


Urban Climates

Urban Climates is the first full synthesis of modern scientific and applied research on
urban climates. The book begins with an outline of what constitutes an urban ecosys-
tem. It develops a comprehensive terminology for the subject using scale and surface
classification as key constructs. It explains the physical principles governing the
creation of distinct urban climates, such as airflow around buildings, the heat island,
precipitation modification, and air pollution, and then illustrates how this knowledge
can be applied to moderate the undesirable consequences of urban development and
help create more sustainable and resilient cities. With urban climate science now a full-
fledged field, this timely book fulfills the need to bring together the disparate parts of
climate research on cities into a coherent framework. It is an ideal resource for
students and researchers in fields such as climatology, urban hydrology, air quality,
environmental engineering, and urban design.
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Andreas Christen is Associate Professor in the Department of Geography and in the
Atmospheric Science Program at the University of British Columbia, where he teaches
fundamentals in weather, climate, climate change and urban system sciences. His
research focuses on interactions between complex land surfaces — including cities —
and the atmosphere. He develops new methods to quantify, attribute, and model the
exchange of energy, water and trace-gases between complex land surfaces and the
atmosphere, in order to benefit applications such as climate-sensitive urban design, air
pollution and emission management, urban weather forecasting and climate
modeling.

James A. Voogt is Associate Professor in the Department of Geography at Western
University in London, Ontario. His broad area of research interest is urban climat-
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Urban Climate and former chair of the American Meteorological Society’s Board of
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“This is a very important book for anyone interested in understanding the climates of cities — their
characteristics, controls, causes and implications. Comprehensive, clearly written, richly illustrated, and
with broad-ranging examples and well-documented sources of data, this is a book that should be read by
researchers, students and practitioners interested in the urban environment, urban planning and design, and
smart cities. Its presentation makes it accessible, valuable and insightful, to those new to the field as well as
established experts. This book will be a classic reference that will stand up to being read many times.”
— Sue Grimmond,
Department of Meteorology, University of Reading

“As an architect and urban planner, I find this scientific text by Oke ef al. to be comprehensive, insightful and

useful for my next project. It makes my job designing healthy and resilient cities much easier. It is a must for
those who care about the future of our cities.”

— Edward Ng,

School of Architecture, The Chinese University of Hong Kong

“Because the proportion of the world’s population living in urban areas is expected to approach 65-70% by
2050, it is urgent and timely to gain a comprehensive understanding of “. . .physical mechanisms underlying
the workings of urban atmospheres. ..” (p.xx). The four authors, all world-renowned physical geographers
and urban climatologists, have created the ultimate book on urban climate for gaining this understanding,
meant primarily for upper undergraduate and beginning graduate levels and for those in other related fields,
such as urban hydrology, air quality, environmental engineering, and urban design. The authors suggest that
the book represents “...the first full synthesis of modern scientific and applied research on urban
climates. ..” (p.i). Of this there is no doubt, and thus it is a book of monumental importance for researchers,
educators, and students of urban climate science and urban environments.”
— Anthony J. Brazel,
School of Geographical Sciences and Urban Planning, Arizona State University

“Monumental summary of urban climate, which could not be written by any other team of researchers than

this, headed by the international face of the field for the last 50 years, Tim Oke. From its 19 century

beginnings, to latest research results, and then to its critical applications in weather forecasting, air quality,

health, climate change, and planning, it will be indispensable for anyone interested in the subject, from
students to researchers, and most importantly, planners.”

— Robert Bornstein,

Department of Meteorology and Climate Science, San Jose State University

“This book is without peer in its field. Written by four of the most eminent scientists in urban climate, this excellent
book is destined to become a classic and a fundamental reference for students, teachers and researchers alike.”

— Nigel Tapper,

School of Earth, Atmosphere and Environment, Monash University

“A signature textbook has been lacking for some time now within the field of Urban Climate. We now have

it. The content, quality and scope of Urban Climates are just what you would expect from some of the most

respected urban climatologists in the world. I look forward to using it for my Applied Climatology in the
Urban Environment class at the University of Georgia.”

— Marshall Shepherd,

University of Georgia and former President of the American Meteorological Society

“Urban Climates is a must-read for students and scientists. From climatology to urban planning, it is very
clear and complete, from concepts and processes to practical implementation and adaptation of cities to
climate. It is illustrated with explicative diagrams of exceptional quality and many examples. Beyond the
clear and rigorous overview of the physics of the urban atmosphere, Urban Climates offers a fantastic travel
through the history of climate in cities around the world, from preindustrial cities and before, to modern
high-rise megacities.”

— Valéry Masson,

Météo-France and Centre National de la Recherche Scientifique
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Symbols and Units

Symbols

Some symbols have more than one entry; the different meaning is assumed to be self-evident from the context.

Roman Capital Letters

Symbol Name Unit

A Surface area (m?)

A Available energy flux (Wm™?)
density
(4= 0"+ 0p —A0y)

A Area of advective (m?)
influence (e.g. urban)

Ap Plan area of buildings (m?)

Apody Surface area of the (mz)
human body

A, Complete surface area (m?)

Af Frontal area (m?)

Ay Area of a shadow (mz)

Ar Plan area of total (m?)
surface

C Heat capacity of a @m3K™h
substance

C Carbon dioxide flux (kg Cm™2
density due to y~ ! pmol m—2
combustion (emissions) s

Cp Drag coefficient ()

D Diffuse irradiance (Wm?)

D Distance between (m)
building centroids

D Rate of removal of air (kg s~'or kg
pollutants m s

E Evaporation or (mm per time,
evapotranspiration kgm2s7h

E Emittance or total (Wm™?)
energy flux density

E Rate of emissions of air (kg s™")
pollutants from a source

F Anthropogenic water (mm per time,
release due to kgm s
combustion

Fg Force exerted by the (kg m s7%)
wind on a person

F Co Coriolis force (kg m s7%)

xii

Fcn,

Fco,

Fp

1

pn
F’r

Methane (mass or
molar) flux density

Carbon dioxide (mass or
molar) flux density

Frictional force

Air pollutant (mass or
molar) flux density
Pressure gradient force
Froude number

Rate of infiltration into
groundwater

Height (of a building or
those adjacent to an
urban canyon, of a
chimney stack, of a hill
or mountain, of a body)
Piped water supply per
unit horizontal area
Insulation due to
clothing

Net shortwave radiation
flux density

Shortwave irradiance
Shortwave reflectance
Eddy conductivity for
heat

Eddy viscosity

Eddy diffusivity for
water vapour

Length (of a building, of
an urban canyon)
Obukhov stability length
Net longwave radiation
flux density

Incoming longwave
radiation flux density
Outgoing longwave
radiation flux density

(kgCm~2
y'; umol

m s

(kg Cm™?
y~ ! umol m™
s

(kg m s7%)
(ngm s,
umol m 2 s !)
(kg ms~?)

¢

(mm per time,
kgm 2sh
(m)

2

(mm per time,
kgm 2s")
(K m*W 1)
(Wm™?)
(Wm™)
(Wm?)

(m®s™")

(m”s ")
(m?s7h

(m)

(m)
(Wm?)

(Wm™?)
(W m™)
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Symbols and Units xiii

Symbol Name Unit

Ly Latent heat of fusion T kg™

Ly Latent heat of (J kg™
sublimation

L, Latent heat of (J kg™
vaporization

M Molar mass (g mol ™)

M, Molar mass of dry air (28.97 gmol ™)

N Natural (pristine) area (m?)

N Number of data points )

Npy Brunt-Viisili frequency  (rad s~

P Precipitation (mm per time)

P Rate of photosynthesis (kg Cm™2
(carbon dioxide flux y~ ! pmol m=>
density due to s
photosynthesis)

P Population of a
settlement

0 Heat flux (W)

o* Net allwave radiation (Wm™?)
flux density

0, Total incoming short- (Wm™)
and longwave radiation
flux density

0, Total outgoing short- (Wm™?)
and longwave radiation
flux density

Or Turbulent latent heat (Wm?)
flux density

O Anthropogenic heat flux (W m~2)
density

Qg Substrate heat flux (Wm3)
density

On Turbulent sensible heat (Wm2)
flux density

Oum Energy flux density due (W m™?)
to snow and ice melt/
freezing

Oum Energy flux due to W)
human metabolism

R Run-off (mm per time,

kgm s

R Rate of respiration (kg Cm~2
(carbon dioxide flux y~ ! umol m—>
density due to s
photosynthesis)

R Rural area (m?)

R. Absorptive efficiency of  (-)
an urban canyon to trap
radiation
R Universal gas constant (8314 T K !
mol ™)
Ra Specific gas constant for  (287.04 J K™!
dry air kg™
Re Reynolds Number (-)
RH Relative humidity (%)
Ri Richardson's Number (-)
S Direct-beam irradiance (Wm™?)
S Volumetric soil moisture (%)
content
T Temperature (K or °C)
T, Air temperature (K or °C)
T Dewpoint (temperature) (K or °C)
T, Deep soil temperature (K or °C)
TMRT Mean radiant (K or °C)
temperature
T, Soil temperature (K or °C)
Ty Surface temperature, (K or °C)
equilibrium surface
temperature
To.n Brightness temperature (K or °C)
U Urban area (m?)
V Volume m>)
Vv Measured value in )
Lowry (1977) analysis of
urban effects
Vy Normalized building (m?)
volume (V' = Apzy)
Vi Ventilation factor (m?s™h
w Width (of a building, of  (m)
an urban canyon)
X Rate of air pollutant m>s™h
venting
Z Solar zenith angle ©)
Roman Small Letters
Symbol Name Unit
a Wind attenuation (m™)
coefficient
¢ Mean cloud droplet (cm™)

concentration
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Symbol Name Unit

c Specific heat of a Jkg 'K
substance

¢ Specific heat of air at (kg 'K
constant pressure

d Mean cloud droplet (um)
diameter
Vapour pressure (Pa)

e* Saturation vapour (Pa)
pressure

fu Clothing area factor )

S Peak factor (gusts) (-)

g Acceleration due to (m s7?)
gravity (also as a vector
g)

g Conductance (ms™h

he Convective heat Wm 2K
transfer coefficient

hy Radiative heat transfer (W m 2> K™ })
coefficient

h, Latent heat transfer Wm 2K
coefficient

h Planck constant Js)

j Photolytic rate s

k Thermal conductivity Wm 'K

k Cloud type factor )

k Kinetic rate )

ky Molecular diffusivity m?s )
for an air pollutant

3 von Karman’s constant  (0.4)

m Mass (kg)

n Cloud amount (tenths)

y4 Pressure (Pa)

q Specific humidity (kg kg™ h

r Correlation coefficient )

r Radius of droplet or (nm)
aerosol

r Molar mixing ratio (mol mol™";

pmol mol~!=
ppm)

Iy Aerodynamic resistance (s m™})

rp Excess resistance (s m’l)

Fe Canopy resistance (sm™")

Tel Thermal resistance of (sm™h
clothing

7 Laminar boundary (sm™h
layer resistance

T Surface resistance (sm™h

=

Vd
Vs

vdd

vpd
w

W

<

20

Z0m

Z0H

Zov

Zd

Slope of the saturation
vapour versus
temperature curve
Time

Longitudinal (x-axis)
wind component
Three dimensional wind
vector u= (u, v, w)
Typical gust wind speed
Gradient wind (vector)
Horizontal wind speed
(up = Vu? +v?)

Gust equivalent wind
speed

Friction velocity
Upstream wind speed
Lateral (y-axis) wind
component

Deposition velocity
Terminal settling
velocity

Vapour density deficit
Vapour pressure deficit
Vertical (z-axis) wind
component

Convective velocity
scale

Horizontal (along-
wind) distance

Lateral horizontal
(across-wind) distance
Predicted value of
variable y

Vertical distance, height
above ground
Aerodynamic
roughness length
(usually momentum)
Aerodynamic
roughness length for
momentum
Aerodynamic
roughness length for
sensible heat
Aerodynamic
roughness length for
water vapour
Zero-plane
displacement length

(Pa K™,
kgm P K™

(m)

(m)

(m)

(m)

(m)

(m)
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Symbol Name Unit

Ze Height of inflection (m)
point in the wind profile

g Mean height of (m)
buildings in an area

z; Depth of the mixed (m)
layer (base of inversion)

Zm Height of measurement  (m)

zy Blending height (height (m)
of the roughness
sublayer)

Greek Capital Letters

Symbol Name Unit

A finite difference

approximation (i.e.

difference or net

change in a quantity
over time or space)
AA Advection of water

vapour per unit

volume or per unit

horizontal area

AG Net ground water
import or export due
to change in water

table

AQ, Net energy (sensible
and latent) advection;
rate per unit volume or
per unit horizontal

area

AQg Net heat storage; rate
per unit volume or per
unit horizontal area

AS Net change of mass
(water, air pollutant,

etc.) rate per unit

volume or per unit

horizontal area.

AS) Difference between

stress fractions of

sweeps and ejections

(mm per time,
kgm s

kgm s
(mm per time,

kgm s 1)

J;Wm™;
W m~?)

J; Wm™3;
W m~?)

(mm per time;
2 1

kgm s ;
kgm3s7h
“)

Dy

0 ©

010

Net runoff (mm)

Angle between direct  (°)
solar beam and

normal to the surface
Dimensionless (-)
stability function for
sensible heat

Dimensionless (-)
stability function for
momentum

Dimensionless (-)

stability function for

water vapour

Solar azimuth angle ©)
McNaughton-Jarvis ()
coupling factor

Surface aspect angle ©)

Spin of the Earth s™h

Greek Small Letters

Symbol Name Unit

a Surface albedo (-)

a Power law exponent (-)

B Bowen ratio (8 = 0/Qr) ()

S (Solar) altitude angle ©)

B Surface slope angle ©

y Psychrometric constant (Pa K1

kgm™?
K™Y

& Emissivity )

¢ Stability parameter )
¢=:z/L)

6 Potential temperature (K)

04 Friction temperature (K)

K Thermal diffusivity of a (m2 sfl)
substance (x = k/C)

A Wavelength of radiation (um)

A Building plan area fraction  (-)

Ae Complete, or three- (-)
dimensional aspect ratio
(j'c = Ac/ A T)

Ay Frontal area aspect ratio (-)
Ay = Ay/Ar)

AMloor Floor space ratio (-)
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Common Subscripts

Symbol Name Unit

Ai Impervious surface plan (-)
area fraction

As Canyon aspect ratio )
(Gy = H/W)

Ay Vegetation plan area )
fraction

I Thermal admittance (Jm™2

s12 K

Frequency sh
Kinematic viscosity m?s™)

Pa Density of a dry air (kg m™)

Dy Density of liquid water (kg m3)

o Saturation vapour pressure (kg m )
over an ice surface

Dy Absolute humidity (vapour (kg m ™)
density)

P Saturation vapour density (kg m~3)
over a liquid water
surface

o Stefan-Boltzmann constant (W m >

K™

o Standard deviation of a
variable

oy Lateral standard deviation  (m)
of a concentration field

G Vertical standard deviation  (m)
of a concentration field

T Reynolds stress (turbulent (Pa)
momentum flux per unit
surface area), also as a
vector 7

T; Transmissivity of radiation  (-)
for wavelength 4

@ Latitude ©)

1) Wind direction (direction of  (°)
origin from geogr. N)

0, Absorptivity of radiation )
for wavelength 1

o, Orientation of street ©)
(canyon) axis relative to
wind

x Mass (or molar) (ngm~3;
concentration of an air pmol m %)
pollutant / trace gas in air

W View factor )

[on Reflectivity of radiation for  (-)

wavelength A

* 'sky
* *Sub
* *Surf

 'top

“"U-R

Air, outdoor atmosphere, aerodynamic
Background effects in Lowry (1977)
scheme, brightness

Building, laminar boundary layer, blood
Bottom

Complete, canopy, canyon

Clothing

Environment

Frontal

Floor (of a canyon)

Ground

Human-caused effects in Lowry (1977)
scheme

Inversion base impervious input; indoor
Landscape effects in Lowry (1977) scheme
Measured, measurement height
Maximum

Minimum

Output

Pollutant, plan area

Rural

Reference

Residual

Roof

Suburban

Soil or substrate value, or inter-element
spacing

Sky

Subsurface

Surface

Trees

Top (of a canyon)

Urban

Urban-rural difference

Longitudinal wind

Vegetated, lateral wind

Vertical wind

Along-wind (longitudinal) direction
Across-wind (lateral) direction
Vertical direction

Surface value

Common Superscripts

—

Vector
Time-averaging operator
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Instantancous deviation from a time-
averaged value

Units

Symbol  Unit (meaning)

ppb

wk

o

Parts per billion (nmol mol ")

Second (time)

Watt (power, W = J s7! = kgm?s7?)

Week (time)
Year (time)
Degree (angle)

Bq Becquerel (radioactivity)

°C Degree Celsius (temperature)
cap Capita

d Day (time)

h Hour (time)

ha Hectare

J Joule (energy, ] = N m = kg m? s72)
K Kelvin (temperature)

kg Kilogram (mass)

[/ Litre (volume)

m Metre (distance)

mol Mole (amount of a substance)
mo Month (time)

N Newton (force, N = kg m s72)
Pa Pascal (pressure, force per area,

Pa=Nm?2=kgm's?)
ppm Parts per million (umol mol_l)

Scientific Notation

Symbol Prefix Scientific Decimal notation
notation

P peta- 10" 1,000,000,000,000,000

T tera-  10'2 1,000,000,000,000

G giga-  10° 1,000,000,000

M mega- 10° 1,000,000

k kilo-  10° 1,000

c centi- 1072 0.01

m milli- 1073 0.001

m micro- 107° 0.000,001

n nano- 107 0.000,000,001
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Preface

Urban climatology is concerned with interactions
between a city and the overlying atmosphere. While
interactions are two-way, the prime focus of this book
is the impact of the city on the atmosphere. Urban
development so fundamentally transforms the preex-
isting biophysical landscape that a city creates its own
climate. To a lesser extent, the book considers the
effects of weather and climate on the city.

As an object of study, a city initially presents a
climatologist with a gloriously elaborate set of knotty
challenges. They include questions of how to handle a
dauntingly wide array of surface elements of very
different sizes and compositions, along with the fact
that the vast majority of them are alien to the natural
landscape and include pulses of energy, water, gases
and particles controlled by people rather than geo-
physical activity.

Given these challenges and the desire of the rapidly
growing world to live in cities, the book begins with an
outline of the idea of urban ecosystems and suggests
ways to approach the study of urban climates. Chap-
ter 2 sets out a central theme of the book: to under-
stand and effectively communicate about urban
climate systems, a set of common terms, symbols,
units, and descriptions of the urban surface is
required. Here we adopt the Oke (1984) classification
of urban climate systems that is built on scales of
surface organization set by the roughness elements
(mainly built structures) and scales of atmospheric
motion and vertical stratification to systematize dis-
cussion. Chapter 3 is an overview of techniques used
to obtain valid field observations and model results.

The main exchange processes governing the budgets
of momentum and radiation and the balances of heat,
water, and carbon in cities are outlined. This permits
description and analysis of the spatial distribution and
dynamics of airflow, temperature, humidity, green-
house gases, and air pollutants in urban areas in
Chapters 4 through 11. These and other cloud pro-
cesses are relevant to the potential effects of cities on
cloud development, precipitation, and severe weather.
Urban air pollution has been a bane of urban living
for centuries, but the mix of emissions keeps changing
over history, as does the urban atmosphere into which

it must be dispersed. Again, it is useful to view things
through the prism of scale.

The text to this point deals with cases where micro-
and local effects are the prime controls on climate. On
the other hand, Chapter 12 considers the role of oro-
graphic and coastal controls on urban climate, and the
significance of the synoptic and macroclimatic context
of a city. In Chapter 13, the scale expands further to
consider the increasing impacts of cities on global
climate and how the altered state of that system in
turn imposes impacts on city life.

Chapter 14 introduces the fundamental climatic
requirements of humans, our need for shelter and
a comfortable environment to live and work, and
how they set the context for the construction of
appropriate buildings and urban infrastructure. In
Chapter 15 we appeal to the principles outlined in
the rest of the book to discuss ideas about intelligent
and effective use of design elements such as con-
struction materials, shade, shelter, water, and vege-
tation to create or modify urban climates at all
scales.

Urban Climates is thought to be a ‘first’” because it is
a text designed to elucidate the general principles of
the subject. There was an early attempt to do this in
Chinese (Shuzhen and Chao, 1985), but this may be
the first in English. Of course there are several reviews
of research in the field (e.g., Kratzer, 1937, 1956;
Daigo and Nagao, 1972; Landsberg, 1981; Yoshino
and Yamashita, 1998; Kanda, 2012), but they do not
develop a synthesis of the subject suitable for teach-
ing. There are others that describe and analyze aspects
of the climate of a particular city, for example, the first
book in the field: The Climate of London (Howard,
1833). Similarly outstanding are The Climate of Upp-
sala (Sundborg, 1950), The Climate of London
(Chandler, 1965), Das Klima von Berlin (Hupfer and
Chmielewski, 1990), The Climate of Mexico City
(Jauregui, 2000), the compilation Urbanization and
the Atmospheric Environment in the Low Tropics
(Sham, 1987) and Das Klima von Essen (Kuttler
et al., 2015). There are also excellent monographs
dealing with individual urban weather elements and
those written for particular professional groups (e.g.

Xix
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Changnon, 1981; Givoni, 1998; Akan and Hought-
alen, 2003; ASCE, 2011; and Erell et al., 2011).
Urban Climates is a unified synthesis that brings
together explanations of the ways cities interact with
their atmospheres over scales that extend from walls
and roofs up to whole cities. It aims to be an intro-
duction accessible to students at the upper under-
graduate and beginning graduate levels and
professionals in cognate fields with interests in urban
environments. It provides a coherent system to
describe, study, and understand the essentials of urban
climates. It is based on recognition of the climatic
scales at play in a city and the resulting structure of
urban atmospheres. Scales and layers are recurrent
themes to organize the structure of the book. It resists
giving the latest research findings if they have yet to be
replicated, preferring to rely on material with a degree
of established support. Examples are no more complex
than is necessary to illustrate modern understanding.
Urban Climates deals primarily with the physical
principles of urban climates. It is not comprehensive
and tries to avoid overlap with topics that are the
domains of wind engineering, urban hydrology, or
urban planning. Further, since knowledge has
developed unevenly, some topics are well documented
while others are in a more rudimentary state or con-
tain significant gaps. Urban systems and environ-
ments are complex and inhomogeneous such that
they can seem daunting, even for those accustomed
to work in other surface boundary layers. The chal-
lenges are in part due to unnaturally sharp changes of
roughness, wetness and other properties. Unlike most
other climate systems, human actions strongly affect
the operation of urban climates. People continually
change the form of the built environment through
their daily living patterns, the use of indoor climate
control, the emission of heat, water, gases, and par-
ticulates, all of which add forcings not connected
directly to natural cycles. These are some of the
reasons that explain why it has taken almost two
hundred years for the field to become a recognized
subfield of meteorology and climatology and only
now make it possible for a textbook to be written.
This text assumes an introductory background in
meteorology or climatology, ideally including some

knowledge of small-scale climates and the boundary
layer. Its explanatory approach dovetails with Bound-
ary Layer Climates (Oke, 1987). To bridge the gap for
readers lacking a background in small-scale climates,
most chapters start with a short section outlining the
basic physics in the topic; advanced readers may
choose to skip these. The key concepts and termin-
ology used in microclimate and micrometeorology
can also be found in texts such as Arya (2001); Camp-
bell and Norman (1998); and Monteith and Unsworth
(2008).

Urban Climates began in the 1970s as Dr. Oke’s
notes for a course for physical geographers that
established most of the present concepts and overall
structure. The authors of the present text are phys-
ical geographers experienced in university teaching
and the conduct of urban climate research in Europe
and North America. Each has expertise in field
observation, and both scale and numerical model-
ing. We share a pedagogic view that emphasizes
understanding climates, not just describing them
(i.e., physical climatology). Urban Climates seeks
to assist in the teaching and application of this
emergent predictive science based on understanding
the physical mechanisms underlying the workings of
urban atmospheres.

The first time a new term is introduced in any
chapter, it is highlighted and defined in the Glossary.
Mathematical equations are used only when neces-
sary; often, an equation’s meaning is also spelled
out in words. There is a complete list of all symbols
(used either as shorthand text or in equations). Sys-
téme International (SI) units are used exclusively.
We have received many valuable comments, criti-
cisms, and insights on early drafts, from students
and colleagues around the world. Any errors or
omissions remain the sole responsibility of the
authors.

We express deep gratitude to Midge, Maeve, Tanja
and lIleana, our life partners, for their unfailing sup-
port, inspiration, and love. Also to Nick, Kate, Valen-
tin, Noémi and Anouk for the joy they bring to our
lives and the unspoken spur they give us to improve all
urban futures. We are indebted to them for the time
they have afforded us.
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‘ Introduction

Figure 1.1 Part of Mexico City showing the completeness of landscape change that accompanies intensive
urbanization. The character of the underlying topography is evident in the parallel ridges, but the surface
cover has been utterly replaced. Further, what is not visible is the infrastructure (water, electricity, transport,
communication systems and so on) that sustains the population (Credit: P. Lopez Luz).

For most of us, the urban environment is the norm.
Over the past 200 years, the global population has
increased sevenfold, from 1 billion in 1800 to more than
7 billion by 2015; during the same period the fraction of
people living in urban areas increased from 3% to more
than 50% (UN, 2015). The intensity of landscape change
that can accompany urbanization is exemplified in
Figure 1.1. It shows part of greater Mexico City,
which has a current population of more than 20 million
and covers an area greater than 2,500 km?>. Its impact on
environmental systems, including the atmosphere, is

profound and this influence is transmitted to regional
and global systems far downwind. To place this land-
scape change in context, Figure 1.2 shows the Valley of
Mexico in 1875 when its natural lake setting was sub-
stantially intact and the original settlement had been
replaced by a planned settlement with a population of
less than 200,000. Even at this moderate size, urban
effects on environmental systems were evident as land
was ‘developed’ and the city grew in extent and popula-
tion. One of the most obvious impacts was the gradual
draining of the Texcoco lake system as water was
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2 Introduction

diverted to human uses. Urban effects on the environ-
ment are present to a greater or lesser extent in every city.
In Urban Climates, we identify, describe and quantify the
impact of urban growth on atmospheric processes and
the consequent development of distinct urban climates.

Urban climates are a prime example of inadvertent
climate modification — the unintended impact of
human activities on the atmosphere. Cities contribute
to changes of climate and atmospheric composition at
local, regional and even global scales. In turn, the
atmosphere has impacts on the infrastructure, health
and safety in cities as they struggle to cope with
extreme events such as storms, floods, droughts, etc.
Proper understanding, description and modelling of
these interactions is needed to intelligently minimize
unwanted and maximize beneficial, aspects. Ultim-
ately, this provides the essential scientific data neces-
sary to design, manage and operate safer, healthier,
more sustainable and more resilient settlements.

This chapter sets the context for the subject by
exploring the history and environmental implications
of global urbanization.

1.1 Urban Ecology

Earth’s population continues to grow and people con-
tinue to be drawn to settlements. Such development
directly and indirectly leads to atmospheric changes
that are the focus of this book, but it also affects
the biological and physical components of the

Figure 1.2 The Valley of Mexico
from the Santa Isabel Mountain
Range by José¢ Maria Velasco
(1875). This landscape painting
taken from an elevated vantage
point shows the Ciudad de
Meéxico in the middle
background. The extensive lakes
on the valley floor are still
prominent in the left middle and
background, but urban
development of the valley has
begun as transportation networks
extend from the nascent megacity
(Source: Google Arts and
Culture, Creative Commons).

ecosystems that existed in the area (i.e., the vegeta-
tion, animals, soil, landforms and water) prior to
urban development.

I.1.1 Urban Ecosystems

Urban ecology is the science of the relationships
among living organisms, their communities and their
abiotic environment in cities (Sukopp, 1998). It is a
central tenet of ecology that living and abiotic com-
ponents are inextricably linked in an ecosystem.
Urban ecosystems are formed by the biological popu-
lation of organisms (vegetation, animals, people) and
the abiotic environments of cities (Figure 1.3). The
presence of people means the environments are both
cultural and biophysical. The cultural environment is
entirely due to people’s activities and its various
social, political, economic and other attributes are
studied by social scientists. Its most obvious external
signs are the physical cultural artifacts of a built
system such as buildings, industries, roads, etc. The
biophysical environment can be divided into subsys-
tems following the classical ecological ‘spheres’: the
urban atmosphere, biosphere, hydrosphere, pedo-
sphere (soils) and lithosphere (geology).

In practice, the cultural and biophysical environ-
ments overlap in urban ecosystems. For example, a
road is clearly part of the cultural landscape, but its
construction and presence also disrupts the biophys-
ical realm through removal of vegetation, destruction
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atmosphere

Urban
biosphere

Urban
hydrosphere

Urban
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Urban

pedo- and lithosphere

Built system

Figure 1.3 The biophysical components that comprise an urban ecosystem. They include all aspects of the
preurban natural environment subsequently modified by the introduction of built infrastructure.

of animal habitat, terrain smoothing, soil contamin-
ation, surface waterproofing and changes to the sur-
face climate. In fact, the road itself is subject to
natural environmental processes and, if left untended,
becomes weathered, breaks down, is recolonized by
plants and animals, decomposes and eventually turns
into a rubble soil.

Urban ecosystems are the home (habitat) of the
majority of humanity. Urban ecosystems are created
and reshaped in the process of urban development and
urban transformation. From an environmental per-
spective the process of urban development is not total,
instantaneous or uniform. This produces the great
diversity typical of urban ecosystems each associated
with different land uses and degrees of human manage-
ment or disturbance. The ecological spectrum in an
urban area extends from remnant ecosystems (e.g.
undisturbed ponds, lakes, ravines, escarpments, forests
and other parkland) through managed ecosystems (e.g.
fields, tended parks, gardens, cemeteries, golf courses
and other open ground) to totally anthropogenic
systems (i.e., those dominated by the built system, such
as roads, buildings parking lots, industrial tips and

ponds). Each urban ecosystem provides a distinct set
of habitats for plants, wildlife and humans, embedded
in a unique arrangement of abiotic elements.

1.1.2 Urban Metabolism

The city is considered ‘an integrated open system of
living things interacting with their physical environ-
ment’ (Douglas, 1983). It is ‘open’ to the import and
export of both energy and mass. That means the built-
up area of a city cannot exist without support from
outside the boundaries of the system. In analogy to
the metabolism of a living organism that ‘transforms
substances into tissue with an attendant release of
energy and waste’, urban metabolism describes the
flow and transformation of materials and energy in a
city (Figure 1.4). But biological analogies (including
viewing a city as a monster, parasite, or cancer) are of
limited value: a city is not imbued with a life of its
own. Yet studying the urban metabolism can be of
great benefit because it enables us to quantify limits
and dependencies, assess the impact of new technolo-
gies or other changes and predict future needs.
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Figure 1.4 Representation of inputs to, and outputs from, an urban ecosystem (Modified after Christen 2014;

© Elsevier, used with permission).

Urban metabolism can be studied through material
and energy flow analysis. The physical inputs to the
system are power, fuels and raw materials, water, food
and air, which are needed to feed people, operate a
city and fabricate infrastructure, manufacture goods
and generate services. The main physical outputs from
the system are manufactured goods and the wastes
excreted as sewage, solid waste, air pollutants, waste
heat and greenhouse gases. Injection into the urban
atmosphere through release of waste by-products,
combustion, manufacturing, irrigation, construction,
etc. varies according to human activity cycles with
time of day, day of week, seasonal cycles, cultural
practice and changes in technology.

The concept of urban metabolism shown in
Figure 1.4 relates to the energy and materials of direct
importance to the operation of the built-up system.
More specific budgets of urban metabolism can be
written for chemical elements (e.g. carbon or nitro-
gen), chemical compounds (e.g. water), or specific
forms of energy being cycled through the biophysical
subsystems. The sum of the inputs does not necessarily
equal that of the outputs over a period of inventory.
However, since the principle of conservation (of mass
and energy) must apply, inequality between input and
output signals will change net storage by the system.
An excess of input over output indicates net storage of
mass and/or energy, i.e., growth of the system. This
includes physical increases in size of the built

environment, the inventory of goods, population
increase, embodied or stored energy, etc. Conversely,
if output exceeds input, the system is in a state of
‘thinning down’ or perhaps of decay.

