OMM "Examen de la climatologîa urbana, 1968-1973", preparada anteriormente por el
autor. La organizacién del informe es la misma que la del anterior y las bibliografias combinadas asi como la preparada por Chandler (Publicaci6n N° 276 de la OMM,
1970) constituyen una documentaci6n bastante amplia sobre climatologîa urbana.
El informe consta de dos partes. La primera trata de los estudios de observacidn, incluidos la investigacidn en materia de radiacién, energla y balance
hldrico de las ciudades, la modificacién involuntaria de la precipitacidn y de las
nubes y la alteracién del viento, de la temperatura y de la humedad por las zonas
urbanas.
La segunda parte trata de los intentos de establecer modelos (a escala,
estadisticos y teôricos) para simular la atmôsfera màs abajo del nivel de los techos urbanos y en la capa limite urbana mes arriba de los techos. Los modelos se
extienden desde los que estân destinados a la prediccién estadistica de una variante climâtica unica a los que tratan de simular caracteristicas tridimensionales de
la capa limite urbana.
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REVIEW OF URBAN CLIMATOLOGY,
1973-1976

by
Professor T. R. OKE
Department of Geography, University of British Columbia,
Vancouver, B.C., Canada

INTRODUCTION

This report deals with developments in the field of urban climatology
that hâve occurred subséquent to those covered in WMO Technical Note (TN)
No. 134 (Oke, 1974).

Figure 1 shows that the period since 1968 has been

characterized by an exceptionally large outpouring of publications in the
field.

It shows the first real growth in the subject to hâve occurred in

the 1920's, mainly in Europe (e.g. Ashworth, ÂVigstrbm) followed by a major
expansion in the 1930's especially in Germany and Austria (e.g. Albrecht;
Kratzer; Lauscher; Peppler; Schmidt), also in France (Besson) and North
America (Brooks).

Following a relative hiatus in the Second World War there

was steady growth in the 1950's and early i960's on a much wider géographie
basis (e.g. Arakawa; Chandler; Georgii; Landsberg; Mitchell; Sundborg).

The

sudden surge at the end of the 1960's through into the 1970's coincided with
increasing concern over the state of the atmospheric environment, especially
with regard to air pollution in cities.
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Figure 1 - Trend of total publications
in urban
olimatology
(exaluding air pollution)
in the twentieth
aentury.
[Compiled from Chandler (1970), WMO (1970), Oke (1974)
and the bibliographe of this
report*]

The upsurge was also associated with a change in methodology, away
from the descriptive climatological tradition towards a more physicallyoriented approach.

The latter seems to hâve gained spécial impetus from

the need to deveiop numerical models of the urban atmosphère which can be
interfaced with air pollution dispersion models for prédictive purposes.
Munn (1973) suggests that the 1968 WMO Brussels Symposium on Urban Climates
may hâve provided the stimulus for the step-change in research interest.
During the period under review there hâve been a number of conférences
dealing at least in part with urban climates. Thèse include:
CIB/WMO, "International Symposium on the Climatology of Building",
Zurich, September, 1974.

AMS/WMO, "Symposium on Atmospheric Diffusion and Air Pollution",
Santa Barbara, 1974.
AMS,
1974.

"Fourth Conférence on Weather Modification", Fort Lauderdale,
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AMS, "Workshop on Modelling the Urban Boundary Layer", Las Vegas,
May, 1975 (Lee et al., 1976).
UN Conférence on Human Settlements (HABITAT), Vancouver, 1975.
AMS/USDA (Forest Servi ce)/SUNY, "Conférence on Metropolitan Physical
Environment", Syracuse, August, 1975 (Herrington and Heisler, 1976).
NORDFORSK, "Workshop on Urban and Mesoscale Meteorology", Uppsala,
October, 1975.
WERC/NSF, "Second US National Conférence on Wind Engineering Research", Fort Col lins, 1975.
WMO, "Symposium on Meteorology as Related to Urban and Régional LandUse Planning", Asheville, November, 1975.
AMS, "Third Symposium on Atmospheric Turbulence, Diffusion and Air
Quality", Raleigh, October, 1976.
WMO, "Meeting on Education and Training in Meteorological Aspects of
Atmospheric Pollution and Related Environmental Problems", Research Triangle Park, January, 1977.
Royal Meteorological Society (Australian Branch), "Conférence on
Urban Meteorology", Sydney, February, 1977.
This review is organized in the same manner as TN 134 and is therefore an extension of it. The références from the two provide an almost
complète bibliography of research in urban climatology from 1968 to 1976.
There are two exceptions to be noted:

first, TN 134 did not review the con-

tents of TN 108 (WMO, 1970); second, this report may be déficient in respect
of some publications in 1976 since the major abstract lists for this year
were not available at the time of writing (April, 1977).

This will be most

noticeable for work in languages other than English.
During the period of concern there hâve been other reviews of the field.
Thèse include Bergstrom (1976), Berlyand and Kondrat'yev (1972), Braham
(1975), Chandler (1967b), Daigo and Nagao (1972), Frisken (1973), Landsberg
(1974b, c, 1976b), Lowry (1975), Oke (1976b, 1977a), Schmid (1974) and
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Terjung (1974a, b ) . Several récent textbooks hâve also included summaries
including Griffiths (1976), Kawamura (1977), Smith (1975) and Yoshino (1975).
In addition Lowry (1977) has provided a most important analysis of methodological approaches employed in the estimation of 'urban effects1 on climate.
He examines the commonly used estimation procédures such as urban/rural
différences, upv/ind/downwind différences, urban/regional ratios, analysis
of time trends and weekday/weekend différences.

He points out a number of

weaknesses in thèse estimators and proposes that the only measure which can
be used with confidence is one involving the différence between urban and
pre-urban observations stratified by synoptic weather type.

His analysis

undoubtedly casts very real doubts concerning the existence or magnitude
of certain 'urban effects' claimed in the literature.

Readers of this re-

view should bear thèse comments in mind.

Following Oke (1976a) the terms urban canopy and urban boundary layer
are used to distinguish between the layers below, and above, roof-level
respectively.

As with TN 134 this report does not provide a complète historical
perspective, nor does it consider air or noise pollution in cities.

The

review is in two related parts: first, it considers observational studies
aimed at a description of the processes and phenomena characteristic of
urban climates; and second, it looks at attempts to model thèse features.
The observational section considers work on the flows of energy and mass in
the urban system and how thèse are manifest as urban températures, humidities,
winds, cloud, etc. The modelling section examines deveiopments in both scale
and numeric simulation techniques.

In each case it is only possible to high-

light the most important advances in the text, but a comprehensive bibliographe is provided at the end.

PART I - OBSERVATIONAL STUDIES

A.
1.

RADIATION BUDGET

Short-wave radiation
The short-wave (0.3 to 3.0 um) radiation budget for a surface such

as that represented by an urban area viewed from above roof-level is given
by:
K* = K4- - Kt

(1)

where, K* - net short-wave radiation, K+ - incoming short-wave (global)
radiation, and K* - short-wave radiation reflected by the surface.

The in-

coming term is composed of both direct-beam (S) and diffuse-beam (D)
radiation, i.e.:
K+ = S + D,

(2)

and the outgoing portion is a function of Ki and the surface albedo (a):
K+ = (K+)a.

(3)

It is well recognized that the more polluted urban atmosphère leads to
an atténuation of K+ relative to that observed in cleaner rural air nearby,
although it is often difficult to make true urban/rural comparisons because
of the transport of pollutants downwind of the city.

Further vérification

of this depletion has been provided by studies in Cincinnati (Bach, 1973),
Hamilton, Ont. (Rouse et al., 1973), Windsor, Ont. (Sanderson et al. 1973;
Sanderson 1974), Tokyo (Sekihara, 1973), Toronto (Yamashita, 1973, 1974),
St. Louis and Los Angeles (Peterson and Flowers, 1974), Bet Dagan, Israël
(Mânes et al., 1975) and Adelaide (Lyons and Forgan, 1975).

In almost ail

cases the réduction was noted to be qui te variable depending on such factors
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as the wind direction, amount of cloud, time of year, and averaging period.
Peterson and Flowers (1974) noted that on cloudless summer days at St.
Louis K+ was decreased by about 2 to 3%, but when cloudy days were included
the réduction was greater than 6% for a 28-day period.

They suggest that

this may be related to the effect of the city in producing more, or denser
clouds.

Mânes et al. (1975) analyzed a 10-year record of K+ at Bet Dagan

and found that there was a clear decrease (4%) using only summer data, but
a greater réduction still (7%) if only cloudless summer data were included.
They indicate that this seems consistent with increasing pollution transport
from the Tel-Aviv area which lies upwind of Bet-Dagan.

Presumably cloudless

summer conditions are conducive to the build-up of photochemical products
which are then advected downwind.

Yamashita (1973) shows that the réduction

of solar radiation can be related to S0« values by the cosine of the altitude
of the Sun. This combines the facts that atténuation is affected by both
the pollutant concentration and the path length of the solar beam through
the urban layer.
In gênerai, it appears as though urban-rural K+ différences are somewhat smaller than those reported in earlier studies (i.e. 2-10$ rather
than 10-20% réduction).

This may be due to changes in the nature of aérosols

as a resuit of différent sources and/or the effects of pollution controls.
Récent studies on the réduction of ultra-violet radiation (approximately 0.30 to 0.40 pm) confirm that the urban atmosphère tends to preferentially filter out this waveband.

Using one year of data in Cincinnati

Bach (1973) found an average weekend/weekday différence of about 29%.

He

also compared measured ultra-violet irradiance with that calculated from
theory for a 'clean' atmosphère under différent meteorological conditions.
Différences ranged from a 30% atténuation with good ventilation and low
pollution, to more than 80% with light winds and smoggy conditions. Thèse
comparisons were made in the autumn when solar intensities should hâve been
sufficient to trigger photochemical activity.

In Los Angeles, Peterson and

PART

I

Flowers (1974) observed a depletion of 25 to 35% in ultra-violet irradiance
over a 2 month period in the autumn, although they noted considérable nonuniformity in time and space. They report a good correspondence between
variations in the ultra-violet measurements and those of aérosols as indicated by nephelometer and turbidity data.

In Tokyo, Sekihara (1973) found

a decrease of 10 to 15% in ultra-violet, visible (approximately 0.40 to 0.70
Min) and a small portion of near infra-red radiation (0.70 to 1.2 pm).

The

similarity of behaviour at ail wavelengths is somewhat surprising and may
be fortuitous (for example due to a changing mix of pollutants with time).
The point deserves more attention.
The Complète Atmospheric Energetics Experiment (CAENEX) is one of the
major contributions made by scientists from the Soviet Union towards the
Global Atmospheric Research Programme (GARP).

In 1972 (CAENEX-72)

(Kondrat'yev and Orlenko, 1972; Kondrat'yev, 1973; Kondrat'yev et al.
1973; Berlyand et al. 1974) the expérimental location was the city of
Zaporozhye.

The work was mainly concerned with radiative transfer in a

polluted urban atmosphère.

In the context of GARP it was suggested that,

in the absence of advection,the city might provide a good model of the
influence of pollution upon the global climate.

The radiative character-

istics of the surface and atmosphère of Zaporozhye and a rural site 30 to
50 km away were observed using multi-level aircraft traverses (at heights
of 0.5, 1.3, 2.85, 5.5 and 7.2 km) and ground-based stations.
CAENEX-72 data indicate that short-wave flux convergence in the total
planetary boundary layer is greatest at midday.

At this time short-wave

convergence in the lowest 0.5 km of the urban atmosphère is about 0.1°C h
greater than in rural air.
0.4 C h"

The absolute ail-wave convergence was about

of which the long-wave component contributed about 0.03°C h

(Berlyand et al. 1974).

The spectral characteristics of both incoming and

outgoing short-wave radiation in the band 0.1 to 0.9 pm were also measured,
and a 'spectral radiant heat flux' computed for the 0.5 to 7.2 km layer in
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both environments (Figure 2 ) . This clearly shows the greater convergence
in the urban case to apply at ail wavelengths, and that the aérosols
préfèrentiaily absorb the shorter wavelengths. Aspects of the albedo and
long-wave radiation results from CAENEX-72 will be summarized later.

0.5

0.6

0.7

WAVELENGTH (/im)

Figure 2 - Spectral radiant heat fluxes in the O.S to 7.2 km
loyer of the atmosphère over the oity of Zaporozhye
and a rural area 30 to 50 km distant.
Time averages
oorreoted for solar zénith angle during the daytime
of August 22, 1972 (after Berlyand et al.3 1974)

Glazier et al. (1976) also investigated the rôle of aérosols in boundary
layer heating and cooling.