In this book we discuss the budgets of momentum
(e.g. Chapter 4), energy (e.g. Chapters 5-7), water
(Chapters 8 and 9), air pollutants (Chapter 11) and
carbon (Chapter 13) that exist at the interface between
cities and atmosphere. We are also concerned with
any differences between their present and preurban
state, and the ways in which future urban develop-
ment leads to alteration of climatic processes and
elements. The aim is to demonstrate cause and effect
in urban climate; in systems terminology, this is
referred to as a process-response system.

1.1.3 Urban vs Rural

Few if any cities were established on a pristine or
natural landscape devoid of human impacts. Most
emerged in places that had already been settled for a
variety of purposes, including agriculture, extraction
of natural resources, trade, defense or transport. As
the settlement emerged, the adjacent landscape was
altered to provide resources (food, water, raw mater-
ials, fuels and power). In this book, we refer to the
countryside surrounding an urban area as being rural.
To most people, especially in mid-latitudes, this
means a landscape consisting of mixed farming and
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woodland with fields, woods, scrub, streams, hedges,
open land and a few buildings. Therefore, it is better
classed as a ‘managed’, not a natural, system. That
means it has been substantially altered by human
activity through deforestation, drainage, cultivation,
grazing, fertilization, land enclosure (by fences, walls
or hedges) and even the construction of roads and
scattered houses or villages. However, we should not
overlook the fact that a few cities, especially at high
and low latitudes, are surrounded by undisturbed eco-
systems such as deserts, bushland, jungle, tundra or
mountains where the extent of human modification is
much less. Nevertheless, in this book all are referred to
as rural.

1.2 Environmental Impacts of Urban
Development

1.2.1 Urban Pedosphere and Lithosphere

Urban development is capable of modifying the sur-
face form (geomorphology) of the landscape and cer-
tainly of altering the soils of the original site.
Bulldozers and similar earth-moving equipment are
emotive symbols of urban development, and justly
so because their effects are fundamental and lasting.
In preparing the ground to construct roads, bridges,
houses, etc., it is considered necessary or at least
convenient, to flatten hummocks, fill depressions,
excavate large openings, fill or straighten water
courses, remove, rearrange and compact topsoil and
so on. Such activity is capable of totally destroying
small ecosystems (e.g. a pond, marsh or stream can be
obliterated by the dumping of rubble and refuse);
whole valleys can be lost by flooding behind a dam,
and completely new islands or coastlines can be
created by land reclamation. Alterations may be less
obviously disruptive, such as when mining or melting
permafrost leads to land subsidence, or removal of
vegetation cover produces nutrient leaching and soil
erosion. The disruption of the upper layer of soil
destroys its natural structure. These changes are com-
pounded when imported materials, such as sand,
gravel, the detritus accompanying construction, top-
soils and mulches, are added to the original soil mater-
ials and perhaps become exported by subsequent wind
and water erosion. These processes radically change
the composition and layering of urban soils resulting
in significant changes to the fertility and hydrology of
the ground in an urban ecosystem.

1.2.2 Urban Hydrosphere

The hydrologic impacts of land disturbance can also
be profound. The land is often drained and wetlands,
ponds and lakes are in-filled. The water régime is
drastically interrupted when impervious materials like
asphalt and concrete roads, parking lots and buildings
are constructed, thereby partially sealing the surface
and greatly reducing the infiltration of water into the
ground. Even if the soil is not completely sealed,
disturbance to the terrain upsets the patterns and rates
of both overland and subsurface drainage. This
decreases percolation to deeper layers and increases
the speed and amount of surface runoff. The lack of
drainage to deeper layers desiccates the underlying
ground and reduces groundwater storage. Enhanced
runoff leads to the possibility of damaging flash
floods. Perhaps surprisingly, some districts or whole
cities may actually receive an increased availability of
water compared with their preurban state because
they access irrigation water from deep wells or pipes.
Unfortunately, all these changes to the amount and
routing of water are accompanied by degradation of
water quality. Many characteristics are impacted,
including increased turbidity, greater chemical and
biological pollutant loads and increased water
temperature.

1.2.3 Urban Biosphere

Urban development accelerates or even completes the
loss of vegetation started by land clearance for agri-
culture or other activities prior to settlement on a
site. Except for remnant patches (usually unsuitable
for construction, or purposely preserved for park-
land) original native plants are eliminated or replaced
by exotic species of cultivars and weeds. The process
is a combination of removal and replanting with
more favored urban species (grass, flowering plants
and shrubs, vegetables, ornamental trees, fruit trees,
shade and shelter trees, etc.), and the gradual loss of
native vegetation, sometimes accelerated by degraded
environmental quality (damage from pollutants, dis-
ease and desiccation). All of these impacts on the
biophysical environment of cities affect the ecology
of their nonhuman inhabitants — wild and domesti-
cated mammals, birds, reptiles and insects. In gen-
eral, wildlife is threatened by the loss of natural
habitat and food sources (especially vegetation) and
by pollution and changes in the predatory system.
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Of course some animal species are able to adapt to
urban life and some even thrive as a result of finding
new habitat and food supplements (cockroaches,
gulls, rats, foxes).

1.2.4 Urban Atmosphere

In broad perspective, there are two sets of urban
features that modify the atmosphere: those related to
changes in surface properties and those due to anthro-
pogenic emissions. The former are associated with
aspects of urban form, the latter with urban function.
In addition to providing a useful classification of the
actors generating urban climates, this duality is a core
principle in architecture and urban planning; there-
fore, it aids our discussion of the role of climate in
urban design and vice versa.

How Urban Form Affects the Atmosphere

The overall dimensions of a city such as its area,
diameter, shape (i.c., circular, radial, linear or cellu-
lar), its skyline and whether its core is central,
ex-central or multiple, can all play a role in the
spatial form of urban climates. At finer scales, the
form of any urban area affects the atmosphere as
follows:

* Fabric: The natural and construction materials that
form urban elements such as buildings, roads and
vegetation. Fabric determines the radiative, thermal
and moisture properties of a surface and therefore
its abilities to absorb, reflect and emit radiation, and
to accept, transfer and retain heat and water.

* Surface cover: The fractions of the surface interface
occupied by various patches made up of different
fabrics: built-up, paved, vegetated, bare soil, water.
Cover fractions are especially relevant to the parti-
tioning of heat, for example, a dry patch becomes
very warm on a sunny day because it cannot dispose
of solar energy through evaporation; vegetated
patches stay relatively cool, because plants and soils
use solar energy to evaporate water.

e Urban structure: the 3-D configuration of urban
elements: dimensions of buildings and the spaces
between them, street widths and street spacing.
Structure is important at two scales: that of the
complete city where it helps determine its albedo
and aerodynamic roughness, and that of individual
buildings and streets where it controls patterns of
radiative exchange and airflow.

How Urban Function Affects the Atmosphere

Metabolic cycles operate over different time scales:
the most obvious being the rhythm of the work day
and work week that modulates the pulses of traffic,
domestic water use, space heating and cooling, indus-
trial activity and so on. In many cities, there are also
characteristic weekday-weekend cycles and seasonal
changes in human activity. These rhythms create fluc-
tuations in anthropogenic output that must be added
to those of the natural solar cycle. Anthropogenic
emissions include the release of water vapor, heat
and liquid, gaseous or particulate air pollutants: all
can be considered waste by-products of urban metab-
olism. Over much longer time periods there are surges
of building and other infrastructure construction,
decay, destruction and reconstruction. These dynam-
ics are due to human occupation, activity and
decision-making in settlements. The impacts of
anthropogenic emissions are either direct or indirect.
Direct impacts are heat losses from houses or auto-
mobiles that warm the air nearby, or vapor injections
from cooling towers that condense into cloud. Indir-
ect impacts include processes where air pollutants
interfere with radiative transfer in the atmosphere,
or form condensation nuclei around which cloud
droplets grow, or greenhouse gases that modify
Earth’s radiation budget. Anthropogenic emissions
mean people are actors in the climate system at all
scales. Human decisions on an ongoing basis affect
the spatial and temporal nature of these impacts.
Examples include decisions regarding the scheduling
of the work day and week, whether to commute or
work at home, irrigate the garden, use an air condi-
tioner, adjust a thermostat, use a car or public transit
and so on.

1.3 Urbanization and Urban Form

This profound transition in the living patterns of
humans has come about very quickly (Figure 1.5).
The word ‘urbanization’ refers to the socioeconomic
processes that lead to the concentration of people in
urban areas where work is typically associated with
manufacturing and service industries rather than agri-
culture and fishing. Humans seem to have adapted
reasonably well to the urban environments they have
largely created. That is not to say people are immune
from negative impacts attributable to the city; never-
theless, judging the popularity of cities by their
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Figure 1.5 Population growth since 1900, divided into
those living in urban and rural areas. (a) Total
population of the world divided. (b) The percentage of
the population living in urban areas. Urban
population is divided into less and more economically
developed countries since 1950. Based on data from
UN (2015).

drawing power (measured by their demographic stat-
istics), they are a great success.

Although the earliest cities can be traced back 5,000
years to the development of an interconnected urban
system in the Fertile Crescent (centred on the Euphra-
tes and Tigris rivers), there was by 1000 A.D. only
perhaps 25 cities with populations over 100,000 and
just 1 city (Baghdad) with a population exceeding 1
million. The rate of urbanization and the growth of
large cities increased rapidly during the modern
period (1700 onwards): by 1800 there were four cities
of over 1 million (Beijing, Guangzhou and Tokyo in
Asia; London in Europe); by 1900 there were 16 very

large cities (mostly located in Europe and eastern
North America) and by 2000 there were nearly
300 cities with populations greater than 1 million,
some even include > 10 million residents (termed
megacities) (Modelski, 2003). Most urban dwellers
live in more modest settlements of less than half a
million. The global distribution of the current popula-
tion and several of the largest cities is shown in
Figure 1.6a.

This concentration of Earth’s population into
urban areas has occurred in two phases, one of which
is substantially complete and the other of which is still
happening. While we know something of the urban
functions and forms that resulted from the first phase,
our knowledge about the cities emerging during the
second phase is rudimentary at best.

1.3.1 First Phase of Urbanization

The first urbanization phase was initiated by an
Industrial Revolution that transformed agricultural
production, manufacturing activity and transporta-
tion through the use of technology and by employing
fossil fuels on a grand scale. Initially, in places such as
Manchester, United Kingdom, historic centres
became the nucleus of a growing, densely occupied
settlement. These places grew rapidly as rural
migrants moved into towns and cities, often enduring
overcrowded and unhealthy environmental conditions
in order to secure employment. Limited means of
transport meant that most of them lived within
walking distance of work. Later, investment in urban
infrastructure (water supply, sewage treatment, urban
public transport) improved conditions and the cities
grew in physical size and the population density fell.
Suburban residential areas developed at the edge of
the city along arterial routes. At this stage of the
process, the urban population grew primarily as a
result of a natural increase as rural migration slowed.

The arrival of the automobile in the early twentieth
century provided greatly increased freedom of move-
ment and reduced the need for close proximity of
factories, offices and residences. In many places,
these tendencies were actively supported by urban
planning policies that zoned land-use for single-use
purposes. The net result was a distinctive urban form
with increased building density towards the urban
centre where buildings were taller and, relatively
speaking, more closely spaced. By 1950, the first
phase of wurbanization had peaked in more
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Figure 1.6 (a) Population density for 2010 at a resolution of 1 x 1°. Bars are only shown for grid cells with more
than 50 cap. km~? (Data source: Center for International Earth Science Information Network Columbia
University, 2015). (b) Carbon dioxide emissions from fossil-fuel burning for 2010 at a resolution of 1 x 1°. Bars
are only shown for grid cells with more than 100 t C m 2 year ' (Data source: Andres et al., 2015).

economically developed regions (e.g. North America,
Europe and Japan) where 53% of people lived in
urban areas. The expansion of those cities slowed,
but their continued attractiveness meant that by
2010, over 85% of the population in these regions
lived in urban areas.

For many cities, the urban form established by the
1950s has remained. Whereas tall, closely spaced
buildings occupy the core, the urban edge extends
into surrounding nonurban areas at low building

densities, causing ‘urban sprawl’. This is an

oversimplification, and there are examples of both
central city decay and nodes of high density in outly-
ing areas, but generally it holds for cities created in
the first phase of urbanization in more economically
developed regions. This is reflected here by use of the
following terms:

* Central city refers to the core district of densely
packed, sometimes multistory buildings that house
government, institutional, major commercial and
similar operations.
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Table 1.1 The ten most populous cities over time (Sources: Chandler and Fox, 1974; United Nations, 2008).

Rank 1750 1850 1900 1950

| Beijing 900 London 2,320 London 6,480 New York 12,300
2 London 676 Beijing 1,648 New York 4,242 London 8,860
3 Constantinople 666 Paris 1,314 Paris 3,330 Tokyo 7,547
4 Paris 560 Canton 800 Berlin 2,424 Paris 5,900
5 Yedo 509 Constantinople 785 Chicago 1,717 Shanghai 5,406
6 Canton 500 Hangchow 700 Vienna 1,662 Moscow 5,100
7 Osaka 403 New York 682 Tokyo 1,497 Chicago 4906
8 Kyoto 362 Bombay 575 St. Petersburg 1,439 Ruhr 4,900
9 Hangchow 350 Yedo 567 Philadelphia 1,418 Calcutta 4,800
10 Nanking 325 Soochow 550 Manchester 1,255 Buenos Aires 4,600
Rank 1975 2000 2015

| Tokyo 19,771 Tokyo 26,444 Tokyo 27,190

2 New York 15,880 Mexico City 18,066 Dhaka 22,766

3 Shanghai 11,443 Sao Paulo 17,962 Mumbai 22,577

4 Mexico City 10,691 New York 16,732 Sao Paulo 21,229

5 Sao Paulo 10,333 Mumbai 16,086 Delhi 20,884

6 Osaka 9,844 Los Angeles 13,213 Mexico City 20,434

7 Buenos Aires 9,144 Calcutta 13,058 New York 17,944

8 Los Angeles 8,926 Shanghai 12,887 Jakarta 17,268

9 Paris 8,885 Dhaka 12,519 Calcutta 16,747

10 Beijing 8,545 Delhi 12,441 Karachi 16,197

Suburban areas are the predominantly residential
rings around central cities consisting mainly of
single and multifamily homes with scattered shop-
ping, school and hospital services and some light
industry.

The terms urban area or city here refer to the whole
settlement and to the quasi-continuous built-up area
seen in satellite and aircraft imagery that have suffi-
cient density to require organization into recogniz-
able block-type patterns by the road system.

1.3.2 Second Phase of Urbanization

The second phase is evident in the changing ranks of
the world's largest cities (Table 1.1). This demographic
transition is focused in economically less-developed

regions and is unprecedented in both magnitude and
rapidity (Figure 1.5). As a result, nearly one billion
people occupy slum settlements on the outskirts of
formal cities and few of them have basic amenities or
protections associated with urban living. While first-
phase cities are largely built and will remain in place for
the foreseeable future, those associated with the second
phase are in process of creation and transformation.
The new urban forms often do not correspond to the
model associated with the first phase. For example, the
urban edge is often difficult to detect — urban functions
and their infrastructure seemingly merge into nonur-
ban landscapes. In China, semirural places that consist
of intense mixtures of urban, industrial, agricultural,
transport and other uses with scattered nodes of denser
settlement occur in the region surrounding large cities —
this pattern is called ‘desakota’ (McGee, 1991). Land-
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use control as practiced in Europe, and to a lesser
extent in North America, is hardly evident. This more
diversified pattern, which is variously described as
decentralized, dispersed and polynucleated, renders
Western land classes like urban, suburban and rural
as moot. This also makes it more difficult to identify
what is ‘urban’ about their climate.

1.3.3 Future Urbanization Pathways

It remains to be seen what form urban settlements will
take in response to changes in modern and future eco-
nomic forces, technological advances and urban pol-
icies. It may be that a counter urbanization process
occurs in highly urbanized ‘postindustrial’ societies
where a desire to live outside cities can be facilitated
by electronic communications and rapid transit
systems. The economic, cultural and political processes
in economically less-developed countries may produce
very different outcomes. Although some known pat-
terns are being repeated, albeit at a much faster pace,
other patterns including the smearing of urban-rural
contrasts and in-fill development are producing semi-
continuous urban regions where the concept of ‘rural’
has little merit. Nevertheless, it is clear that urban
environments will be home to the majority of people
in the future, so the rationale for seeking better under-
standing of urban-environment interactions should be
self-evident. Only through improved knowledge and its
intelligent application will it be possible to both lessen
the impacts of humans on nature and preserve, or pos-
sibly improve, the state of the everyday environment
experienced by most people on the planet.

1.4 Planning for More Sustainable Cities

The term ‘sustainable’ is used in so many different
contexts that it has taken on many different meanings,
some of which may be incompatible. There are three
broad components to sustainability when viewed from
a human perspective: ecological, economic and socio-
political. While urban planning must consider all of
these components and their interrelationships, our
focus here is mainly on the ecological.

1.4.1 Renewable and Nonrenewable
Resources

There is ample evidence that the current human use of
the planet’s resources is ecologically not sustainable

(e.g. Rogers and Feiss, 1998; Simmons, 1995). At the
global scale, ecological sustainability would mean that
human systems only draw on Earth’s resources at a
rate that allows them to recover or be replaced natur-
ally. For example, energy resources held in long-term
storage (e.g. fossil fuels) are nonrenewable, their use
depletes the resource and is, by definition, not sustain-
able. On the other hand, those energy sources renewed
directly by the Sun (e.g. solar, wind) or replenished
through annual growth (e.g. biomass) can be sustain-
able. In such terms, modern urban systems are unsus-
tainable because they require intense use of fossil fuels
and fossil water to supply energy, food and water, to
produce goods and to manage waste.

In this sense, a truly sustainable city is one able to
feed itself, has sufficient water for drinking and indus-
trial uses, enough power for all purposes and raw
materials to build its infrastructure and manufacture
goods and that all of this is achieved without depleting
resources in its surrounding landscape. Historically,
most cities were reliant on their immediate surround-
ings (hinterland) for resources; buildings were con-
structed from local materials, water was drawn from
nearby rivers, food and fuel acquired from the sur-
rounding land and so on. However, the development
of networks that allow resources to be transferred
across great distances has allowed cities to become
physically divorced from their immediate geograph-
ical locations (Rees, 1997).

1.4.2 The Ecological Footprint of Cities

A widely used approach to examine the resource base
associated with human activities at all scales is the
ecological footprint, which expresses the cumulative
effect of human consumption and waste practices in
terms of the ecologically productive area needed to
sustain these activities (Rees and Wackernagel, 1996).
While this approach is open to debate, it has the
advantage of linking a wide variety of activities to a
simple measure of ecological sustainability. By this
definition, a city is not, and cannot be, sustainable
because it must gather resources from areas outside
its boundaries and often deposits its waste there as
well. For illustrative purposes, consider the resources
required by a major metropolitan area and the area
needed to gather them sustainably according to this
criterion (Table 1.2). The resource consumption of
Greater London, United Kingdom, is equivalent to
ecological productivity generated by over 95% of the
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land area of Britain. It may be more useful, then, to
consider cities as the foci of human activities through
which global resource use is modulated. As such, cities
occupy a critical scale for implementing strategies to
attain sustainability at a global, rather than city, scale.

Table 1.2 London’s ecological footprint (Source:
Girardet, 1999).

Resource Area (km?)
London’s built-up area 1,578
Farmland area (food) 84,984
Forest area (wood) 7,689
Carbon sequestration 105,218
Total footprint 197,891
Britain’s productive land area 210,437

In planning usage, ‘sustainability’ has a much
broader meaning that includes economic, social and
political concerns. In essence, sustainable planning
attempts to plot a course for human systems that
allows economic development and ensures that bene-
fits are shared equitably while simultaneously protect-
ing environmental resources and hence reducing the
ecological footprint. This approach has developed
alongside the growing evidence of the significant
impacts humans have on Earth and its ‘natural’
systems and the growing recognition that economy
and society fundamentally depend on the continued
health of the environment. Cities represent a particu-
larly relevant scale in which to apply these ideas
because, for the most part, the global economic
system is an urban one. Figure 1.6 shows global maps
of the distributions of population density along with
anthropogenic emissions of the greenhouse gas carbon
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Figure 1.7 The relationship between per-capita urban space consumption (the inverse of population density) and
per-capita energy use for transportation (Modified after: Newman and Kenworthy 1989).
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Atlanta:
2.5 million people (1990)
4,280 km? (built-up area)

dioxide (CO,). Juxtaposition of the two clearly shows
a good correlation between them in the cities of
Europe, North America and Japan. By contrast,
much of South America, Africa and India are charac-
terized by low levels of CO, emissions, despite the
large population of cities such as Sao Paulo, Lagos
and Dhaka.

1.4.3 Planning for More Sustainable and
Resilient Cities

A well-planned and designed city from a climatic
perspective would be efficient in its use of resources
(sustainable) and designed to protect people and
infrastructure from extreme weather events (resili-
ent). Sustainable urban planning focuses on tech-
nology, connectivity, services and zoning as keys to
managing an urban area. One of its tenets is that
compact, high density cities composed of mixed
land-uses and walkable communities are inherently
more efficient. Rather than allowing cities to
expand into nonurban (‘green’) sites that require
new services (roads, sewers, etc.), existing under-
used or derelict urban land (so called ‘brown’ sites)
is redeveloped. There is some evidence to support
this view; information from a variety of world cities
in more developed economies indicates that
increased population density reduces per-capita

Figure 1.8 Built-up area of
Atlanta, United States, and
Barcelona, Spain: these are cities
with an equivalent population
but built at very different
densities (Source: Bertaud, 2003;
© Elsevier, used with
permission).

Barcelona:
2.8 million people (1990)
162 km? (built-up area)

energy use associated with travel (Kenworthy,
2006). Figure 1.7, which is based on the classic
study of this relationship captures many complex
interactions between urban form and function that
are not immediately apparent. For example, low-
density, widely dispersed populations usually must
rely on private transport requiring residents to own
one or more vehicles per family, whereas densely
occupied urban areas are often conveniently served
by a mass transit system. This generally carries
additional benefits of lower air pollutant emissions.

The data in Figure 1.7 are clearly clustered
according to region. The North American results
appear to follow a relation on their own, where the
amount of energy used per person is approximately
double that for other parts of the world, and their use
of urban land per person is also much greater. The
remarkable space and energy efficiency of the group
of European and Asian cities in the bottom left-hand
corner is also evident in Figure 1.7. It shows that
population alone is not the reason for different CO,
emissions by cities. The spatial dimensions of this are
dramatically illustrated using the urban land footprint
of two cities of similar population from each of the
two regions (Figure 1.8). Clearly, addressing the
urban form and functions of cities is central to limiting
the magnitude of their ecological footprints and regu-
lating their aggregate impact on the planet.
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Summary

The current global trend of population growth and urbanization causes substantial environ-
mental impact on the atmosphere, biosphere, lithosphere, pedosphere and hydrosphere; taken
together, they form urban ecosystems, wherein living organisms, including humans, interact
with their built environment. We can study the environmental impacts of cities through energy
and material flow analysis, using the concept of the urban metabolism, i.c., cities are supplied
with power, fuels, water and food that they convert to goods and use to sustain organisms but
as by-products they generate wastes including solids, degraded water and polluted air.

» Urban systems can be broadly characterized by their urban form (fabric, land cover,
geometric structure) and urban function (land uses, industrial and other processes, transport,
etc.). Both affect the atmosphere through either physical (e.g. roughness) or chemical influ-
ences (e.g. air pollutant emissions).

* Global urbanization can be separated into two phases. The first phase of urbanization was
initiated by the Industrial Revolution when technology employing fossil fuels on a grand
scale transformed the way of living, creating central cities and later with the arrival of the
automobile suburban sprawl. The second phase of urbanization in economically less-
developed regions is ongoing and unprecedented in magnitude. It results in uncontrolled,
rapid development in scattered nodes of denser settlements surrounding large cities.

* Modern cities are not sustainable because they depend largely on fossil resources and a
global economic network. Transforming the form and function of cities to make them more
resilient and to allow for more efficient use of local resources are among the most challenging
tasks in the twenty-first century. Urban climatology can help to make informed decisions
during this transformation, for example, to efficiently use energy and water in cities,
mitigate and adapt to global climate change and combat air pollution.

The organization of Urban Climates follows the logic of these interests. It starts with the
concepts and methods needed to study urban climates (Chapters 2 and 3), then describes and
explains urban climatic effects on atmospheric variables (Chapters 4 to 12) and finishes with
discussion of how this knowledge can be used to mitigate and adapt to global climate change
(Chapter 13) and ideally to design more sustainable and resilient cities with respect to human
comfort, health and energy use (Chapters 14 and 15).
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Figure 2.1 The diversity of an urban neighbourhood in Sao Paulo, Brazil (Credit: N. de Camaret).

The study of the physical, chemical and biological
processes operating to produce or change the state of
the urban atmosphere is urban meteorology and the
study of the statistically preferred states of urban
weather is urban climatology. Climatology includes
the quantitative description of the climates themselves
(climatography), the use of meteorological knowledge
to explain climatic differences and phenomena (phys-
ical climatology) and the use of climatic data to solve
practical problems (applied climatology).

All of these topics are covered in Urban Climates,
but special emphasis is on the physical climatology of
cities. That requires integration of the observed cli-
mate with the characteristics of the place and an
appreciation of the governing processes. This is at
the interface between climatography and meteor-
ology: seeking to explain the former in terms of the

latter. This creates the cause-and-effect (or process-
response) framework necessary to understand how
climate systems work which, in turn, creates a basis
for prediction and intelligent decision-making in the
design and management of cities.

Although the study of urban climates started in the
early nineteenth century (for a historical overview, see
Appendix Al), much of its scientific underpinnings
were only established in the last few decades. This is
partly owing to the scope and complexity of urban
form and urban function and their interactions with
the overlying atmosphere. Figure 2.1, which shows a
neighbourhood of Sao Paulo, Brazil, is an example of
the extraordinary spatial heterogeneity present in
urban landscapes. Looking at that image it becomes
clear there is great diversity in urban form and func-
tion — reflected in the numerous types of fabric,
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patterns of surface cover, complex 3-D urban structure
and urban metabolism associated with emissions of
heat, water and air pollutants into the atmosphere.
This presents challenges: for example, how to identify
a site where representative measurements can be
obtained, or how best to simplify and model an urban
environment.

Successful study of urban climates relies on some
essential concepts, definitions and approaches that are
the subject of this chapter. We start with the question
of describing an urban surface and how that affects
the scales of urban climates (Section 2.1). It cannot be
overemphasized that full appreciation of the role of
scale is probably the single most important key to
understanding urban climates. Scale is an organizing
theme throughout Urban Climates.

2.1 The Urban ‘Surface’

2.1.1 Defining the Land-Atmosphere
Interface in Cities

Definition of the active surface is an essential first step
to study the boundary layer climate of any environ-
ment. The exact nature of Earth’s surface at a place
controls much of the boundary layer characteristics. It
does so via its role in absorption, reflection and emis-
sion of radiation; the transformation of energy and
mass (e.g. radiant energy to thermal energy, liquid
water to water vapour); the interception of precipita-
tion and air pollutants; and the deflection of airflow
and the slowing of the wind. As a result, the land
surface controls the exchanges of energy, mass and
momentum and it usually experiences the most
extreme climate (i.e. where it is hottest or coldest,
driest or most moist, where flow is brought to rest).
Near the surface is also where the greatest variability
in microclimates exists (i.e. the greatest range of values
from place to place and day to night).

Definitions of the Urban Land Surface

Definition of the relevant ‘surface’ is not always
simple and this is especially the case in an urban
environment. Identification and quantification of the
urban surface poses methodological difficulties.
Figure 2.2 illustrates six potential ways to define ‘the
surface’; the convoluted interface between an urban
system, and the atmosphere:

(a) Theideal or complete three-dimensional (3-D) surface
where every detail of the interface is considered. In

(a) Complete (b) Ground level

iy

(d) Plan or Bird’s eye

(c) Roof level

(e) Screen measurement (f) Zero-plane displacement
level level

iy Fp

Figure 2.2 Potential definitions, or perspectives, of the
‘surface’ (in blue) of a highly simplified representation
of an urban system.

practice it is usually impossible to measure or model
the properties of this surface (especially in a city);
therefore simplification is necessary.

(b) The perspective of an observer who considers the
surface to be synonymous with that of the ground.
This relegates the influence of upstanding elem-
ents to an insignificant role and is an increasingly
incomplete definition as the density of elements
increases and/or if the relevant properties of the
elements are very different from those of the
ground.

(c) The roof-top view that essentially ignores the
spatial complexity of the interface itself and treats
the system below as a ‘black box’. Processes and
properties at smaller scales than the box are
lumped together and only the net result at the
top of the box is considered.

(d) The plan, or bird’s-eye view is that ‘seen’ by a
remote sensor looking down vertically upon the
system. From this perspective, vertical surfaces
like walls cannot be seen and other surfaces are
obscured from view (e.g. under trees).

(e) The screen-measurement level view, refers to the
height of a weather screen (typically 1.5 to 2 m
above ground) where standard (sometimes loosely
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Figure 2.3 Urban units (Table 2.1) and their typical dimensions in four cities from different geographical/
cultural regions.

called surface) climate and meteorological obser- over crops, and forests that have a canopy layer.
vations are made. The location of the zero-plane is based on the
(f) The zero-plane view is commonly adopted in vertical profile of atmospheric entities like wind

micrometeorology when dealing with exchange above the canopy. When we extrapolate the profile
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Block LCZ or Neighbourhood City

a

2 A

100 m -1 km 1-10 km 10- 100 km
— — —

100 -
1-100 100 - 10k 1-100 1k - 100k 10.000 100k - 10M
ha cap km? cap Kkm? cap
Figure 2.3 (cont.)
downwards to its apparent origin, this height is exchanges for the entity of concern (e.g. heat,
displaced from the ground (e.g. the zero-plane moisture, momentum) above the canopy. Unfor-
displacement of the wind profile; see Chapter 4 tunately this effective ‘surface’ cannot be sensed
and Equation 4.9 therein). This ‘surface’ is defined directly and its height for a given system may be

mathematically (or statistically) as the source of different for different entities.
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One reason why we need to define the location of the
surface might be to measure or model a particular
characteristic of the surface (e.g. surface temperature,
albedo or wetness). However, definitions (b) to (f) are
necessary compromises to the ‘ideal’ case in (a).
A reasonable choice of the definition of an urban
surface depends on the entity involved, the sensing
system available, the accuracy required and the scale
of interest. The scale difficulty becomes apparent if we
consider say the challenges involved to measure or
calculate the temperature of each of the ‘surfaces’ in
Figure 2.3. For example, what if it turns out that the
surface depicted in the figure is the microscopic sur-
face of an individual roof tile, or alternatively a whole
urban neighbourhood?

Properties of the Urban Surface

An urban system is composed of an almost limitless
number of climatically-active surfaces. They consist of
a range of fabrics each of which has different climatic
properties including the following:

* Radiative — geometry,
transmissivity, emissivity.

* Thermal - specific heat, heat capacity, thermal

absorptivity, reflectivity,

conductivity, thermal diffusivity, thermal admittance.
* Moisture — interception and storage capacity, per-
meability, stomatal characteristics, chemical nature.
* Aerodynamic — roughness, zero-plane displacement,
porosity.

For typical values of these properties, see Chapters
4-6. These surfaces are also arranged in distinctive
structural configurations: sizes, shapes and relation-
ships relative to their surrounding surfaces. Know-
ledge of these active surfaces is fundamental to
understanding urban climates, so it is necessary to
map the distribution of those that possess
climatically-significant physical characteristics. There
are examples throughout this book including the dis-
tributions of surface albedo, surface roughness,
anthropogenic heat release, thermal characteristics
and surface water availability.