Instead of using measured radiative profiles they

calculated the total convergence of heat below subsidence inversions in
Britain using radiosonde ascents, and estimated the contributions due to
sensible heat from the surface using energy balance measurements. Absorption
and backscattering of short-wave radiation by aérosol was calculated from groundlevel measurements of S, and long-wave convergence/divergence was estimated
from charts using the radiosonde data. Their results suggest that aérosol
absorption in stable air masses can be significant, and sometimes dominant
in the radiative balance of the boundary layer. Averaging data for 5 summer
days they find the following contributions to the daytime heating rate:
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Heating rate

Process

(°C h"1)
i

Convergence of short-wave:
gases

1.1
3.3

aérosol

-1.3

Divergence of long-wave:
Sensible heat from ground:

5.2

Net heating

8.3

Thus aérosol can contribute 40% of the net heating during the day.

It

should also be realized that thèse are not urban results but refer to conditions found in a moderately turbid atmosphère.

Although it might be

initially assumed that in the urban case with higher pollution concentrations
the aérosol warming effect would be greater, Glazier et al. (1976) point out
that this may not necessarily be so.

They note that the net thermal effect

of aérosol consists of two distinct processes:
(i)

the extra absorption leading

to atmospheric warming

(ii) the decrease in sensible heat flux to the atmosphère (Q„) caused
by a decrease in the net ail-wave radiation at the surface (Q*), assuming
the surface radiative properties remain constant.
Therefore for a given increase in aérosol the net effect will dépend upon
the surface albedo and the surface energy balance partitioning between
sensible and latent heat.

They suggest that over extensive moist surfaces

(e.g. océans and forests and farmland with free water availability) the net
effect is likely to be warming, but over drier areas (possibly including
conurbations) aérosol may actually decrease the net heat input to the atmosphère by suppressing the sensible heat flux.

It should, however, be noted that

long-wave radiative effects were neglected in the analysis, and that linear
aérosol absorption and backscattering coefficients were employed.
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There remains a great need for détailed studies on the radiative properties
of aérosols.

There is a considérable volume of work emerging on the planetary

scale but it often relies on assumed coefficients for absorption and scattering.
On the urban scale Lyons and Forgan (1975) compared K+, S and D from urban and
rural sites of Adelaide and concluded that the major rôle of pollutants is to
increase scattering rather than absorption.

Their results are in agreement

with those of Mani et al. (1974), but contrary to the suggestion by Lettau
and Lettau (1969) that the ratio of aérosol absorption to scattering is
greater than unity for a city.

Using cloudless sky data Wesely and Lipschutz

(1976) showed that with increasing turbidity S decreased and D increased.

In

extrême cases S was reduced by greater than 50% (solar zénith angles 55 to 65
degrees) compared with 'background' levels found with 'clean' skies. The gain
in D compensated for the loss of S by an amount that varied from 58% of the
loss at a solar zénith angle of 65 degrees to 70% at 37.5 degrees.

Refine-

ment of our understanding of the effects of pollutants upon short-wave
radiation receipts also holds the promise of techniques to indirectly assess
particulate and gaseous concentrations (Sprigg, 1974; Wesely, 1975), and
possibly the mixing depth (Moses and Eggenberger, 1973).
Research into the albedo (a) characteristics of urban areas is progressing
slowly but récent studies hâve enhanced our knowledge at a number of scales.
Nunez (1975) took measurements in a north/south oriented urban canyon in
Vancouver.

When viewed from above, the average albedo of the total canyon-

system exhibited a complex diurnal pattern.

Further it was shown that the

albedo of the canyon-system was always less than that of an équivalent surface area composed of similar materials, but placed in the horizontal. This
tends to support the view that the effect of urban geometry is to increase
short-wave radiation trapping and thereby to decrease the albedo.

In the

canyon surveyed this led to a 20 to 50% increase in absorption.
On the integrated urban scale,albedos hâve been measured from airborne
platforms over St. Louis (Dabberdt and Davis, 1974a, b) and Zaporozhye
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In the St. Louis study urban/rural a différences

were about 0.03 (older urban areas 0.13, rural 0.16).

Thèse values are in

approximate agreement with the summary table of albedos presented in TN 134.
Similarly the CAENEX-72 results for Zaporozhye show the city albedo to be
lower by a maximum of 0.03 to 0.05 in the morning.

At this time the urban

albedo was 0.20, later a was noted to decrease with decreasing solar zénith
angle. The urban/rural différence in albedo was only détectable to altitudes
of 3 km.

Further it was found that the reflectivity (spectral réflectance)

of the central city is less than that of its suburbs at ail wavelengths in
the range 0.3 to 1.7 wm.
Finally, Lunde (1977) shows that the radiance of urban areas is différent

to that of rural areas using LANDSAT satellite imagery.

The cities

of Ames and Des Moines, lowa show higher radiance in the band from 0.5 to 1.1
vvn during the summer, and lower radiance in the winter when the rural areas
are often snow-covered.

The summer resuit appears to be at variance with

the CAENEX-72 findings.

2.

Long-wave radiation
The long-wave radiation (3 to 100 ym) budget for a surface is given by:
L* = L4- - L+

(4)

where, L* - net long-wave radiation, L+ - incoming long-wave radiation from
the atmosphère, and L+ - outgoing long-wave radiation emitted by the surface
and given by:
L+ = eaT 0 4

(5)

where, e - surface emissivity, a - Stefan-Boltzmann constant, and T Q - surface
température.
There are very few studies which demonstrate the magnitude of thèse terms
for cities, probably because of the difficulty of obtaining représentative
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measurements.

Studies reviewed in TN 134 suggested that L+ is greater from

the urban atmosphère.
(Oke and Fuggle, 1972)

At night urban/rural différences appear to be small
but,at least in one study,the daytime différences

were considérable with a peak at the time of low solar zénith angles (Rouse
et al., 1973).

Most recently, Sanderson (1974) and Brazel and Osborne (1976)

report observations of L+ from an urban site in Windsor, Ont.
also exhibit a diurnal variation with a marked midday peak.

Their results
Brazel and

Osborne compared their observed values with those computed using empirical
formuiae and found the midday measurements were substantially underestimated.
They partially attribute such déviations to the présence of urban pollutants.
The CAENEX-72 urban/rural overflights provide some of the first information available concerning L+ (Berlyand et al., 1974).

They report that

most of the city of Zaporozhye emits less U than its environs during the
daytime, but this is reversed at night.

Thèse results appeared to agrée

with those from a radiation thermometer used to measure surface radiation
températures (in the 8 to 12 ym band), which showed the city to be radiatively 'cooler' than its surroundings by day, but warmer at night.

The

différences were observable in flights up to an altitude of 3 km by day.
The observation of higher radiation températures in the urban area at
night is consistent with a number of similar studies (e.g. Dabberdt and
Davis, 1974a, b; Tsuchiya, 1974; Landsberg, 1975b; Stock, 1975) but the
daytime 'coolness' is less expected.
Yap (1975a) provides some interesting thoughts on the rôle of surface
emissivities in net long-wave radiation différences between urban and rural
areas at night.

Using équations (4) and (5) for the two environments the

urban/rural net long-wave raidation differential (ûL* u _ r ), which equals the

net ail-wave différence U Q * u _ r ) at night, is given:

AL

*u-r

= AU

u-r '

(e

uaTu4 " eroTr4)'

(6)
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at night, and if e

= e
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nearly always seems to be a small positive value
= 1 (i.e. the urban and rural surfaces are acting

as full radiators), then (e.oT
so that AL*

I

is négative.

- e^aT

) is usually greater than A U

In other words, the greater loss from the warmer

urban surface usually outweighs the slightly greater urban atmospheric input, resulting in a greater net loss in the urban area.
by a small amount (Yap uses e
AL*

= 0.92 and e

However, if e

< e

= 0.98) it is possible for

„ to be positive so that the urban radiation losses are less than those
u-r
*•

from the rural surroundings.

The size of thèse différences dépends upon the

absolute température and the urban/rural température differential (i.e. the
urban heat isi and intensity, AT _ ).
Evidence is also emerging on the rôle of long-wave radiative flux convergence and divergence in the thermal balance of urban air layers.

Berlyand

et al. (1974) discovered long-wave heating of the lowest 1.35 km of the urban
atmosphère over Zaporozhye during the daytime.

On some afternoon occasions

they report that the warming (convergence) approaches that due to short-wave
absorption.

Weak heating was retained in the lowest 0.5 km in the evening

but was replaced by cooling later in the night.

Fuggle and Oke (1976) took

long-wave flux divergence measurements in the layer 4 to 5.5 m above rooflevel in Montréal.

The study was restricted to nocturnal conditions and,on

ail occasions,the radiative cooling rate exceeded the measured air température changes. This situation is approximately in agreement with that in
rural areas under similar weather conditions (mainly cloudless skies and weak
airflow).

On the other hand,a similar study within an urban canyon under

thèse conditions showed quite différent behaviour (Nunez and Oke, 1976).
The radiative cooling of the canyon air volume was conspicuously less than
the rates typical of the above-roof study.

Such changes in the rôle of

radiation could well lead to différences in the observed cooling rates between urban canyon, urban above-roof, and rural environments and hâve an
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important bearing upon heat island characteristics.
in the canyon becomes almost stagnant.

With weak winds, air

Turbulence is therefore almost ab-

sent and air température change is dominated by radiative flux divergence
(i.e. the radiative and actual cooling rates are almost equal).

Thèse

studies do not yet provide an integrated view of the rôle of radiation in
air température changes but they do hold promise of helping to elucidate
cause-and-effect linkages.

3. Ali-wave radiation
Finally, if we combine équations (1) and (4) we obtain the surface ailwave radiation budget équation:

(7)

Q* = K* + L*.
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Figure 3 - diurnal energy balance of a canyon System expressed as
équivalent fluoœs through the canyon top. Mean hourly
values for the 3-day period September 9-ll3 1973 in Vancouver3 B.C. Cloudless skies and light winds prevailed
throughout the period (after Nunez and Oke3 1977)

There are few récent observational studies of Q* in the urban context, and
virtually none relating to AQ*

. Nunez (1975), and Nunez and Oke (1976,

1977) provide results within an urban canyon in Vancouver.

They show that

although the urban geometry causes phase shifts in the diurnal pattern of
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Q* for individual canyon components (walls and floor), the budget for the
complète canyon System exhibits a reasonably smooth and symmetric distribution
(Figure 3 ) . The absolute magnitude of Q* at the top of the canyon by day is
similar to that observed in other studies abbve roof-level at the same time
of year.

The nocturnal budget shows a slightly smaller rate of radiative

heat loss which may be due to reduced sky view factors.

Tuller (1973) also

provides measurements of the radiation budget components in residential and
downtown locations of Victoria, B.C.

He used sidewalk sites with pre-

dominantly north, south, east and west exposures.

Results il lustrate the

complex pattern of receipt found in a canyon and the changes experienced by
each of the component fluxes.
In terms of overall urban/rural comparisons there appears to be little
reason to change the synopsis given in TN 134. This showed that although
ail of the individual radiation streams (K+, K+, L+ and L+) are modified by
urbanization, the net effects are small because of a fortuitous offsetting arrangement.

Thus although K+ is attenuated, surface short-

wave absorptivity is increased and therefore net short-wave différences
(AK* u _ r ) are likely to be small.

Evidence suggests that for a large mid-

latitude city in summer K* is slightly smaller than K* . The reverse is,
u
r
'
however, quite possible if, for example,the city has a low pollutant loading
(because of low émissions or excellent dispersion), or the albedo of the
environs is relatively high (such as in winter when the rural snow cover is
more complète than in the city, or if the city is set in a semi-arid landscape).

Similar off-setting occurs in the case of long-wave budget com-

parisons (AL*

). Despite U

being greater over the city, the greater

warmth of the city also usually gives greater Lt (however, note that the daytime CAENEX-72 results suggest L+

< L+ ). Normally it is expected that

L*u is slightly greater than L* . Combining thèse changes, it appears both
qualitatively, and from observations reviewed in TN 134 that AQ* _

is

usually small but that there is a tendency for the city to hâve a slight
radiative déficit in comparison with the countryside at ail times.
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B.

ENERGY BALANCE

The energy balance for an extensive integrated urban 'surface' (e.g.
a plane at about roof-level) may be written:
Q* + Q F = Q H + Q E + Q G

(8)

where, Qp - anthropogenic heat flux due to combustion, Q„, Q F - turbulent
sensible and latent heat fluxes respect!vely, and Q„ - sub-'surface' heat
b

conduction.

If the energy balance applies to a soil/building/air volume

(e.g. extending from roof-level down to a depth where heat fluxes art
negligible over the time period concerned) then (L should be replaced by
AQç. representing the net rate of energy storage change in the volume.

Figure i - Spatial pattern of anthropogenic heat output for
Sydney, Australia in July.
Data are for 07 to 09 h
on an average day (after Kalma, 1974)
At ail times the anthropogenic heat term represents a net energy
source for the System.
sumption data.

It is usually calculated on the basis of fuel con-

If the energy balance is being measured it enters into ail
•
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of the other flux observations (radiant, turbulent and conductive).

The

magnitude of Q p on a seasonal and annual basis was summarized in TN 134, and
in the intérim there hâve been a number of studies concerned with the possible
climatic impact of thèse releases on the urban, régional and global scales
(Geiger, 1974; Kalma, 1974; Kutzbach, 1974; Landsberg and Machta, 1974;
Sawyer, 1974; Bol in, 1975 and Kalma and Byrne, 1976).
Kalma (1974) provides a map of the Qp distribution for Sydney, Australia
in winter (Figure 4) and used it to assess the thermal modification of the
urban boundary layer for différent fetch directions.
produced a similar map for Hong Kong.

Kalma and Byrne (1976)

Geiger (1974) established that the

energy releases from domestic and commercial uses in Munich follow an exponential decrease with distance from the city centre.

Further he noted

that similar relationships held for both 1960 and 1970 data with différent
slopes.

Kalma and Byrne (1976) also show the diurnal variation of Qp for

Sydney.

The pattern is characterized by a nighttime

minimum and two day-

time peaks at approximately 07 to 09 h and 15 to 17 h.

Most authors agrée

that concentrated heat releases in urban areas are already capable of
exerting a climatic impact, and by about 2050 AD it is possible that they
may be sufficient to impart synoptic-scale modification (Kutzbach, 1974).
Research into the partitioning of energy into the terms on the righthand si de of équation (8) is not progressing rapidly.

About the only récent

measurements available to characterize the urban 'surface' are those of Yap
and Oke (1974) from Vancouver, B.C.. Direct measurement of Q* and Q„ above
the city, and the use of roof heat flux plates to approximate Qfi (or A Q S )
left Qr as a residual in the energy balance.
(cloudless, winds < 6 m s
Figure 5.

Under idéal summer conditions

, moist soil) the diurnal partitioning was as in

Probably the most interesting feature is the fact that Q £ > Q H

throughout the day (i.e. Bowen's ratio 3 = Q H /Q £ is less than unity).
the Vancouver study Q H dropped to as low as 0.25Q* following rain, and

In

18

REVIEW OF URBAN CLIMATOLOGY

increased to greater than 0.60Q* after a dry period.

In the example given

in Figure 5 Q H was 0.34Q* over the period, shown. The surface was probably
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Figure S - Urban energy balance variation on July 17, 1972 in
Vancouver, B.C. (after Yap and Oke, 1974)

moister than usual, due to a storm 5 days prior to thèse observations,
but the study suggests that in gênerai urban évapotranspiration is not
negligible.
desertic).

This contradicts the view that cities are 'dry' (even
Marotz and Coiner (1973) had earlier speculated that urban

latent heat fluxes were being underestimated because most workers h a d a
poor conception of the amount of natural surface area left in cities, and
because of widespread urban irrigation.
Dabberdt and Davis (1974a, b) attempted to estimate urban energy
partitioning in St. Louis using aircraft traverses supplemented by ground
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stations. Thèse measured and parameterized data were used as input to a
climatonomic model whose output included calculated values of the surface
thermal admittance and the inverse Bowen ratio (e~ ). They conclude that
the derived values are reasonable and that with improved aircraft opérations
the approach is worthy of further development. Rauner and Chernavskaya
(1972) similarly provide a study of synthetic urban energy balances, and
the thermal effects of varying urban green space, by parameterizing the
fluxes in ternis of net radiation and potential évapotranspiration over a
variety of surfaces. Schliepp (1974) provides a gênerai discussion of anticipated rather than measured energy balance changes attributable to
urbanization.

Nunez and Oke (1976, 1977) provide the first measurements of the diurnal
energy balance within an urban canyon. The radiant and conductive heat flows
for the walls and floor and the évapotranspiration from the floor were
measured directly, and the sensible heat flux to/from the air was solved
by residual. The timing and magnitude of the energy régimes for the différent surfaces were very différent and were controlled by the influence
of the canyon geometry on the radiation exchanges. The diurnal pattern
for the canyon System on the other hand was relatively smooth and symmetric
(Figure 3). By day, approximately 60% of the radiant surplus was dissipated
as Q H , 25 to 30% as Q G and 10 to 15% as Q_. Since the observations were
made at the end of a dry period the balance is likely to represent close
to the upper limit for sensible heat production. Only areas totally devoid
of moisture sources are likely to show less latent heat use. At night,
canyon winds were almost calm and therefore the radiant déficit was almost
totally balanced by heat released from sub-surface storage. The magnitude
of advective exchanges within the canyon were also assessed.
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C.

WATER BALANCE, CLOUD AND PRECIPITATION

Aspects of the urban water balance are dealt with by two groups: the
hydrologist-engineer, and the atmospheric sçientist. The former are most
interested in the response of the city surface to storm input, the storage
in groundwater, the supply of water from réservoirs and water quality. The
latter are concerned with the city as a source or sink for atmospheric
vapour

and the possible effects of the city in enhancing précipitation.

Unfortunately, it appears that the two groups do not mesh very easily and
there is as yet no integrated study which properly relates ail of the components.
In ternis of urban climate the three most easily identifiable concerns
are the nature of anthropogenic

vapour releases, the change in the sur-

face évapotranspiration régime, and effects upon précipitation.

At présent,

research in thèse subjects is rather uneven. Anthropogenic vapour releases
hâve recently been calculated from fuel inventories in New York (Tarn and
Bornstein, 1975), Edmonton (Hage, 1975), and St. Louis (Sisterson, 1975).
In New York, releases were found to be sufficient to contribute to an urban
moisture excess in the boundary layer.

This also gave rise to a buoyancy

excess which enhanced that provided by the heat island effect, and thereby
strengthened the urban thermal circulation.

In Edmonton,calculâtions sug-

gest that anthropogenic releases can explain about 30% of the observed winter
excess in humidity at night at températures of about 0°C.

In the summer, the

St. Louis anthropogenic sources were considered negligible by comparison
with estimâtes of day-tiiTie potential évapotranspiration.

At night, on the

other hand, thèse releases were considered capable of contributing to an
urban atmospheric moisture excess.
The subject of urban évapotranspiration was reviewed in connection with
latent heat fluxes in section B.
searched.

Basically the field remains poorly re-
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If one were to single out one field of urban climatology that has shown
the most significant advance since the TN 134 review it would hâve to be
that of urban précipitation, and the major thrust in this development has
corne from the Metropolitan Meteorological Experiment (Project METROMEX)
centred on St. Louis.

The field phase of this multi-institutional project

covered the period 1971 to 1975. The analysis (interprétation and reporting)
is continuing, but already there are many important findings.

The présent

review relies heavily upon a METROMEX Update statement provided by the
participants (Principal Investigators of Project METROMEX, 1976).

The state-

ment has been edited to include more récent work and to exclude preliminary
reports and items not referring to cloud, précipitation or water resources
if they are covered elsewhere in this review.
under three sub-headings:

The statement is organized

définition and description of urban-related

précipitation anomalies; process studies related to the development of
anomalies; and impacts of anomalies.
1.

Définition and description of anomalies
(a) There is a summer précipitation anomaly at St. Louis, varying

between a 10 and 30% excèss above background. The location and intensity
of the anomaly vary with the prevailing seasonal storm motions and the
gênerai character of the summer weather (Huff and Changnon, 1973; Huff and
Schickedanz, 1974; Changnon, 1976b).

The anomaly trend has been upward and

agrées with similar trends for Paris and Chicago over the last century
(Dettwiller and Changnon, 1976).
(b) Some individual rain intensity centres of showers or thunderstorms
that develop or pass over St. Louis and over the Alton-Wood River industrial
area appear to be significantly enhanced by 94 and 73% respectively
(Schickedanz, 1974).
(c) The major précipitation changes in, and east of, the urban industrial area seem to occur during squall line or squall zone conditions
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which would normally produce moderate to heavy rain even without inadvertent enhancement.

Anomalies include an increase of at least 60% in

the number of heavy rain days (>_ 30 mm) (Huff and Schlessman, 1974), a
25% increase in thunderstorm activity, and an 80% increase in hailstorms
and hail intensities in and just east of the city (Changnon and Huff,
1973).

Radar studies show a région of maximum development of large thunder-

storms extending 100 km northeast from the city (Braham et al., 1975;
Dungey et al., 1974).
(d) The city has a marked heat island and a spécifie humidity déficit
extending through the mixing layer to cloud-base level.

Light wind flow is

perturbed over the city producing convergence over or downwind of the urban
centre.
(e) The source strength of Aitken condensation nuclei (ACN) for St.
Louis is 5x10

cm"

s" with industrial sources up to 3x10

cm"

s

(Auer

and Dirks, 1974; Auer, 1975b).

The corresponding strength of cloud con4
-2 -1
densation nuclei (CCN) is 1 to 4x10 cm
s
(Spyers-Duran, 1972a, 1974;
Braham, 1974a; Auer, 1975b).

The city does not seem to be a significant

source of ice forming nuclei (IFN), in fact it may 'poison' the naturally
occurring IFN (Braham, 1974a, 1975; Braham and Spyers-Duran, 1974a, b ) .
(f) Convective storms are significant mechanisms for removal and
déposition of urban pollutants.

2.

Process studies related to the development of anomalies
(a) Tracer materials released at the surface are taken into clouds

and appear in subséquent rain areas 5 to 35 km downwind of the release
point (Gatz, 1974).
(b) Lagrangian measurements of transformation of the St. Louis
aérosol suggest that gas-to-particle transformations involving existing
nuclei play an important rôle in the growth of mass in the urban plume
(Alkezweeny, 1975).
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(c) The urban effluent is ingested by clouds, and the enhanced CCN
levels resuit in urban clouds having more uniform droplet sizes (Braham,
1974; Fitzgerald and Spyers-Duran, 1973; Spyers-Duran, 1972a, 1974).
(d)

Urban aérosols and urban-induced changes in cloud structure hâve

been found as far as 80 km downwind of St. Louis (Dytch, 1974a, b ) .
(e) The city and certain industriel areas appear to be preferential
sites for the initiation of small cumulus clouds (Auer, 1974, 1976; Uthe
and Russell, 1974).

The initiation of radar echoes and précipitation cells

in summer cumulus indicates rapid initiation of the warm rain process and
urban enhancement of it, probably as a resuit of giant nuclei from uroan
sources (Schickedanz, 1974; Semonin and Changnon, 1974a; Dytch, 1974a;
Dungey et al., 1974; Braham et al., 1975).
(f) Convective cloud bases are gêneraily higher by 300 to 600 m
over the city (Cateneo, 1973a).
(g) Storms that hâve passed over St. Louis produce more large rain
drops, and larger and more numerous hailstones.

Thèse results suggest

altération of the microphysical and dynamic processes leading to the storage
of more water aloft in large cumulus clouds (Semonin and Changnon, 1974a).
(h) Da^time mixing heights are 'domed' up over the city, and the
morning growth rate of this layer is faster than over rural areas (Spangler
and Dirks, 1974; Ackerman and Appleman, 1974; Uthe and Russell, 1974).

The

typical diurnal variation of the mixed layer shows it to be typically < 1 km
deep in the morning, rising to 2 km in the midday convection period, and
lowering in the late afternoon or evening.

Nearly 80% of the added rain in,

and east of, the city occurred with mixing heights > 2 km (Semonin and
Changnon, 1974a).
(i) Urban température and absolute humidity anomalies can bring
about a decrease in the intensity of thunderstorms in the vicinity of the
urban area (Boatman and Auer, 1974).
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(j) Under certain synoptic conditions urban surface température
anomalies can raise the mixing layer and displace it downwind, and in some
instances can initiate local convection, clouds, and rainfall (Ochs, 1974,
1975; Auer and Dirks, 1974; Dirks and Wong, 1975).

3.

Impacts of anomalies
(a) The increases of summer rainfall in downwind areas (10-30%) produce

an average increase of 15% in streamflow (Changnon, 1973), and greater infiltration of ground water.
(b) Groundwater contamination has increased rapidly due in part to the
déposition of pollutants scavenged from the urban plume (Changnon, 1973).
(c) There has been an increase in the annual average crop yields in
the downwind zone (Changnon, 1973).
(d) Crop losses due to hail are greater in the area to the east of
St. Louis (Changnon, 1973).
This wealth of new information requires careful synthesis so that the
gênerai picture is not obscured by détail.

No doubt this is one of the

aims of the principal investigators as the analysis draws to a conclusion.
The METROMEX study has clearly established that an anomaly exists, and has
reasonably defined its magnitude for St. Louis.