These mosaics of active surfaces generate a simi-
larly large array of microclimates. For example, there
is a remarkably wide variety of atmospheric condi-
tions co-existing in the environs of a single house lot
during a fine summer day. It is not unusual to find
sunny portions of a roof with surface temperatures of
more than 50°C whilst a nearby shaded wall or plants

in the garden are 30 degrees cooler; over an open lawn
it may be breezy yet just around the corner of the
house the air is almost still. Further, whilst most of
the lawn is moist, under the overhanging roof and
beneath tree canopies the soil is arid. What may be
the most favoured outdoor spot to sit for breakfast is
unlikely to be the same as that for an after-lunch nap
or to relax in the evening air. Similarly, every street,
block and neighbourhood within an urban area has its
own unique mix of active surfaces which contribute a
distinctive climate at that scale. As a result, urban
climates at the pedestrian level are often described as
a ‘collection of microclimates’.

2.1.2 The Hierarchy of Urban Units

The array of active surfaces and associated microcli-
mates found in cities is initially bewildering in its
complexity and the fact that spatial variability extends
over distances from a few metres (a wall or courtyard)
to tens of kilometres (whole cities). Hence, the ques-
tion of scale is central to the intelligent design of
measurement, modelling and applied schemes in
urban climatology.

To a first approximation the integrated climate of a
city is the sum of repeating combinations of materials
and the arrangement of active surfaces into what we
might call urban units. Table 2.1 and Figure 2.3 show
a hierarchy of such urban units, using the names of
common features, which can be recognized in most
cities of the modern world.

Urban Facets and Elements

In this book an urban element (also called ‘roughness
element’ in the context of airflow) is regarded as the
primary 3D unit, the repetition of these across a city
produces urban climate effects. Urban elements can
be buildings, trees and building lots. They are made
up from smaller units which we refer to as facets (e.g.
roofs, walls, lawns and paths) often distinguished by
their directional aspect (compass direction, vertical,
sloped or horizontal). The detailed treatment of the
climatic effects of building architecture is part of the
related field of building climatology. The geometric
placement of an element, and its roughness, radiative,
thermal and moisture properties are all of interest
because each creates its own microclimate and influ-
ence upon the surroundings by creating turbulent vor-
tices and wakes, thermals or pollutant plumes, and
spatial patterns of temperature and rainfall on the
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Table 2.1 Classification of urban morphological units, built and green, and their urban climate phenomena,
based on typical horizontal length scales (modified after Oke, 1984, 1989). Dimensions of units 4 to 6 are based
on a city with about 1M inhabitants. See also Figure 2.3.

Urban units

Built features

Green and
water features

Urban climate phenomena Typical
horizontal

length scales

Climate
scale("

Facet Roof, wall, road Leaf, lawn, pond  Shadows, storage heat flux, dew 10 x 10 m Micro
and frost patterns
Element Residential building, Tree Woake, stack plume 10 x 10 m Micro
high-rise, warehouse
Canyon Street, canyon Line of street Cross-street shading, canyon 30 x 200 m Micro
trees or gardens, vortex, pedestrian bioclimate,
river, canal courtyard climate
Block City block (bounded by Park, wood, Climate of park, factory 0.5 x 0.5 km Local
canyons with interior storage pond cumulus
courtyards), factory
Neighbourhood  City centre, residential Greenbelt, Local neighbourhood climates, 2 x 2 km Local
or Local (quarter), industrial zone  forest, lake, local breezes, air pollution
Climate Zone swamp district
City Built-up area Complete urban  Urban heat island, smog dome, 25 x 25 km Meso
forest patterns of urban effects on
humidity, wind
Urban region City plus surrounding countryside Urban ‘plume’, cloud and 100 x 100 km Meso

precipitation anomalies

(Scales used in this book.

ground due to shade and wind effects. Buildings,
being essentially hollow, enclose a climate space
designed to maintain human comfort in the face of a
range of exterior climate conditions. Buildings are a
major focus of applied research into thermal comfort,
energy conservation, distributed renewable energy
systems (e.g. photovoltaic and wind) and indoor air
pollution. Trees also create their own microclimates
and contribute significantly to the aesthetic, acoustic,
hydrologic and ecological environment of cities. In
parts of the world where trees are part of the natural
vegetation, as one moves from the periphery to the
city core generally the density of buildings increases,
and of trees decreases. In the core, the morphometry is
dominated by buildings and street pattern whereas, in
lower density urban districts streets buildings and
trees contribute more equally.

Urban Canyon

The urban canyon or street canyon unit is the structure
formed by the common arrangement of a street and its

flanking buildings. It is most clearly defined in the
densely built central areas of cities but its basic form
is usually echoed across the urban landscape. Its geo-
metric form is its most characteristic feature. Canyons
are described by their two-dimensional cross-section,
referred to by the dimensionless ratio H/ W where H
is the height of the buildings adjacent to the street and
W is its width. H/W is known as the canyon aspect
ratio (1), it is important because it is relevant to many
features of urban climates including radiation access,
shade and trapping, wind effects, thermal comfort and
the dispersion of vehicle pollutants. If roads are not a
major feature of the settlement this unit describes the
height and spacing of the dominant elements.

Urban Block

The urban block unit is formed by the road network,
which is usually comprised of a number of adjacent
street canyons that have similar structure. A grid road
pattern produces square or rectangular blocks with
buildings around its perimeter and gardens,


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139016476.003
https://www.cambridge.org/core

20 Concepts

courtyards, etc. in its core; in the city centre a block
may be a single massive building. Other road patterns
may result in triangular and crescent shaped blocks.
Blocks can also be irregular and block-scale phenom-
ena are produced by special building groups like
shopping centres, clusters of apartment towers, insti-
tutional buildings and factories. The block unit struc-
ture can also be manifest by the absence of
development such as in parks, cemeteries, lakes, etc.
Such units produce a patchwork of climates and are of
sufficient size to be able to generate localized breeze
systems (e.g. parks) or clouds (e.g. factory complexes).
The block unit may not be easily identifiable in all
cities.

Neighbourhood

The neighbourhood unit includes the land use zones
used in urban planning such as industrial, residential,
commercial, major parkland and undeveloped land.
These zones are often subdivided based on some cri-
terion, e.g., heavy and light industrial, or low- and
high-density residential areas. In fact description
according to land use is not very meaningful in cli-
matic terms (see the Local Climate Zone scheme,
Section 2.1.4).

City

The city itself forms a set of structures and materials
which contrast to those of its rural environs; this
gives rise to distinct climatic phenomena such as
the ‘urban heat island’ and the ‘urban pollutant
plume’, both of which crystallize the idea of an
urban climate. Cities, which sprawl, may have dif-
fuse edges that make it difficult to know where the
urban area ends and the rural area starts. Indeed,
the intensity of management for agriculture and
other purposes may mean no rural area exists.
Urban climate impacts extend beyond a city’s phys-
ical borders, into downstream areas, due to trans-
port of atmospheric properties (temperature,
humidity, air pollutants) by the wind.

2.1.3 Description of Urban Surface
Properties

The classification of urban units in Table 2.1 gives a
semblance of order to what at first appears to be an
impossibly varied and jumbled set of surface scales
and properties. Those scales are conferred by the

dimensions and climatic properties of the features
that make an urban landscape. There are four
classes of urban surface properties: fabric
(materials), surface cover, urban structure, and
urban metabolism. To properly study and model
urban climates, and to compare climates at different
sites and cities, we need to describe and quantify
these properties.

Fabric

The materials used to construct cities are extremely
varied (e.g. concrete, asphalt, stone, brick, wood,
metal, glass, tile) plus natural materials (e.g. soils,
vegetation, water) are still present. Each material has
its own distinct mix of radiative, roughness, thermal
and moisture properties, so the climatic behaviour of
an urban surface, which comprises a variety of mater-
ials in different proportions, is unique. At the micro-
scale, these differences must be understood and taken
into account, but at the neighbourhood and city scale
it is acceptable, indeed usually necessary, to average
or use bulk properties.

Surface Cover

A simple way to describe the main components of an
urban system at coarser scales than facets is to
express the plan view area occupied by a cover or
element type (A4,) within a total ground surface area
(A7) that is large enough to be representative of the
area of interest (i.e. it contains a representative
sample population of the x-th type, for example, an
urban block, neighbourhood or city). This is a plan
area fraction,

Equation 2.1

where the subscript x in Equation 2.1 stands for the
cover type that can be /5, 4,, 4;, the plan area frac-
tions of buildings (b), vegetation (v) and impervious
ground (i) (roads, parking lots, etc.) (Figure 2.4a—c).

Figure 2.5 shows the fractions of the three cover
types at several urban sites where urban climates have
been studied extensively in the literature. It provides a
convenient way to compare study sites and assess
where they sit in the universe of possible urban
cover fractions. As one moves to the right and
upward, sites are more heavily developed, i.e. there
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Urban cover
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Figure 2.4 Parameters used to describe urban cover, length scales and urban structure.

is an increase in the plan area occupied by built infra-
structure (buildings, impervious ground).

Dimensions and Structure

The dimensions of urban elements (buildings and
trees) and their spatial arrangement are significant to
airflow and radiation exchange in the urban canopy.
Most of the relevant measures used herein are illus-
trated using the case of buildings in Figure 2.4d—f. The
simplest are the element dimensions: the height (H),
width and length (L), their spacing, i.e. the distance
between centroids (D). For example, the canyon
aspect ratio discussed above is a universal way to
express built density as the ratio of height of the
canyon walls (H) to the width of the canyon
street (W).

In this book the height of buildings appears with
one of two symbols: H is used for the height of an
individual urban element (a building, tree or canyon)
and zy is the mean height of all elements (buildings,
trees, etc.) in a larger area. The former relates to the

scale of an individual element whereas the latter
applies to a population of elements at the scale of a
neighbourhood or city.

Figure 2.4g—-i also depicts universal measures of
structure like the floor space ratio (Ageor) that gives
the total area of all floors per unit plan area, as
commonly used in urban planning and design and is
also relevant in energy consumption.

The complete aspect ratio (1.) relates the total
three-dimensional external surface area of all elem-
ents including the ground surrounding them, to the
total plan area they occupy. The value of A, for a flat
surface is unity. As the number and size of elements
increases so does 4., which expresses the important
fact that the absolute size of the active surface area
available for exchange increases. Hence, other things
being equal, a convoluted urban area has more
potential to absorb, reflect, emit, intercept, retard,
store and release meteorological entities like energy,
water and air pollutants than an equivalent flat
plan area.
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Figure 2.5 Urban land cover domain seen as the plan area fractions of buildings, vegetation and impervious
(other than building) surfaces. The symbols are urban research sites that have been studied extensively in the
literature. The color identifies the Local Climate Zone (LCZ) representative of a site (see Section 2.1.4,
Figure 2.9 and Table 1.1). Letters and numbers are a code that identifies the location, year of observation and a
lower case letter identifies a site within the city. Observational results from these sites appear in later figures and
tables in this text. A full listing is given in Appendix A2, Table A2.1 (Source: Grimmond and Christen, 2012).

The frontal aspect ratio (1) is a parameter relevant
to airflow. It indicates the fractional barrier presented
by the buildings as ‘seen’ by the oncoming flow, it is
similar to an inverse porosity. It is the ratio of the sum
of the windward area of all elements to the total plan
area they occupy. A, varies with wind direction, the
shape of the elements and their configuration as an
array, because together they determine the area of the
windward facets that is exposed.

Unlike the measures of structure discussed up to
this point that quantify a larger urban area (block,
neighbourhood), the sky view factor (yg) is a three-
dimensional measure for a single point on a surface
(Figure 2.6). It is defined as the fraction of the radia-
tive flux leaving the surface at this point that reaches
the atmosphere above the urban canopy, i.e. the ‘sky’
(Johnson and Watson, 1984). Its value depends on the
position and orientation of a surface relative to the

amount of sky obstruction overhead. For example, on
top of a roof with no horizon screening by other
buildings or hills yg, is unity. But in the middle of a
street canyon floor g, depends on the depth and
width of the canyon (i.e. it is loosely related to
H/W; see Section 5.2.3 and Figure 5.12). In the
bottom corners of the canyon it is even lower than in
the middle. The sky view factor is significant for radi-
ation calculations such as solar access and the noctur-
nal cooling of street canyons.

A fish-eye lens view upward from the point gives an
excellent feel for this measure (Figure 2.7). Open areas
such as the parking lot in (a) experience high .,
whereas highly obstructed configurations (d,e,f) have
their overlying hemisphere nearly completely screened
out by the walls of adjacent buildings and trees.
Depending on the nature and amount of view occu-
pied by vegetation, such as in (b) and (c), seasonal
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Figure 2.6 (a) The sky view factor (yg,)
conceptualized for a point P on the ground at an
urban site. Dashed lines are sight lines from P
towards the sky hemisphere, the dots are where the
line intersects the edge of an obstruction (building,
tree, hill). The sum of all edge intersections around the
compass defines the local horizon from P. (b) A polar
plot illustrating the angles in (a) projected onto a flat
plane. The outer circle is the theoretical horizon for an
unobstructed plane. The local horizon joins the edges
of the obstructions (in yellow). The sky view factor is
the fraction of the radiation that leaves the surface at
point P that reaches the light blue area, i.e. the sky,
whilst the remainder is intercepted by the buildings.

changes in leaf cover cause changes in yg, Calculat-
ing yy, requires consideration of spherical geometry,
i.e. solid not planar angles and the orientation of the
surface (cosine law, see Johnson and Watson, 1984).
Projecting the horizon from a given location onto a
polar plot conveys a good sense of g, but it should
be appreciated that the value is not simply the ratio of
a circle on the ground to the area of sky seen in
Figure 2.6.

Finally, the spatial organization of urban elements
can also be important (Figure 2.8). Common

simplified patterns of element arrays include: aligned
(elements located with approximately equal spacing
and aligned both front-to-back and side-to-side with
clear channels through), staggered (elements offset
front-to-back and/or side-to-side) and random
(elements scattered with no organized pattern across
the array). Such patterns can exert control upon
aspects of urban climates, for example airflow paths
and the turbulence generated as air passes through and
over the different array types. Figure 2.8a—c empha-
size differences due to alignment, whereas
Figure 2.8d,e show additional degrees of freedom
created by varying the height and orientation of the
elements. Real cities present an almost limitless set of
element properties (Figure 2.8f).

Measures necessary to calculate or estimate the
dimensions and structure of urban features can be
extracted from architectural drawings, maps, street-
level and aerial photographs, high-resolution satellite
images and aerial Light Detection and Ranging data
(lidar). Ground surveys and photograph are useful in
determining the nature of surfaces beneath overhang-
ing objects like trees that can be obscured when
viewed from space- or airborne platforms. Lidar,
radar and microwave sensors can help assess overall
surface roughness at coarser scales. Further, many
city governments maintain digital databases with
detailed information about location and dimensions
of features like buildings, roads, water pipes, sewers
and trees.

Urban Metabolism

The urban ecosystem runs on resources like fuels,
water and materials mostly imported from elsewhere
(Figure 1.4). These are incorporated into myriad
human activities many of which end up expelling,
often degraded, versions of these resources back into
the environment, including the atmosphere, where
they may play a role in urban climate. The three
major types of emissions into the atmosphere are:

* Large amounts of sensible heat are released in the
combustion of fuels in transport, industrial processes
and in the engineered cooling, heating and air con-
ditioning of the internal space of buildings (see
Section 6.2).

* Additional water is released in vapour or liquid
form during combustion, in industrial processing,
due to air conditioning and due to garden irrigation
(see Section 8.3.3).
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Figure 2.7 Sky view photographs obtained using a fish-eye lens at a range of urban sites. The sky view factors
(Wgy) are calculated for points at the ground. Note the values of y,, must consider the angular distortion of the
lens and the cosine response of the surface. They are not simply the area covered by sky (in blue) projected onto
a flat circle (Credit: (a)—(e) I. Stewart, (f) F. Meier, with permission).
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(a) Aligned

(b) Staggered

(c) Random distribution

Figure 2.8 Illustration of common element arrays used to represent the distribution of buildings in urban areas.

* Particulate and gaseous air pollutants, are emitted
into the air from vehicles, buildings, waste manage-
ment and industrial processes (see Section 11.1.1).

The timing and magnitude of all three sets of emis-
sions operate on daily and weekly cycles that are
largely dictated by human activities: the commute to
and from work, work schedules and shifts, cultural
practices, vacations and sleep, so they are called
anthropogenic (i.e. human generated).

2.1.4 Classification of the Urban Surface

The four climatically relevant controls on urban cli-
mates (fabric, land cover, structure and metabolism)
tend to cluster together in a city. For example, the
core of many cities has relatively tall buildings packed
together densely, the ground is mostly covered with
buildings or paved with materials that are impervious,
usually dry and good heat stores and the concentra-
tion of human activity gives large emissions of heat,
perhaps moisture and air pollutant releases from fur-
naces, air conditioners and vehicles. Toward the other
end of the spectrum of urban development are districts
with low-density housing, one- or two-storey build-
ings of relatively light construction, surrounded by
considerable garden, agricultural and open space with
relatively low emission of heat but perhaps large injec-
tions of water by irrigation. The spatial correspond-
ence between fabric, land-cover, structure and
metabolism means that distinct climate modifications
can be linked to urban landscape types.

The Local Climate Zone Scheme

Such clustering underlies the notion of Local Climate
Zones (LCZ, Figure 2.9 and Table 2.2) (Stewart and
Oke, 2012). The criteria on which the classification is
based are known to exert control on aspects of
micro- and local climates (wind, temperature and
moisture). The LCZ are clustered by their approxi-
mate ability to modify local surface climates due to
their typical fabric, land cover, structure and metab-
olism. In Table 2.2, these controls are expressed
through common properties that describe imperme-
ability, roughness, thermal behaviour and the use of
energy and water. The classification covers both
built and natural ecosystems. Most cities around
the world incorporate several of the built LCZ, or
variants of them, depending on their particular cul-
tural and economic character. The classification can
be implemented using objective criteria that are easy
to obtain from aerial photographs, remote sensing
techniques, and maps including direct measurements
of structure such as the canyon aspect ratio (H/W)
known to be a critical control on flow régimes, solar
shading and heat island magnitude, and a measure of
surface permeability which is closely related to sur-
face moisture availability. This scheme is more
suited to urban climatic studies and projects than
are land use classes (e.g. commercial, industrial, resi-
dential) which are designed to express urban func-
tion rather than the physical properties of the site
that control its climatic responses. For example, the
‘residential’ land use class could include a wide range
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LCZ 1
Compact
highrise

LCZ 2
Compact
midrise

LCZ3
Compact
lowrise

LCZ 4
Open
highrise

LCZ5
Open
midrise

LCZ 6
Open
lowrise

LCz7
Lightweight
lowrise

LCZ 8
Large
lowrise

LCZ 9
Sparsely
built

LCZ 10
Heavy
industry

LCZ A
Dense trees

LCZ B
Scattered
trees

LCZ C D s
e ]
Bush, scrub e o e

LCZD
Low plants

LCZE
Bare rock
or paved

LCZF
Bare soil
or sand

LCZ G
Water

Variable land cover properties:

b bare trees (i.e., deciduous, leafless)
increased sky view factor, reduced albedo

S snow cover
low admittance, high albedo

d dry ground (e.g., parched soil)
low thermal admittance, small latent
heat flux, increased albedo

w wet ground (e.g., waterlogged soil)
high thermal admittance, large latent
heat flux, reduced albedo

Figure 2.9 Classification of Local Climate Zones (LCZ) according to their perceived ability to modify local
climate (Source: Stewart and Oke, 2012; © American Meteorological Society, used with permission). For
quantitative measures of urban zone properties (first ten zones), see Table 2.2.
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Table 2.2 Typical properties found in the Built Zone series of the Local Climate Zone (LCZ) classes illustrated in
Figure 2.9. A detailed tabulation of all LCZ classes including additional properties can be found in Stewart and
Oke (2012).

Local Building Impervious Canyon Sky Mean height Thermal Anthropogenic

Climate plan plan aspect view of roughness admittance heat flux

Zone fraction”, fraction®, ratio®, factor, elements, of system, u density(s), Or
A (%) A W=H/W gy, 7 (M) Im?is”K'") Wm?

LCZ | 40-60 40-60 >2 02-04 > 25 1,500-1,800 50-300

Compact high-

rise

LCZ 2 40-70 30-50 0.75-2 0.3-06 10-25 1,500-2,200 <75

Compact

midrise

LCZ 3 40-70 20-50 0.75-1.5 0.2-0.6 3-10 1,200-1,800 <75

Compact

lowrise

LCZ 4 2040 3040 0.75-1.25 0.5-0.7 > 25 1,400-1,800 < 50

Open high-rise

LCZ 5 2040 30-50 0.3-0.75 0.5-0.8 10-25 1,400-2,000 <25

Open midrise

LCZ 6 2040 20-50 0.3-0.75 0.6-0.9 3-10 1,200-1,800 <25

Open lowrise

LCZ 7 60-90 <20 -2 0.2-0.5 24 800-1,500 <35

Lightweight

lowrise

LCZ 8 30-50 40-50 0.1-0.3 > 07 3-10 1,200-1,800 < 50

Large lowrise

LCZ 9 10-20 <20 0.1-0.25 > 0.8 3-10 1,000-1,800 <10

Sparsely built

LCZ 10 20-30 2040 0.2-0.5 0.6-09 5-15 1,000-2,500 > 300

Heavy industry

(Plan area fraction of ground covered by buildings.

@ Plan area fraction of ground covered by impervious surfaces.

G)Ratio of mean height of buildings to mean street width (LCZ 1-7) or distance between houses and trees (LCZ 8-10).
®Thermal property governing ease with which a body accepts or releases heat at its surface. Values are typical range for surfaces in
each LCZ (e.g., buildings, roads, soils). Varies with soil wetness and density of materials (see Section 6.3).

®)Heat released per area as a result of human activities, e.g. due to combustion of fuels. Mean annual values at local, not building,
scale. Varies with heating/cooling degree days and season (see Section 6.2).

of urban forms: inner city housing with dense packing
(perhaps row housing) and small or no gardens, or tall
apartment towers or low-density housing with isolated
buildings on relatively large vegetated lots. Clearly the
climatic effects of these three exemplary ‘residential’
areas are likely to be very different given their con-
trasting fabric, land cover, structure and metabolism.
LCZs are likely to be more meaningful ways to classify
urban districts at the local (neighbourhood) scale for

urban climate purposes. The scheme has been tested
against thermal climate results from observations in
real cities and as simulated by numerical models (Stew-
art et al., 2014).

Climatopes

There is an alternate method to classify and map

urban (and rural) microclimates based on
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Figure 2.10 Building plan area fraction 4, calculated at different resolutions. This illustrates the scale
dependence of surface homogeneity and heterogeneity in three real urban environments with /, that vary
from an open lowrise (top), to compact midrise (centre), and open high-rise (bottom) LCZ. At the 4 m scale the
urban surface is highly heterogeneous and patchy, but at > 250 m it blends into a more homogeneous raster
of relatively uniform /, in all three cases (Based on an idea of H.-P. Schmid).

geographically coherent areas that exhibit roughly the
same microclimatic characteristics. Its spatial units
are called climatopes, which describe areas with simi-
lar near-surface atmospheric properties. Unlike LCZs,
they do not explicitly describe the surface that char-
acterizes them. Climatopes are defined by aspects of
the near-surface climate that are relevant to planning
at a place and usually correspond to distinct geo-
graphic features such as valley systems that generate
cold air drainage flows. Their purpose is to allow
urban planners to design cities that make best use of
the atmospheric ecosystem services and to identify
areas that may worsen near-surface climates by
inhibiting airflow paths that provide natural ventila-
tion. The input information for a climatope map
comes in the form of ‘layers’ of spatial data concern-
ing atmospheric properties (airflow, temperatures),
urban form (structure, cover) and place-specific geog-
raphy (topography, population, land use). Maps are

created by experts who are informed by measured and
modelled climatic elements; hence, they are unique to
a particular place.

Scale and Surface Homogeneity

In this book we consider an urban area to be ‘homo-
geneous’ in respect of a particular surface property, if
the spatial variation of that characteristic lies within
some statistical criterion. Homogeneity depends on
the scale at which the property is determined and on
the size of the domain over which it is being examined
and applied. If the criterion for homogeneity is not
met the area or scale is said to be heterogeneous.
Commonly the smallest urban unit at which homo-
geneity can be found is the urban block and the largest
unit where homogeneity is possible is probably a
neighbourhood.

Spatially something homogeneous at a one length
scale might be heterogeneous at another. Figure 2.10
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Figure 2.11 Time and horizontal
space scales of selected urban
climate dynamics and wind
phenomena. The common names of
these scales are shown above and the

D o corresponding urban scales
10?2 1 102 10 10° 10°  (Table 2.1) below.
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shows that at small horizontal scales (< about 50 m)
urban surfaces are highly heterogeneous but at larger
scales (> about 250 m) you see that averaging renders
the same surface to be almost homogeneous. Hence
the ‘neighbourhood’ scale is typically relatively homo-
geneous, which conceptually justifies our treatment of
the urban surface at this scale as one-dimensional.
This is acceptable because changes in surface and
atmospheric properties in the vertical are stronger
than those in any horizontal direction, i.e. there is
horizontal surface homogeneity at the study scale.
On the other hand, when studying climates at the
resolution of a single building, an urban block or an
entire city, it is necessary to treat the problem as three-
dimensional, because changes in properties in all dir-
ections are relevant, i.e. there is surface heterogeneity
at the study scale.

2.2 The Urban Atmosphere
2.2.1 Scales of Urban Climate Phenomena

The scales of some urban climate phenomena related
to atmospheric motion are given in Figure 2.11
according to their characteristic space and time
dimensions. The lower horizontal space limit is set
by the size of a building or the size of a smoke plume
as it exits a chimney, and the time limit is set by the
lifetime of a vortex behind a building, or an across-
canyon circulation. The upper limits are the dimen-
sions and lifespan of the pollutant plume of a whole
city. Therefore, the majority of urban climate phe-
nomena lie in the microscale, local scale and mesos-
cale domains. Climatic features cannot remain
discrete in a diffusive medium like the atmosphere;
they are part of a continuum. Each climate feature


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139016476.003
https://www.cambridge.org/core

30 Concepts

combines to form larger ones up to the scale of the
whole urban boundary layer. The primary process
that merges scales is mixing due to atmospheric
turbulence.

Urban phenomena are just part of the complete
spectrum of atmospheric scales (e.g. see Figure 1.1 in
Oke, 1987). At greater scales than those of urban
effects (i.e. moving to the top right in Figure 2.11) lie
the motions of synoptic weather systems including
anticyclones, mid-latitude cyclones and tropical
storms. Urban climates are always under the control
of synoptic weather events that on longer time scales
create the background climate of a place. Weak syn-
optic flow combined with cloud free skies supports the
development of thermal effects on climate. Stronger
winds, on the other hand, dilute thermal effects at the
expense of mechanical flow effects. Even stronger
winds and cloud further dampen heating and stir up
the atmosphere so urban effects are almost destroyed,
except for those due to the flow deflecting and rough-
ness effects of cities. At smaller scales than urban
effects (moving to the bottom left corner of
Figure 2.11), lie the motions of increasingly smaller
turbulent eddies.

2.2.2 The Vertical Structure of the Urban
Atmosphere

The lowest part of Earth’s atmosphere that is in
direct contact with Earth’s surface is called the atmos-
pheric boundary layer (ABL). The ABL is between
100 and 3,000 m deep and controlled by the rough-
ness, thermal mixing and the injections of moisture
and air pollutants from Earth’s surface. The ABL can
be subdivided into an outer and inner region. In the
outer region thermal effects of Earth’s surface domin-
ate. In the inner portion, roughly the lowest 10% of
the ABL and more commonly called the surface layer
(SL), flow is dominated by friction with Earth’s
surface.

During daytime, surface heating usually creates
large, buoyant thermals which effectively carry sur-
face influences upward until they reach the top of the
ABL where further lifting is halted by a capping inver-
sion. This inversion at height z; is the base of the
overlying free atmosphere (FA), where influences of
Earth’s surface are negligible. Just below the FA is the
entrainment zone (EZ) where buoyant thermals ‘bom-
bard’ the underside of the inversion; some overshoot
into the FA through their own inertia and when

(a) Urban ‘dome’

No ambient wind

)
Rural BL

—

R —

Rural Urban

(b) Urban ‘plume’

Ambient wind

e

Rural BL

Rural BL

—

Rural

Urban

Figure 2.12 Typical overall form of urban boundary
layers at the mesoscale: (a) urban ‘dome’ when
regional flow is nearly calm, and (b) urban internal
boundary layer and downwind ‘plume’ in moderate
regional airflow.

settling back carry cleaner, warmer and drier air down
into the ABL. This daytime situation in the outer
layer is often termed mixed layer (ML). The ML refers
to the top 90% of the ABL excluding the SL. As its
name implies, the ML homogenizes atmospheric
properties so that vertical profiles of potential tem-
perature, water vapour, wind speed and direction are
almost uniform with height.

At night the ABL shrinks as cooling at Earth’s
surface usually creates a stagnant layer near the
ground about 200 to 400 m deep which inhibits verti-
cal mixing — this is the nocturnal boundary layer
(NBL). Above the NBL, extending roughly up to the
height of the daytime ABL, is a layer with properties
preserved from the previous afternoon. This residual
layer (RL) is capped by the inversion carried over
from the daytime entrainment zone. This layer is
mixed but little active mixing is going on.

The Urban Boundary Layer

The ABL over a large city has its own structure.
Theoretically when a regional wind is absent the cli-
matic influence of a city is restricted to a self-
contained urban dome (Figure 2.12a). More com-
monly, there is a regional wind and an internal bound-
ary layer grows upward with distance, starting at the
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Figure 2.13 Schematic of typical
layering of the atmosphere over a
city (a) by day, and (b) at night.
Note the height scale is
logarithmic, except near the
surface.
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upwind rural-urban border, until it fills the whole
ABL - this is the urban boundary layer (UBL,
Figure 2.12b), that part of the ABL influenced by
the presence of a city.

At the downwind urban-rural border a new rural
boundary layer forms; so the layer of urban-modified
air becomes isolated aloft, forming what Clarke
(1969) dubbed the urban plume (since it seems to
spew forth as from a giant chimney, Figure 2.12b).
The plume contains the thermal, moisture and kin-
ematic effects of the city for tens of kilometres, and it
carries air pollutants for hundreds of kilometres
downwind. If the background wind happens to align
plumes of several cities together they can combine to
form a megalopolitan plume. These include the so
called ‘brown clouds’ originating from the eastern
seaboard of North America, south Asia and east
Asia, which are detectable thousands of kilometres
downstream.

A summary of the internal structure of the UBL by
day and by night and its scaling variables is given in
Figure 2.13a,b, respectively and Table 2.3.

In daytime, heating at the urban surface is stronger
in most cities compared to the rural surrounding. This
creates more vigorous mixing in the ML and entrain-
ment at the top of the UBL which makes it deeper
than the equivalent rural ABL; hence, the height of
the capping inversion z; is elevated over cities (see
Section 4.4). The strong mixing in the urban ML is
responsible for the commonly uniform murkiness of
the polluted atmosphere over cities during daytime.

Figure 2.14 helps to make the shape, dimensions
and even the internal structure of a daytime boundary
layer visible. The image comes from a downward-
facing lidar system mounted in an aircraft as it flies
across the coast and the city of Vancouver, Canada,
early in the afternoon of a fine day in August. This
lidar emits a laser beam towards the surface and it is
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Table 2.3 Classification of atmospheric layers comprising the urban climate system based on typical vertical
length scales (after Oke, 1984). For illustration of the layering see Figure 2.13. Symbols of common scaling
parameters are as follows: z — height above ground; zy — mean building / tree height; W — width of street
canyons; zo — roughness length, z; — height of zero-plane displacement; z; — depth of mixed layer; u, — friction
velocity; wy convective velocity scale; 64 — friction temperature, 91“ — mixed layer temperature scale (see

Chapter 4 for details on those scaling parameters).

Name of layer Definition

Common
scaling
parameters

Typical vertical
dimension®

Urban canopy From ground to the mean height of buildings/trees. It Tens of metres zny, W Micro
layer (UCL) 2 consists of exterior (outdoors) and interior (inside

buildings) atmosphere.
Roughness From ground up to two to five times the height of Tens of metres z, zy, W Micro
sublayer (RSL) ""?  buildings/trees including the UCL. In the RSL flow is

affected by individual elements.
Inertial sublayer Above the RSL, where shear-dominated turbulence ~25-250 metres (z — z4), 2o, Local
(s ¢ creates a logarithmic velocity profile and variation of U, O

turbulent fluxes with height is small (< 5%).
Mixed layer Above the ISL, where atmospheric properties are ~250-2,500 metres z;, wi, H'L'L Meso
(ML) @ uniformly mixed by thermal turbulence and usually capped

by an inversion.

() The entire layer from ground to the top of the ISL is called the ‘surface layer’ (SL), i.e. the SL includes UCL, RSL and ISL.
@ The entire layer from ground to the top of the ML that is influenced by an urban surface is called the ‘urban boundary layer’ (UBL),

i.e. includes UCL, RSL, ISL and ML.
@ Scales used in this book.

so sensitive that it records the light scattered back
from suspended particulate matter (aerosols) in the
atmosphere as well as the ground. The lighter the tone
in Figure 2.14 the greater is the particle backscatter,
i.e. greater the number of particles in the air. Airflow
is from the left across sea, where there is a marine
layer extending up to about 230 m that contains
mainly wavy horizontal layers. The layers dip down
as they approach the warmer land, probably
because the flow speeds up as it crosses the gradient
at the coast, towards the lower pressure over the
warmer land. At about 7 km from the left edge of
the image a thermal internal boundary layer (IBL)
develops near the coast as the air over the sea
advects across sand flats, over the cliffs and encoun-
ters the warmer, drier and rougher surface of the
land and city (i.e. it becomes a UBL). The internal
structure of the UBL is more vertically oriented
than over the sea. The light vertical streaks are
thermals, as air ‘bubbles’ up from the hotter surface
and punches into the overlying inversion, which
seems to induce horizontal waves aloft. The streaks
are most pronounced over the more developed parts

of the city and an industrial zone. The top of the
UBL reaches up to a height of about 700 m.

At night the NBL found in rural areas is greatly
modified in cities. Mixing, caused by heating of the
surface due to the nocturnal urban heat island
(Section 7.4) and the greater urban roughness
(Section 4.4.1), cause the atmosphere over the city
to be better mixed at night. Although the cooling
might restrict exchange in less built-up areas all the
way to the ground, in densely developed areas the
near-surface atmosphere may experience often weak
mixing and patchy elevated inversions at 50-300 m.
The depth of the nocturnal UBL is much less than in
the daytime; perhaps only a quarter of it, depending
on the strength of the heat island and roughness
effects.

The Surface Layer

The surface layer (SL) occupies the lowest 10% of the
ABL. Here, surface influences such as heating, cooling
and roughness dominate even more, and frictional
forces create most mixing. The SL over an urban area
has two parts (Figure 2.13a):
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Figure 2.14 The atmospheric boundary layer over Vancouver, Canada on August 15th, 2003, at 1337-1343 PST.
The image comes from a downfacing lidar system mounted in an aircraft flying across the city. Airflow is from
left to right and the yellow line is the approximate top of the mixed layer (z;) (Source: Dr Kevin Strawbridge,

Science and Technology Branch, Environment Canada).

* Inertial sublayer (ISL) is the upper part of the SL where
the atmosphere responds to the integral effects of
urban neighbourhoods. Over homogeneous land
cover (e.g. within a LCZ), horizontal variations are
small and the ISL can be treated in a one-dimensional
way (i.e. only changes in the vertical matter). Well-
known simplifications include the logarithmic wind
profile (Equation 4.9). The characteristics and models
applicable in the ISL are discussed in detail in Section
4.3. Also, we will see in Section 4.3 that variation of
turbulent fluxes with height is small (< 5%), so the ISL
is sometimes also termed a ‘constant flux layer’.

Roughness sublayer (RSL) is the layer below, where
the flow responds to the nature of the individual
roughness elements themselves. It is a zone of sub-
stantial flow deflection, zones of up- and downflows,
overturning, vortices and plumes arising from facets
that are warmer/cooler, moister/drier, cleaner/more
polluted than average. The situation in the RSL
needs to be approached in a fully 3-D context. The
characteristics of the flow in the RSL are discussed
in detail in Section 4.2. Common relationships such

as the logarithmic wind profile are not applicable to
the RSL which typically extends from the ground up
to 1.5 to 3 times the height of urban elements (build-
ings and trees). The upper boundary of the RSL is
termed the blending height z, (Figure 2.13).

Over horizontally extensive surfaces with low rough-
ness, the SL is mostly an ISL. Over much rougher
surfaces as one approaches the ground the flow is
increasingly affected by the presence of individual
roughness elements and the RSL becomes the domin-
ant part of the SL. This is illustrated in Figure 2.13a
by the increasing building height and the ascent of the
blending height z,, as one moves from left to right.

In city centres, it may not even be certain that a true
ISL exists (e.g. at the right edge of Figure 2.13). There
are two competing criteria for its existence. Firstly, the
ISL must be above the effects of individual roughness
elements, i.e. above the blending height z, where indi-
vidual urban elements together create a uniform
blended structure, and secondly, its properties must
be in equilibrium with a homogeneous surface.
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Since buildings and trees are typically 5 to 10 m tall
the first requirement means the bottom of the ISL
starts at least at z, = 10 to 20 m above the ground,
and since some elements can be 100 m or more in
height, that suggests the blending height z, may be at
altitudes of hundreds of metres in the core of large
cities. An ISL is unlikely to form over clusters of such
tall buildings and development of rather chaotic flow
in a deep layer tends to ‘squeeze out’ any pre-existing
ISL as its upper boundary is defined as the lowest 10%
of the total UBL height from ground.

The second requirement for the existence of an ISL
is the equilibrium with the local surface. This requires
that an internal boundary layer (IBL) forms having
been initiated at the border separating two LCZ sur-
faces. In Fig 2.12a the dashed lines curving upward
from transitions in the building size, i.e. different
LCZ, are IBLs. Such layers grow relatively slowly
(say 1 m in depth for every 100 to 300 m of horizontal
travel). Downstream from a change in surface proper-
ties to a new LCZ it takes a minimum of 1 to 3 km for
an equilibrium layer to develop up to the top of the
RSL (Figure 2.13a), and it could take 30 km or more.
Summing up the two requirements, it emerges that
whether an equilibrium ISL exists or not, depends on
the height and spacing of the elements and on the
distance in the upwind direction, to where the first
different LCZ boundary is encountered. Hence, given
the patchiness and changing physical structure of real
cities, it cannot be assumed that an ISL exists at a
given site, which is unfortunate because most of the
common micrometeorological theory and simplifica-
tions applies only to the ISL but not to the complex
flow in the RSL (see Section 4.2).

The Urban Canopy Layer

In a city the lower part of the RSL, that is the layer
below zg, i.e. the height of the main urban elements, is
termed the urban canopy layer (UCL) (Oke, 1976).
The UCL is the site of intense human activity and
exchange and transformation of energy, momentum
and water. The top of the UCL is defined as the height
of the urban elements — buildings and/or trees
(Figure 2.13). Defining the height of the urban elem-
ents is not an easy task, as evidence suggests that a few
unusually tall elements (isolated high buildings, tall
trees) play a particularly significant role in the gener-
ation of roughness and turbulence (Section 4.2.4).
Distinctly different processes and phenomena occur
near roof-level compared with those within the canopy.
At roof-level there is intense wind shear and mixing.

Deeper down within the canyon-like streets, conditions
are quite different; the canopy may provide shelter
from the main impact of the wind speed. Further, the
radiation exchange is disrupted by the increasingly
restricted view of the Sun and sky. The climate at any
point in the UCL is controlled by the unique mix of
surface properties within a radius of only a few hun-
dred metres. Their influence decays quickly with dis-
tance away from the point.

The volume of air within the UCL consists of an
exterior and an interior part (Mills, 1997a). The
exterior part is the air outdoors in pedestrian and
managed spaces (courtyards, parks), and the interior
part is the living space within buildings, the climates
of which are often controlled by space heating and/or
cooling. The coupling between the exterior and inter-
ior parts depends on the transmissivity of the
windows and the porosity of the building membranes
(walls and roofs).

The Subsurface Layer

An urban surface modifies not only the atmospheric
climate but also the subsurface thermal and moisture
régimes, from the micro- to the urban scale (Sections
7.5 and 8.3.6). The subsurface beneath the city that
includes urban soils and the below ground portions of
buildings, tunnels and pipes, collectively exchange
heat, water and air pollutants with the UCL above.
The subsurface is coupled through the surface inter-
face with the atmosphere by heat conduction and
diffusion, hence modelling urban climates requires
consideration of subsurface processes.

2.2.3 Linking the Vertical Structure to
Horizontal Scales

To gain appreciation of the different layers of the
urban atmosphere it is helpful to view it from different
vantage points and scales. The microscale UCL per-
spective is largely that of a pedestrian walking
between the elements in the street or looking out from
a ground floor window (these are the facets, buildings
and canyons seen in Figure 2.3). The climate at this
scale is spatially highly variable, so exact location in
relation to the surrounding urban elements is very
important. The local-scale ISL perspective, on the
other hand, can be compared to looking down on a
neighbourhood from the window or roof of a tall
building (the block and neighbourhood scale in
Figure 2.3). The mesoscale perspective of the ML
and the complete UBL is what one sees looking out
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of an aircraft as it flies over a city (satellite images in
Figure 2.3). The organization of this book emphasizes
the significance of the division of the urban atmos-
phere into these various layers (Table 2.3) and the
corresponding horizontal scales of the urban surface
(Table 2.1).

2.3 Defining an Urban Climate

2.3.1 The Superposition of Urban and
Non-Urban Influences on Climate

This text focuses on atmospheric phenomena gener-
ated, or processes modified by, cities. Hence we are
interested in phenomena and processes acting at the
scales of urban systems (facets, buildings, urban
blocks, neighbourhoods, cities). But remember that
atmospheric phenomena and processes are themselves
subject to modulation, even domination, by larger
atmospheric scales, especially synoptic-scale weather
and regional wind systems. So we need to separate
urban from non-urban influences when studying
urban climates.

Lowry’s Framework

Here we formally define an urban climate and ‘urban
effects on climate’ using a slightly modified version of
the conceptual framework of Lowry (1977). The
measured value of a weather variable V), (such as
air temperature, humidity, wind speed, etc.) at a sta-
tion is conceptually assumed to consist of the linear
sum of three contributions:

V=V + Ve + Vg Equation 2.2

where V3 is the background ‘flat-plane’ value of the
variable due to the macroclimate of the region, V7 is
the departure from V3 due to landscape or local cli-
mate effects such as relief or water bodies in the
vicinity and Vjy is the departure from Vp due to the
effects of human activities, including urban effects.
The contribution from each term depends on: (i) the
location of the station which is fixed; (ii) the suite of
synoptic weather types that define a climate over a
period of time; and (iii) the variable and changing
character of human influences.

Consider the situation portrayed in Figure 2.15
where the location of a weather station regulates its
source area and the contribution of Vj; to its observa-
tions. If it is located in:

+ an urban area (U) the human impacts are obvious
(Vg is likely a major term);

Figure 2.15 Hypothetical form of the areas U (urban),
A (urban-affected) and R (rural) or N (natural) — see
text for details. In (a) the zone bounded by the dashed
line is an example of an area resulting from a single
weather type with a dominant wind direction from the
south-west. In (b) the area inside the solid bounding
line is the average urban-affected zone resulting from
many weather types each with a dominant wind
direction.

* a rural area (R) where effects of human activity are
present due to land management (e.g. agriculture,
forestry) human impacts are detectable (7 is likely
relevant);

a natural area (N) where human changes to ecosys-
tems are not evident (Vy = 0);

a rural or natural area (4) that is open to transport of
urban effects from settled areas upstream. Here, the
contribution of urban effects to V), varies with
weather patterns. Over time, as the settlement
grows, the areas U and A increase, R may increase
or decrease, and N generally decreases.

Using this framework we can define the urban climate
as the ensemble of 1, values for the station located in
U, but it also includes an amalgam of background
climate, topographic and human influences. In this
location the urban effect is the dominant human
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influence and is represented by 7y which must be
separated from Vg and V7. Similarly, for a station
located in R, Vj represents the impacts of human
landscape changes but if it lies within the area 4, an
urban influence is also present. Only when a station is
located in (N) and outside the influence of the urban
area (A) can we state that V7 is absent, that is
Ve = Vg + V. However, definition is a lot easier
than evaluation, due to several knotty methodological
questions, with which we must now grapple. More-
over, this scheme does not account for the human
contribution to global climate change that affects
Vg; this is a topic taken up in Chapter 13.

Conceptual Challenges

There is little, if any, methodology that belongs exclu-
sively to urban climatology. This state of affairs is
because the diverse nature of urban systems pose
several challenging issues to the use of standard cli-
matological approaches and methods. This section
identifies some of the recurring difficulties of concep-
tualization and analysis encountered in the study of
urban climates, and some commonly used experimen-
tal approaches to avoid or minimize them. Methodo-
logical aspects of the measurement and modelling of
urban climates are dealt with in Chapter 3.

Controls on Urban Climates

The physical processes and phenomena found in the
urban atmosphere are subject to an almost bewilder-
ing list of forcings, influences and controls. In addition
to the usual ones concerning the general climate of a
place there are others due to the special nature of
cities. The former are given, or extrinsic controls on
a city’s climate, whereas the latter are a function of its
particular makeup, they are intrinsic factors. Intrinsic
features are created by the builders and inhabitants of
a city over its history and they retain the power to
alter them through planning, design and new
construction.

Some extrinsic controls such as latitude, altitude,
proximity to a water body, relief and the biophysical
character of the surrounding area are relatively,
although not always completely, static, and hence give
a relatively fixed contribution to the background cli-
mate of the city. Over shorter time scales further
extrinsic controls govern the internal dynamics of
weather: the time of day and season in conjunction
with the solar geometry of the place and its prevailing
synoptic weather situation. In particular the air mass

dynamics and the accompanying wind, cloud and
static stability conditions modulate the urban weather.
A city’s intrinsic controls are its particular mix of
urban surface properties, i.e. its fabric, land cover,
structure, and metabolism (Section 2.1.1). To those
we must add the size of the city (e.g. its diameter)
which sets the distance over which the urban surface
can interact with the atmosphere and indirectly affects
the depth of the UBL (Figure 2.12, Figure 2.13). Later
chapters will show how surface properties impact the
processes that transport momentum, heat, water
vapour and air pollutants between the surface and
the air over a city and hence how distinctive urban
effects are created in the fields of wind, temperature,
humidity, air pollutants, clouds and precipitation.

2.3.2 Dealing with the Complexity of the
Urban System

This Section grapples with the methodological chal-
lenges posed by having a multiplicity of controls
acting on urban climates at several time and space
scales and some strategies available to try to establish
experimental ‘control’ and to isolate the influence of
individual controls on urban climate processes and
phenomena.

The Multi-Scale Nature of Urban Climates

Section 2.1.2 listed the range of scales contributing to
urban climates and possible urban units that form
larger aggregates. In the course of urban climate
research it is crucial to retain a sense of the scale
appropriate to the process(es) and controls that
govern the phenomena associated with it. This is true
for both measurement and modelling. For example, if
interest is in the effect of the city’s roughness on the
airflow in the ISL or ML, it is inappropriate to use
wind measurements observed within the UCL. Nor
should we expect a numerical model resolving bound-
ary layer processes to be able to predict the wind field
around a single building in the canopy layer with any
accuracy. These are examples where the relevant
scales (here UBL and UCL) have been mixed up. This
problem may seem self-evident, but it is surprising
how often it occurs in practice.

The Role of Advection

Further, it is important to identify the active surface
relevant to the scale of the enquiry, even though the
spatial complexity of the system does not make this
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(a) 3-D field

o U(xy,2)

(b) Horizontal averaging

(c) Bulk approach
Input

Figure 2.16 Three approaches to reducing complexity in urban climate analysis of the UCL. In (a) the
atmospheric state at a point is the result of forces and fluxes in three spatial dimensions and time. Any variable is
described in a fully 3-D field. In (b) the atmospheric state is averaged horizontally to give a set of vertical layers
that is described with an average value. In (c) a bulk approach assigns a bulk average to the transfer of the
component through the top of a ‘black box’; internal details of the system are not considered.

easy (Section 2.1.1). For example, working in the SL
over many non-urban surfaces (bare ground, low
vegetation, water, ice and snow) the system can be
treated as one-dimensional (vertical) for the exchanges
of heat, mass and momentum, as long as the surface is
horizontally extensive. This is not appropriate for a
study in the urban RSL where the structure of the
active surface means that three-dimensionality is at
play. Therefore, horizontal exchanges must be
included in the analysis, because air flowing from
one active surface to a different one carries with it
the characteristics it acquired upwind (a process gen-
erally called advection). If the first surface is warmer
than the second there is a positive net heat transfer
from the first to the second, thereby adding to the
energy balance of the latter. If the first surface is
cooler, the net transport is negative and if the two
surfaces are at similar temperature there is no net
advection of heat. Analogous net transports of mass
(e.g. water vapour, air pollutants) and momentum are
also carried out by this process. Given the immense
diversity of the urban units outlined in Section 2.1.2, it
follows that advection is the norm, and it occurs at all
of the scales in Table 2.3. It is most prevalent in the
UCL because diversity is greatest there (e.g. from one
facet to another), and it is also responsible for the
transport of urban influences to downwind rural areas
in the urban plume (Figure 2.12b).

The Role of Anthropogenic Emissions

The urban climate system is further complicated by
anthropogenic emissions of heat, vapour and air pol-
lutants into the atmosphere (see Section 2.1.1). Emis-
sions may be concentrated or diffuse, single or

multiple, intermittent or continuous, surface-based
or elevated. In short, emissions are difficult to charac-
terize and all but impossible to measure. Nevertheless,
they represent a very real part of the climate system
and must not be ignored — to do so would be akin to
the over-simplification in early studies of evaporation
that neglected the active role of plants in the process
of transpiration.

Simplifying the System by Spatial Averaging
The most obvious complexity of the UCL and RSL is
its 3-D, multi-faceted and multi-layered structure.
Everything appears to be specific to a unique location;
the particular overwhelms the general, almost defying
analysis. Within the UCL active surfaces occur at
several different levels. For example, water vapour
may be released from lawns at ground level, tree
canopies at an intermediate height, water puddles on
flat roof tops and even from chimneys above that.
This complexity dissuaded most meteorologists
from working in urban environments until it was
shown in the 1980s that simplification is possible with
relatively little loss of rigour. The apparent chaos of
the RSL can be simplified by two main approaches as
illustrated in Figure 2.16. At any point, like the vector
u (x,y,z) in Figure 2.16a, the 3-D properties of the
wind field, and other variables, are the result of it
being subject to the influences of all obstacles (build-
ings, trees, etc.) and surfaces in its path. However, it
would take a multitude of such points to try to char-
acterize fully the domain illustrated. To measure the
complete wind field in that way is impossible with
presently available sensors, even using the most
advanced and detailed numerical models it is a major
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undertaking to simulate it. In many cases such detail is
neither needed nor useful.

Conceptual simplification, however, is possible in
measurement (e.g. some instruments perform path-
averaging) and in numerical models (Chapter 3).
Horizontal averaging is a simplification of the urban
system to just one effective dimension — the vertical (z)
direction (Figure 2.16b). That means the property of
interest is averaged over ‘layers’. We are no longer
interested in differences in the horizontal (x and y)
directions because we assume atmospheric variables
like wind, temperature and humidity reach horizontal
homogeneity within a relatively uniform urban unit
(e.g within a neighbourhood, Section 2.1.4). For this
to be true requires that the domain be large enough.
This then returns one value (the effective average) for
the entire layer. If enough layer averages are used a
vertical profile of the variable emerges (Figure 2.16b).
Horizontal averaging commonly considers only out-
door air, not that inside buildings. The ‘indoor’ air-
space is typically considered to be decoupled, often
mechanically and thermally, from that outdoors, by
the walls.

The bulk transfer approach is by far the simplest
(Figure 2.16c¢). In systems terminology that means the
domain is essentially a ‘black box’ — none of the
interior dynamics or patterns of the property under
study are resolved. We just describe input and output
through the box. A box volume, whose depth spans
the height of the UCL or RSL, is a useful choice,
because it effectively eliminates concerns about the
distribution of sources and sinks (of heat, mass and
momentum) and limits exchanges to those through the
top of the box. For surface properties (e.g. albedo) an
equivalent horizontal active surface can be defined at
the top of the box by using an appropriate weighting
of wall and floor surface areas. It is probably not
surprising that the complexity of model output
decreases from left to right in Figure 2.16, and the
computing time to run such models decreases in the
same direction.

All is not solved by the approaches in Figure 2.16.
Simplifying the system by using spatially averaged
layers, active surfaces and volumes has its own set of
conundrums. For example, it becomes more difficult
to assign values to ‘surface’ properties, such as the
aerodynamic roughness, thermal admittance or mois-
ture availability. There are few methods to provide
appropriate spatial averaging or weighting of such
properties, and sometimes it is doubtful if they retain

their same connotation. Equally, it is difficult to know
how to interpret the output of models that use
spatially averaged surface values as input. This can
make validation of such models ambiguous.

Establishing Experimental Control

Scientific research which attempts to experiment,
using field data, faces the problem of the variability
of natural conditions, i.e. one is unable to ‘control’
many of the factors influencing the phenomenon
under study. Careful experimental design can reduce
the problem and thereby greatly enhance the value of
the investigation. Unfortunately, many urban climate
studies have been conducted without adequate atten-
tion to provision of control (e.g. poor choice of sites,
inadequate record length, lack of stratification of data
by weather conditions, and so on). Lack of control
leaves an unstructured and incomplete data set with
little chance of obtaining meaningful or transferable
results. The intent of this discussion is to raise aware-
ness of potential complications or pitfalls lurking in
observational and modelling studies or in the inter-
pretation of the work of others, it is not to ‘freeze’ the
reader into inaction.

Attention to experimental control is essential if one
is to provide scientifically sound and transferable
answers to the following basic questions in urban
climatology:

* Do urban climate effects exist, and if so what is their
nature? (Section 2.3.3)

* What are the causes of such effects? (Section 2.3.4)

» Are the answers to these questions transferable to
other times or in other cities? (Section 2.3.5)

2.3.3 Isolating Urban Effects

Much of the history of urban climatology is tied up
with trying to answer the question: do urban climate
effects exist and what is their nature? To employ
Lowry’s framework and identify urban effects,
requires us to isolate Vy for an urban weather station
(located in U in Figure 2.15).

Pre-urban vs. After Urbanization

This is possible if we have continuous measurements
(V) for a station that was originally located in a
natural setting (i.e. located in area N where Vg = 0)
that subsequently experienced urban development.
As long as we control for the ensemble of weather
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Table 2.4 Methods to attempt estimation of the ‘urban effect’ using observations.

Method Calculation

Urban-pre- Vi =VYmu — Vmny

urban Difference between observations at
difference the same station as its environment

changes from natural (N) to urban
(U) due to urbanization.

Assumptions

Contributions of the macroclimate
(V) and topographic context (V) do
not vary over period since
urbanization began.

Issues

Stations that capture the
transformation of a landscape from
natural to urban are very rare.
Background climate may change
due to long term global or regional
climate change.

Urban-rural  Vy ~ (Vmu) — Vmr)

Contributions of Vg and V| are the

Measurements in a rural area (R)

difference Difference between observations at same at each site for weather are not equivalent to pre-urban
two stations located in adjacent rural conditions and period examined. values; the character of the rural
(R) and urban (U) areas. area is not static so the
contribution to Vi changes; station
may open to advection from urban
area, hence urban-affected (A).
Upwind- Vy =~ (VM(R) w — Vma dow,,) Contributions of V5 and V| are the  Difficult to find stations that meet
downwind (VM(U) w/Ymm dow,,) same at each site for weather the requirements because urban-
difference or Difference (or ratio) between conditions (especially wind direction) affected area (A) is unknown at
ratio observations at two stations located and period examined. start of the study and its shape and
in a rural area upwind ((R) up), and extent oscillates with weather,
one downwind, of an urban area especially wind direction.
(urban-affected (A) down).
Weekday- Vi ~ (VM Y , ) Contributions of Vg and V| are the ~ Weekend or holiday observations
weekend . () widay = T M) w er_'d same for weekday and weekend are not the equivalent of pre-urban
difference Difference between observations at datasets. Also magnitude and pattern values because human activity is

the same station, subdivided into
those on weekdays (w'day) and
weekends or holidays (w'end).

of human activities have not changed
significantly over period examined.

not absent; effects of urban form
(fabric, cover and structure) are
present in both sets of values.

types that govern the contributions of background
and topographic contributions then the difference
between V), before and after urban development rep-
resents Vy.

Implementing this procedure requires urban and
pre-urban values of V), that are stratified by variables
such as weather type, season, phenology, etc. In prac-
tice, pre-urban values are rarely available and even if
they are, it is unlikely that they were observed at a
natural site completely unaffected by human activity.
Climate stations are usually established because of
human interest in the location, such as an existing
settlement, agricultural or forest uses, transport infra-
structure, mining or other projected development.
Even prehistoric populations may have changed the
surface cover for example by burning or logging so
finding a truly natural site is rare indeed. In the
absence of appropriate observations Lowry suggests
three means to try to generate surrogate pre-urban
values: (i) run a site-specific numerical or physical
model without the urban area included; (ii) use

observations from non-urban stations whose V3 and
;. characteristics are expected to be a close analogue
of the urban site; or (iii) use statistics to extrapolate
backwards in time combined with appropriate histor-
ical information about urbanization since pre-urban
time. None of the possibilities is completely
satisfactory.

The requirements to implement this ideal scheme
are demanding in practice. Recent developments in
numerical modelling make Lowry’s means (i) the most
promising approach, especially if the model has been
tested against field observations. However, a variety
of methods have been employed in attempts to isolate
the urban effect (Table 2.4).

Urban—Rural Differences

The most common approach has been to take the
difference between present-day measured values of a
weather element at one (or more) stations located in
‘typical’ urban (U) and rural (R) areas (Figure 2.15).
If the assumption that the selected stations all have the
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same background climate and topographic influences,
and that the rural station is outside the advective
influence of the city (area 4 in Figure 2.15) are ful-
filled, then the difference between Vyy) and Vg
could be taken as a measure of the urban effect (V).

In practice, it is nearly impossible to satisfy all the
assumptions, although they can be approximated.
Lowry notes that ensuring the rural station is truly in
area R, not A4, creates a circular argument because that
decision depends on knowing whether urban effects on
the weather element are present at the non-urban site
or not. Also note that this approach assumes the
present-day rural area is a reasonable surrogate for
pre-urban conditions. Depending on the degree of agri-
cultural or other management of the non-urban site
this assumption may or may not be a good one; it
may be better to use a station in a natural area (area
N in Figure 2.15). To retain an ideal case we also need
to know if the present-day natural and the pre-urban
sites on which the settlement has been built are differ-
ent. It can be concluded that urban—rural differences
can be used as second-order estimates of urban effects,
but only if great care is exercised in the choice of
stations, especially the non-urban one.

Upwind—-Downwind Differences

Similar thinking underlies this approach, but it only
relates to urban influences on weather elements sub-
ject to advection downstream from the city. Thus, for
a given weather type, when the urban-effect areas U
and A take on a pattern like that in Figure 2.15a, it is
assumed that upwind observations represent areas R
(or N), those in the city represents area U and those
downwind represent area 4. Again, if we may assume
Vs at each site has the same values for Vg and V;, any
resulting differences between V), at upwind and
downwind stations are estimates of the urban signal.
In practice such estimates are subject to similar flaws
to those afflicting urban-rural differences, unless dif-
ferences of regional climate and topography can be
objectively ignored, and comparisons are restricted
to conditions with similar wind directions (not just
similar weather types).

If the study is longer-term, more climatological in
scope, the conceptual definition of the urban-affected
area takes on a more amorphous or quasi-circular
shape (Figure 2.15b). It is the amalgam of the shapes
of many weather types, each of which has its own
characteristics (air masses, fronts, convective patterns,
wind speeds and wind directions).

Weekday—Weekend Differences

These are used on the premise that their existence in
climatic records can only be due to impacts of the
weekly human activity cycle on the atmosphere. For
a given station, V), is divided into two subsets repre-
senting workdays, and weekend days (or holidays).
Since there is no reason for V3 or V. to vary between
weekdays and weekends at the same station then the
difference is taken to represent the urban effect (Vy).
Of course weekend days are not the same as pre-urban
days, so this measure cannot reliably estimate the
magnitude of the total urban effect of a city on the
weather element and it only signals the possible exist-
ence of effects, not their cause. Moreover, even if
evidence of human activity differences on the two sets
of days is found it is only circumstantial support, not a
physical indication as to their cause.

Other Indicators

There are other estimators of urban effects on weather
and climate, including the urban-rural ratio, which
uses the notion that if the ratio of V), values for an
urban and a downwind station exceeds unity, for an
element like precipitation, it might be due to down-
wind enhancement by urban influences. Another uses
the idea that a trend in the time series of a weather
element (or its urban-rural difference or ratio) is the
result of an urban effect. Neither approach is free of
complicating factors. Ratios are sensitive to spatial
variability of ¥ and V7, and time trends are sensitive
to temporal trends at other scales.

2.3.4 Identifying Causes of Urban Effects

Lowry provides us with a useful framework within
which to design experiments on urban effects and to
help ensure that they maintain maximum control. His
scheme helps to identify the main pitfalls to avoid, and
provides a basis for assessing the quality of results.
However, because the requirements are very hard to
meet, it is not a scheme that can be readily
implemented.

There is need for similar care in all investigations
regarding the causes of urban effects. Indeed, if the
two are to be linked in process-response models there
is need to employ methods which isolate both cause
and effect. Isolating causes is complicated by the fact
that a change in one characteristic of the urban system
often leads to modification of more than one process.
An example of this correlation is the growth of a city’s
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central core. An increase in the height-to-width ratio
of the canyons alters not only the receipt and loss of
solar radiation but also longwave exchanges and the
state of airflow. Further, in practice it is likely that
such changes in structure are accompanied by differ-
ent building materials (e.g. to those necessary to sup-
port taller structures), an increase of space heating/
cooling demand and a decrease of the area covered by
vegetation on the lot. In turn, these will cause changes
in heat storage, evapotranspiration and heat released in
the burning of fuels. As a consequence of such
changes to the central city it is quite probable that
the mean temperature is increased — a phenomenon
widely known as the urban heat island. However, if we
ask ‘what caused the warming?’ the answer is ‘every-
thing’; all the modifications mentioned here are prob-
ably involved in a complex set of interwoven relations.
This should caution us to avoid trying to attribute
effects to single causes. There is no set methodology to
isolate individual or group agents in an urban climate
system. With informed insight into operation of the
climate system it may be possible to devise measurement
and analysis strategies that permit the influence of cer-
tain controls to be examined. Four such examples are:

Conditional Sampling by Source Area

Firstly, one can filter raw observational data to
eliminate unwanted influences or isolate desired
ones. Let’s say we want to measure the wind proper-
ties (e.g. its roughness length zy) representative of an
LCZ that has a particular urban structure. But even
if the roughness assessment is upset because
upstream of the instruments there is a cluster of
much taller buildings, or an open patch that is much
smoother, the measurements can still be useful. As
long as wind direction is gathered at the same time
as the variable of interest, the information can be
binned into different wind sectors and the analysis
can be conducted, excluding times when flow is from
problematic directions. Source area analysis is a
more sophisticated approach to identify areas that
influence a sensor (see Section 3.1.1). It allows
identification of times when the signal from an
instrument is being ‘contaminated’” by the effects of
anomalous surfaces, so those data can be excluded
from further analysis. Alternatively, one can exploit
the contrasting effect of different surface properties
as the source area of a sensor changes, to isolate
surface controls on processes in the urban atmos-
phere (Crawford and Christen, 2014).

Conditional Sampling by Weather Situation

An even simpler filter can be used to extract the effect
of a weather variable. Under clear skies and light
airflow, micro- and local phenomena and the effects
of surface properties are best expressed. Subtle
changes of properties like slope angle and aspect,
albedo and emissivity, thermal properties, surface
moisture and roughness spawn a myriad of atmos-
pheric phenomena, and their statistical average estab-
lishes different urban microclimates. On the other
hand, if the synoptic pattern brings cloudy, wet and
windy conditions there is much less chance for small-
scale differentiation of urban climates. This is
because: heating and cooling is muted by the effects
of cloud, thermodynamic responses are damped by
surface wetness, and temperature and humidity differ-
ences are homogenized by mixing when it is windy.