It has also provided a

large amount of évidence concerning the nature of the processes contributing to the anomaly.

We are probably now on the threshold of pro-

viding a rational framework for causation of the anomaly, at least for the
case of St. Louis. Two important papers that hypothesize upon causation
are those of Braham (1975) and Changnon et al. (1976).

The latter suggests

that the greater frequency of rain initiation over urban and industrial
areas is tied to three urban-related factors:
(i) thermodynamic effects which lead to more clouds, higher cloud
bases and greater cloud instability,
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(ii) mechanical and thermodynamic effects that produce confluence zones
where clouds and rain initiate,
(iii) the enhancement of the cloud droplet coalescence process due to
the addition of giant nuclei.
Thèse factors appear to combine to initiate more cloud cells over urbanindustrial régions in summer; this, in turn, increases the probability of
cell merger (because there are more cells per unit area) and the likelihood
of heavier rain.
Project METROMEX dominâtes the field of urban précipitation and cloud
studies partially because of the sheer size of the undertaking, but most
interesting work is also being undertaken elsewhere.

For example Hamack

and Landsberg (1975) and Atkinson (1975) studied selected case studies of
convective précipitation in the vicinity of Washington, D.C. and London,
U.K., respectively.

In the Washington studyrthree rain events were selected

to demonstrate the importance of thermal factors (heat island effects) in
triggering events which probably led to anomalous rainfall distributions
(determined from historical records).

Parcel theory, using urban surface

température and upper air soundings, permitted comparison between predicted
and observed cloud behaviour.

In ail cases, urban thermal effects seemed to

be the likely trigger force for shower development.

Vertical wind data and

cloud energetics led to the correct positioning of rainfall in eight of nine
cases.

In London, on the other hand, one rain event was intensively studied

to détermine the rôle of urban mechanical effects in triggering increased
précipitation.

Mechanical effects include the deepening of the boundary

layer, increased forced convection, uplift due to frictional retardation,
changes in airflow directions, etc.

Analysis revealed a clear perturbation

of the wind field over the city sufficient to produce uplift of about
0.1 m s" . This was capable of lifting the surface layer (which contained
higher humidities and probably greater CCN than the rural air) through a
height of 1 km in 2.5 h.

This was sufficient to raise air in the lowest
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layers to saturation causing them to become absolutely unstable, and
leading to a localized increase of précipitation. The Washington and
London studies therefore converge with those from St. Louis since Braham
(1975), in summarizing the METROMEX findings,states "it séems to me most
likely that any urban effects upon rainfall are associated with cloud
dynamical effects associated with the heat island and surface roughness."
Detwiler (1974) and Lyons (1974), both, show ERTS satellite images
which clearly show urban-industrial effects on cloud form downwind of the
Chicago-Hammond-Gary complex at the southern end of Lake Michigan.

Detwiler

shows several cumulus bands being spawned over thèse areas during a typical
summer lake breeze period. On the other hand, Lyons shows that cumulus
cloud formed over the relatively warm lake in early winter has cloud streets
which are aligned with industrial plumes.

In neither case is it possible

to isolate the causative factors (such as additional heat, moisture, IFN
or CCN) but the visual link with urban-industrial areas is useful additional
proof of inadvertent weather modification.

D. WIND FIELD
Steady-state winds in the planetary boundary layer are governed by
a balance of the horizontal pressure gradient force, the frictional stress,
and the virtual force associated with Coriolis accélération. Winds traversing
urban areas encounter changes in the characteristics of the surface, and the
atmosphère, which necessitate a new balance of forces compared with upwind
(and downwind) rural areas.

In particular, the existence of an urban heat

island imposes a three-dimensional déformation of the pressure field and
the rougher surface increases the frictional drag exerted on the airflow.
Thèse changes (and others) combine to cause modification of the wind speed
(horizontal and vertical), wind direction, turbulence and other characteristics
of boundary layer motions.
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The increase in roughness is obvious and can be relatively easily
modelled in wind tunnels

but,as pointed out in TN 134, it is not easy to

obtain reliable quantitative estimâtes of the surface roughness length (z )
from urban measurements. Since that report, Shklyarevich (1974) reports
that for Leningrad zQ = 0.3 to 0.7 m, but that thèse figures may be low
because the city is often characterized by weak instability rather than
neutrality (the latter condition being necessary for proper spécification
of zQ from wind profiles).

Duchêne-Marullaz (1976) showed that z at a

suburban site in Nantes was strongly dépendent upon the direction of fetch.
His values encompassed the range from 0.4 to 2.3 m. Taken overall it seems
that reasonable values for suburban terrain are about 1 to 1.5 m, and for
central urban areas about 2 to 4 m (Table 1). Considering the problems
associated with logarithmic wind profile analysis over urban areas it is
TABLE 1. Typical Values of the Power Law Parameters (zfi and a) for Three
Catégories of Surface Roughness (zp) Based upon Measurements with
Strong Winds and/or Neutral Stability
Terrain

z

1

o

(m)

tf

• • -a1

(m)

Open countryside

0.01-0.2

275

0.13-0.16

Woodland, suburbs,
small towns

1.0 -1.5

400

0.20-0.23

Dense urban, city centre

2.0 -4.0

500

0.25-0.40

Counihan (1975), see also Figure 6
o

Penwarden and Wise (1975)

not surprising that for engineering purposes the simpler power law expression has gained favour (Newberry and Eaton, 1974; Counihan, 1975;
Penwarden and Wise, 1975):

—
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(9)

=z = vG<ïf

where, û - mean horizontal wind speed at the height z, Vg - gradient wind
speed at the height zfî (i.e. depth of frictional influence), a - empirical
coefficient which dépends on surface roughness (Table 1) and stability.
Counihan (1975) provides an excellent review of the relation between a
number of boundary layer wind characteristics including the relationship
between the coefficient a and zQ in neutral stability (Figure 6).

He

further shows that in adiabatic conditions the intensity of longitudinal
2 turbulence ((/(u1 )/u)30m» where the prime indicates an instantaneous
déviation from the mean wind) and the Reynolds stress ( u V / u _ , where
Z
R
z R is some référence height, and w is the vertical wind speed) can be
related to z by the simple empirical form:

'^^SOm "

(^iïzn°2

= 0.096 log 1 0 z Q + 0.016 (log 1 0 z Q ) 2 + 0.24

(10)

as shown in Figure 6. Thèse relationships hâve been criticized for not
using avaiiable theory but for practical use in the urban atmosphère, which
is almost always close to being adiabatic, they seem useful.
Field évidence of the structure of turbulence over cities is limited
although the récent work of Brook (1974a, b, 1975) in Melbourne, Arakawa
and Tsutsumi (1975) in Tokyo, and Duchêne-Marullaz (1975a, c and 1976) in
Nantes are beginning to make progress. The latter study involves direct
measurements from 60 m masts at a suburban location. Derived terms include
the power law index, intensity of longitudinal turbulence and turbulence
spectra. Their characteristics can be related to height above ground and
the upwind roughness, which varies with fetch. Preliminary results show
agreement with Counihan's relationships involving z

(équation 10). Panofsky

(1975) provides computations of vertical diffusion coefficients as a
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function of height and time in the Los Angeles boundary layer.

He finds that

the diffusion coefficients increase rapidly with height in the surface layer,
are extremely large in the layer from 50 m to about haIf of the mixing depth,
and then decrease with height up to the top of this layer.
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Figure 6 - Variation of (a) power law index, (b) Reynolds stress and
(o) longitudinal
turbulent
intensity
with the surface
roughness length.
Curves are empiriaal fits to observations
in
neutral stability
(modified after Counihan, 1975)
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E

z
X

Figure 7 - Simultaneous average wind and température profiles
Voyeykovo Station (rural) and Leningrad Télévision
(urban) in (a) neutral and (b) inversion conditions
Shklyareviohy
1974)

at
tower
(after

In ternis of the mean wind field,the increased drag caused by the
rougher urban surface usually results in reduced wind speeds in the
lowest layers.

This effect is best seen with reasonably strong airflow,

as illustrated in Figure 7 which compares urban/rural wind profiles in
Leningrad.

Further confirmation of décélération is provided by the tower

measurements of Johnson and Bornstein (1974) and Duchêne-Marullaz (1975b),
and by the pilot balloon data of Albert et al. (1973) amongst others.
Johnson and Bornstein extended an earlier study (Bornstein et al., 1972) of
the wind field over New York City.

The original analysis of nocturnal wind

data showed that the city retarded airflow when upwind rural speeds were
greater than 3.6 m s
were greater.

, but for cases below this critical value urban speeds

The new study shows the same situation to occur during the

day.time. The explanation appears to be that strong flow is decelerated by
increased friction, but weak flow is accelerated due to the horizontal
pressure gradient force associated with the urban heat island.
island is always best expressed in weak flow conditions.

The heat

Thèse conclusions

merge with a related study of the effect of the New York City area upon the
movement of slow-moving synoptic cold fronts (Loose and Bornstein, 1976).
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Preliminary results suggest that in non-heat island periods frontal movement is retarded by at least 50% over the central urban area compared with
upstream speeds. The slowing was attributed to increased surface drag.
Conversely, during periods with well-developed heat islands fronts were
retarded over the upwind half of the city as before, but speeded up by at
least 25% over the downwind half of the city.

The increase was felt to be

due to the heat island pressure field.
The urban wind speed profile is often rather complex, especially in
light wind conditions at night.

Under thèse circumstances it is quite

common to find a low-level wind speed maximum ('jetlet') in both urban and
rural areas, but the urban one tends to occur at a higher élévation (Albert
et al., 1973; Ackerman 1974b, c; Moses, 1974).

Urban winds also exhibit

greater temporal variability, or 'unsteadiness', than their rural counterparts; and,even though décélération may be occurring at low-level, it is
quite common to observe a relative accélération of airflow at higher levels
over the city (Albert et al., 1973).
The décélérations in windy conditions, and accélérations when the heat
island is well-developed, lead to adjustments in the balance of forces.
a resuit, the wind direction also changes.

As

With strong winds, the décélération

causes a decrease in the Coriolis deviating force; and,since the pressure
gradient force may be assumed constant, the flow must turn towards lower
pressure (i.e. cyclonically). With accélération the opposite will occur,
leading to anti-cyclonic curvature.
are now available.

Excellent examples of thèse responses

Angell et al. (1973) and Angell and Bernstein (1975)

analyzed tetroon flights across Oklahoma City in strong wind conditions
(speeds of greater than 12 m s

at 400 m ) .

Figure 8 gives the average

trajectories of tetroons crossing the city at three times during the day
at a height of about 400 m.

The city induced an average cyclonic turning

of 5°, with a maximum of 10° in the morning and 4° in the afternoon.
the evening,the effect was negligible.

Note that downwind of the city

In
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(after
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the direction readjusted to résume a trajectory parallel to (but offset from)
that upwind.

The diurnal variability is thought to be related to the depth

of the urban mixing layer.

In the morning, the tetroons were just within

the relatively shallow urban layer where the frictional effects were concentrated.

By the afternoon,thèse influences were spread through a much

deeper (approximately 1 km) layer and were thereby diluted.

In the evening>

the tetroons were flying above the urban boundary layer and were not affected
by the frictional effect, but they are seen to curve around the city from
both sides (see also the afternoon).

This latéral perturbation is thought

to be due to the urban area acting as an obstacle to the flow which is not
entirely compensated for by vertical motion.

Hence the air tends to bend

around the city rather like the flow of water around a rock.
Frictionally-induced turning of the wind in moderate to strong flow
conditions has also been reported for St. Louis (Albert et al., 1973;
Moses, 1974; Auer, 1975a), New York City (Johnson and Bornstein, 1974)
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It also follows from continuity considérations

that décélération will cause convergence over the city giving ri se to a
tendency for uplift.

The Oklahoma City tetroon and pi lot balloon studies

(Angell et al., 1973; Angell and Bernstein, 1975) illustrate thèse features
also.

In the earlier study based on tetroons the city was seen to act as

a source for a 'plume' of ascending air which extended to at least 30 km
downwind.
0.4 m s"

Urban/rural comparisons revealed a mean upward velocity of
at 10 km downwind.

Superimposed on this mean pattern,however,

were areas with descending motion.
skirts of the city.

Thèse areas tended to be on the out-

In the latter study it was clearly shown that at times

the upward motion caused by the barrier (or heat island) effect over the
city also resulted in descending motions in the lee of the city.

This was

thought to explain an observed maximum wind speed downwind of the urban
area, by transporting air with higher momentum from aloft down towards the
surface.