The influence of weather on urban climate phenom-
ena is visible when studying the magnitude of the
urban heat island (UHI). A simple graphical plot of
UHI versus wind speed shows increasing UHI magni-
tude with decreasing wind (see Section 7.3.5) however,
often this relationship is associated with considerable
scatter in the data. This is partly due to other influ-
ences on the UHI, such as cloud amount and cloud
type that confound the relation. If there are sufficient
auxiliary observations, a simple way to elucidate the
relation better is to use only the data from runs with
cloudless skies. When freed from the confounding
effects of cloud, a more clearly defined relation often
emerges.

Economic, Technological and Societal Changes
in Urban Systems

Opportunities to observe experimental controls arise
spontaneously due to special events or when a particu-
lar control is terminated or altered. For example, a
labour strike can allow the impact of industrial pollu-
tants on climate to be better gauged because factory
emissions cease. Traffic restrictions applied during
large events can provide control to study urban air
pollution. For example, Song and Wang (2012) show
that measured air pollutant emissions from Beijing,
China, decreased during the 2008 Olympic Games,
due to traffic restrictions and factory closures. Other
examples include the ability to assess the effects of
space heating by comparing observations before and
after a new building is occupied, or the effects of
removing vegetation to pave an area may show up
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as differences in climate variables gathered before and
after, or a municipal ban on external water use may
allow the effect of garden irrigation on evaporation to
be examined. In extreme cases, born of devastating
circumstances, observations before and after the
destruction of a city district by fire or aerial bombing
have been used to examine the existence of urban
effects (e.g. Imamura, 1949). These are occasions
when an identifiable physical control is changed, and
provides a degree of experimental control.

Hardware and Numerical Modelling

Development of urban climate models (hardware or
numerical) that simulate field conditions (Sections 3.2
and 3.3) is the most active area of present research
seeking to identify cause-effect relations. If such
models have been successfully tested against observa-
tions, they hold great potential. For example, they can
allow the impact of proposed changes to the urban
landscape to be assessed before construction. Such
models depend upon full and accurate knowledge of
how the climate system operates, before they can be
expected to simulate conditions correctly. An interest-
ing approach is to use an out-of-doors scale model of
a building or city. Then, if observations of both the
scale and full-scale cases are conducted simultan-
eously, the synoptic weather conditions are common
to both.

2.3.5 Transferability of Results and Answers

There is need for methods to establish the compara-
bility and transferability of urban climate knowledge

Summary

and results from one city to another. One should not
transplant results about urban effects on climate
from one location to another (perhaps in a different
macroclimate), without an adequate basis for gener-
alization having been established. Some support may
be provided by empirical evidence found in closely
analogous cities, or from the output of a verifiable
urban climate model, whose input characteristics can
be specified in detail.

Munn (1973) recommends the use of dimensional
analysis (Section 3.2.1) to help overcome some of the
difficulties inherent in making results more transfer-
able. For example, in this book we attempt to provide
inter-city comparison of flux estimates by normalizing
data from different cities and expressing all results as
non-dimensional ratios. Considering energy fluxes
(QOy» OF and AQg) we use the radiant energy forcing
the fluxes (e.g. 0*). Thereby comparison of individual
fluxes is standardized to a common level of
energetic input.

If this final section appears daunting, that is not the
aim. Rather, it tries to realistically point out that cities
are very different from most rural environments, and
therefore require their own methods of study. Per-
fectly designed urban climate studies are rare, but that
should not deter work in cities. This section has been
successful if it induces a note of caution when reading
the work of others and in the design of new studies. It
directs the reader to where others may have made
errors and where most of the common pitfalls lie when
thinking about undertaking a new study. There is
plenty of scope to improve the practice of urban
climate work.

This chapter has laid out much of the conceptual framework and lexicon for what follows in
this book. The overriding message is the paramount significance of scale in studying urban
climates; whereas the physical processes are immutable their relative magnitude varies with
scale and as a consequence so does the atmospheric response.

* The smallest unit of the urban landscape is a facet like a wall or roof, which has consistent
properties, including material, slope and aspect. Facets may be combined to create an urban
element such as a building or a tree. The combination of elements creates urban features
such as canyons and blocks. The diversity of these elements makes the urban landscape
spatially heterogeneous at a microscale, however, large areas (> 1 km?) of cities tend to have
similar mix of such diversity; these are neighbourhoods, which represent a type of homogen-
eity at a larger scale. The city as a whole is comprised of neighbourhoods of varying extent
and makeup that reflects the historical development of the settlement.


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139016476.003
https://www.cambridge.org/core

Summary 43

e The urban boundary layer (UBL) describes the envelope of air that is modified by the
presence of an urban area; it can be 1-2 km deep by midday but shrinks to 100s of metres
at night. The lowest 10% of the UBL is the surface layer (SL) where the effects of the city are
most profound, its properties are gradually diluted by mixing into the overlying mixed layer
(ML). The SL is subdivided into an inertial sublayer (ISL) and a roughness sublayer (RSL).
The RSL is shallow and highly turbulent, it exhibits the microscale effects of individual
facets and elements; it extends from 1.5 to 3 times the height of buildings and incorporates
the urban canopy layer (UCL) that exists below mean roof-level. The ISL separates the RSL
from the ML; here the effects of turbulence in the RSL blend the contributions of the facets
and elements that comprise neighbourhoods.

» Toisolate an urban effect requires that other, background climatic effects are removed; these
effects include weather and climate at the global and regional scales and their interactions
with topographic variations (e.g. valleys, coasts, etc.). This is not a simple task and often
requires methodological ingenuity.

The concepts introduced in this chapter provide the framework to organize the knowledge
contained in much of the remainder of this book by scale.
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Figure 3.1 Physical scale model of central area of Oklahoma City, United States, in a wind tunnel illustrating
that the geometric similarity of building shapes is preserved (Credit: B. Leitl; with permission).

Urban climate studies are characterized by a great var-
iety of methodological approaches. Figure 3.1 shows a
scaled physical model of the downtown area of a city
(Oklahoma City, United States). The model is located in
a wind tunnel that can simulate the ambient airflow and
how the cluster of buildings interferes with the wind and
its ability to disperse air pollutants. Note the exact
scaling of the buildings in the study area and obstacles
placed upstream of the model city, which are used to
generate turbulence and create an appropriate wind
profile. Our understanding of urban climate has been,
and continues to be, developed through scientific explor-
ation that employs different but complementary

methods, each of which offers its own advantages. This
exploration should be guided by the concepts outlined in
Chapter 2, which provide a context for the application of
methods and the interpretation of results. A successful
study of urban climates is founded on clearly stated
scientific and/or applied objectives that stipulate the

* properties and processes of interest (such as air tem-
perature or turbulent fluxes),

* physical extent (domain) of the system under
consideration, and

* strategy for capturing the horizontal, vertical and
temporal variation within the system.
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For many urban climate studies, the intention is to
isolate and understand the effect that can be attrib-
uted to the processes that occur almost exclusively in
urban areas (see Section 2.3). To accomplish this, the
study must be designed to control, to the extent pos-
sible, extraneous effects that are not under study. The
urban atmosphere is fluid and its properties adjust
spatially and temporally to changing conditions at
both its boundaries (the edges of the domain) and its
internal processes (within the domain). Characterizing
this continuous field and establishing its urbanized
properties requires careful sampling both in space
and time.

Here we introduce the methods used by urban cli-
mate scientists to study climate effects. It is not an
exhaustive examination of these techniques and it
does not try to instruct you how to conduct studies.
Rather it allows the reader to understand the rationale
employed by scientists in grappling with the great
variation of effects that occur at different time- and
space-scales in a city and the difficulty in extracting
the distinctly urban contribution. This chapter
employs conceptual diagrams to illustrate principles
and uses examples from a range of studies that have
studied the urban modification of atmospheric pro-
cesses or phenomena.

The chapter is organized into four sections dealing
with the main methods used in urban climatology: field
observation (Section 3.1) that relies on measurements
of surface and atmospheric properties using sensors;
physical modelling (Section 3.2) in which observations
are made using a scaled representation of the urban
surface such as that shown in Figure 3.1; numerical
models (Section 3.3) that represent the urban surface
and simulate atmospheric processes using mathemat-
ical equations; empirical generalization and synthesis
(Section 3.4), which establishes statistical relation-
ships between parameters of the urban climate system
using any, or a combination of, the previous
approaches. The chapter concludes with a summary
assessment of the relative strengths and limitations of
each method (Section 3.5).

3.1 Field Observations

The careful recording of observations and their analy-
sis is at the heart of any scientific enterprise. Luke
Howard, working in the early nineteenth century,
utilized instruments installed on his properties to
measure atmospheric elements in the vicinity of a city.

His data, gathered on a daily basis over 25 years,
allowed him to conclude that the climate of London,
United Kingdom was distinct from that in the sur-
rounding area (see Appendix Al.1). This observa-
tional approach has provided a large proportion of
knowledge that underpins the study of urban climates.

Observations continue to play a central role in the
evaluation of urban climate effects and in the devel-
opment of understanding of the processes responsible.
Given the growth in the number and size of cities
described in Chapter 1, and the relative paucity of
urban meteorological stations, the need for regular
observations of the atmosphere in cities is probably
greater now than ever.

Observations can be as simple as written records of
events and phenomena seen. For example, the date of
spring flowering of a given tree species across a city
enables examination of temperature trends over his-
tory and spatial patterns of phenology; the behaviour
of chimney plumes to study wind; and the type and
abundance of sensitive lichens to assess the presence
and concentrations of certain air pollutants. Some
routine meteorological observations such as cloud
amount and type are still gathered by visual inspec-
tion. Observations also include measurements made
by physical devices (sensors) that respond to changes
in the environment to which they are exposed. If
sensors are calibrated so their response to change
can be recorded on an agreed scale, then there is a
basis for comparison and scientific communication of
results. A modern sensor can generate an electrical
output proportional to an environmental signal that
is captured at regular intervals and stored on a com-
puter designed for the purpose (a data-logger). An
instrument consists of one or more sensors and incorp-
orates additional signal processing of the sensor
output. An instrument platform is used to mount
and position sensors and instruments in the desired
location; they include fixed towers and ground-, air-
and space-borne vehicles. The ability to measure and
record has advanced greatly in recent decades, but the
question remains of how best to observe in a complex
and heterogeneous setting like a city.

Two main types of observations are deployed. The
first is an instrumented station situated to provide
long-term but routine urban meteorological informa-
tion (e.g. hourly readings of air temperature, pressure,
wind and pollutants). Such stations are used by
national weather service agencies or municipal
authorities, for operational and regulatory purposes.
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(a) Fixed (b) Mobile
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z /\
%
X

(c) Flow-following

Figure 3.2 Measurement over time and space using (a) fixed, (b) mobile and (c) flow-following approaches.
A fixed measurement approach observes properties at regular time intervals as the atmosphere passes by a
fixed point in space. A mobile approach observes properties through the atmosphere with a path determined
by the observing platform, here represented by a vehicle. The flow-following approach is illustrated here

by a neutrally buoyant balloon that follows airflow at a constant air density level.

The second is a field campaign established to evaluate
some aspect of the urban climate, often to answer
specific questions. These campaigns have a shorter life
but their particular foci may require instruments that
are uncommon, or are placed in dense configurations,
or record at unusually high frequency, etc. Such cam-
paigns use fixed observing sites (Figure 3.2a) similar
to routine meteorological monitoring stations as well
as mobile (Figure 3.2b) or flow-following approaches
(Figure 3.2c). Whatever the method, it is essential to
know the particular attributes of the immediate urban
environment influencing the observations, as outlined
in Chapter 2, as well as the methods employed to
gather data.

3.1.1 Instruments and Their Exposure

The choice of an instrument depends on the variable(s)
of interest, but none are unique to the study of climates
in cities. Given the variety of spatial and temporal
scales of urban climates it is essential to understand
the properties of sensors and how to deploy them. Key
concepts are instrument exposure and the related con-
cepts of fetch and source area.

Instruments and Their Sensors

Instrument sensors are either immersed (in situ) in the
medium of interest or they record it from afar (remote
sensors). An in situ sensor is intended to come into
equilibrium with ambient conditions, so that its
response can be taken as a measure of the behaviour
of the medium itself. This class of sensor includes con-
ventional meteorological instruments to measure air
temperature (thermometer), humidity (hygrometer)

and wind speed (anemometer) and direction (e.g.
vane). They respond to the varying properties of the
atmosphere as it passes by the sensor. Their response
can be designed to follow fluctuations slowly or rap-
idly. Some sensors can respond to very small fluctu-
ations that occur over short time (< 0.1 s) and space
(< 0.1 m) scales; they are associated with turbulent
motions. Instruments built with such sensors are used
to measure the variables necessary to calculate turbu-
lent exchanges of mass, momentum and energy.

The observational challenge is to expose instru-
ments appropriately, so the recorded data provide
useful information. In urban areas this means decid-
ing where to situate instruments within the urban
boundary layer (UBL), taking account of its spatial
and vertical character (Section 2.2.2).

Remote-sensing instruments have sensors that are
sensitive to energy associated with radiation (or
sound) that emanates from a surface or volume. These
sensors filter the signals linked to particular exchange
processes and capture both the direction and quantum
of the energy transfer. Many media absorb, scatter
(reflect) and transmit radiation selectively based upon
its wavelength. Remote sensors exploit this feature by
tuning to different wavelengths so as to discriminate
between different surface types and to examine atmos-
pheric responses to turbulence, air pollutants, etc.
Some instruments are active, meaning they both gen-
erate a wave signal (or beam) in a given direction and
their sensors record the depleted beam that is trans-
mitted through, or scattered back from, the object or
medium of interest. These instruments can regulate
the strength and direction of the signal they emit so
that observations can be spatially attributed. Others
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Table 3.1 Remote-sensing instrument systems used in urban meteorology and climatology. With the exception
of the radiometer these are active sensors that emit a signal and record its passage through a layer of
atmosphere. The distortion of that signal is used to obtain information about the properties of the intervening
atmosphere or surface. The choice of instrument depends on the property under examination.

Instrument
system

Radiometer

Principle of
operation

Solar or infrared

Purpose

Passively measures radiant fluxes. Facing upwards instrument ‘sees’ down-welling

radiation fluxes. Facing downwards it ‘sees’ radiation emitted and/or reflected from the
surface.
Radar Radiowaves Locates and tracks the movement of suspended materials in the atmosphere. Can be
used to acquire information on airflow, aerosols, clouds and precipitation.
Sodar Soundwaves Measures the wind field in the urban atmosphere. Can be used to estimate the vertical
wind profile and the turbulent state of the atmosphere up to a few hundred metres.
Microwave Microwaves Measures the wind field (can include all three components) in the atmosphere and

wind profiler

the overlying troposphere. Can be used to estimate the turbulent state of the
atmosphere.

RASS Microwaves / A combination of sodar and microwave wind profiler. Measures simultaneously air
Soundwaves temperature and wind profile in the atmosphere up to at least .5 km.
Lidar Light Facing upwards, locates aerosols and clouds droplets. Can be used to determine

(Monochromatic
laser)

mixing depth, cloud base and thermal inversions. By tracking movements of aerosols
some systems can also infer wind and turbulence. Facing downwards, it can acquire a
digital surface model of an urban environment (e.g. buildings, trees).

Scintillometer

Light
(Monochromatic
laser)

Measures the refractive index of air which changes with turbulent air temperature and
humidity fluctuations. Oriented horizontally it can be used to obtain area-averaged
convective fluxes over an urban area.

are passive, meaning they simply record the absorp-
tion of ‘natural’ radiant energy, such as incoming solar
radiation or its reflection from wurban surfaces.
Remote-sensing instruments are also characterized
by their field of view (FOV, i.e. the solid angle from
which the signal is received; see Figure 3.6). The FOV
of instruments range from hemispheric, which
describes a sensor that can ‘see’ from horizon to hori-
zon in all directions, to narrowly focussed ones that
are used on airborne or satellite platforms to observe
features on Earth’s surface (Table 3.1).

Exposure

All sensors record the environment to which they are
exposed; near the surface the challenge is to ensure
they are positioned to obtain their signals from appro-
priate surfaces/areas of interest. To record the influ-
ence of a particular surface on its adjacent atmosphere
requires careful consideration of the scales of the sur-
faces of interest and of the boundary layer(s) they
generate.

To illustrate, consider a simple study based on
observations of air temperature made over an exten-
sive, flat surface of short grass (Figure 3.3a). The
thermometer is housed in a ventilated shelter so its
temperature is in equilibrium with the adjacent air.
The thermometer is located away from the edges of
the grassed area at a height of 2 m, so it is located
within the boundary layer established by the homo-
genous grass surface. The thermometer responds to
the passage of a great number of turbulent eddies of
various size, many of which have interacted with the
underlying grass surface and have been warmed/
cooled as a result.

In steady wind conditions these eddies form a stat-
istical ensemble that can be used to infer the position
and size of the surface area that probably generated
the signal being monitored. This patch is called the
turbulent source area (or sometimes turbulent foot-
print); in this case it corresponds to a patch of grass
upwind. Cases 1, 2 and 3 illustrate different atmos-
pheric situations in which the source area varies in
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Figure 3.3 Illustration of the concepts of the exposure
and turbulent source area of a thermometer located:
(a) in the middle of an extensive flat surface of short
grass, and (b) at the border between extensive surfaces
of grass and asphalt. See text for explanation of the
three cases.

response to wind direction (location of the source
area) and dynamic stability (size of the source area).
Thus, sensor exposure may be translated into a turbu-
lent source area: that patch upwind to which the
sensor responds in those conditions. In these cases,
because the thermometer is located within the same
internal boundary layer (IBL), the signal is always
derived from the grass surface, even though the loca-
tion and size of the source area changes.

Now consider the challenge of obtaining equiva-
lent, representative air temperature readings over a
more complex landscape (Figure 3.3b). Imagine the
thermometer is positioned at 2 m above the boundary
between the moist grass and an asphalt surface. Both
individual surfaces are extensive, homogeneous and
flat, but each has a distinct surface climate that creates
a unique boundary layer. On a cloudless sunny day
the asphalt will usually be warmer by day and cooler
at night, compared to the grass. Depending on wind
direction the sensor is situated within the IBL of either
(or both) surfaces, and the thermometer monitors
eddies affected by the different surface types. If the
source area is asphalt (grass), the observed air tem-
perature is relatively warm (cool) during the day, and

cool (warm) at night. On the other hand, if airflow
meanders across the grass-asphalt boundary, the air
temperature fluctuates as the thermometer records a
mixture of signals. In other words, if the source area
straddles the boundary it is not simple to link the
recorded temperature to either surface type. Poor site
selection has introduced the complication of advection
(i.e. the horizontal transfer of atmospheric properties,
see Section 2.3.2). Careful planning is needed to
reduce such complications, especially where the sur-
face cover is heterogeneous in type and in size.

Turbulent Source Areas

Suppose we are interested in the effect of a neighbour-
hood (local scale) on the overlying atmosphere. As
indicated in Chapter 2, the urban landscape is com-
prised of a mosaic of climatically-active facets that
affects the adjacent atmosphere and may be advected
downstream. This heterogeneity is also scale depend-
ent, such that common assemblages of facets describe
Local Climate Zones (LCZ, Section 2.1.4, Table 2.2
and Figure 2.9) that may be considered relatively
homogeneous surfaces at a local scale. Thus, the crit-
ical decision for the correct exposure of a sensor is
based on the scale of climate effect being observed. In
this case, the instrument should be located within the
IBL developed by the neighbourhood of interest at a
height where the microscale effects of facets have been
thoroughly mixed. This distinct IBL develops at the
windward edge of the LCZ, known as the leading
edge, and grows in depth downwind (typically at a
slope of 1:100 to 1:300). The distance of the sensors
from this upwind edge in the windward direction is
termed the fetch (Figure 3.4a). In the case of an urban
neighbourhood, the microscale effects of individual
surface facets extend through the roughness sublayer
(RSL), which extends upwards to approximately
1.5 to 3 times the height of the urban elements (trees
and buildings). So, to capture the effect of the target
neighbourhood (LCZ), the sensors must be located
both sufficiently far from its windward edge and at a
height where the effects of individual facets have been
blended.

If the sensors are correctly positioned, the turbulent
source area of the signal at the measurement level can
be assessed: it will be located upwind of the sensor, but
its size and shape vary with height, wind speed and
stability. In Figure 3.4a, the fetch of the observation
site is sufficient that it is within its IBL and the sensor
is positioned well above the roughness elements. In
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(a) Side view

Wind

Leading
edge .- IBL

«— Turbulent source areq —— >

Figure 3.4 Cross-section (a) and
plan (b) views of an envelope
enclosing the ensemble of eddies
recorded by a sensor at height z,,,.
The plan view shows the

T turbulent source area of these
eddies at the surface. Isopleths
represent a given percentage of
the entire source area, darker
shading indicates a higher

Sensor

Fetch

(b) Plan view

Wind

Turbulent source
area isopleths

the case illustrated, the source area is elliptical with its
long axis aligned with the wind, however other shapes
are possible. The isopleths indicate the likely contri-
bution of that portion of the source area to the meas-
ured signal. Note the surface area closest to the
sensor is where a significant proportion of the signal
originates and that the contribution diminishes with
distance upwind. Although this case is more complex
than the simple grass-asphalt case, the logic remains
the same. If the sensor were located at the edge of two
distinct LCZ, then it can become immersed in one (or
both) IBLs, depending on the wind direction. As long
as the instruments are appropriately placed within the
IBL of a single LCZ class, then although the source
areas vary their position, size and shape they all
sample from the same surface type.

Turbulent source areas cannot be defined with con-
fidence for observations made within the RSL because
of the variety of microclimatic environments to which
the sensor is exposed. Within the urban canopy layer
(UCL) the nature of the immediate environment is by
far the most important influence and this includes the
channelling or blocking of airflow and the presence of
objects or surfaces that exert strong or anomalous
climatic influence. As the influence of individual sur-
face facets become more diluted with height above the
UCL (i.e. as the local-scale signal begins to dominate

probability of influencing the
sensor. The source area for the
sensor is fully contained within
the internal boundary layer (IBL)
that develops with distance
downwind (fetch) from the
leading edge of a new LCZ. The
sensor is assumed to be at a
height z,, sufficient for it to be
within the inertial sublayer (ISL).
The vertical scale in the figure is
exaggerated relative to the
horizontal scale.

Sensor

the microscale signals), the turbulent source area
becomes more defined. This area will vary in size
depending on the height of measurement (larger at
greater heights), surface roughness, stability (increas-
ing size from unstable to stable) and whether the
measured quantity is a flux density or a scalar (larger
for a scalar). As an example, a sensor that is mounted
at 30 m above a LCZ of medium height and density
will acquire 50% of its signal from a source area that
extends to about 0.25 km in the upwind direction
under typical daytime (unstable) conditions. However
at night (stable conditions) that distance may increase
to at least 0.75 km.

Radiation Source Areas

The source areas for radiation sensors are somewhat
simpler. In a conventional observational system a
remote-sensing instrument (a radiometer) with a hemi-
spheric FOV that points towards a flat surface
acquires its information from a circular area. Technic-
ally such an instrument ‘sees’ to the horizon but the
majority of its signal is obtained from a source area
directly under the sensor. The response of many radi-
ation sensors has a cosine-shape, which influences
how they ‘see’ the surface below. Figure 3.5 illustrates
the differences between: (a) the plan view of a regular
array of cubic elements to crudely represent
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(a) Plan view

(b) Oblique view
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(c) Hemispherical view

Figure 3.5 Views of the same surface covered by cuboid elements: (a) plan; (b) oblique; (c) the view seen by a
downward-facing radiation sensor with a hemispheric field of view (FOV). Solar azimuth is approximately 315°
as shown in panel (a) (Source: Adderley et al., 2015; CC 3.0).

‘buildings’, (b) an oblique view of them such as one
might observe from a tall building or a low flying
aircraft, and (c) the view from a hemispheric radiom-
eter mounted above the same array. The plan view
sees only horizontal surfaces (here ‘roofs’ and ‘roads’).
The oblique view more explicitly shows the 3-D struc-
ture of the buildings but sees only select parts of the
elements, for example, only two of the four walls can
be seen and the view of one of those walls is partially
obscured. The radiometer source area shows that the
instrument receives some of its signal from the sides of
the elements (building ‘walls’) in addition to horizon-
tal surfaces. It also shows that the radiometer signal is
dominated by surfaces located closest to the sensor.
A useful rule-of-thumb for a downward directed
sensor over a plane surface is that one half of the
radiant influence of the surface originates from an
area with radius equal to the height of the sensor.

A remote sensor with a narrower FOV that is
directed obliquely at the urban surface, ‘sees’ a variety
of different facets of the UCL, including roofs, walls
and roads. Each facet contributes to the total signal
intercepted by the sensor based on its radiative output
and its area projected in the direction of the sensor.
For narrow FOV sensors used to observe the surface,
the information gathered depends on the viewing
angle of the device relative to the surface. As the
distance between the sensor and surface, and/or the
FOV, increases the radiation source area usually
increases to include multiple facets (Figure 3.6). Fur-
ther, in urban areas, buildings and vegetation can
partially block the sensor’s view of the ground so the
shape of the radiation source area becomes more

complex. The representation of surfaces viewed within
the source area may be biased (e.g. shaded surfaces
may be under sampled or over sampled) depending on
the sensor FOV, position and viewing geometry rela-
tive to that of the solar azimuth and solar zenith angle.
This bias means the resultant measurement is direc-
tionally dependent, or anisotropic.

In many urban field studies, both radiation and
turbulence sensors are used. However, their source
areas may not fully overlap (Figure 3.7). If the source
areas of sensors draw from different surfaces it is
difficult to combine their observations into a coherent
description of the energy balance. For example, in
(Figure 3.7) the turbulence-based sensors have a
source area that is mostly influenced by a vegetated
patch but the radiation-based sensors have a source
area firmly within a built-up area. To avoid this mis-
match, measurement sites should be selected to have
sufficiently extensive and homogeneous surface prop-
erties. Where such sites are not available, turbulent
observations must be filtered by wind direction to
avoid non-representative surfaces and the measure-
ment height of the radiation and turbulent instru-
ments may have to be different.

Study Design

Planning an observational study must necessarily be
clear on its purpose so that decisions can be made on:
the site selection(s); the meteorological parameters to
be measured and; the required spatial (horizontal and
vertical) and temporal resolution. Clarity on these
issues allows the researcher to select appropriate
instruments and deploy them efficiently.
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Field of view

Figure 3.6 Radiation source area of a remote sensor that receives radiation emitted by and reflected from a
highly simplified and regular urban surface. The surfaces viewed within the source area depend on the

sensor field of view (FOV), location S, height z,, and, viewing geometry defined by the off-nadir and azimuth
angles. The sensor line of sight is the distance between points S and P, where P is any position in the FOV.
The off-nadir angle is the angle between the vertical (S — S') and the sensor line of sight (S — P), typically
defined for a point P in the centre of the FOV. The azimuth angle of the sensor is the angle between true
North and the line of sight projected on the horizontal plane (S’ — P) measured in clockwise (geographic)
convention. Not shown is the interference due to the radiative properties of the atmosphere (particles and gases
that absorb, scatter or emit the type of radiation involved).

Tower with sensors
wind

Turbulent source
area isopleths

Radiation source
area isopleth

Figure 3.7 Conceptual diagram of source areas showing disagreement between circular radiation (red) and
elliptical turbulent source area (blue) isopleths, for sensors within the ISL, above an urban surface. In this
example, the radiometer samples the signal from the mostly built-up surface, whereas the turbulent source area
encompasses mostly the adjacent vegetated patch.

The instrumented mast shown in Figure 3.8, illus- canyon. Note the positioning of sensors at different
trates elements of instrument siting and sensor expos-  heights to capture the climate effects generated at
ure. The mast is located within the fetch of an different urban scales. The lowest sensors are situated
extensive LCZ and has been placed in a typical street ~ within the RSL, some distance from the roof, wall and
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floor facets of an urban canyon unit. These sensors
record the microscale climate effects of individual
facets and of the canyon itself. The sensors at the
highest level are situated within the inertial sublayer
(ISL), where the turbulent flux densities are nearly
constant with height and represent the integrated
effect of the underlying local scale, neighbourhood
surface type.

Figure 3.9 illustrates a variety of platforms used to
study climate variables, processes and phenomena at
different urban scales. In the following we discuss four
strategies to measure the urban effect: fixed stations
(Section 3.1.2); mobile measurements (Section 3.1.3);
flow-following approaches (Section 3.1.4); and
remote-sensing techniques (Section 3.1.5). None are
unique to urban climate studies.

3.1.2 Measurements at Fixed Stations

The simplest way to sample an urban climate over
time is to use a conventional weather station, designed
for long-term use (decades) to observe climate proper-
ties (precipitation, wind, temperature, etc.) compar-
able to those gathered at other sites. Many of the
concepts used to site fixed stations apply to more
specialized measurement programmes (Figure 3.9,
Labels 1 to 3)

If it is only possible to have a single station, the
LCZ selected might be the largest in the urban area, or
that occupied by the highest population, or that
located where urban effects are expected to be

Figure 3.8 Sensor levels on a tall
tower located in Basel,
Switzerland installed as part of
the Basel Urban Boundary Layer
Experiment (BUBBLE; site
‘Ba02ul’, see Table A2.1). The
tower extends from ground level
through the urban canopy layer
(UCL) and roughness sublayer
(RSL) into the inertial sublayer
(ISL). Instruments located within
the UCL and RSL yield
measurements that vary spatially
whereas those from within the
ISL should not since they are
representative of the
neighbourhood scale (Credit:

A. Christen).

most marked. The minimum size of a suitable LCZ
is > 2 km? so the station can be located away from
any leading edge of the zone, and hence be in the IBL
of the LCZ. The exact placement of the instruments
(horizontally and vertically) sets their exposure and
the scale of climate effects that can be detected.
Depending on the instrument array deployed such a
site can be used to sample microscale environments
within the UCL, or the local-scale climate above the
RSL, or both.

Observing Microclimates at Fixed Stations

Stations within the UCL (Figure 3.9, Label 1) are
probably affected by the environment within a radius
of between 500-1,000 m, although this distance is
difficult to quantify and varies considerably with the
nature of the UCL and the exact location of the
instruments. For example, in a narrow street with tall
buildings on either side (LCZ 1), exposure of the
instruments is relatively symmetrical, aligned with
the street axis and includes mostly similar materials.
But in an open-set low-rise LCZ 6, characteristic of a
medium-density residential area, the source area may
incorporate a wide range of structures and surface
cover types. The site should be located within a rea-
sonably homogeneous part of the LCZ and avoid
places with anomalous structure, cover, materials or
other properties (like a relatively moist patch in an
otherwise relatively dry area, or one near a concen-
trated heat source such as a heating plant) within the
source area. If the site is within a street, ideally the
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Mobile

Flow-following

Figure 3.9 Conceptual diagram of ground-based, aerial and remote-sensing observational platforms, sorted by
their suitability to sample the entire urban boundary layer (UBL, left), the surface layer (SL, centre) or the
urban canopy layer (UCL, right), and their sampling approach (up right side). Fixed platforms (along front)
include a Stevenson Screen (1), a meteorological tower at least 1.5z high, (2), a tall tower (3), and ground-
based remote-sensing platforms (e.g. sodar, 4) or a tethered balloon with instruments that are winched up and
down (5). Flow-following approaches (along middle) include small-scale balloons tracked by cameras (6), a
tracer release experiment (7), or tetroon balloons (8). Mobile / traversing approaches (along back) include:
vehicles (9), mobile crane platforms (10), helicopters, airplanes or drones (11). Satellite remote-sensing can
characterize the surface or atmosphere across a range of scales (12).

dimensions (height, width and length) of that canyon
should be representative of the surrounding neigh-
bourhood. If the site meets these criteria, the sensors
can be expected to record the UCL microclimate that
is ‘typical’ of that zone. Figure 3.10a shows sensors
exposed to represent the climate experienced by a
pedestrian within the UCL in order to assess their
thermal comfort. This setup is designed for a research
project rather than to provide long-term measure-
ments representative of a given LCZ. Table 3.2 sum-
marizes the general guidelines for measurements of
commonly observed parameters at the microscale.