(a)

V

^

V\ 7\f

*JN.

fr

J-

V s
_i<0.5ms-'
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_ l 0.6-1.0 / #

8 km

Figure 9 - Mean streamlines
in the louer boundary layer over St. Louis with light
winds.
(a) At 150 m on August 10, 1972 at 1510-1730 CTD; and (b) at 100 m on
August 173 1971 at 2120-2240 CDT, both with cloudless skies.
The streamlines are based on the time-averaged winds at each site,
and the wind
barbs give the veotor déviation of the site winds from the average
velooities
at ail sites (after Aokerman, 1974b)
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In light wind conditions the rôle of the heat island becomes more
important in determining urban airflow.

The deeper mixing layer over

the city encourages vertical momentum exchange and when added to the heat
island pressure field gives higher urban wind speeds than at the same
height in surrounding rural areas, as already mentioned.

With moderate régional

airflow,the urban inflow becomes a component added vectorially to the wind.
The observed streamlines then exhibit anticyclonic turning at the upwind edge
of the city and re-curve cyclonically downwind of the city centre (Figure 9 ) .
Similarly, Johnson and Bornstein (1974) show anticyclonic turning over New
York City with light winds (i.e. when accélération was noted).

Ackerman (1974a,

b) calculâtes that thèse changes lead to convergence in the lower portion of
-5 -1
the boundary layer of the order of 5 to 10 x 10
s , and divergence aloft.
The convergence should lead to a mean uplift at about 0.1 m s
updrafts of about 1.0 m s"

, and local

hâve been observed.

A particularly interesting study of the wind field over St. Louis is
presented by Auer (1975a) using a Doppler navigation System onboard an aircraft.

Horizontal divergence was evaluated by flying around the city limits

of St. Louis in a closed pattern and comparing the area enclosed by such a
path with that of the 'distorted' area produced by joining the ends of wind
vectors (each based on 15 one-second values) corresponding to the displacement of air during the time necessary to complète one circuit.

This was

repeated at 3 levé!s (460, 760 and 1340 m) in mid-afternoon in August with
average winds of about 5 m s"

at ail levels.

Results showed convergence

at the lowest and middle levels (2.8 and 3.6 x 10" s

, respectively) but

-5 -1
divergence at the top level (6.1 x 10
s ). Derived vertical velocities
_i

in the mixing layer were -0.01 m s

and were sufficient to explain most of

the 260 m 'doming' of the mixing layer observed over the city (e.g. Fi g. 10).
It was hypothesized that the low-level convergence and 'doming* due to the
related vertical velocities resuit
passes over the city.

from a réduction in wind speed as air
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If synoptic-scale winds are absent,the urban heat island is able to
develop a completely self-contained thermal circulation System.

This has

recently been studied in St. Louis (Dannevik et al., 1974) and Milan
(Santomauro, 1976).

The low-level portion of the System has been verified

in a number of locations, but only indirect évidence of the required counter
flow aloft is available.

Dannevik et al. (1974) provide a useful set of

characteristic dimensions for the St. Louis circulation (Table 2 ) .
TABLE 2.

Characteristic Features of the Urban Heat Island Circulation
of St. Louis, Missouri. Compiled after Dannevik et al. (1974)

Feature

Characteristic Value

(a] Intensity of surface heat island
(b]1 Gradient-level (90 kPa) wind speeds
(c i Diameter of area of surface inflow

> 2.20°C
< 5 m s""*
30 km

(d:i Depth of circulation (incl. in- and
(e;
(f;

outf1ow)

1 km

Diameter of updraft

7 km

Duration of circulation

(g'i Velocity of surface inflow
(h;

Vertical velocity of updraft

(i i Vertical volume flow rate in the updraft

1 to 4 h
2 m s" 1
0.3 m s" 1
10 6 m 3 s - 1

At the city-block or street scale,understanding of wind patterns remains rather qualitative.

Much of our knowledge relies upon scale modelling

in wind tunnels (see Part II). Thèse will become even more useful if more
full-scale comparisons are undertaken such as those of Newberry et al. (1973),
Isyumov and Davenport (1975) and Penwarden and Wise (1975).

Limited infor-

mation on winds in urban canyons can be found in Malissa et al. (1975) and
Nunez and Oke (1977).
Finally, in this section,we should note that a rather novel technique
has been developed to détermine horizontal urban wind fields through the
analysis of condensation plumes visible in air photography (Bourque 1974,
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1976).

The technique is limited to use in areas with cold winters and in

cities with many plumes; but,in a test using surveys from Ottawa,the method
was found to be capable of identifying urban trajectories and the influence
of topography and land use upon winds.

E.

TEMPERATURE (HEAT ISLAND)

The heat island effect of a city (its relative warmth compared with
pre-urban conditions, or as approximated by the présent urban/rural différence) remains one of the central research foci in urban climatology.
Table 3 lists most of the récent observational studies published on this
phenomenon.

Since most of thèse deal with the unique form and magnitude

of the heat island in each city, it is difficult to provide a detailed review.

Therefore, as with TN 134, this section will seek to synthesize

where possible, and to pinpoint any significant gênerai advances.

Reviews

of the heat island hâve also been produced by Nishizawa (1973), Garstang
et al. (1975) and Oke (1976b, 1977a).

1.

Urban boundary layer
Thermal modification of the urban boundary layer has been studied with

the aid of various tall towers, helicopters and fixed-wing aircraft.
results largely confirm previous findings.

Their

Figure 7 is an example from

Leningrad where both Vdovin (1973) and Shklyarevich (1974) hâve used températures from a télévision tower in the city to compare with those from
radiosonde ascents in the surrounding countryside.

It is clear from Figure

7 that when rural areas are characterized by neutral conditions the urban
boundary layer is slightly unstable, and with stable inversion conditions
the city is neutral or slightly unstable.
layer is about 230 m deep.
160 m.

In the neutral case,the modified

With an inversion, it contracts on average to

The érosion of stability by the heat island is also shown by Yap
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Summary Listing of Urban Heat Island Studies Published 1973-76.
Those Marked with an Asterisk Include Vertical Température
Information.

Author(s)

Location

Author(s)

Location

Athens
Winnipeg
St. Louis

Landsberg
Neaçsa
Oke

Poona ;
Bombay
Helsinki
Oslo
Giessen, GDR
Toronto
Liège
Mexico City
Warsaw

Oujezdsky;
Peschier
Rastorgueva

Columbia, Md.
Bucharest
10 Québec
settlements
Austin, Tex.

1973
Arseni-Papadimitriou
Bail et al.
Clarke and Peterson;
*Ludwig and Dabberdt
Daniel and Krishnamurthy
Fogelberg et al.
Grtfnskei et al.
Herrmann
Hirt and Shaw;
Hufty
Jauregui
Kossowska

*Rouse et al.
Sanderson et al
Sasaki
Spar and Mayer
*Vdovin

Irkutsk; Lipeck;
Sverdlovsk; Cita
Hamilton, Ont.
Windsor, Ont.
Sendai
New York
Leningrad

1974
*Auer and Dirks;*Braham(a) St. Louis
Dabberdt and Davis (a, b)
Dannevik et al.; Dirks
(a, b ) ; *Miller, *Spangler
and Dirks; *Uthe and Russell
Balke
Cologne
*Berlyand et al.
Zaporozhye
Changnon (a)
Urbana, 111.
Eagleman
Kansas City,
Topeka,
Lawrence

Goldreich (a)
Hosokawa
Lyons (a, b ) ;
Lyons and Cutten
*Machalek
Nemeth
*01sson et al.
Padmanabhamurty
and Hirt
*Shklyarevich .
Tsuchiya

Johannesburg
Small towns in
Miyagi Prefect.
Adelaide
Vienna
Budapest
Stockholm
Toronto
Leningrad
Tokyo

1975
Benson and Bowling
De Marrais
Duchêne-Marullaz
Hage
Landsberg (b)
Lee
Martin and Evans
*Miller; *Sisterson
1976
Bflrngen and Dobierzin
Bowling et al.
Cech et al.
*Conrads
Hannell
Harlfinger

Fairbanks
31 US cities
Nantes
Edmonton
Columbia, Md.
London
Akron, Ohio
St. Louis

Leipzig
Fairbanks
Houston, Tex.
Utrecht
Quito
Freiburg

Nkemdirim et al.
Nlibler
Oke and Maxwell
Sekiguti and Kawakami
Stock
Unwin and Brown
*Yap (a)
Yap (b)

Calgary
Freiburg
i
Montréal ;
Vancouver
I
Takiyama; West-AgeD
Dortmund
Nottingham
Toronto
Edmonton
i

Karl; *von Strobel Woods St. Louis
Millward and Motte
Plymouth
Bombay
Mukherjee and Daniel
Prahdan et al.
Inuvik, N.W.T.
Ni col
Calgary
Nkemdirim
Vancouver
Oke (a, b)
Parma
Zanella
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(1975a) in Toronto using urban/rural towers, and by Machalek (1974) in
Vienna using an urban church steeple and a suburban-park tower.

The latter

study also reports that the 'cross-over effect' (the situation where urban
air is cooler than rural air at the same height) is related to wind speed.
_i

It is suggested that with winds less than 4 m s
with winds of 5 to 10 m s

a heat island forms, but

a cold layer forms over the city.

This is at

variance with some previous work which shows the 'cross-over effect' even
at low wind speeds.
Helicopter and aircraft surveys hâve the great advantage of providing
spatial probing in the horizontal as well as the vertical.
Vdovin (1973) used a helicopter to study the heat island.

In Leningrad,
In rural in-

version conditions, flow across the city resulted in weak lapse over the
city with a heat island depth of 200 to 250 m at the centre.

Downwind of

the city there was an isothermal layer up to a height of 450 m.

After 4 to

5 km of downwind fetch a thin surface inversion began to re-form giving an
elevated 'urban heat plume'.

Fixed-wing surveys over St. Louis as part of METR0MEX hâve mapped the
magnitude and extent of its heat island, especially during the summer (Auer
and Dirks, 1974; Braham, 1974a; Dirks, 1974a, b; Sisterson, 1975; Sisterson
and Dirks, 1975a; Spangler and Dirks, 1974).

Their results (Figure 10) show

that the thermal anomaly extends to a height of at least 1 km and on some
occasions to 1.5 km.

The urban température excess therefore extends through-

out the day-time mixing layer up to cloud-base level, and is also capable of
'doming' the base of the normal boundary layer capping inversion.

The effects

were détectable to at least 30 km downwind.
One of the most important reasons for studying the vertical structure of
the heat island is that its upper boundary normally coincides with an elevated
inversion and therefore it also defines the effective depth within which
pollutants may be dispersed.

Summers (1964) first proposed a simple model
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which related the mixing depth (h*) and the intensity of the urban heat
island

(AT

_ ) at the surface to the rural lapse rate

((AS/A),

where e

is potential température), the wind speed through the mixing layer (û), the
heat input from the city (Q) and the distance of fetch across the city (x),
so that in the centre of a circular city where x equals the radius:

2xQ
h* =

(11)

pc p ù(A9/Az) r

and,
2XQ(A6/AZ)

AT
u-r

(12)

pcpu

where, p - air density and c

- spécifie heat of air at constant pressure.

1.5
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Figure 10 - Cross-section
of température (above Une,
C) and moisture
(below
Une, g kg~l) anomalies with respect to upwind values in the St.
Louis area.
Data from aircraft
traverses
(at heights given by
arrows) at 1550 to 1650 CDT on August 10, 1972 with winds southeast (riant to left) at 3 m s-^. Data points are ~ 4km apart,
shading represents
observed height of mixing layer (after
Dirks}
1974a)
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It has since been shown (TN 134; Grtfnskei et al., 1973; Lee, 1975) that
AT

u-r

is c o r r e l a t e d

with (Ae/ûz) r .

Using this, and other simplifications

Ludwig and Dabberdt (1973) arrived at an équation to détermine h*.

Comparison

with lidar and balloon soundings showed reasonable agreement in the pre-dawn
hours in St. Louis.
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Figure 11 - Comparison of urban mixing depths (h*) inferred from concurrent
acoustic sounder (sodar) and laser (lidar) observations
in St.
Louis in August 1972. Température profiles
from rawinsonde
ascents at a station about 5 km away (after Russell et al.3
1974)
Both Summers (1974) and De Marrais (1975) suggest that the commonly
used technique for estimating morning urban mixing depth (Holzworth, 1967)
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which assumes a constant value of A T ^ should be used with caution.

They

suggest that better modelling of AT||_r (by incorporating x, Q and ù as in
équation 12) would lead to more realistic h* Values.
Valuable insights into the spatial and temporal variations of urban h*
are now becoming available through the use of remote sounding techniques
(especially lidar and sodar, see section G for détails).

Figure 11 shows a

time-section of the St. Louis mixing depth in summer using both approaches.
The diurnal cycle exhibits a stable period through the night with h*» 0.3 km.
The layer begins to expand in the period after sunrise and then rapidly grows
at midday.

The depth grows to 1.5 to 2 km in the afternoon and is

characterized by relatively large variability associated with well devel^pld"
convection cells.
in Figure 10.

This would correspond to the period of urban 'doming' seen

Later in the evening the layer contracts and hecomes more

quiescent again.

E

X

777777777777,
Rural

Figure 12 - Schematic diagram of the (a) noetumal}
and (b) daytime form
of the potential
température (Q) profile
and mixing depth
(h*) in the vioinity
of a large mid-latitude
city in fine
summer weather (after Oke, 1977a)
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Figure 12 is an attempt to summarize the form of the température structure
and mixing depth over a large mid-latitude city in summer.

In the nocturnal

case the rural boundary layer is stable, but as it advects across the urban
area its stability is eroded due to the extra heat input from below and the
increased mechanical mixing which re-distributes heat in the vertical.

Typically

the lowest layer is neutral or unstable, and there is a transition layer in
the upper portion of the urban modified layer where the air is slightly stable.
Downwind of the city a stable rural layer begins to reform at the surface.

In

the daytime case both the urban and rural surface layers are unstable and the
remainder of the boundary layer is neutral due to convective mixing.

The en-

hanced vigour of this mixing over the urban area créâtes a domed perturbation
in the overlying inversion.

The exact causation of the excess warmth in the

urban boundary layer remains to be shown, but Table 4 summarizes the most
likely processes.

Thèse include not only heat input from below, but also

from above (due to greater entrainment from the overlying inversion), and
short-wave absorption.

It should, however, be noted that the picture depicted

in Figure 12 is highly schematic.

At any given location in the city, the depth

and thermal structure of the urban boundary layer may be highly variable
(e.g. Figure 11) or even absent.

2.

Urban canopy layer
The canopy layer heat island is that measured by most conventional

station networks or by automobile traverses.

Its detailed morphology has

long been recognized to consist of two basic scales:

first, its overall out-

line is related to the shape of the urban région and its unique géographie
features (topography, water bodies, etc.); second, its internai pattern is
strongly controlled by micro-scale features especially relating to urban
land uses and building density.

Recently, there has been increased interest

in assessing the rôle of the site factors.

As reported in TN 134, Clarke

and Peterson (1973) used an eigenvector analysis to study the relationship
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Goldreich (1974a) working

with data from Johannesburg defined an 'urban factor' on the basis of the
différence between urban and rural régressions of température versus a
séries of station descriptors.

When the 'urban factor' was regressed against

meteorological parameters, the resulting équation was an improvement compared
with just using AT

. Finally, Unwin and Brown (1975) working in Nottingham

undertook a statistical analysis of the 'heat island relative température'
(déviation of a site température from the areal mean for the city) and a
measure of urban structure (land use characteristics within 50 m of the site
combined to give one measure via principal components analysis).

Régression

yielded a relation between the relative heat island and the logarithm of
urban structure which explained 44% of the variance.

TABLE 4.

1.

Mechanisms Hypothesized to Cause the Urban Heat Island Effect
(after Oke, 1976b, 1977a)

URBAN BOUNDARY LAYER

(a) Anthropogenic heat from roofs and stacks
(b)

Entrainment of air scoured from warmer canopy layer (for mechanisms
see below)

(c)

Entrainment of heat from overlying stable air by the process of
pénétrâtive convection

(d) Short-wave radiative flux convergence within polluted air
2.

URBAN CANOPY LAYER

(a) Anthropogenic heat from building sides
(b)

Greater short-wave absorption due to canyon geometry

(c)

Decreased net long-wave loss due to réduction of sky view factor by
canyon geometry (incl. reduced nocturnal radiative flux divergence)

(d) Greater daytime heat storage (and nocturnal release) due to thermal
properties of building materials
(e) Greater sensible heat flux due to decreased evaporation resulting
from removal of végétation and surface 'water proofing'
(f) Convergence of sensible heat due to réduction of wind speed in the
canopy

Note:

Mechanisms are not listed in any order of priority.
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The question of the effect of city size upon the magnitude to AT
was addressed by Oke (1973).

Using data from 10 settlements in Québec (with

populations from 10 to 2 x 10

inhabitants) he finds that under the limiting

conditions of cloudless skies, and at the time of the maximum heat island
(about 3 h after sunset):
AT
u-r

- 0.25 i ç
u^

(13)

where, <J> - population of the settlement.

The relationship explained greater

than 70% of the variance, and the standard error of the estimate of AT
was +1.6°C.

Equation 13 was later found to provide a good description of

an independent data set for Vancouver (Oke, 1976a).

In fact,it performed

better than équation 12 which is otherwise physically superior and
dimensionally correct.

It was suggested that the advective approach was

inappropriate for canopy layer heat islands where micro-scale site factors
are probably most important.

In the statistical mode! (équation 13) $ may

be a surrogate for the physical structure of the centre of cities (including
such features as the sky view factor, type of materials, degree of shelter,
area of greenspace, anthropogenic releases, etc.).
approaches zéro (calm), the maximum heat island (AT
almost ail cities.
AT

u-r(max)

1S n i

In the limit when û
/ ») is recorded in
u—rimax)

Under thèse conditions Oke (1973, 1976a) shows that

9 n 1 ^ correlated with the logarithm of 4>, with différent slopes

for North American and European cities (Figure 13). Conrads (1976) adds further data in agreement with the European relation, and Landsberg (1975b) shows
that the North American model also fits the case of a growing settlement
(Figure 13). Eagleman (1974) showed similar types of relationships between
urban/rural température (and temperature-related) différences for three cities
in Kansas.

There is, however; some concern over the size of the data set used

(Changnon, 1976a).
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The crosses are values from the growing new town of Columbia, Md. in
the years of 1967, 1970, 1972 and 1974 (modified after Oke3 1973)

Tropical city heat island studies hâve been published for Bombay and
Poona (Daniel and Krishnamurthy, 1973; Mukherjee and Daniel, 1976; Prahdan
et al. 1976), Mexico City (Jauregui, 1973) and Quito (Hannell, 1976).

Early

morning studies in the Indian cities showed heat islands to be well displayed.
In both cities the largest heat islands had an intensity of 6°C with calm
winds and cloudless skies.

Similar early morning surveys in Mexico City

found heat islands of up to approximately 9°C under idéal conditions.

Heat

island intensity was noted to be related to the strength of the rural inversion, and was inversely related to wind speed with virtually no anomaly forming
if winds were greater than 4 m s

. Isotherms followed the built-up outline of

the city, and the peripheral 'cliff' became most pronounced when katabatic
winds converged on the city from the surrounding hills and mountains.

Thus,

in large measure,the nocturnal heat island characteristics of thèse tropical
cities in varied topographie (Poona, Mexico City) and coastal (Bombay)
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locations show similarity with mid-latitude expérience.

On the other hand,

the results from Quito are apparently distinctly différent.

The heat island

was reported to be a maximum (up to 4°C) at midday and a minimum after sunset, and daytime heat islands remained substantial even with winds of 9 to
11 m s

. The lack of a nocturnal heat island was suggested to be the resuit

of a strong cold air drainage from surrounding terrain.

The high day-time

values are speculated to be the resuit of reduced albedos in the city although no data are available to support this.

Intra-urban variations of

température showed that parks formed very distinct cool cells within the
heat island.

At the other extrême, the results of arctic studies are rather sparse.
In Fairbanks, Alaska (Benson and Bowling, 1975; Bowling et al., 1976) the
heat island can attain 10 to 12 C under idéal conditions in winter, and
8°C in summer.
settlement.

The winter value is exceptionally large for this size of

In Inuvik, N.W.T. (Micol, 1976) the heat island is usually

less than 3°C in winter.

In both cases, it becomes extremely difficult to

establish the 'rural background' température, and to eliminate the effects
of topography because 'rural' inversions are so intense that small changes
in élévation produce large changes in température.
As an interesting si de effect it should be noted that Balke (1974) has
found that the heat island extends down into the ground below a city.

Based

on measurements of groundwater température in Cologne, W. Germany the spatial
pattern of the heat island is évident

and,in the central city, the température

is 2 to 3°C warmer down to depths of at least 25 m.
There has been discussion of the différences between air températures
measured near the ground and on roofs.

In the most récent study (Armstrong,

1974) it is concluded that using standard observations for climatological
purposes there is surprisingly little différence.
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The exact cause of the canopy layer heat isi and at any time in a given
city remains unsolved in détail.
likely to be involved.

Table 4 lists those mechanisms that are

Further process work integrated with heat island

measurement will be required before a realistic model can be constructed.

F.

HUMIDITY

At the time of TN 134 the effect of the city on atmospheric moisture was
somewhat confused and lacking in research.

In the intérim there hâve been

few studies but their results are encouragingly more consistent.
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Figure 14 - Diurmal variation
of urban and rural absolute
on 30 fine summer days in and near Edmonton,
(modified after Hage3 197S)

humidities
Alberta

Most of the urban boundary layer work has originated in St. Louis (Auer
and Dirks, 1974; Dirks,1974a, b; Sisterson, 1975; Sisterson and Dirks, 1975;
Spangler and Dirks, 1974; von Strobel Woods, 1976).

In the summer, there

appears to be an identifiable anomaly in the urban mixing layer with spécifie
humidity déficits of about 1 g kg" found over and downwind of the city during
the day-*ime.

In Figure 10, déficits of the order of 0.5 g kg"

are observed up

to heights of at least 0.35 km. On individual occasions déficits as large as
2.5 g kg

hâve been found over the central city.

On the other hand,at night
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and in the morning before significant convection develops, the urban boundary
layer may be more moist than in surrounding régions.
Exact reasons for this situation are not yet fully clear but most investigators suggest the day-time déficit is due to reduced surface évapotranspiration in the city, and the entrainment of drier air into the boundary
layer from above by the enhanced convective development. The nocturnal
surplus is often ascribed to continued evaporation and less dewfall in the
city, and to the addition of anthropogenic moisture.

Concensus also appears to be emerging regarding the effect of the city
upon canopy layer humidities, at least in the mid-latitudes.

In gênerai

there appears to be a correspondence betweèn the situation in the boundary
layer with that in the canopy layer.
by day but more moist at night.

In summer, the urban atmosphère is drier

This pattern is particularly well displayed

by the Edmonton results of Hage (1975) in Figure 14. The rural temporal
variation exhibits a double 'wave' characteristic of continental locations.
The peak prior to sunset is due to vapour convergence in the lower layers as
évapotranspiration continues to add moisture to a stable atmosphère.
décline through the night as dewfall depletes the moisture store.

Values

After sun-

rise humidités initially increase because the rate of input from surface
évapotranspiration exceeds the transport to higher levels, if convection is
not yet well developed.

Throughout the rest of the day-time,values decrease

as diffusion to higher layers is very efficient in an unstable atmosphère.
The same pattern is not évident in the city.

The réduction in urban évapo-

transpiration and the enhanced urban mixing combine to keep humidities below
those of the countryside throughout the day-time. At night,there is a graduai
increase in the city which is possibly due to continued évapotranspiration
and anthropogenic inputs to the atmosphère

and/or to the downward mixing

of moisture from above the urban boundary layer.
was found by Kopec (1973) in

A similar diurnal reversai

Chapel Hill, N.C. and by Auer and Dirks (1974)
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Kopec's maps also reveal that the

greatest range of values, and the most complex areal patterns occur in the
late afternoon.

They also show that,although the overall urban/rural pattern

is well differentiated, the micro-scale association between surface character
and absolute humidïty is unclear.
In the winter, Hage (1975) found that the Edmonton urban area was more
moist at ail times of the day.

This could be due to the preferential source

of anthropogenic vapour in the city at a time when rural surface evaporation
is negligible (snow covered, dormant végétation).

This is likely to increase

in importance as conditions become colder due to the increased fuel consumption
for space heating.

It is also likely that moisture is added from above.

Rural

radiosonde ascents showed that, on average, water vapour increases with height
during the winter.

The enhanced mixing over the rougher, warmer city may

therefore bring about a net increase in downward transport.

Comparison of

data from two periods (1961-66 and 1967-73) showed that the urban effects
are increasing as the city grows.
Results from Johannesburg (Goldreich, 1974b) do not entirely conform to
the above picture.

On good inversion nights the urban area appears to be

more moist than its environs in agreement with mid-latitude studies.
day-iime situation, however, is unusual.
the urban area is drier

The

In the summer (rainy season), most of

but in the core area the air is more moist.

In the

winter (dry season), the whole city is more humid and indeed the anomaly is
better expressed than on inversion nights.

G.

OTHER

Although it is somewhat outside the scope of this report to deal with
the bioclimatic implications of urban climates,it should be noted that
several récent studies hâve been produced.