A network of stations is required if the spatial
character of urban climate within the UCL is to be
resolved. The location of each station should follow a
similar protocol to that described here but there is no

universally-applicable design for an urban network.
The best network may be specific to the city and
elements(s) to be measured.

Observing Local Climates at Fixed Stations

Above roof-level, measurements begin to represent
the influence of the full LCZ. To get an integrated
view sensors must be located fully in the ISL
(Figure 3.9, Label 2). The minimum height for sensors
is > 1.5z but the horizontal and vertical position
should reflect the growth of the IBL, which depends
on surface roughness and atmospheric stability
(Figure 3.4). For example, in a neutral atmosphere,
the IBL over buildings of medium height (7-10 m)
and density (zo > 1 m) grows at a ratio of about 1:12
but it is the lower 10% that comprises the ISL;
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Sensor

Figure 3.10 Fixed measurement sites in urban environments. (a) A temporary site used to assess pedestrian
thermal comfort in urban canyons within the UCL. Instruments for air temperature and humidity (within
the white, louvred shield), 3-D airflow (3 axis instrument on top of the tripod) and radiation in the vertical and
two horizontal planes (instruments on the three other arms) are visible (Credit: H. Mayer; with permission). (b)
Access to the ISL above a compact mid-rise district requires a tall tower mounted on top of a six storey building

(Credit: J. Voogt).

a platform at 15 m lies within the ISL of that surface if
the fetch is > 350 m. It follows that districts with tall
roughness elements require (i) use of a very tall tower,
and (i) a large LCZ. Sometimes the tower can be
mounted on top of a building (Figure 3.10b), but only
as long as it extends above the flow induced by the
building itself (see Chapter 4) and into the ISL if one
exists. Guidelines for making appropriate measure-
ments at the local scale are available (Oke, 2008), as
briefly summarized in Table 3.2.

The region between the top of the UCL and the
top of the RSL poses difficulties to measurements of
airflow. Sensors placed near roofs are unlikely to
provide representative readings, despite their eleva-
tion with regard to the ground. Roof facets are
unusually dry, warm by day, cool at night and gen-
erate complex flows. Even when the platform is
located above the UCL but within the RSL, turbu-
lence is unlikely to have sufficiently mixed the con-
tributions from individual facets to be fully
representative of the LCZ. As a consequence, instru-
ment signals vary greatly, simply by moving the
sensors horizontally or vertically, because that
exposes them to a very different mix of microscale
influences. Rooftops can however be an ideal site to
measure incoming radiation, if there are no obstruc-
tions above the horizon.

Very tall towers can reach into the lower part of the
mixed layer (ML) of the UBL (Figure 3.9, Label 3).
To access this layer, the tower must have a height of at
least 0.1 the depth of the ABL. Over, or downwind of,
extensively developed urban surfaces this can require
heights well in excess of 100 m. Suitable towers are
rarely available; where they exist the effects of their
substantial structure on the recorded signal may need
to be carefully considered.

Metadata for Fixed Stations

Observation sites must be accompanied by metadata
to fully describe the location and the instrument
system (including the sensors, their exposure and
recording schedule). If such data are absent the record
is incomplete and it is difficult to attribute any vari-
ations over time to changes in climate alone. It is
likely to be necessary to update the metadata regularly
to account for any changes affecting the site. Meta-
data describe both the local (~1 km) and microscale
(~100 m) conditions around the station, including the
surface cover, structure, fabric and urban metabolism.
At the local scale, the topographic setting of the site,
its relation to the larger urban area and the distance to
major changes in surface character should be
recorded. At the microscale, it is important to record
the properties of the instrumentation and observing
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Table 3.2 General guidelines for making meteorological / climatological measurements in the urban
environment. Choice of the height of the measurement platform (z,,) relative to the urban surface

(zg, height of buildings) is critical (see Oke, 2008).
Parameter Microscale

Air temperature
& humidity

Screen-level (1.5 < z, < 5 m).
Avoid roofs that are anomalous
climatic environments.

Local scale

Ideally z,, ~1.5 zy to ensure
adequate mixing of surface
components.

General

Avoid anomalous local influences
such as dry/wet patches and
significant sources of
anthropogenic heat (e.g. HVAC
systems).

Wind speed and
direction

Measurements are site specific.
Position of sensor with respect to
surroundings and roughness
elements is critical. Avoid roof
sites.

Must be in the ISL (i.e. above
RSL) and below IBL of the
LCZ of interest. Use tall
mast, typically z,, > 1.5 z4.

Sensors must be 2-3 tower
diameters’ distance from mounting
tower. Open tower construction is
preferred. Avoid wake zones of tall
buildings.

Precipitation Measurement is site specific and
sensitive to wind conditions.
Avoid roof-level measurements

due to anomalous wind patterns.

Same as for wind; z,, > |.5
zy (to avoid building effects).

Locate gauges at open urban sites
that meet standard exposure
criteria. Co-locate with wind
instruments on tall towers and
correct for wind effects. Snow
depth requires extensive spatial
sampling to account for drifting.

Surface Position of sensor relative to Representative values may Surface type, geometry and

temperature surface should match source area  require sampling from incident radiation required to

(via infrared with objectives. airborne or satellite correct for surface emissivity

radiometry) platforms. effects.

Radiation Site specific measurements. Sky Representative values Measurements usually made on a

(incoming) view factor determines shading require an unobstructed view  plane, unobstructed surface except
and contribution from terrain. of the sky. for specialized measurements.

Radiation Site specific measurements. For LCZ scale representative  Ensure surface directly below

(outgoing and Adijust height to give a sourcearea  values z,, > 2 zy radiometer is not anomalous.

net) for the surface of interest. Radiative divergence may need to

be considered for large z,,.

Turbulent fluxes Measurements are site specific.
Avoid roof-level measurements

due to anomalous wind patterns.

For representative values at
LCZ scale: must be above
RSL and within IBL

Same as for wind measurements.

of the LCZ of interest
(zm > 1.5-2 zp).

platform, including sensor heights, locations, tower
characteristics, surfaces underlying individual instru-
ments and information about changes in instrument
location or observing practice.

3.1.3 Mobile Measurements

Another way to sample urban climates over space is to
move the sensors through the urban atmosphere
(Figure 3.2b and Figure 3.9, Labels 9-11). Ideally,
such traverses are conducted during near steady-state

conditions so variations during the sampling period
can be attributed to the character of the place
rather than to changes in weather at larger scales
(e.g. synoptic). Traverse observations are usually con-
ducted while the measurement platform is in motion,
hence in the case of the UCL, the sensors pass through
a succession of microclimates. This is ideal for
recording scalars like pressure, temperature, humidity
and air pollutant concentrations. Traverses are not
suited for wind observations unless there is a way to
account for the effects of the sensor’s movement
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relative to the flow. Flow-following approaches
(Section 3.1.4) are available to assess airflow in all
layers of the UBL.

Traverses in the Urban Canopy Layer

It is common in urban climatology to make observa-
tions using instruments mounted on vehicles such as
cars and bicycles (Figure 3.11). Traverses can identify
spatial patterns in air temperature, humidity, surface
temperature, incoming short- and longwave radiation
and air pollutants. They are especially suited to exam-
ine parts of the urban landscape that are rarely
explored or where spatial gradients in some property
(such as air temperature) are expected to be large.
Adequately monitoring these situations with fixed sta-
tions is expensive and perhaps not possible. Traverses
can also give an overview of the diversity of microcli-
mates in an urban area, to supplement fixed station
networks and to aid in the placement of new fixed
stations.

It is possible to conduct a ‘stop-and-go’ strategy,
whereby instruments are mounted on a mobile plat-
form that stops at fixed points to gather data, before
moving to another location. Naturally, to interpret
such results it is necessary to know the location of
the platform at the time of measurement, including
its elevation with respect to a benchmark, so correc-
tions for changes of relief can be made. Inexpensive
Global Positioning System (GPS) units can be
included as part of the instrument system. This has
the advantage of recording its location, and if this is
done at regular intervals the velocity of the platform
can also be derived.

This measurement strategy, while providing spatial
information, introduces difficulties that must be
addressed before urban effects can be assessed. For
example, studies of the near-surface air temperature,
are often conducted at night under clear skies with
little airflow. In these conditions, thermal differences
between surface types are apparent in air temperature
so that a traverse exposes the thermometer to a
sequence of microclimates. However, to explain the
recorded temperature differences in terms of urban
surface types requires that other confounding effects
be removed first. This involves:

* Removing the effect of elevation changes along the
route. A first order estimate can be made by apply-
ing an average environmental lapse rate (e.g. 0.64
K per 100 m) to points along the route, but this does

Figure 3.11 Mobile traverse systems for use in the
UCL. (a) Instruments attached to a vehicle with
sensors for air and wet-bulb temperature at three
levels (1). The sensors are inside narrow, side-by-side
tubes that act as radiation shields. Water reservoirs
for the wet-bulb sensors are visible below the tubes,
and fans to ventilate the tubes on top of each unit.
Forced ventilation gives flow independent of vehicle
speed (Credit: H. Mayer; with permission).

(b) A mobile measurement system to assess human
thermal comfort including sensors for air temperature
and humidity (2), wind direction (3) and wind speed
(4), radiation in the vertical plane, oriented parallel to
the canyon axis, (5) all recorded by a central data-
logger (6) (Credit: H. Mayer; with permission).

(c) A traverse system using a cargo-bike as platform,
with radiometers (7), wind (8) and temperature/
humidity sensors (9) (Credit: B. van Hove; with
permission).
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not address the effects of microscale advection, such

as cold air drainage (see Section 12.2.2).

Correcting for cooling or warming that occurred

during the traverse. An average cooling rate can

be estimated by having the vehicle return to the
starting point, or by ‘calibrating’ measurements
against observations at fixed stations on the route
especially if they have a continuous record. One
must also consider that cooling rates in the different

LCZs traversed may be different.

* Removing occasions when the vehicle is stationary
or moves slowly through traffic. At such times extra-
neous heat sources, including the vehicle’s own
exhaust, may contaminate the signal.

Detailed information about the exposure of the sensor
to these microscale environments over the route are
also needed. As a first step, the traverse route could be
designed using LCZs as the sampling frame, that can
provide a general guide for subsequent analysis.
A limitation is that automobile traverses are restricted
to the road network, therefore they give a biased
sample of many LCZs, e.g. under-sampling of large
parks or areas without access for vehicles. Of course it
is possible to supplement with bicycle or foot surveys
to fill-in some of the non-road temperature field. Care-
ful design of UCL traverse routing prior to running
the survey is invaluable.

Traverses in the Urban Boundary Layer

Most of the UBL is not accessible by routine in situ
observations. Airborne traverses therefore offer an
attractive, but often expensive, way to sample the
UBL air volume. Aircraft (including unmanned
vehicles such as drones) can conduct horizontal

Figure 3.12 A specially modified
aircraft outfitted with
meteorological sensors for
observing conditions in the ABL.
The instrumentation suite
includes sensors to measure
aerosols (1), static pressure and
airspeed (2), wind and turbulence
(3), fast-response temperature (4)
and fast-response humidity (5)
(Credit: D. Lenschow; with
permission).

and vertical traverses through the atmosphere, espe-
cially the ML (Figure 3.12). They have been used
to measure radiant exchanges, turbulent flux dens-
ities, thermodynamic structure, air pollutant con-
centrations, cloud microphysical parameters, and
so on, in addition to conventional meteorological
elements.

Ideally these data can be used to build a three-
dimensional picture of conditions and processes in
the UBL. In practice, cost and regulation mean air-
craft operations are often limited to line traverses at a
few levels, or vertical profiles over a few locations,
perhaps organized to form a cross-section or similar.
Building a fuller 3D picture requires the combina-
tion of many systems: aircraft, balloons, and both
upward- and downward-facing remote-sensing systems
(Section 3.1.5, Figure 3.9).

Vertical Soundings

Observations above the RSL can also be made by
attaching sensors to buoyant balloons that freely float
up through the UBL, or are tethered at a location
(Figure 3.13). The simplest approach is to assume a
free-flying balloon rises at a constant rate, and to
track its path using a theodolite and record its position
relative to the observation point. These data can be
used to construct a wind profile, showing how winds
change direction and speed with height. Large bal-
loons can carry an instrument package that includes
sensors for temperature, humidity and pressure. These
are radiosondes, which transmit their monitoring to a
ground receiving station (Figure 3.13a). On-board
GPS sensors can give the positional information
necessary to derive information about winds.
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Radiosondes provide a comprehensive vertical profile
of the state of the UBL throughout its depth. It is
difficult to obtain information near the ground with
good height resolution; for that purpose there are
smaller lightweight minisonde balloons. Alternatively,
a tethered balloon (Figure 3.13b), with an instrument
package suspended below, can give detailed informa-
tion at fixed altitudes in the lower part of the UBL. This
provides several advantages over free-flying balloons:
increased vertical resolution of observations, control
over the altitude and sampling time of the sensors,
and the ability to deploy more expensive instruments
which can be recovered at the end of the flight. On the
other hand tethered balloons are limited to use in rela-
tively fine weather and are subject to aviation flight
rules. Oscillation of the balloon in the wind can affect
the measurements and requires correction.

3.1.4 Flow-Following Techniques

Flow-following methods are a special form of mobile
measurement used to track the movement of selected
air parcel(s) (Figure 3.2c and Figure 3.9 Labels 6-8).
A very simple method is to release neutrally buoyant
visual markers (e.g. coloured gas, bubbles, smoke or
balloons) that drift with the flow. These can visualize
the flow in city streets, around buildings or even across
cities. If the movement of the marker can be tracked by
photography, film, video, radar or GPS useful quanti-
tative data on flows can be obtained (Figure 3.14).
Tetroon balloons can be used to study circulation
systems and 3D winds (speed and direction) with

Figure 3.13 Vertical soundings of
the UBL. (a) Free-flying balloon
and radiosonde instrument
package (1) about to be launched
from a roof (Credit: M. Roth;
with permission). (b) Tethered
balloon launch from an urban
cemetery within a residential
neighbourhood. The lightweight
instrument package (1) is
suspended beneath the helium-
filled balloon. The balloon ascent

and descent is controlled by a
winch in the box (2) (Credit:
A. Christen).

sufficient precision to estimate the flux of momentum
and the movement of pollutant plumes over urban
areas (Chapter 4, e.g. Figure 4.28 and Figure 4.30).

Tracers

Tracer methods are ideally suited to study the move-
ment and dilution of air pollutants. A tracer is
released to simulate emissions from a point (e.g. chim-
ney) or line (e.g. road) source. Such tracers are usually
an artificial, non-toxic, non-reactive (inert) and non-
depositing compound that can be detected easily. The
height of the tracer release (UCL, RSL, ISL or ML)
must be carefully noted because this greatly affects the
movement and dilution of the plume through the
urban atmosphere. Figure 3.15 shows the results of a
field study where the tracer is released within the
urban canopy of Salt Lake City, United States. It
depicts dispersion of the tracer both at the mesoscale
(Figure 3.15a) and in the immediate vicinity (local
scale) of the release (Figure 3.15b). At the larger scale,
sampling points are positioned to form a series of arcs
downwind of the release site; they capture the disper-
sion of the tracer as it drifts downwind as a plume.
At the smaller scale, a different sampling strategy is
used: a grid of locations surround the release site to
account for the complex flows within the urban
canopy that mix the plume. Once the spatial concen-
trations of the tracer have been measured they can be
mapped (e.g. Figure 3.15) and a series of maps at
different times, during and after the release, can show
the temporal evolution of the tracer plume.
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Above-roof wind

Figure 3.14 Circulation within a street canyon in
Chicago, United States. The above canyon wind is
perpendicular to the axis of the street and drives a
vortex across the canyon cross-section. The flow
pattern is revealed by the motion of neutrally buoyant
balloons, whose positions were photographed at
regular intervals (Source: DePaul and Sheih, 1986; ©
Elsevier, used with permission).

3.1.5 Remote-Sensing Techniques

Remote-sensing instruments (Table 3.1) are deployed
near-ground level to ‘look’ upwards to explore the
overlying atmosphere, especially the UBL (Figure 3.9,
Label 4), or they are pointed down from an elevated
viewing position, to observe properties of the urban
surface (Figure 3.6 and Figure 3.7). Their innate abil-
ity to integrate over volumes and surfaces and their
ability to access the urban atmosphere from a single
location, makes these systems especially valuable in
urban climate studies.

Remote-sensing of surface characteristics is often
able to provide boundary conditions (surface tempera-
ture, wetness, state of cover) to run numerical models.
Their observations of surface conditions can also be
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Figure 3.15 Isopleths of half-hourly average sulfur
hexafluoride (SF¢) concentration in parts per trillion
at the end of a one hour tracer release, conducted
during a field observation campaign in Salt Lake City,
United States. Results are from 0100 MST 26 Oct
2000 and show: (a) a portion of the urban domain and
the associated arcs of sampling locations, (b) the
downtown domain (Modified after: Allwine et al.,
2002; © American Meteorological Society; used with
permission).

important in the evaluation of the output from numer-
ical models. Successful deployment of remote-sensing
must match carefully the scale of the source area to
the application. It must also consider whether there is
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any potential sampling bias due to anisotropy (Section
3.1.1) or the limitations imposed by the FOV of the
sensor to ‘see’, and therefore to sample, all facets of
the 3-D urban surface.

3.2 Physical Modelling

A physical model, also called a hardware or scale
model, is a simplified surrogate of a real-world system.
Physical modelling permits quasi-controlled experi-
ments, to simulate the climatic effects of one or more
variables on the system. The urban elements (e.g.
buildings, trees) are scaled and/or greatly simplified
(e.g. using cubes as buildings). Models are constructed
at full or reduced scale and its climatic effects result
from exposure to selected conditions, sometimes
described as forcings.

If the model is located outdoors, forcing depends
upon the prevailing weather, but in a laboratory facil-
ity (e.g. wind tunnel, water tank) conditions can be
fully controlled. For example, flow can be maintained
in a steady-state, surface conditions can be modified at
will (e.g. ‘buildings’ can be rearranged) and observa-
tions can be made wherever wanted (e.g. well above
the model in its boundary layer). True experiments are
possible because it is possible to examine the effect of
changing one part of the system, while holding others
constant. Practically these models are more efficient
than field observations because the latter require a
fully appropriate site and waiting for the required
weather conditions to occur. These advantages of
laboratory modelling have been exploited in many
urban studies including turbulent flow, dispersion
and transport, wind energy, mechanical forces on
bridges and buildings, snow and sand drifting, human
comfort and safety, solar access and shadows, the
surface radiation budget and energy balance. The main
limitation is physical modelling requires special facil-
ities and care to establish similitude (next section).

3.2.1 Scaling and Similitude

Physical modelling requires similarity (or similitude)
between the model and the real-world system (or
prototype) it seeks to mimic. Similitude is achieved
by ensuring a consistent match between critical ratios
of physical and atmospheric properties in both the
scale model and the prototype. This is informed by a
dimensional analysis in which fundamental quantities
such as mass, length, time and temperature are

examined with a view to preserving key relationships
between the prototype and model, albeit at a different
scale. Complete similitude requires the fluxes of mass,
momentum and energy are matched between the
model and the prototype. Generally this is not feas-
ible, because some aspects of the prototype cannot be
scaled but, since the purpose of a model is to simplify
a complex system for controlled study, it is enough to
achieve similarity of key aspects. Physical models usu-
ally seek similitude in one or more of the following:
surface geometry, fluid flow and heat transfer.

Geometric Similarity

Geometric similarity is the most basic form of simili-
tude, it simply requires the length dimensions and
angles of the prototype to be scaled consistently in
the model (Figure 3.1). This preserves areas and
volumes, the slope and aspect of facets, the shapes of
elements and their geometric relationships to each
other. For urban surfaces this means that non-
dimensional descriptors such as the canyon aspect
ratio (H/W) , plan area fractions (4, 4, etc.) and
complete aspect ratio (4., see 2.1.3 for definitions) are
preserved. Geometric similarity is needed in studies of
radiation exchange including analysis of shadow pat-
terns, reflection and exchange of radiation between
urban facets. If the study only deals with direct-beam
irradiance, geometric similarity may suffice. However,
if other processes (e.g. reflection, transmission, emis-
sion) are to be considered, further model design,
including the radiative properties of the materials is
needed.

Dynamic Similarity

Achieving dynamic similarity is much more difficult
because fluid flow and momentum transfer are scale
dependent. One measure of the relationship between
the model and the prototype is to compare the respect-
ive Reynolds Numbers (Re), which is a non-
dimensional measure of the ratio between the inertial
and viscous forces in fluids:

L
_V

Re Equation 3.1

where u and L represent a characteristic velocity
(in m s7") and length scale (in m) and v is the
kinematic viscosity (m? s7Y) of the fluid. Re is used
to classify flow regimes as being laminar or turbulent
in nature; the threshold at which this occurs is < 10,
however the transition from laminar to turbulent
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flow occurs at lower Re over rough surfaces. The
value of v for air is very small 2 x 107> m? s7})
so laminar flow is generally restricted to the thin
(< 1 cm) layer of air immediately next to a surface.
In the surface layer (SL) of an ABL with a depth (L)
of 100 m and u of 5m s™!, Re is > 107 which means
its flow is turbulent. A physical model designed to
examine flow in the UBL therefore needs to produce
a flow field with comparable values if it is to achieve
dynamic similarity. Alternatively, if the model can
be constructed at closer to 1:1 scale, this is more
easily assured.

Thermal Similarity

Thermal similarity requires that differences of tem-
perature (air, surface, subsurface) in the model
match those in the prototype. This is difficult to
achieve in scaled urban models intended to examine
the temperature of building facets, or
outdoor exchange. For example, heat transfer into
a building interior depends on the exterior and inter-
ior facet temperatures and the thermal mass of the
building envelope. The latter is a function of both
the volume and thermal properties of its materials.
To preserve similitude a model building has to have
the thermal mass of its smaller volume increased to
match the thermal response of the prototype. Prac-
tically, this can be done by adding water containers
to the interior of the scaled model thereby increasing
its thermal mass of the model bringing it closer to
the prototype.

indoor-

Model Domain and Boundary Conditions

The model domain is the physical extent (horizontal
and vertical dimensions) of the prototype under
study, often this is simply the volume enclosing the
model. At the faces of the volume, boundary condi-
tions set the values that ‘force’ the model and allow
the investigator to examine urban effects. The lower
boundary is set by the model itself and the domain
extends to include where processes relevant to the
objectives of the study exist. For example, if the focus
is the UBL that develops over and downstream from
a city then the domain must include not only that
over the scale model but also the upstream zone,
where the ambient airflow was established and down-
stream in the plume. The nature of model domains
and their boundaries becomes clearer by considering
specific examples.

Modelling Strategy

Physical models can be exposed to weather outdoors
or conditions generated in a laboratory. There is also
a distinction between models to solve applied prob-
lems and those designed to answer research questions.
The former includes studies located in a particular
urban context where the physical model attempts to
duplicate that place (e.g. Figure 3.1). These can pro-
vide information specific to that location and allow
examination of the potential effects of say introducing
a new building, or group of buildings or an entire
neighbourhood into that context. Research models,
on the other hand, tend to represent the urban surface
using generic forms, such as cubes, to represent build-
ings. These are used to gather data about the climatic
effects of different geometric arrangements of build-
ings and the impacts of altering the design by
changing the size of the elements or re-arranging
them. Such studies are ideally suited to extract general
relationships that are not specific to a place.

3.2.2 Laboratory Models

An advantage of laboratory models is the ability to
change the climatic environment at will. Here we
review models to simulate radiation exchange, ther-
mal effects, airflow and dispersion.

Laboratory Models of Radiation Exchange

A heliodon is a laboratory model to study solar radi-
ation in a building or urban context (Figure 3.16). The
light source that simulates the solar beam is suffi-
ciently small that parallel radiation is generated. This
source can be moved to any position in the sky hemi-
sphere to capture variations in Earth-Sun geometry
over the course of a day or year. Alternatively, the
source can be fixed and the physical model rotated to
achieve the same effect. The diffuse irradiance origin-
ating from the sky dome can be regulated to match the
anisotropic distribution of natural light from the sky.
Heliodons are used to study shadow patterns cast by
obstructing elements (buildings, trees), access to solar
radiation in streets and on building facets, illumin-
ation of building interior by daylight, solar heat gain
and optimal siting of solar panels in complex geom-
etries. Hence, the model at the centre must preserve
geometric similarity and sensors within the model to
record the environment must be small enough so as
not to disturb the relationship to the prototype.
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Photographs can be taken to examine natural lighting
indoors or shadow patterns outdoors.

Laboratory Models for Temperature

Figure 3.17 shows a model designed to study noctur-
nal cooling in and around an urban grass park. The
model is heated to a uniform temperature and then
placed in an isothermal chamber to simulate cooling
after sunset on a clear sky and calm conditions. In
these circumstances the relative rates of surface
cooling are controlled largely by the sky view factor,
which scales geometrically. Only geometric similarity
is preserved: the base is plywood; cube-shaped wood
blocks represent buildings; the trees that border the
park are made of foam rubber and thermometers are
attached to the floor to record surface temperature.
The entire apparatus is enclosed in a polyethylene tent
to minimize heat exchange by convection. The focus is
to study the role of urban and park structure in night-
time cooling. In another configuration the park mater-
ial was changed to simulate the effect of different
‘fabric’ (thermal admittance of the ground).

Laboratory Models to Study Airflow

Laboratory physical models can simulate atmospheric
flows and dynamics using a wind tunnel, water flume
or water tank. Flow through a wind tunnel is regu-
lated by an intake or exhaust fan at one end. The
tunnel may be open (air passes through the system
once) or closed (air is circulated), water flumes simi-
larly circulate the fluid. In a wind tunnel or fluid flume

Figure 3.16 A physical scale
model of an urban
neighbourhood exposed in a
heliodon (Sun machine). The
lights of the surrounding dome
are dimmable to provide control
over the skylight, i.e. the diffuse
solar radiation arriving at the
surface from the sky in directions
other than directly from the Sun.
The dark vertical track carries a
single light source that represents
the Sun (Credit: Welsh School of
Architecture, Cardiff University;
with permission).

Trees
(foam rubber)

Figure 3.17 An indoor physical scale model to
represent thermal conditions of surfaces in urban
neighbourhoods with parks. The model is within a
cold chamber that duplicates nighttime conditions
and the surface temperatures of the model are
measured (Credit: R. Spronken-Smith).

the model is placed in a suitable test area and its effect
on flow is explored using visual and chemical markers
and by measuring turbulence and velocities at selected
positions. A few elaborate systems also simulate tem-
perature stratification (static stability) through the use
of heating or cooling sources to create lapse (unstable)
or inversion (stable) conditions. The effect of airflow
on the pressure distribution across the facets of a
building can also be studied by a special model of a
building with tiny pressure ports built into its facets.
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A static fluid tank can be used to examine flow in
nearly calm atmospheric conditions. Tanks have the
advantage that they can be stratified relatively easily
to simulate the static stability using fluid layers of
differing density (e.g. saltiness).

In an open path wind tunnel a physical model of a
city, or part of it, is mounted in the central test section
of a tunnel, sufficiently far from the lateral and top
sides of the channel to avoid wall effects. Upwind of
the urban model spires are installed to generate an
appropriate profile of turbulent properties. These are
followed by a section with many roughness elements,
to create a vertical profile of horizontal wind speed to
match that of the prototype (Figure 3.1, Figure 3.18,
Figure 3.19). The shape of the wind profile changes
with stability so for non-neutral conditions ideally the
tunnel should be equipped to produce temperature
stratification.

There are limitations to the types of flows that can
be studied using wind tunnels. For example, it is not
possible to simulate large scale weather events (such as
atmospheric fronts) or wind systems that are affected
by the Coriolis force due to Earth’s rotation. At small
scales, these processes are of less concern. To study the
advection and dispersion of atmospheric scalars, such
as air pollutants, it is necessary to simulate both the
airflow and stability characteristics of the prototype,
which affect horizontal and vertical spread. More-
over, the nature of emission sources should be mod-
elled including their configuration (point, area, line),
whether the release point is at the ground or elevated
and if the release is continuous or intermittent
(Figure 3.19 illustrates the point). It shows a model
of a real industrial district used to measure the

dispersion of a pollutant depending on the position
of the release point. If the pollutant is introduced in
the ISL, the pattern takes on a standard plume form
(Figure 3.19b) that expands in the downwind direc-
tion. However, when emissions enter the atmosphere
from within the UCL (Figure 3.19c), the pollutant
spreads much more laterally due to deflection by the
branches of the street network.

Investigations using simple shapes such as cubes
and canyons to represent buildings and streets have
generated insight into flows in the UCL and RSL (see
Figure 4.3, Figure 4.4 and Figure 4.6). This under-
standing would not have been possible using only field
observations. Scale model studies often employ visu-
alization techniques to record properties of the atmos-
phere, including smoke (Figure 3.19), oil films and
laser light sheets that illuminate particles as they move
with the flow using high-speed cameras. Such tech-
niques can provide quantitative data as well as dem-
onstrate the complex nature of urban flows that are
often transient. Moreover, generic representations of
the urban surface have allowed the derivation of
simple empirical relationships between urban structure
(e.g. H/W) and surface roughness, they have found
wide applicability in urban meteorology and urban
design.

3.2.3 Outdoor Scale Models

Outdoor physical models use the weather to force the
investigation, so only the lower boundary conditions
(i.e. the urban surface) can be controlled. Although
real-world fields such as radiation, wind and tempera-
ture are provided, this also limits options, including
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Figure 3.19 Physical model of an industrial plant in
Ludwigshafen, Germany to study the effect of source
height on dispersion in an urban area. (a) The wind
tunnel, with geometrically scaled buildings
(foreground), general urban roughness elements
(middle-ground) and turbulence generators (spires in
background). (b) Dispersion of a tracer from source
released above canopy height (in the ISL), and

(c) below the canopy top (in the UCL) (Credit:
University of Karlsruhe; see Theurer et al., 1996

for example).

Net‘ri:diom'eter‘

Figure 3.20 Photograph of a small-scale
(approximately one-thirtieth) outdoor physical model
to assess radiative characteristics within and above an
urban area. Two radiometers aligned with the ‘street
canyon’ orientations are mounted on a vertical
traversing system to move them up and down and
measure vertical profiles of radiation. The profiles
extend from within the ‘UCL’ to well above the
‘canopy’. Radiative source areas of the instruments
change with the height of the instruments (Credit:

J. Voogt).

the processes that can be examined. For example,
dynamic similarity can only be achieved for proto-
types at near 1:1 scale, which effectively restricts their
use to airflow studies in the RSL. Nevertheless, out-
door models have been used to study radiation and
energy exchanges at facets, the mean and turbulent
properties of airflow and other near-surface properties
of air.

Outdoor Models of Radiation Exchange

Physical models have been used to examine the
effects of surface geometry on radiation exchange.
Figure 3.20 shows the setup of a study where urban
structure is represented using concrete blocks to
simulate cube-shaped buildings, so that the fabric
and surface cover can be kept constant. The con-
struction itself is placed on a rooftop with an unob-
structed view of the sky and radiometers are
positioned above the model’s ‘canopy’ to record
unobstructed upward and downward radiation
fluxes. The large array is needed to ensure that the
source area for radiation, which integrates the signal
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Figure 3.21 A physical scale model consisting of a
cube, representing a building, surrounded by a wall
enclosure, representing the neighbouring buildings.
The wall approximates the effect of surrounding
buildings on radiation exchanges at the facets of the
central cube. See text for details (Source: Mills 1997b;
reprinted with permission from Physical Geography,
1997, 18, 3, pp. 197. ©Bellwether Publishing, Ltd. All
rights reserved).

from the underlying street, walls and roofs, falls
entirely within the urban area. The design allows
the blocks to be rearranged, to modify the urban
structure. A disadvantage is that because the model
is outdoors it is subject to wetting by precipitation
that changes its surface properties. Hence, observa-
tions are restricted to dry conditions.