The energy balance of humans in

urban environnants has been dealt with by Morgan and Baskett (1974), Stark

50

REVIEW OF URBAN CLIMATOLOGY

and Miller (1975) and Tuller (1975), and aspects of human comfort in urban
locations by Penwarden (1973), Arens (1975), Bernatzky (1975), Huckaby and
Rouch (1975), Joyner and Reiter (1975), Rowntree and Plumley (1975) and Mayer
and Gietl (1976).
Substantial input of climatic information into the design of settlements
seems to remain a basic but largely unrealized goal. There would appear to
be no lack of enthusiasm but tangible results appear to be sparse.

Chandler

(1976a, b) and Page (1976) hâve provided excellent overviews of the présent
knowledge in this field.

Landsberg (1973a, c) paints his idea of the utopian

city from an atmospheric standpoint but as he says "although the facts are
well known, at least to the meteorologists, they are only slowly seeping
through to the planners."

Givoni (1973) and Oke (1976b) outline some of

the reasons for this situation including the lack of the right kind of
information, poor communication, and the fact that urban climatology has
tended to be dominated by descriptive and comparative studies rather than
analytic research which would lead to the development of a truly prédictive
science.

More serious attention will hâve to be paid to a genuine inter-

facing of planners and atmospheric scientists.
The dimensions of the urban boundary layer impose a number of physical
constraints upon measurement.

Helicopter and fixed-wing aircraft hâve been

used frequently and to a lesser extent tethered balloons.

Thèse are usually

rather expensive to operate and/or encounter limitations due to air traffic
régulations.

Minisonde and other balloons hâve also been used successfully

(e.g. Frenzen, 1972; Gage and Jasperson, 1974, 1976).

But,without doubt,

the most promising récent developments relate to the use of remote sensing
Systems such as lidar (Johnson et al., 1973; Olsson et al., 1974; Pal et al.,
1974; Russe!! et al., 1974; Uthe and Russell, 1974; Russell and Uthe, 1975),
sodar (Bennett and List, 1974; Miller, 1974, 1975; Olsson et al., 1974;
Russell et al., 1974; Uthe and Russe!!, 1974; Russell and Uthe, 1975) and a
radio acoustic sounding System, RASS (North et al., 1973).

Much of the lidar
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In particular it has

been necessary to interpret the data from thèse devices in conjunction with
that from more conventional techniques.

The lidar transmits laser light

puises and the back-scattered returns produce a signal that is related to the
aérosol concentration in the air.

The sodar transmits audible sound and

measures the back-scattered returns that are related to température fluctuations
caused by turbulence in the atmosphère.

As shown in Figure 11,thèse techniques

are capable of giving continuous measurements of boundary layer characteristics
including the mixing depth (h*). Russell et al. (1974) conclude that both
Systems are well suited to tracing the growth of h* in the morning period
when aérosols are concentrated beneath an elevated nocturnal inversion.

But,

in the midday period when convection is strong.the lidar is superior because
it is able to use surface-generated aérosol tracers to considérable heights;
whereas the sodar signal is saturated by low-level thermal turbulence.

In

the evening, when h* déclines, the sodar is the better because this feature is
first seen as a thermal discontinuity not an aérosol one.

The subject of urban observational networks has been dealt with by Munn
(1973) and Changnon (1975).

Munn considers observing requirements and recom-

mends that first-order urban référence stations be established at sites away
from major point sources of pollution in areas where land uses are not likely
to change markedly in the next 50 years.

He also mentions that it is a mis-

conception to assume that small cities need considerably fewer observing
stations than large cities.

In levé! terrain the urban climate patterns in

towns are miniature copies of those for large settlements, with their intensifies varying only slightly with the city's dimensions.

Therefore, sampling

stations must be closer together in a small city, if the main features are to
be detected.
scale network.

Changnon outlines the design of the very detailed METROMEX mesoIn many ways this represents a model for future studies on
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this scale. Finally, Page (1972) comments upon the common problem of forecasting the climatological properties of an existing or proposed site in a
built environment using information from standard (non-urban) stations, more
work along thèse lines would be of considérable practical value.

PART I I - MODELLING STUDIES

A.
1.

CANOPY LAYER

Statistical mode!s
The simple régression of urban/rural climatic différences against one

or more meteorological parameters is one of the oldest forms of urban climate
model.

As we hâve seen in Part I,section E, modifications to this approach

continue to be pursued, but it is felt that this is not a very fruitful area
for further research unless more meaningful variables are used (Goldreich,
1974a; Unwin and Brown, 1975; Conrads, 1976).

However, until satisfactory

theoretical models are developed some of thèse relationships possess merit
in providing approximate estimation procédures (e.g. Ludwig and Dabberdt,
1973; Oke, 1973).

2.

Theoretical and semi-empiric mode!s
There hâve been some récent developments in modelling energy and mass

exchanges inside typical urban canyon configurations.
are most amenable to analysis.

Radiative exchanges

Terjung and Louie (1973) developed a model

to calculate the absorption of short-wave radiation by buildings and streets.
Their methodology involved the définition of a 'radiation neighbourhood' (a
strip extending from the top of one building, along the canyon walls and
floor, to the top of the building on the other side of the street) whose form
is repeated throughout the urban area, but whose dimensions (such as height
and width) can be kept flexible.

Using view-factor algebra and multiple inté-

gration the direct- and diffuse-beam short-wave radiation received and reflected
by components of the 'neighbourhood' were obtained.

The gênerai model was

then applied to an hypothetical 'synthetic city' of given shape, structure
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and dimensions, for différent latitudes and seasons.

In ail cases it was

shown that the central areas of the city absorbed more strongly than
locations on a surrounding horizontal plain.
changes in surface geometry.

This was entirely due to

The output also suggested that by day the

maximum heating due to solar absorption will occur around the margins of
the downtown area, and not in the centre itself.

It is suggested that this

may be due to shading by tall structures and conforms with the idea of
négative heat islands at midday in cities with very tall buildings in their
core.

The authors point out that although geometry may resuit in very much

enhanced absorption by building Systems this may not necessarily apply at
street-level and therefore observations near the ground in canyons could
lead to erroneous conclusions.
An analogous approach was undertaken by Arnfield (1976) who modelled
the albedo of a canyon, including the effects of multiple reflection.
Various height-to-width ratios, solar geometries, and albedo mixes were
modelled.

The author points out that this approach permits the construction

of maps of surface radiative properties for any city from urban land use maps
and surveys.

Arnfield also develops a parailel mode! for calculating the

long-wave emissivity of a canyon, although it was not tested.

It should be

noted that this much neglected field of long-wave radiation modelling for
non-horizontal surfaces is gaining impetus especially due to the work of
Unsworth (1975) and Cole (1976a, b ) .

Terjung and Louie (1974) took their short-wave mode!, simplified it to
use average view factors for sunlit and shaded areas, and added sub-models
to compute the long-wave, heat storage and turbulent transport terms. Thèse
latter exchanges were related to an equilibrium surface température, or to
empirical relations derived in other studies.

Evaporation from wet surfaces

was calculated using the Penman-Monteith combination model with assigned
aerodynamic and surface résistances.
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Nunez (1975) modelled the solar radiation exchanges in an expérimental
canyon theoretically, and used parameterizations to obtain the net ail-wave
radiation (Q*), sub-surface storage (QG) and turbulent sensible heat (Q H )
exchanges.

Good agreement was achieved between theory and direct measure-

ments of solar radiation input (Kl) and absorption (K*). It was found possible
to relate K* to Q*, and Q* to Q G and thereby to solve for Q H in dry conditions
where latent heat could be neglected.
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Figure 15 ~ Theoretiaal
wind profiles
above and within an urban canyon with wind
perpendicular
to the street.
Heavy arvows - wind profile
above
buildings;
light arrows - û wind veators in and above the canyon.
Length of arrows proportional
to wind speed.
The vector sum of ail
light arrows is zéro due to continuity.
W - canyon width, E - Une
along which in the idéal case û=0; d - zero-plane displacement ;
h' - height above which profiles
are the same over both
buildings
and streets;
hh - building height (after Nicholson,
1975)
The vortex circulation that forms in canyons when airflow is perpendicular to their axial orientation, and the jetting flow when winds are
parallel to this axis, were modelled by Nicholson (1975).

It was assumed

that the characteristic gênerai wind profile for the urban area consisted
of a logarithmic section above roof level, and an exponential section in
the obstructed (canopy) layer beneath.

For the vortex situation (Figure

15) the upward flow (+w) between A and B was derived from mass continuity
considérations to be:
2(h'-h.)

w =

û

(Cu] B -Cu] A )

(14)
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and also from continuity it was assumed that the downward flow (-w) between
B and C was equal to the same value.

For flow parallel to the canyon,the

primary flow remains horizontal and is given by the intégration of the
exponential law from the street up to the building height (h.) so that:

u=

U Z
h. Il
_ R _R on (1 _ e b o
n
b

j

(15)

where, U - représentative canyon wind speed, U R - référence wind speed,
Z

- roughness length for the canyon layer. Thèse vertical and horizontal

transport équations were then incorporated into a model to predict volumeaverage concentrations of carbon monoxide from automobile sources in the
canyon.

3.

Scale mode!s
As mentioned in section D much of our knowledge of airflow at the

building scale has been derived from wind tunnel studies on scale models.
The work is usually concerned with the effects of an individual (usually
large) building in an urban context (e.g. Newberry et al., 1973; Isyumov
and Davenport, 1975; Penwarden and Wise, 1975), but there are also studies
of the flow patterns in street canyons which could be of great importance in
understanding the linkage betv/een the urban canopy and boundary layers especially
for heat and pollution exchange (e.g. Cermak et al., 1974; Hoydysh et al. 1975).

B.

BOUNDARY LAYER

The following review of numerical models at the urban scale is broken
down into the catégories suggested by Gutman and Torrance (1975), viz:

energy

balance models (one-dimensional, time dépendent); advective intégral models
(two-dimensional); dynamic differential models (two- and three-dimensional,
time dépendent).

Some of the outstanding problems in this field hâve been

reviewed by Taylor (1974) and Lee et al. (1976).
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Energy balance model s
Bergstrom and Viskanta (1973a, b) devised a one-dimensional, time

dépendent model of the atmospheric boundary layer mainly to study the
effects of pollutant concentrations upon the thermal structure and their
feedback upon atmospheric stability and pollution dispersion.

The model

consisted of a 'natural' atmosphère, a 'polluted' boundary layer and a
soil layer.

In the natural atmosphère,variables were considered to be

time dépendent; in the polluted layer velocity, température and pollutant
concentration were functions of height and time; and,in the soil, température varied with depth and time.

The atmosphère was assumed to be

horizontally homogeneous and advection was neglected.

The boundary conditions

at the top of the atmosphère were specified by requiring ail quantities to be
constant, and similarly for température at the base of the soil.

A surface

energy balance équation was used to predict surface température, and surface
spécifie humidity was prescribed by Halstead's moisture parameter.

Radiant

flux divergence in the polluted atmosphère was included for the solar portion
of the spectrum via a solution of the équation of transfer using a spherical
harmonies approximation (Bergstrom and Viskanta, 1973a, 1974).

Long-wave

divergence was predicted using observed water vapour and carbon dioxide
emissivity data. Turbulent diffusivities were calculated using similarity
theory.

They were expressed as functions of stability and assumed valid

throughout the boundary layer except near the top where the decay of turbulence
was allowed for by replacing height by a length scale.

Model computations were

compared with measured rural data before conducting a séries of simulations of
the thermal structure of an 'urban' atmosphère for summer and winter conditions,
with and without an élevated inversion.
Simulations suggested that pollutants would lead to a decrease of solar
radiation reaching the surface resulting in a lower surface température but
a higher atmospheric température.

They also increased the long-wave flux to

the surface from the atmosphère which therefore tended to offset the solar
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effects.

Atmospheric changes also affected stability.

More recently, Venkatram and Viskanta (1967a, b, c) hâve simplified the
solar radiation sub-model in the Bergstrom and Viskanta model (to save computer time) and greatly expanded the turbulence portion.

Solar fluxes were

computed according to the two-stream method and turbulence was accounted for
by a turbulent kinetic energy model.

Results from this model showed that the

prédominant influence of pollutants was to produce surface warming despite
the réduction in the surface receipt of short-wave radiation.

Note that

this is the reverse resuit to that predicted by the earlier model and
illustrâtes the importance of accurately incorporating the rôle of the surface energy balance (especially evaporation) and turbulence (cf. Glazier
et al., 1976).

In the atmosphère,the thermal effects of pollutants led to

an increase of stability by day

and a decrease at night.

A similar type of model was constructed by Ackerman (1977) to study the
effects of aérosols on urban climate.

It included a four-stream radiative

transfer sub-model based on Ackerman et al. (1976) which treated both solar
and long-wave fluxes, and a boundary layer heat transfer model incorporating
a surface energy balance équation and a variable mixing depth.

The energy

balance, however, contained an assumed Bowen ratio value, and no anthropogenic
heat.

The model was tested against rural observations.

Model vs measured

radiative and température characteristics were considered reasonable but
sensible heat flux comparisons were rather poor.
using urban data from Los Angeles.

The model was initialized

Sensitivity tests showed that the model

was most sensitive to the surface properties (especially the albedo and
Bowen ratio).

Results strongly suggest that the surface-atmosphère System

is characterized by self-compensating feedbacks which combine to reduce the
impact of pollutants on climate.

For example, if radiation is absorbed by

pollutants it reduces the sensible heat transfer from the surface thereby
tending to keep boundary layer températures about the same.
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Lai (1975, 1976) tested modified forms of Pandolfo's one-dimensional
model against data from Jodhpur and Toronto.

His results suggest a marked

réduction of surface température at midday in a polluted atmosphère, minor
changes in minimum températures and major changes in stability.
In review,there appears to be considérable discrepancies both between
the output of the différent models, and between prédictions and observation.
There is uncertainty in the choice of the optical properties and concentrations of pollutants, and in the surface properties of urban areas
(Ackerman, 1977).

Therefore the warning by Oke and Fuggle (1972) that

modelling is in danger of outstripping the data base and our physical insight into the workings of the urban-atmosphere System, seems worth repeating.
Effective advances in parameterizing surface conditions hâve been made by
Nappo (1975) and Nickerson and Smiley (1975) but much remains to be accomplished especially with regard to surface moisture (evaporation) conditions,
sub-surface storage, and récognition of the rôle of the canopy layer.

Until

this is done, it is difficult to see how such models can be used with confidence to predict the effects of varying one or other term, such as anthropogenic heat (Torrance and Shum, 1976).

2.

Advective intégral models
Kalma (1974) used models based on the original two-dimensional advective

approach formulated by Summers (1964) to study the height of the mixing depth
(h*), and the température increase downwind of Sydney, Australia in winter.
Reasonable agreement with observations was achieved, and a sensitivity
analysis performed.

3.

Dynamic differential models
A number of two-dimensional models that were in their preliminary stages

at the time of TN 134 hâve been further developed and in some cases applied
to spécifie cities.

Thèse include the models of McElroy, Wagner and Yu,
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Bornstein, Vukovich, and Atwater.

The most salient aspects will be summarized

hère again.
The model of McElroy (1973) was a two-dimensional steady state model
developed from the one-dimensional model of Estoque.

It included a constant

flux layer and a transition layer in the boundary layer.

Non-poilutant radi-

ative effects were modelled and the diffusion coefficients (assumed equal for
heat, water vapour and momentum) were computed in the constant flux layer and
then allowed to decrease to zéro at the top of the transition layer (set at
2.05 km). Sub-surface thermal characteristics were specified as boundary conditions for inclusion in a surface energy balance équation which was used to
compute the surface température.

Information on surface roughness, relative

humidity, thermal properties and anthropogenic heat were specified at
positions along an urban/rural cross section.

Boundary conditions were also

set for the upwind rural area.
The model was used to simulate the nocturnal thermal boundary layer
over Columbus, Ohio during periods in September and May when extensive expérimental data were available.

An example of the comparison between

simulated and observed thermal structure is given in Figure 16 where it
can be seen that good agreement was achieved.
Yu (1973) and Yu and Wagner (1975) presented a similar model to simulate
the nocturnal urban boundary layer.

The model consisted of two layers: a

soil layer, and an atmospheric layer.

The former allowed for horizontal

variation of surface roughness and thermal properties but ignored the effects
of surface moisture.

Air/surface coupling was achieved via a surface energy

balance équation which included an anthropogenic heat terni but no latent heat.
The atmospheric layer did not include a constant flux layer or the radiative
effects of pollutants or water vapour.

A case study of an hypothetical city

was presented to characterize the effects of stable rural air flowing across
a rough city.

It was shown that increased mixing over the city was capable

of re-distributing heat in the vertical and gave rise to a heat island.
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Additional simulations showed that the heat island was directly proportional
to increasing stability and to increased anthropogenic heat input, but was
inversely related to geostrophic wind speed.
Bornstein (1975) based his URBMET urban boundary layer model on finite
différence solutions to the vorticity and energy équations in a vertical plane
oriented in the direction of a constant geostrophic wind.

The vertical fluxes

of heat and momentum were assumed to be constant with height in a lower layer,
and allowed to decrease with height in an upper transition layer.

Surface

boundary formulations followed those of Pandolfo, but the radiative effects
of pollutants and water vapour were omitted.

Simulations were carried out

for day-time flow over a rough city, and nocturnal flow over a rough, warm
city.

In the latter case surface température was specified by use of observed

cooling rates.

The model reproduced many of the observed features of the urban boundary
layer.

In strong wind conditions speeds were reduced by the urban roughness,

but with a well-developed heat island urban speeds were increased.

Vertical

velocity patterns associated with horizontal speed changes were also in
agreement with observation.

The advection of cool rural air over the warm

city produced an almost adiabatic mixing layer and simulated température profiles agreed well with data from New York and Montréal.

More récent versions

of URBMET hâve included the effects of anthropogenic moisture (Tarn and
Bornstein, 1975), anthropogenic heat (Dieterle, 1976) and a surface energy
balance équation (Ellefsen et al., 1976).
Vukovich et al. (1976) presented a three-dimensional primitive équation
model and applied it to the spécifie case of the St. Louis urban heat island.
The model included basic forcing functions to characterize the city including the spatial distributions of topography, building height, surface
roughness and the surface température field. Thèse features were entered
on a 144 x 144 km nested grid of the city and its surrounding area.

There
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were 8 vertical levels up to a height of 4 km.

The heat and momentum fluxes

were determined through simultaneous solution of the boundary layer profile
équations using 'friction' or 'scaling' quantities for velocity and température.

Thèse are proportional to the surface momentum and heat fluxes.

Vertical eddy diffusivities were calculated using mixing lengths related to
stability functions.

The initial wind and température conditions were speci-

fied and then used to integrate the équations of motion.
The influence of a stable atmosphère was investigated using différent
synoptic wind speeds and wind directions.

It was found as expected that the

heat island intensity, and its circulation decreased with increasing wind
speed and shear, and its heat plume extended further downwind.

An example

of the results for the weakest wind case is given in Figure 17.

It will

be noted that the thermal anomaly is centred on the city and extends to
about 300 m in the vertical.

Similarly the wind anomaly remains centred

over the city with a pronounced zone of convergence and cyclonic curvature.
Strongest winds are found upwind of the city centre (where the heat island
pressure gradient produces accélération), and weaker winds are experienced
downwind.

At 300 m (not shown) there was strong divergence.

Also the city

centre was characterized by upward vertical velocities extending to about
1 km.

In simulations with stronger winds, the heat island circulation changed

from one with cyclonic rotation (Figure 17c) to one characterized by a convergence line.

Just as the heat plume extended downwind at higher speeds so

did a tongue of positive vertical motion.

Changes in the heat island due to

wind direction were largely attributed to the effects of topography.
A three-dimensional mode! has also been developed by Atwater from an
original model by Pandolfo (Atwater, 1974, 1975; Atwater and Pandolfo, 1975).
It was based on the Eulerian conservation équation for momentum, heat, water
vapour and pollutants in the atmosphère, heat in the soil and momentum, heat
and salinity in water.

The model extended from below the surface to a
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height of about 3 km. Finite différence solutions were defined for a threedimensional space grid and a given time step. The dépendent variables of
température and velocity, and the heat fluxes were continuous at the surface.
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Radiative divergences due to poliutants and water vapour were computed in the
atmosphère.

The interface température v/as derived from an itérative solution

to the surface heat balance équation which included an anthropogenic heat term.
(c)

(d)

Figure 17- (See caption

p. 66)
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DISTANCE (km)

Figure 17 - Results of simulations
from St. Louis using weak3 stable
airflow from the north:
(a) spatial distribution
of the température perturbation
at
100 m,
(b) potentiàl
température (K) cross-section
along Une M'
in (a) 3
(c) spatial distribution
of the horizontal
wind vector at
100 m3
(d) distribution
of the vertical
velocity
(positive
upward3
cm s~l) at 300 m3 and
(e) cross-section
of vertical
velocity
(cm s~*) along the Une
AA' in (d)
(after Vukovich et al.3 1976)

The mode! was used to simulate conditions in an arctic city surrounded
by tundra but without pollutants (Atwater and Pandolfo, 1975), and for an
hypothetical mid-latitude city in summer and winter (Atwater, 1975). In
the arctic case it was noted that results were not dissimilar to those
found in the mid-latitudes.

The major différence seemed to be that arctic

summer heat islands were more strongly négative by day.

In the more gênerai

case it was found that the inclusion of pollutants had only a minor effect
upon the heat isiand intensity, and on the vertical thermal structure. The
major thermal change was an increase in stability.

Model prédictions for
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the vertical distribution of urban/rural température différences agreed
well with observations in New York and Montréal.
Gutman (1974) and Gutman and Torrance (1975) presented a two-dimensional
model which included water vapour effects on radiation and a surface energy
balance équation with an anthropogenic heat terni and an evaporative flux
depending upon surface moisture.

They investigated the wintei°-time nocturnal

heat island case and made direct comparisons against observations from
Montréal.

Agreement at the surface and aloft was good.

The thermal structure

of the heat island was found to be more sensitive to anthropogenic heat
changes than to surface roughness changes.

Lee and Olfe

(1974), using non-

linear two-dimensional calculations^investigated the température and velocity
changes induced in air flowing over a heat island.

They modelled the destruc-

tion of a nocturnal inversion, and the 'cross-over' effect above the city.
During the period covered by this review there hâve been major developments in modelling the mixing height, especially the time development of h*
during the day-tlme as a resuit of the convergence of sensible heat in the
boundary layer.

Heat is thought to converge both from below due to the

normal upward heat flux from the radiatively heated surface, and above due
to 'penetrative convection' (entrainment of heat from the overlying inversion).

Most of this work has been over rural terrain and cannot be covered

hère for lack of space, but Barnum and Rao (1974, 1975) hâve incorporated
thèse ideas into a two-dimensional model for urban mixing heights.

With

the aid of this model and various analytical techniques, the dependence
of h* on such factors as horizontal advection, penetrative convection,
lapse rate in the stable layer, etc. was delineated and compared with observations from St. Louis during selected summer days.

4.

Scale models
Probably the most extensive scale modelling of the flow over cities has

been conducted at the Colorado State Uni versity facility (Cermak, 1975;
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Sethuraman, 1973, 1976; Sethuraman and Cermak, 1974a, b, 1975).
tunnel allows stratified boundary layers to be simulated.

In a number of

experiments stable flow across a heated 'city' was investigated.
island was simulated by the use of electrical heaters

The wind

The heat

and,in some cases,

roughness éléments (aluminum blocks) were arranged on the heated area in a
street-block pattern.

Flow was visualized with the aid of a passive smoke

source; mean and fluctuating températures were measured with an array of
thermocouples', and,in some experiments,,the mean wind speed and the
longitudinal component of turbulence were monitored with temperaturecompensated hot-wire probes.
Results suggested that the heat island was characterized by two large
circulation cells, one upwind and one downwind.

The former was associated

with downward motion near the upwind edge, and the latter with upward motion
extending over about one-fifth of the heat island and downwind.

It was

thought that thèse cells would be symmetric about the heat island centre,
if gênerai flow was absent.

There was low-level horizontal convergence

and uplift over the 'city' and upper-level horizontal divergence.
reverse situation applied in areas surrounding the heat island.

The
Longitudinal

turbulence intensities were greatly enhanced over a rough heat island and
showed a minimum along the sides of the 'city' where latéral convergence produced longitudinal roll vortices.

An elevated heat plume was seen downwind

and it was suggested that buoyancy forces caused larger perturbations in the
flow than the greater roughness.

An empirical relationship to predict the

height of the modified layer was devised and tested.
Cook (1973) discussed a method of simulating the characteristics of the
adiabatic urban boundary layer in a wind tunnel, and carried the methodology
through to apply the approach to a spécifie site for wind loading purposes
(1974).

Reasonable agreement with observation was achieved in respect of

such properties as the mean velocity profile, turbulence intensity, stress,
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and gust velocity.

Similarly Counihan (1973) reported simulations of adiabatic

flow over urban terrain.

In gênerai, reasonable agreement was achieved in

comparison with full scale data.

Characteristics studied included the pro-

files of mean velocity and turbulence intensity, power spectral density, cospectra of stresses, and the power law index.
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