Outdoor Models for Temperature

Figure 3.21 shows the design of a model to examine
the effects of urban structure on the internal tempera-
ture of ‘buildings’ made of plywood. Each is repre-
sented by a hollow box, within which the air
temperature is measured using a thermocouple. The
rest of the urban environment (i.e. the neighbouring
buildings) is represented by a wall, also made of ply-
wood that surrounds the box. The model is placed on
a roof and sits on a plywood base insulated from the
roof. Four such models were created, each with a
different size of area enclosed by the wall, this simu-
lates different urban densities. To address the thermal
similitude issue, each box included water containers to
enhance its thermal mass — while this did not achieve
similitude it did allow the ‘buildings’ to respond more
realistically to the diurnal energy gains and losses.
Data from calm and sunny days (to limit the effects
of advection) were analyzed to explore the relation-
ship between urban structure and air temperature
inside the building.

Figure 3.22 A one-fifth scale outdoor physical model,
built as part of the Comprehensive Outdoor Scale
Model Experiment (COSMO) on the campus of the
Nippon Institute of Technology, Saitama Prefecture,
Japan. The model (both base and cubes) is built from
concrete coated with dark gray paint to provide
identical radiative and thermal properties. The

512 cubes are approximately 1.5 m high, have a wall
thickness of 0.1 m and have a plan area fraction

Zp = 0.25. An 11 m high measurement tower is located
in the centre of the array (Credit: M. Kanda and

A. Inagaki; with permission). See Kanda and
Moriizumi, (2009) for example results.

Outdoor Models of Airflow

Outdoor models capable of examining airflow and
turbulent exchange in the urban atmosphere are
uncommon. To meet the need for a homogeneous
upwind fetch (so that the turbulent source area of
the instruments falls within the model) and to address
the issue of dynamic similitude, the physical model
must be large. Figure 3.22 shows an array of cube-
shaped ‘buildings’, not dissimilar to those in
Figure 3.20, but at a much larger scale (one-fifth
versus one-thirtieth). An instrument mast is mounted
above the array. Results are restricted to times when
instruments are within the IBL of the urban model,
analysis is restricted to occasions when the sensor’s
turbulent source area lies within the model area. This
model is used to examine the effect of urban structure
on airflow, turbulence, dispersion and radiation
exchanges. Further, it has been used to examine the
effect of wind on precipitation receipt within the urban
canopy, which would be difficult to achieve in a
laboratory.
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3.3 Numerical Modelling

Numerical models simulate real-world phenomena
using a set of equations that link properties (e.g. air
temperature) to processes (e.g. sensible heat flux dens-
ity). Similar to physical models they can be used to
conduct quasi-controlled experiments. A variety of
models of varying sophistication have been employed
to understand exchanges of energy, mass and momen-
tum within the UBL or at the urban surface. Conse-
quently, either the state of the atmosphere is a boundary
condition for a model of the urban surface climate or the
properties of the urban surface provide the boundary
conditions for a mesoscale atmospheric model. Increas-
ingly, these two types of model are coupled in so called
urban climate models (UCMs), where the climates of the
urban atmosphere and surface evolve together in
response to exchanges to/from the surface-atmosphere
domain. In this section, the general properties of the two
types of model are introduced separately, before discuss-
ing experimental design and types of coupled UCMs.

3.3.1 Governing Equations

A numerical model of the atmosphere has a core set of
governing equations that ensures the conservation of
momentum, mass and energy. These describe relation-
ships between the pressure, energy and density
changes experienced by an atmospheric parcel as it
passes through a flow field, in response to various
forces that cause it to vary its speed and/or direction,
its temperature and humidity and its density.

Conservation of Momentum, Mass and Energy in
the Atmosphere

The principle of conservation of momentum is encap-
sulated in the equation of motion:

Di /Dt=-2Qxu—1/pVp+ g+ 7 (ms™?)

Equation 3.2

where u is wind velocity! (m s™1), Qis the spin of the
Earth (s™), p is air pressure (Pa = kgm ™' s™?) and p is
the density of air (kg m ™). This states that the accel-
eration (Du /Dt) of a mass of air is a result of the sum

! Symbols with an arrow denote three-dimensional vectors, i.c. they
have both a magnitude and direction. For example the velocity u is
a three-dimensional vector that can be decomposed into orthogonal
components in the x(u), y (v) and z (w) directions: u= (u, v, w) (see
Section 4.1).

of forces acting upon it, which include the Coriolis
force (7’ Co=2 Q x u), the pressure gradient force
(77 'n = 1/pVp), the gravitational force (g) and fric-
tional (7) forces®. These forces act on a small volume
of air with uniform properties known as a ‘parcel’. In
steady-state conditions, the sum of these forces is zero
and the parcel maintains its trajectory, travelling at
the same speed in the same direction. This description
of flow is complemented by the statement of the con-
servation of mass:

Dp/Dt=—pV-u +E — D (kgms!)

Equation 3.3

where E is the rate of emission (creation), and D the
rate of decay or destruction of atmospheric constitu-
ents through chemical reactions per unit volume. If
the fluid is treated as incompressible (Dp/Dt = 0) and,
if the chemical reactions that result in (E — D) are
ignored, then the remaining term in Equation 3.3
can be used to link the vertical and horizontal flow
fields. This approach is frequently employed because
vertical velocities are relatively small and difficult to
obtain compared to horizontal velocities.

The conservation of energy applied to an air mass
is:
DI/Dt=—p(Dp~'/Dt) + 0  (Jkg''s")

Equation 3.4

This states that the change in the internal energy
content (DI /Dr) of a unit mass is the result of changes
in density that result from compression/expansion of
that mass (adiabatic processes) and the addition/sub-
traction of heat Q (diabatic processes). The latter
concept refers to the net convergence or divergence of
the radiative and convective fluxes that cause
warming and cooling, respectively.

These conservation laws (Equation 3.2, Equation
3.3 and Equation 3.4) are linked through a shared set
of state variables, namely the pressure (p), density (p)
and temperature (7°), which are related via the Ideal

Gas Law:
p=pR.T (kgm™'s7?) Equation 3.5
R, is the specific gas constant for dry air (287.04 J kg !

K !, definedas R, = R /M,, with R the universal gas

g is the total or material derivative that represents the change with
respect to time anywhere along the parcel’s trajectory and

2,0, 0
V=f+s5+z
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constant and M, the molar mass of dry air). This,
combined with the laws of motion, allows prediction
of the thermal properties of the atmosphere.

Surface Boundary Conditions

The UBL acquires its distinctive properties through
interaction with the urban surface. So the aerodynamic,
radiative and thermal properties of this interface are the
critical boundary conditions for the development of the
UBL at all scales. The roughness of this surface acts as a
drag on the overlying atmosphere and causes removal
of momentum from airflow (these effects are discussed
in Chapter 4). This action is transferred through the
depth of the UBL via turbulent air motions. These
motions also respond to exchanges of energy at the
urban surface, which act to transfer surface properties
through the UBL. Not surprisingly then, a considerable
amount of urban climate research has focussed on
surface-air exchange of energy at the urban surface.
The statement of the conservation of energy at the
surface (see Chapters 5, 6) states that net allwave radiation
(Q™) is partitioned into a turbulent flux of sensible (Q;)
and latent (Qf) heat with the atmosphere and the con-
ductive exchange of sensible heat (Q) with the substrate:

0" =0y +0p+ Q¢

Similarly the surface water balance (see Chapter 8) is a
statement of the conservation of mass of water, at an
urban-atmosphere interface.

(Wm?) Equation 3.6

Obtaining Solutions

The essence of numerical modelling, as a scientific
exercise, is to make judicious use of Equation 3.2 to
Equation 3.6 in different settings. Depending on the
type of model (and its application) some of the terms
in individual equations (or entire equations) may be
simplified or even omitted. This may be done to focus
attention on specific aspects of the system or to make
a solution possible, easier or quicker. For example, a
model concerned with the properties of flow only, and
does not consider the effect of heating, may just apply
rules for the conservation of momentum and mass. If
such a model is applied to a small area (< 50 km) and
examines low velocities, then the Coriolis force can be
ignored as being too small to have a significant effect.
Furthermore, if the focus of attention is on steady-
state conditions then Du /Dt = 0. Thus, an oper-
ational model might have relatively few terms, but
despite being limited in scope, its focus on particular
processes and interactions offers great advantages. We

Upper boundary
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Figure 3.23 Schematic structure of the Myrup (1969)
urban surface energy balance (SEB) model. The
‘surface’ is located at a height zy and the layer between
the ground (0 m) and zj represents an isothermal urban
canopy. Transfers between the surface and overlying
air at a height z well above the urban canopy and
between the surface and substrate are shown by a
resistance symbol, i.e. the flux is proportional to the
difference in properties across a distance.

refer to the set of equations that describe the urban
system under examination, as its governing equations.
Numerical models solve the governing equations of
a system by seeking the unique value(s) that ensure
conservation of momentum, mass and energy as
needed. The following example, using a simple surface
energy balance (SEB) model may help to understand
how solutions are obtained. Myrup (1969) introduced
a model to study the urban energy balance (Equation
3.6) that represented the city as an extensive homo-
genous surface. As such, the model examined the
vertical exchange of energy at the interface between
the atmosphere and the substrate (Figure 3.23). The
challenge was to couple these two systems, which have
different response times, to energy exchanges:
whereas, turbulent sensible (Qj;) and latent (Qf) heat
are rapidly transferred into the overlying atmosphere
that responds quickly, the conduction of sensible (Q;)
heat into the substrate is slow and so is its response.
In Myrup’s model Q* was computed as a function
of Earth-Sun geometry and the turbulent fluxes Qp
and Q, were obtained as functions (f) of surface-
air differences in air temperature (AT,) and
specific humidity (Ag), respectively, across an air layer
of depth (Az). Similarly, the conductive flux Q. was
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obtained from the difference in temperature (AT)
across a layer of soil (Az). In summary:

Term Boundary Unknown
conditions
Equation

Ly =f(To) To 3.7

AT Ty~ To Equation
Oy =fT =fﬂ To Ty To 3.8

Ag ¢ —q Equation
Qp=f—="—" 49 Ty 3.9

Az Zy — 2o

AT i T, — T Equation
O =f—x7 == T To  3.10

Myrup expressed specific humidity (¢) as a function of
relative humidity and related this to surface temperature
so that each of the terms in Equation 3.7 to Equation
3.10 contains a common variable, known as the equilib-
rium surface temperature (7). As illustrated in
Figure 3.23 the model is ‘forced” by upper boundary
conditions that specify the air temperature (7) and
humidity (¢,) at a height (z2). At a lower boundary
(below depth 2d) the temperature of the soil is fixed
(Ty»)) and T is allowed to respond to changes in the
surface temperature, which generates Q. The function
terms (f') are either established values for material con-
ductivity (in the case of Q) or are obtained from
parameterizations, which link unknown properties (such
as turbulent exchange) with observed properties (such as
wind speed) as is the case for Qj and Q. A solution is
achieved by finding the value of Ty that balances Equa-
tion 3.6 using numerical methods.

Obtaining solutions for complex models is more
difficult, but follows the same rationale. The equation
of motion, for example can be decomposed into com-
ponents (u, v and w) along three orthogonal axes (x, y
and z) and the forces that act in each direction:

Du du dv dw

2
Di—atata M)

Equation 3.11
In this form the equations are described as Lagrangian
because they describe the path of an individual air
parcel over time (Figure 3.24a). This path is analogous

(a) Lagrangian
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Figure 3.24 Conceptual diagram illustrating the
difference between (a) Lagrangian and (b) Eulerian
modelling perspectives. The Lagrangian approach
follows a parcel as it moves through the flow field,
experiencing accelerations and decelerations along its
path (du/dr). The position of this parcel at regular
time intervals (z = 1, = 2, etc.) is shown. An Eulerian
approach establishes a bounded space (domain) that is
sub-divided into cells for which the time varying flow
at the centre point is obtained (0u/0t).

to the flow-following approach shown in Figure 3.2c.
Acceleration along each axis represents an instantan-
eous response to the sum of forces that it encounters at
a particular point in the flow field, identified by its x, y
and z coordinates. These equations can be written
differently, so that the perspective is Eulerian, that of
a budget at fixed locations in space (x, y and z) and
describes the flow as it passes by (Figure 3.24b). The
terms in these Eulerian equations of motion are now
expressed as partial derivatives (changes in that prop-
erty, while all other changes are held constant) and a
solution is sought for the acceleration at a fixed loca-
tion. For example, the acceleration of air along the
x-axis (Equation 3.11) can be rewritten as,

ou ou ou

du  ou
== +Vv—+w

o s -2
i o "yt (ms)

Equation 3.12
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The new term in brackets represents the transfer of
momentum in the x direction by the u, v and w com-
ponents of airflow. Equivalent expansions can be done
for dv/dt and dw/dt. Even so, these Eulerian equa-
tions are written in terms of instantaneous rates of
change, evaluated along the surfaces of a spatially
continuous velocity field.

Practically, a solution would generate an endlessly
varying velocity field that would require considerable
computer resources. Instead, more commonly, we
seek the average flow that emerges over a given period
of time associated with a given set of conditions, such
as the airflow over a building array. This is accom-
plished by decomposing the terms in the equations of
motion (e.g. Equation 3.12) into mean and fluctuating
(turbulent) components, and averaging these over a
suitable time interval such that the net force is zero
(i.e. no acceleration). Consequently the steady-state
flow along each axis results from the transfer of
momentum to that location by the average and
turbulent flows.

Numerical Discretization

Numerical modelling on digital computers requires
that differential equations, which describe atmos-
pheric fields that are continuous in space and
time, be converted to a difference form
(0t — At; 0x — Ax; 0y — Ay; 0z — Az). To implement
a model of airflow, the domain is partitioned into
discrete cells (with dimensions Ax, Ay and Az) at which
computations are performed. Those determine the
spatial resolution or cell size of the model. The model
can only resolve atmospheric phenomena that are at
least twice the size of the cell. At the boundaries of the
domain appropriate conditions must be established.
Typically, flow at the upper boundary is fixed for a
simulation run. At the inflow boundary a wind profile
describes the approaching air and, at the outflow
boundary, the modified air leaves. At the lower bound-
ary (the surface) the airflow velocity is zero.

While the distance between cells is often invariant
in the horizontal directions (Ax, Ay), that in the verti-
cal direction (Az) usually increases with height. This
variation is in response to the nature of vertical
exchanges of heat, mass and momentum that vary
most in the layer close to Earth’s surface. This
principle, that the cell resolution should reflect the
atmospheric processes under examination, holds gen-
erally in modelling. In many urban airflow models,
where buildings are represented explicitly by cells that

are impermeable, the horizontal cell spacing is closest
adjacent to building surfaces and farther apart where
the effects of individual buildings have been mixed
and diluted. The calculations are performed at the
centre point of each cell.

Like space, time must be decomposed into discrete
intervals at which calculations are performed. The
choice of the temporal resolution or time step (Af)
depends on the nature of the processes and the respon-
siveness of the system under study. The model can
only resolve processes and phenomena that last longer
than twice the time step. Those that simulate airflow
must select a sufficiently small time scale so that the
effects of changes at one cell must affect neighbouring
cells first. In other words, the choice of At depends on
the decisions made with regard to cell size Ax, Ay and
Az. If changes are advected to distant neighbour cells
during one time increment, the model calculations will
be unstable because effects will have been communi-
cated to downstream cells without affecting interven-
ing grid cells.

Unlike Myrup’s SEB example, solving the equations
of motion (and their associated scalar fields, like air
temperature) is much more difficult because each cell
interacts with its neighbouring cells, and all cells in the
domain must simultaneously at least satisfy the equa-
tions of motion and the conservation of mass. Several
computational ‘sweeps’ through the domain are needed,
with repeated calculations that adjust grid cell values
until there is little variation from sweep to sweep. When
the variation has diminished sufficiently, the modelled
system is said to have come into equilibrium with the
conditions established at the domain boundaries.

3.3.2 Numerical Experimental Design

Numerical modelling is one of the fundamental tools
(together with observations and physical modelling)
to understand urban climates. As noted, unlike obser-
vational studies, numerical models can be used to
conduct laboratory-like experiments that allow the
complexity of the real world to be simplified and to
isolate and examine the effects of modifying one part
of the system. Like physical models, there is a spec-
trum of model designs that range from the highly
abstract that are only used to guide research, to those
used to predict real-world outcomes or even simulate
the climate under future urban development scen-
arios. At the outset we can distinguish between urban
numerical models by their scale and dimensions, the
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processes included and their description of the urban
surface. Decisions on each of these are related.

Scales and Dimensions

If the purpose is to examine the effect of an entire city
on the overlying atmosphere then the model domain
must encompass the horizontal and vertical extents of
that influence, which go far beyond the dimensions of
the urban area. On the other hand, the domain for a
model designed to examine the climate of a single city
street will be smaller. In any case, it is necessary to
impose conditions at the boundaries of the domain
that represent the relationship between the domain
space and the external environment. The scale of the
model will inform decisions on cell size and time step.
For many studies, it is desirable (or even necessary) to
limit the dimensions of the domain to focus on
exchanges in one or two directions. Not surprisingly,
given the importance of surface-air exchanges, the
vertical dimension is nearly always retained. Thus, a
one-dimensional model only considers exchanges
along the z-axis and is applied to a surface that is
horizontally extensive and homogeneous so that hori-
zontal transfers can be ignored with justification. Such
models are sometimes termed ‘column’ models.
A two-dimensional model describes a domain that
represents a cross-section (x and z axes) or a plane (x
and y axes) at a fixed level. In a model of airflow along
a cross-section, the x-axis is oriented parallel to the
flow field and exchanges along this axis are treated
explicitly. This is acceptable when forces along that
axis (such as pressure gradient) dominate over the
forces that are perpendicular to the flow field. Three-
dimensional models are necessary when forces in all
three directions are relevant, such as in calculations of
the specific flow around an individual building.

Processes

Numerical models include only those processes rele-
vant to the properties under study. In the case of
weather prediction or climate models that are used
for several different purposes, the range of processes
has to be extensive. On the other hand, for air quality
models, the treatment of transport by airflow and the
atmospheric chemistry are the over-riding consider-
ations. For urban models, the processes associated
with surface-air interactions are the primary focus.
These may be restricted still further if the intent is to
examine particular features, such as the formation of
the urban heat island. The complexity of a model is
related to both the range of processes it includes and

their interaction. For example, it has been common
practice for urban models to focus on either airflow or
surface energy fluxes. Although both sets of processes
are thoroughly interdependent in reality, most models
parameterize either airflow properties (in the case of
energy balance models) or surface-air energy
exchanges (in the case of airflow models) rather than
fully model their interaction. Rather than being a
disadvantage, this ability to ‘switch off’ certain pro-
cesses and to observe the effect of others in isolation is
one of the defining attributes of numerical models.

Surface Description

The chief distinguishing feature of urban models is the
treatment of the lower boundary or urban surface
(Section 2.1). About the simplest representation is that
of a two-dimensional ‘slab’ that has specified aerody-
namic, radiative and thermal properties. This may be
appropriate for mesoscale models that cover a large
domain with coarse grid cells that do not have the
vertical resolution or computational resources needed
to resolve processes within the UCL. However, the
resulting simulations of surface properties, such as
temperature, are difficult to validate, because they
do not correspond with any location in the real-world.
On the other hand, the smaller domains of sub-city
scale models allow for more realistic treatment of the
urban surface including horizontal and vertical het-
erogeneity. For example, many models represent the
UCL as a street canyon (see Section 2.1.2) in the
urban structure that is defined by its dimensions (wall
height, street width and length) and orientation. Deci-
sions on all of these matters are based on the purpose
of the modelling experiment, our understanding of the
urban climate systems and the capacity of the com-
puting resources. Obviously there is an inverse rela-
tionship between model simplicity and computational
speed, however, it does not follow that the most com-
plex model is best for every investigation. It may be
the case that a well-designed, simple model that
requires few resources is the most appropriate.

The results of modelling experiments must be valid-
ated if they are to provide useful insights into and
prediction of surface-atmosphere processes. Thus,
modelling and observational techniques are comple-
mentary — just as modelling can provide direction for
observational studies, the latter can support the mod-
elling decisions and generate the data necessary to
evaluate model simulations. It is common practice to
compare the results of models with the published
results of field campaigns or laboratory experiments.
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However, genuine validation would require that the
model simulates the exact circumstances associated
with a field campaign and that variables common to
both are selected for comparison.

Types of Urban Climate Models

There are a great many different UCMs that could be
categorized, based on the properties discussed above,
many of which are functions of the size of the model-
ling domain and the degree of simplification that this
entails. Here we choose a simple twofold division into
micro-/ local-scale UCMs (with an emphasis on the
RSL and the UCL) and mesoscale UCMs (with an
emphasis on the UBL above the RSL). This division is
one of convenience only because these models can be
coupled, so the results of one can provide boundary
conditions for the other. As computing resources have
increased, the number of surface-atmosphere pro-
cesses included in models has increased, the descrip-
tion of the urban surface has become more detailed,
the domain extent has increased and cell size has
diminished. At the same time, our understanding of
the urban-atmosphere has also developed so we have
become more attuned to the processes that are signifi-
cant at different scales and where modelling attention
should be concentrated.

3.3.3 Micro- and Local-Scale Urban Climate
Models

The horizontal and vertical dimensions of micro- and
local-scale modelling domains are approximately
equal and their focus is to capture the climatic effects
of the properties of the urban surface; its cover, struc-
ture and fabric. Within this category of models we can
distinguish between those that focus on the fluxes of
momentum (airflow), or energy (the SEB) or mass
(water balance, air quality). The more sophisticated
models couple these exchanges, so the properties of
the surface and atmosphere evolve together. Models
may also incorporate a representation of some aspects
of urban metabolism, for example the anthropogenic
heat flux Qp (see Section 6.2), water applied for irri-
gation or air pollutant emissions.

Computational Fluid Dynamics Applied to Cities

Models able to simulate airflow around obstacles are
usually classed as computational fluid dynamics (CFD)
models. These solve the equations of motion numeric-
ally but the complexity of the UCL means that these
computations are usually performed on generic urban

surfaces, such as building arrays, or around individual
buildings where considerable attention is paid to the
description of the building surface and form. Their
focus on the airflow disturbance by the urban surface
is often reflected in the selection of a cell size that is
smallest adjacent to obstacles. There are several types
of CFD models, based on their approach to imple-
menting the equations of motion and the resources
required to do so. They include: RANS (Reynolds
Averaged Navier-Stokes), LES (Large Eddy Simula-
tion) and DNS (Direct Numerical Simulation)
models.

Not surprisingly, CFD models can consume an
extraordinary amount of computer resources if the
situation under examination is complex and simula-
tions proceed by very small increments towards a
solution. Initially, such models were limited to studies
in the architectural engineering field to establish the
effect of individual large buildings on airflow and vice
versa. Until recently, computer resource limitations
prevented their application to urban meteorological
problems, such as the dispersal of hazardous airborne
materials within the UCL. However, this is changing.
As an example, Figure 4.10 shows the instantaneous
turbulent flow calculated by a CFD model for a
simple cube-shaped building that is part of a
regularly-spaced array of identical buildings. Similar
flows are observed in wind tunnel models showing
highly complex patterns in building wakes as eddies
are shed downstream.

Energy Balance Models

The number and range of SEB models, reflects the
history of urban climate research (Figure 3.25).
Whereas first generation models considered the effects
of changes in fabric associated with urban areas (e.g.
Myrup, 1969; Figure 3.25 1la), the second address the
effects of urban structure. Faced with the diversity of
urban features, model designers adopted the 2D
canyon form to represent city streets as the most
common repetitive microscale urban form after single
buildings. This 2D structure forms the basis for many
urban SEB models. For example, the original Town
Energy Balance (TEB) model (Masson, 2000) is a
single layer UCL model that represents the 2D struc-
ture of an urban canyon (Figure 3.25 1b; Figure 6.9).
It simulates the SEB for a representative UCL micro-
scale setting characterized using a set of geometric,
radiative and thermal properties that describe the
basic canyon structure and fabric. Sources of anthro-
pogenic heating may be prescribed by the user. These
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Figure 3.25 Selected modelling strategies for urban canopy models with increasing complexity. From left to right
(a to ¢) complexity of the surface increases from (a) a point, to (b) a 2D canyon cross-section, to (c) representing
ground, wall and roof of a simplified cubic building with four facets; the increase from front to back (1 to 2)
shows the addition of additional vertical layers in the urban canopy layer (UCL). For simplicity, the most
complex case (2¢) does not show all points of the grid, just a few representative ones in the lower right corner of
the model. The computational requirements increase dramatically from left to right (a to ¢) and from front to

back (1 to 2) depending on the number of layers added.

models represent the atmospheric properties in the
UCL at single point for each grid cell, along with
surface conditions for the facets represented. To
incorporate urban vegetation cover the model may
be combined with a separate vegetation model in a
tile scheme (see Figure 3.27).

For canyons the SEB is solved using the equilib-
rium surface temperature (7)) approach (Equations
3.7-3.10) for each canyon facet (wall or street).
Since the SEB for each facet depends on that of
the other canyon facets, iterative techniques are
used to obtain T values for each facet that are
consistent with both the established boundary con-
ditions and the T at other facets: only then can the
SEB for the entire canyon unit be obtained. As these
models have evolved, the horizontal extent of the
domain has expanded to include both buildings and
the intervening street canyons so as to better repre-
sent the 3D structure of the urban surface
(Figure 3.25 lc).

The addition of multiple layers in the UCL and
RSL provide greater resolution to the UCL
(Figure 3.25 2a—) and can output specific values for
screen-level, mid-canyon, roof-level, etc. Urban

surface properties may be coupled to the multiple
layers; for example the model of Martilli et al.
(2002) provides for a distribution of building heights
rather than a single mean building height. Multi-layer
numerical models may represent the urban surface
structure in 2D or 3D form (Figure 3.25 2b,c). Other
model characteristics may be used to further categor-
ize SEB models (e.g. Grimmond et al., 2010). These
can include: which SEB terms are included in the
model, for example, some models represent only dry
impervious surfaces and thus do not represent Q, the
method by which individual fluxes such as AQg and
Qp are calculated, the ability of the model to represent
the orientation of street canyons and the manner in
which multiple reflections of radiation are calculated.

3.3.4 Mesoscale Urban Models

These models focus on the development of the UBL as
a result of interactions with the underlying urban
surface. Their domain must encompass the urban
effect, which extends vertically into the ABL and
horizontally beyond the city’s edge. As a consequence,
the horizontal extent of the domain is much larger
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(perhaps two orders of magnitude) than its vertical
extent and the grid cells generally have a coarse reso-
lution (often far greater than 1 km in the horizontal
direction). For most, the UCL is too ‘thin’ to be
included explicitly as a vertical layer(s) and its effect
must be parameterized. There have been few numer-
ical models designed explicitly to study urban climates
at this scale. Instead, mesoscale models that have been
designed for general use are modified for urban appli-
cations by introducing urban surface properties at the
lower boundary to account for the distinctive rough-
ness and thermal properties and the emission of air
pollutants.

Coupled Urban Climate Models

As numerical boundary layer models have evolved,
greater consideration has been given to exchanges
within the SL, including process within both vegeta-
tion and urban canopies. Modern numerical models
with large regional-scale domains (10° to 10® m in the
horizontal) can have cell dimensions that are small
enough (< 10% m) to include many of the horizontal
variations found in urban areas. Nevertheless, dealing
with the complexity of processes within the RSL
(including the UCL) is still prohibitive in this context.

A common approach is to couple a mesoscale
model (that incorporates the city) with a suitable local
scale model and apply the concept of horizontal aver-
aging to the RSL and UCL (see Figure 2.16D).
Coupled UCMs are configured so that a mesoscale
model provides the upper boundary conditions neces-
sary for the smaller model, which in turn provides the
lower boundary conditions for the larger model
(Figure 3.27). Such models are sometimes referred to
as being ‘nested’ and in some instances there may be
multiple levels of nesting. The local-scale model may
also itself consist of multiple parts. For example, some
UCMs treat vegetation completely separately from
the built portion of the urban surface. In this land-
surface scheme, two models are required, referred to
as ‘tiles’, one representing the vegetation and one the
built portion. The outputs of the individual tiles are
weighted according to the overall vegetated and built
fraction in the grid cell they represent and then com-
bined. Tiles may also be defined for other major sur-
face types such as bodies of water. The combined
results may then be used in further calculations in
both the local and mesoscale models. In contrast,
some UCM integrate vegetation directly into the
urban structure. This adds significant complexity to

the model but has the potential to provide more accur-
ate results than the tile approach.

The coupling between models can also be config-
ured to be ‘one way’; in this mode, typically the larger
scale model output is interpolated to the grid of the
local scale model and used, along with surface condi-
tions, to force the local scale model. These results are
then saved for output without being communicated
back to the larger scale model. This approach is com-
putationally less expensive than a full two-way
coupling but may be less accurate.

Validation of these models needs consideration of
the spatial and temporal representativeness of both
the model simulations and the field observations. In
many cases these models use spatially averaged sur-
face characteristics that are reflected in their simula-
tions. Hence, field observations that are used for
validation purposes must recognize the source areas
of the measurements and the need for proper instru-
ment exposure, as described in Section 3.1.

Appropriately validated coupled models have many
important applications, including weather and air pol-
lution forecasting, assessment of climate change
impacts on cities and adaptation measures, scheduling
of water and energy resources, and testing urban design.

A Modelling Experiment

To illustrate the power of numerical models, espe-
cially when confronted with a challenging urban prob-
lem, we present the results of a pioneering experiment
conducted more than three decades ago using the
Urban Meteorology (URBMET) model (Bornstein,
1975). URBMET applied the two-dimensional form
of the equations of motion to a simulated domain that
extended 100 km in the along-wind direction (of
which the urban area occupied 12.5 km) and
1.65 km in the vertical. This domain was divided into
just 16 x 16 cells (owing to limited computer
resources) with uniform spacing in the horizontal dir-
ection and variable spacing in the vertical. Results of
three experiments are shown in Figure 3.26. In each
simulation the initializing flow is for a neutral atmos-
phere that is in equilibrium with a non-urban surface.
In the first experiment a ‘rough’ urban surface
(equivalent to about six-story buildings) is introduced
(Figure 3.26a). As the airflow encounters the rougher
city, flow near the ground is retarded and convergence
that generates uplift occurs. Similarly, at the lee edge
of the city, rapid acceleration over the smoother rural
area causes divergence and subsidence. After six hours
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Figure 3.26 Three experiments using URBMET (see
text) are shown. The first (a) incorporates the urban
surface as a rough boundary and examines the
influence on horizontal wind. The second (b) treats the
urban surface as warm and shows its effect on air
temperature in the UBL and (c) horizontal wind. The
third (d) treats the urban surface as both warm and
rough and shows its impact on horizontal wind
(Source: Bornstein, 1975; ©American Meteorological
Society, used with permission).

of simulated time, the effects of the city are seen to
affect conditions up to a height of several hundred
metres and extend several kilometres downwind of
the city.

In the second experiment, the urban surface is not
distinguished by its roughness but is prescribed to

cool more slowly than surrounding rural areas after
sunset. After 12 hours of simulated time the city
surface is 6 K warmer than the rural surface. This
warmth generates a heat island of 3 K in atmosphere
that spreads vertically and horizontally as a plume of
warm air that drifts downwind (Figure 3.26b). This
warming results in a weak, thermally-driven circula-
tion above the city that draws near-surface air from
the rural area into the city. Superimposed on the
general airflow pattern, this circulation enhances
horizontal flow through the city, which extends
downwind at higher elevation. Flow above, and near
the surface downwind of the city is retarded, because
the thermally-driven circulation opposes the regional
airflow (Figure 3.26c).

In the final experiment, the effects of both city
roughness and warming are examined. The urban
airflow effect is shown as an elevated zone of weaker
winds, above and upwind of the city and a zone of
enhanced winds near the urban surface and downwind
of the city. The highest velocities are located at an
elevation of 200 m, 3.5 km downwind of the city
centre (Figure 3.26d). This relatively simple model
demonstrates the potential of numerical models gen-
erally to investigate problems that would be virtually
impossible to address using field observations or phys-
ical models.

3.4 Empirical Models

Models based on statistical relationships between
system variables, obtained from observations or from
more sophisticated models, are described as empirically-
based. They suffer physical rigour because they are
fundamentally restricted by the information upon which
they are based. As a result they offer little diagnostic
insight, but they can be of descriptive value and of great
practical value by providing rapid simulations using
only simple computers (such as those needed by emer-
gency response teams). Many of these models often take
the form of a regression equation, which predicts the
value of one (dependent) variable (y;) as a function of
another (independent) variable (x;), e.g.:

Vi=a+bx) Equation 3.13

where 3, is the predicted value of y; for a given value of
X, ais the intercept (the value of ; at x; = 0) and b is the
slope of the relation (the change in y; for a change in x;).
Any parameterized function can be used to describe the
result as a function of several input parameters.
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Figure 3.27 The computational domain of a 3D mesocale numerical model with grid cells superimposed on an
urban landscape. The right-hand side shows an enlargement of a single grid cell, with the associated tiles for
urban and vegetated areas of the land-surface scheme (Modified after: Krayenhoff et al., 2014).

A simple example that illustrates both the power
and limits of such models is the convective heat trans-
fer coefficient (/.) which is used to estimate the sens-
ible heat flux density (Q) at building facets:

On=h(To—T,) (Wm?)

where T is the surface temperature and 7, is the
adjacent air temperature. Values for /. have been esti-
mated in many studies using different construction
materials (e.g. glass, wood and brick) under both
laboratory and field conditions. Observational data

Equation 3.14

of Qy, To, T, and air velocity (u) are needed to derive
a statistical relationship between Qj; and the adjacent
air velocity for a given surface-air temperature differ-
ence. One of the best known expressions is based on

Summary

observations of heat loss made at the external vertical
surface of a rectangular, glazed and tall (> 45 m) build-
ing. Airflow was measured 1 m away from the facet and
these were statistically linked to observations of hori-
zontal wind (ujp) at a nearby weather station. Two
expressions were derived for the windward
(h. = 0.2+ 1.8u19) and leeward (i, = 1.7 4 0.2uy0)
faces of a building (Sharples, 1984). Such results are
of great practical use, because they permit estimates of
heat loss at the outer surfaces of buildings without the
need to undertake detailed measurements. However,
the model is limited: it contains no explanatory power
and its application is, strictly speaking, restricted to
circumstances similar to those under which it was
derived.

This chapter has attempted to draw together the variety of techniques used to explore the
urban effect, and there are a great many. A number of texts either discuss the methods above in
considerable detail, or else demonstrate the method in practice. The essential points relate to
each of the major methodologies discussed here:

* Our knowledge of the urban effect is derived from field observations of the urban surface and the
overlying air. The data that are derived must be interpreted within the context of the measurement
environment, which is heterogeneous in character. Consequently, one must be aware of the
instrumentation and its exposure to the urban environment under study, which for some
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instruments will vary with the state of the atmosphere (and wind direction, in particular). The
important decisions are the positioning of the instrument platform horizontally and vertically
within the urban landscape. A well situated instrument will record data that can be reasonably
attributed to the character of the underlying surface through the instrument’s source area.

Examining the urban climate effect through observations alone is limited by the ability of
technology to record the effect and the impossibility of observing the effects of all combin-
ations of urban elements. Practical restrictions on accessing parts of the urban atmosphere
also limit observations. Numerical modelling allows us to examine and test our understand-
ing of how cities affect climate and vice versa. There are a large number of such models of
varying sophistication that have developed, which can be fruitfully employed to simulate the
urban effect and to conduct experiments by isolating certain processes of interest. For
studying many urban effects, the subtle nature of the changes and the complex interactions
between the urban drivers means that numerical models are the only viable tools. Successfully
evaluated numerical models are an important urban planning and design tool (Chapter 15).

* For a great many studies, scaled physical models can provide a useful alternative to either

field observations or numerical modelling because they allow the researcher to regulate both
the nature of the urban surface and the properties of the overlying atmosphere. Moreover,
they allow instruments to be positioned precisely with regard to the effect under examination.

It is important to understand that these methods are complementary. Numerical models
require input parameters and meteorological drivers and data to evaluate their simulations.
Decisions about where and what to measure are informed by the insights provided by
modelling efforts. Each method has both advantages and disadvantages (Table 3.3); usually
no one method is sufficient to investigate or to fully understand a phenomenon. Coherent
understanding of the urban-atmosphere system is most likely to be gained when the insights
acquired by using different approaches are combined and synthesized.

Table 3.3 Relative strengths and limitations of methods used in urban meteorology and climatology.

Method Advantages Disadvantages
Field Records ‘real-world’ urban conditions including all Lack of experimental control. Vagaries of weather may
observation scales of influence. Provides data to test models. limit measurement period or otherwise constrain

planned study. Measurement errors always present.
Equipment can be costly.

Physical Provides experimental control and allows detailed Requires careful design to ensure similitude. Requires
modelling observation of urban effects. access to specialized facilities, e.g. flume, wind tunnel.

Expensive. Requires testing against field observations or
numerical results.

Numerical Gives complete experimental control and can account Assumptions can be restrictive, unrealistic or too
modelling for all scales of climate. Can give predictions that theoretical. Requires testing against field observations to
possess practical utility. establish confidence. Output can be voluminous.
Empirical Useful summary of results that are often quite Little diagnostic value, portrays descriptive relations.
generalization complex. Simple to apply. Limited applicability, little transferability to other

locations. Requires input data from another method.
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Figure 4.1 Pedestrians at street level struggle with wind during a storm in Tokyo, Japan (Credit: Y. Tsuno /
AFP / Getty Images; with permission).

When it is windy a pedestrian in the street finds strong
gusts in some places with winds seemingly coming
from almost any direction, whilst it is almost calm
in other places. This apparent chaos, although com-
plex is in fact an amalgam of flows responding to
different forces acting across the range of urban scales
discussed in Chapter 2. Here we concentrate on
unravelling the contributing flows. The large-scale
driving force is usually the pressure gradient force
responding to the pressure patterns seen on a weather
map, but the resulting wind is modified by the atmos-
pheric boundary layer (ABL) of the region. That in

turn is modified by the roughness and thermal effects
of the city itself, including responses to the structural
form of neighbourhood, the street network and the
microscale effects of buildings, trees and even the
effect of moving vehicles. Figure 4.1 illustrates
the capricious nature of wind at street level during a
wind storm in Tokyo, Japan. In the foreground
a pedestrian is bent into the wind, lowering the body’s
centre of gravity and taking short tentative steps
to make progress. In the background, another person
sheltered by the building, occupies a calm spot, just
metres away.

77
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In this chapter large-scale (regional and synoptic)
forcing is taken as given, the focus is unpacking the
smaller-scale urban wind patterns to show their
nature and causes. We start at the scale of a building
(microscale) and progress up to the scale of an entire
urban region (mesoscale). The study of airflow is
central to understanding the formation of distinct
climates close to the ground because it is the turbu-
lent exchange between the surface and the atmos-
phere that defines the ABL. The structure of this
chapter is based on the layering of the urban bound-
ary layer (UBL) described in Chapter 2. We work
our way upwards through the UBL, starting with the
roughness sublayer (RSL, Section 4.2), followed by
the inertial sublayer (ISL, Section 4.3) above, where
the effects of individual buildings and trees have been
thoroughly blended. We then explore the overlying
mixed layer (ML, Section 4.4) where contributions
from different structural zones within a city are
mixed together to form the outer envelope of
the UBL.

Before describing urban winds Section 4.1 reviews
basic principles governing airflow to refresh under-
standing and establish nomenclature for what follows.
More experienced readers can move directly to
Section 4.2.

4.1 Basics of Wind and Turbulence
4.1.1 Mean and Turbulent Parts

Wind - the flow of air in the atmosphere — is
described as a 3-D vector, u = (u,v,w), that is it
includes the horizontal velocity components u, v,
and vertical velocity component w (all in m s™').
In most cases, the wind blows roughly parallel to
the terrain because flow is constrained by the pres-
ence of the ground. Hence, over flat terrain, the
horizontal components u and v are typically much
larger than the vertical component w. This is why
weather stations can reasonably simplify wind to a
two dimensional vector, using a (horizontal) wind
speed u;, = vu? +v2, and a horizontal direction of
origin ¢ (in degrees from geographic north, clock-
wise). However, when the wind is forced to flow
around and over sharp-edged buildings and trees it
can undergo substantial uplift and sinking and the
average vertical component w is not necessarily zero.
To illustrate, revisit the experiment of DePaul and
Sheih (1986) who released flow-following balloons

in an urban canyon in downtown Chicago, United
States (Figure 3.14). Their balloons rise on the left
(leeward) side of the canyon, then move across the
top to the windward wall and subsequently sink
down the right (windward) side. All balloons,
although released at different times, consistently
follow that trajectory. Hence, wind in the RSL is
characterized by flow with non-negligible vertical
motions — there are distinct regions of uplift and
downdraft. This is best described by a 3-D field of
vectors u (x,y,z).

Further from the surface, in the ISL and ML, the
influence of individual buildings decreases and the
assumption that the average vertical wind compon-
ent w is much smaller than the horizontal wind com-
ponents « and v, is again fulfilled. The quasi-planar
flow in the ISL is a major reason to conceptually
separate the ISL from the complex 3-D flow in
the RSL below (Chapter 2). However, as we will also
see, the average vertical wind component in the
ISL and the ML is not exactly zero in all cases,
because we might experience large-scale uplift and
subsidence over cities, which is sufficient to affect the
regional flow and for example cloud formation (see
Chapter 10).

At Earth’s surface, airflow is brought to a halt and
the kinetic energy of the wind is transformed into
thermal energy (heat). The presence of the surface
extends upward as a frictional force into the atmos-
phere, the depth of which depends on the roughness of
the surface and the dynamics of the atmosphere. At
some height, this force becomes negligible and flow is
governed by the remaining forces, especially Coriolis
force (?’ co) and the synoptic-scale pressure gradient
force (17" ) — this is the free atmosphere (FA). In
steady-state conditions, the resulting flow is the gradi-
ent wind (i). The effects of cities on airflow are only
relevant in the ABL, where the effects of surface
friction and heating are significant.

Reynolds Decomposition

If one were to measure wind at a given point over a
period of time of any length, the record would show
considerable fluctuation over short intervals. This
apparently haphazard sequence of gusts and lulls is
produced by turbulence, which describes short-term
motions embedded within the airflow.

Reynolds decomposition refers to a scheme that
decomposes the wind velocity components into a
mean and a deviation from the mean, which describe
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the mean wind and the turbulent fluctuation, respect-
ively, hence,

u=u+u
v=v+V (ms™1) Equation 4.1
w=w+w

the overbar (e.g. #) indicates an average obtained over
a relatively long time period (~30 min), whilst the
prime (e.g ), indicates the instantaneous deviation
from the average. Wind components with an overbar
describe the average 3D wind field, whilst the devi-
ations represent short-term turbulent fluctuations
superimposed on this field. Turbulence generally
refers to perturbations operating at time scales smaller
than 30 min. Conceptually, we conceive of these
quasi-random fluctuations, as caused by eddies, par-
cels of the flow that rotate at higher and lower veloci-
ties relative to that of the mean flow. One can visualize
eddies as pockets of air that are moving faster or
slower than the average. If a slower moving pocket
passes a measurement point, it is felt as a lull, if a
faster moving eddy passes by, it is felt as a gust. The
three graphs in Figure 4.2 show measured traces of u,
v, and w. The time traces are separated into a mean
(thick line) and a fluctuating part (grey shaded areas).
Eddies that cause the gustiness of wind are visible as
events that fluctuate around the mean. Note that by

3r 1 1

il 1 mrﬂ AM M“Mn A.MAMMM!L/W

definition the sum of the deviations from the mean is
zero, that is, ' = 0,7 =0 and W' = 0.

The turbulence embedded
described in several ways. One approach is to average
the squared deviations from the mean and taking the
square root thereof (i.e. the standard deviation o).

=Vu?, 6,= V2, and o, = V2 (ms™)

Equation 4.2

in a flow can be

The turbulence intensities of the wind components are
retrieved by dividing o, o, or o,, by the magnitude
of the mean wind vector |u| = \/u? + 7> + w2 It is
useful to present the distinction between the mean and
turbulent components by partitioning the total kinetic
energy of the flow into its parts. The mean kinetic
energy per unit mass (MKE/m) is the kinetic energy
of the mean wind components:

MKE %’ 4+7v>+w?
m 2

(m*s7%) Equation 4.3

The turbulent kinetic energy (TKE) per unit mass of a
flow is determined by the sum of the contributions by
each component,

TKE 2 +v2 +w?
m 2

(m*s™?)  Equation 4.4

Figure 4.2 Traces of the three
components of the wind vector
u = (u,v,w) recorded inside an
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4.1.2 Production of Turbulence

Turbulence is generated by both mechanical and
thermal processes, which together ensure the ABL
is nearly always in a turbulent state. The relative
contribution of either process depends on the struc-
tural properties of the surface (its roughness or
smoothness) and the strength of the sensible heat flux
density (Qy,) at the surface (the result of the surface
energy balance).

Production of Mechanical Turbulence

When air flows in different directions and/or with
different speeds, the resulting velocity gradients or
wind shears create internal forces in the atmosphere.
If these forces are sufficiently large, they become
dynamically unstable and initiate the transfer eddies,
parcels of air that are displaced from their current
position into slower/faster moving flow resulting in
gusts/lulls. The development of these eddies causes
disruption in the flow and converts MKE to TKE.

These velocity gradients are greatest close to
Earth’s surface due to the frictional force imposed by
the ground and its roughness elements (e.g. buildings
and trees) on the flow, called drag. Over a flat, smooth
surface, skin drag dominates because of the ‘no-slip’
condition that states air movement must come to a
standstill very close (<1 cm) to a surface. At this
scale, the kinetic energy of the atmosphere must be
transferred to a laminar layer where molecular viscos-
ity takes over. Over rough surfaces, it is form drag that
dominates as airflow interacts with roughness elem-
ents protruding into the atmosphere. The pressure
perturbations induced around these elements by the
wind create chaotic flow patterns with lower velocity,
including wakes, that become detached from the elem-
ents, thus creating strong velocity gradients. Figure 4.3
visualizes the nature of mechanical turbulence using
smoke in a wind tunnel. The turbulence in (a) is pri-
marily caused by skin drag, whilst in (b) there is also
turbulence caused by form drag of the building, in
particular behind the building. If the drag imposed
by the surface on the airflow (in N) is expressed
per horizontal surface area (in m2), this is a stress
(in N m~2 = Pa).

In a turbulent atmosphere, this stress causes air in
layers close to the surface to transfer horizontal
momentum vertically from the higher layers, where
wind is typically faster, to layers closer to the surface,
where wind is slower. This momentum flux in the ABL

Figure 4.3 Smoke visualization of dispersion from a
point source release located at ground level with
roughness elements upstream. (a) Flow over a flat
plane and (b) same but with a cubic ‘building’
model added (Source: Hall et al., 1997; with
permission).

is primarily made possible by displacement of turbu-
lent eddies, that randomly move up and down and
mix their properties with the surrounding air. This is
a turbulent momentum flux also called Reynolds stress
(7). The turbulent eddies carry momentum surplus
(or deficit) downward (or upward) to a new level
where they mix with the flow, and add (or subtract)
momentum to (or from) that level. At a given height
downdrafts are on average sensed as relative gusts
(called sweeps), which are faster eddies that originate
from higher levels where momentum is greater.
Updrafts are, in the majority of cases, sensed as rela-
tive lulls in speed (called ejections) and come from
lower levels where momentum is lower. This turbulent
mixing of momentum eventually reduces the wind
gradient.
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A momentum transport can also be achieved if
momentum surplus or deficit is transported vertically
by a non-zero mean wind (called momentum
advection), or even on a molecular scale due to the
viscosity of the atmosphere (called viscous stress).
Whilst momentum advection is relevant in the urban
atmosphere at a range of scales from flow around
individual buildings (Section 4.2.1) to flow across
entire cities (Section 4.3.1), viscous stress is only rele-
vant in the laminar region of the atmosphere, directly
adjacent to any surface (< 1 cm).

Production of Thermal Turbulence

Thermally generated turbulence results typically from
surface heating. Parcels heated more effectively by the
surface impose a buoyancy force relative to colder and
denser air surrounding them. The buoyancy force
(working against gravity) accelerates the less dense,
warmer parcels called thermals or plumes. Thermals
are made visible when we see a cloud rising from a
chimney. Thermals create friction and mixing between
themselves and the surrounding air as they rise. TKE
from thermal turbulence is greatest when buoyancy is
strong, which results in a strong Q; that transports
heat away from the surface. Vertical motion can be
also suppressed by density stratification of the atmos-
phere. If the surface is cooler than the atmosphere
above, the coldest (and densest) air stays closer to
the surface and vertical motion will be dampened,
i.e. TKE will be consumed.

Scales of Turbulent Motion

Mechanically generated eddies are relatively small and
scale with the size of the roughness elements. On the
other hand, thermally generated eddies scale with height
above the surface and are only constrained by the pres-
ence of the ground and the depth of the ABL. As a
consequence, the two sources of turbulence result in
eddies with different scales. When flow is dominated
by mechanical eddies, we only observe small fluctu-
ations in the recorded wind velocity that reflect the size
of the obstacles (roughness elements) embedded in the
flow. Over an extensive grass surface, most mechanically
produced eddies are so small that most of them take as
little as a fraction of a second to pass, but over an urban
surface, most eddies are larger and may take tens of
seconds to pass.

When thermal production is dominant, flow is dom-
inated by even larger thermal eddies with a wide range
of sizes, the largest of which can take several minutes to

transit and are clearly felt as gusts with intermittent calm
periods. Typically, both production processes operate so
that eddies of varying size coexist in the atmosphere.
Whilst the influence of smaller mechanically generated
eddies tends to decrease with distance from the surface,
thermally produced eddies scale with height above
ground and become more efficient in mixing properties
in the ML. What is typical about the urban atmosphere
is that both, mechanical and thermal production are
exceptionally large. Over a wide range of space and time
scales, they cause the strong, incessant fluctuations that
characterize the traces of wind in Figure 4.2.

Dynamic Stability

The sum of thermal and mechanical production deter-
mines the total production of TKE, and hence at a
given wind velocity the turbulence intensity. The ratio
between thermal production (or suppression) to mech-
anical production is called dynamic stability and deter-
mines the nature of the turbulence. This includes forces
acting on the air and size and shape of eddies. Table 4.1
summarizes different dynamic stability classes and the
corresponding values of Q and Reynolds stress (7).
The closer to neutral, the more the flow is characterized
by mechanical turbulence production. The more
unstable a flow is, the more dominated it is by thermal
production. In a stable situation part of TKE is con-
sumed by the density stratification of the flow,
although mechanical production in cities is typically
so strong part of the turbulence can be maintained.

4.1.3 Dissipation of Turbulence

Eddies are by definition transient features with short
lifetimes. Larger-scale eddies are asymmetrically
shaped; for mechanical turbulence, the kinetic energy
of the vertical wind component w2 is typically much
less than the horizontal components (12 = v2). Again
this is because vertical motions are constrained by the
ground but horizontal motions remain relatively
unfettered. These larger eddies break up into smaller
ones, which causes a continuous transfer of TKE to

progressively smaller eddies with shorter lifespans.
Smaller eddies show no preference for spatial elonga-
tion and flow at this scale is therefore said to be
statistically isotropic (i.e. W =2 = w?). Eventually
the smallest eddies reach a level whereupon the TKE
is opposed by the air’s viscosity, this turns their kinetic
energy into sensible heat. This energy transfer from
kinetic energy to heat is called dissipation of
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Table 4.1 Turbulence régimes in the atmosphere.

Sensible heat flux

(Qy) and

Reynolds stress (7)

Dynamical Processes

stability

Typical situation

Stability
parameter(" (¢)

Very unstable Buoyant plumes produce Calm daytime, no Qy >0 < -1
(free convection) exclusively thermal turbulence.  cloud, substantial T~0
Mechanical production is absent. irradiance
Unstable Mechanical and thermal Daytime, moderate Qy >0 -1 <{<0
turbulence production both wind, moderate >0
important. irradiance
Neutral Only mechanical turbulence Daytime or nighttime  Qy >0 ¢~0
produced. Buoyancy neither with strong wind, >0
enhances nor suppresses overcast, no or little
turbulence. irradiance
Stable Turbulence produced Nighttime, moderate  Qy < 0 0< <l
mechanically, but buoyancy wind >0
suppresses vertical fluctuations
and consumes turbulence.
Very stable No turbulence created. Nighttime, calm, Qy k0 1 <
Buoyancy suppresses vertical cloudless =0

motions.

() The stability parameter ¢ = (z — z4)/L is defined by the Monin-Obukhov Similarity Theory (see Section 4.3.3) and only valid in

the ISL.

turbulence. The heat released by the process of dissi-
pation is so small it is not considered in the heat
balance (Chapter 6).

4.2 Flow in the Roughness Sublayer
4.2.1 Isolated Buildings

The primary determinants of urban surface roughness
are the buildings. Unlike vegetative elements buildings
are impermeable, inflexible and usually sharp-edged.
Their intrusion into the mean wind causes form drag,
and forces strong perturbations in their vicinity and
downstream, spawning wakes characterized by
decreased MKE and increased TKE. Buildings also
often possess distinct radiative, thermal and moisture
properties so they become the source of dry thermal
plumes causing thermal turbulence. Together these
mechanical and thermal attributes dictate the length
scales of flow and turbulence in the surrounding atmos-
phere, especially in the urban canopy layer (UCL).
Gaining full understanding of the three-
dimensional wind field around a real building from
observations is a daunting task, because the spatial
complexity requires deployment of multiple wind

sensors and the temporal variability requires long
sampling periods. As a result most of our knowledge
comes from physical or numerical models where
experimental control is more readily achieved (see
Chapter 3). Buildings can then be miniaturized or
are virtual, and details of the surrounding structures
and properties of the approach flow (speed, direction,
turbulence, and static stability) can be simulated.
Firstly, we look at the simple case of an isolated
cubical building where the mean approach flow is
perpendicular to its windward face (Figure 4.4). In
reality the wind is turbulent so its direction continu-
ally varies and the instantaneous angle of incidence is
not fixed. The effect on the building is to generate
pressure perturbations on its facets that pulsate with
the variations in the approach flow. Flow in the
vicinity of a building is highly dynamic for two fur-
ther reasons: (i) the air must deflect around and over
the building, (ii) flow over an extensive surface can
stay attached to it (the no-slip condition), but when it
encounters sharp edges it must detach, and flow
separation takes place. Immediately behind the
corner of a building the lower surface pressure causes
flow to recirculate against the approach flow creating
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()

Figure 4.4 Typical patterns of airflow

> around an isolated cubic ‘building’.
(a) Side view with unobstructed flow

A from the left at normal incidence
(0°), showing the displacement zone
B, the cavity C and the wake D. (b)
Plan view near ground level of same
flow as in (a). (¢) Plan view of flow
with the building oriented at 45° to

the approach flow (Modified after:
Meroney, 1982 using Yakhot et al.,
2006).

a vortex. Although the flow field in Figure 4.4, and
other diagrams here appear fairly complex, most
emphasize the mean flow rather than its turbulent
nature, which is difficult to depict. This should be
borne in mind when following the discussion below.
For a more realistic appreciation of flow around

buildings, it is instructive to watch continuous visual-
izations of wind tunnel experiments or animations of
computer simulations.

As oncoming flow (A) approaches a building the
mean flow streamlines are displaced, due to the build-

up of a positive pressure perturbation on the wind-
ward face (see displacement zone B, Figure 4.4). Air
diverges vertically and laterally to flow over and
around the building. The maximum positive pressure
perturbation is about two thirds of the way up the
centre of the windward face of the building, the
stagnation point (Figure 4.5). There all kinetic energy
of the flow is transformed to a pressure head and the
air is brought to rest. The flow diverges in all direc-
tions from this point: up over the roof, around the
sides and down the front. There are regions of
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(a) Wind facing side

Roof vortex

Corner vortices

Ambient wind

(b) Lee side

Turbulent
wake

negative pressure perturbation on the roof, side walls
and leeward face of the building which create suction
and induce air to circulate in the reverse direction to
the main flow. If the building length in the direction
of the flow (L) is greater than its height (H, i..
L/H > 1) the flow re-attaches to the roof and
side walls.

Some of the air deflects down the face of the
building to the ground. There it streams away from
the face and back towards the approach flow, under-
cutting it and causing it to separate from the ground
upwind and forms a standing eddy vortex near the
base. This roll-like structure often includes more than
one vortex line oriented with its axis of rotation
normal to the approach flow, i.e. parallel to the front
wall. The ends of these vortices stretch around the

Figure 4.5 Features of the flow
around an isolated cubical
building with approach flow
normal to one face. Viewed from
the (a) windward, and (b)

leeward side (Modified after: Hunt
et al., 1978; Martinuzzi and
Tropea, 1993 and Meinders et al.,
1999).

Horseshoe
vortex

sides of the building and are carried downstream to
form a characteristic horseshoe shape (Figure 4.4,
Figure 4.5). The ‘arms’ of the horseshoe are a pair
of counter-rotating vortices which define the lateral
edges of the building wake downstream near the
surface.

Behind the building the flow structure is complex;
flow separation dominates, as it streams past the rear
edges of the side walls and roof leaving a suction zone
in the lee of the building. This is the cavity zone C,
which is part of the overall wake zone D, of the
building (Figure 4.4). The cavity is a three-
dimensional recirculation zone formed by both an
along-wind roll due to flow over the roof, plus two
horizontally-oriented rolls due to lower pressure
behind each side wall. The dimensions of the cavity
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are approximately those of the building in the vertical
and lateral directions (i.e. typically 1 to 1.5H or its
width, L), but in the along-wind direction the
cavity length extends about 2 to 3H from the lee
face for cubic obstacles, growing to about 12H for
those where H /L is small (Meroney, 1982). Behind
the rear corners of the building vertically-oriented
separation zones create strong spiral vortices rising
like pillars (Figure 4.4b, Figure 4.5). These entrain
some fluid from the horseshoe vortex and whirl it
upward meeting to form an arch across the rear
face. The top of the pillars feed fluid with high
turbulent kinetic energy into the flow coming over
the roof and a pair of elevated counter-rotating
vortices trails downstream (Figure 4.5). The cavity
circulation is not completely self-contained but it
restricts exchange between air inside and outside
the cavity. It causes downwash, which occurs when

air pollutants are drawn down into a recirculating
roll behind an obstacle (smokestack, building).
Material can be transported into it via the main
streamline over the roof and can exit vertically via
the corner spiral vortices as they trail downstream.
The overall wake zone includes the effects of the
building in extracting MKE from the flow (i.e. pro-
ducing shelter) and the generation of TKE.
The height of the wake typically grows to about
3 or 4H at 10H downwind, and wake effects on
the flow persist from 5 to 30H downwind. The pair
of elevated vortex streams persists even further
downstream.

The effects of a single isolated building on the
vertical profile of the horizontal mean wind () are
shown in Figure 4.6a. Upwind of the building (I), the
profile is in equilibrium with the underlying surface.
At location (II) the profile responds by accelerating,
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due to the confluence of the flow in the displacement
zone, as it ‘squeezes’ over the top of the building. The
flow in the displacement zone is made visible through
dynamically formed clouds above the buildings in
Figure 4.7.

Closer to the roof surface, in the cavity zone, there
is a sharp decrease of speed in the zone of lower
pressure above the roof, and counter-flow, especially
immediately adjacent to its windward edge. In very
strong winds this may produce lift forces that can raise
loose roof materials or even cause the front part of the
roof to flap or be ripped off. Behind the building (I11),
the wind profile also shows return flow and a marked
velocity deficit (shelter) in the cavity. At location (IV),
flow starts to restore the wind profile to its undis-
turbed state, however the velocity deficit persists for
some distance (x), decaying at a rate of about x~!*
and fading out by about x = 15H.

The mean velocity profile responds to turbulence
generated by the building. Figure 4.8 shows isolines of
the TKE for the three wind components. The main
zones containing TKE are the roll vortices at the base
of the front wall (which initiate the horseshoe), and in
the counter-rotating vortex on the roof. The along-
wind turbulence (172) is highest above the roof and
decays downstream, the v and w components have a
similar maximum above the roof and a secondary one
at about x = SH behind the building due to enhanced
mixing there.

Figure 4.7 Clouds that visualize
flow displacement over high-rise
buildings in Panama City Beach,
United States. Wind is from

the ocean (Credit: J. R. Hott,
Panhandle Helicopters; with
permission).

If the angle-of-attack of the approach flow is say
45° rather than normal to the windward face, the flow
and pressure fields are different (Figure 4.4c). The
principal change is the development of two counter-
rotating vortices, one from each leading roof edge. As
they trail downstream they entrain faster moving air
down into the wake. This reduces the cavity height,
slows the rate of wake growth, and increases velocities
in the wake compared with Figure 4.4a,b. Because
these stack vortices may persist to 80H downstream
(i.e. beyond where shelter is normally found), their
ability to draw momentum downwards can give vel-
ocity excesses in the far wake.

Difterences in building geometry, rounding corners,
roof design, exterior protrusions (balconies, chimneys,
etc.) produce special features, but the essential flow
around an isolated bluff object remain. What is very
much more difficult to unravel is the interaction
between overlapping building wakes that take place
in an urban setting.

4.2.2 Uniform Building Arrays

For most buildings in urban areas the approach flow
has already been disturbed by upwind structures, so
the character of the wind is complex. There may be
some organization at larger scales, due to the regular-
ity of the spacing between buildings and/or the width
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and orientation of streets. In areas of reasonably uni-
form building height the building spacing (e.g. aspect
ratio, H /W) sets three canonical flow régimes in the
RSL (Figure 4.9):

Isolated roughness flow — When buildings are widely
spaced (H /W < 0.35) individual wakes form, much
like those of isolated buildings (Figure 4.9a), except
that in an array the approach flow to each element is
disturbed by residual effects of elements upwind.
Depending on the across-wind spacing, and whether
the array is regular, staggered or random (see
Figure 2.8), there will be lateral wake interactions,
but inter-element interactions are small. In an area
characterized by such widely spaced houses the con-
cept of an urban canyon and of a canopy is of
limited use.

Walke interference flow — At greater densities (0.35 <
H/W < 0.65) the distance separating the roughness
elements in the along-wind direction begins to

match the horizontal extent of the building cavity
(e.g. W < 2H). Now the vortex in the cavity
behind the upwind building is reinforced by the flow
down the windward face of the next building
(Figure 4.9b). Note that such vortices depict the
mean flow, but at shorter (turbulent) time scales
they are often not steady, they fluctuate in velocity,
form and re-form.

Skimming flow — With even closer spacing (H/W
> 0.65) the above-roof flow ‘skips’ across the tops of
the buildings with less tendency to enter into the
street canyons. Here the urban canopy concept finds
its fullest expression: the flow above the roof has
become partially de-coupled from that in the
canyons (Figure 4.9c). The mean flow above pro-
vides a weak tangential force maintaining a vortex
circulation flow within the street canyon. In weak
wind conditions even that influence may inject
momentum to the base of the canyons where near
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Figure 4.9 Effect of packing
density (H /W) on flow régimes
over urban-like ‘building’ arrays
in a wind tunnel (Modified after:
Oke, 1988 constructed using data
of Hussain and Lee, 1980).

(a) Isolated roughness flow
_/_\

— /%0 D\\\—v /%)
f w

_—
//_—\
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(v

() Skimming flow

-z

(b) Wake interference flow

x/H

Figure 4.10 Detailed numerical simulation of the instantaneous turbulent flow behind a cubical building. Flow
from left to right showing the fluctuating wind components u, w (i.e. along-wind and vertical motion) in the
streamwise-vertical (x, z) plane through the middle of a building (in yellow at bottom left). This building is
located in a staggered array with streamwise spacing of 3H and A, = 0.33 (i.e. isolated roughness flow). The next
downwind element is at the bottom right edge (Source: Coceal et al., 2006; © Springer Science+Business Media
B.V., used with permission of Springer).

stagnation prevails. If the packing is greater in one
direction (to form elongated canyons rather than
cubes) the threshold aspect ratio for the transition
of flow type is slightly lower.

perspective. In fact what appears in Figure 4.9a as
simple descending flow into the inter-element space
is actually intermittent gusting. The sources of the
intermittency, in addition to the inherent variability

Figure 4.10 provides a detailed snapshot of the
instantaneous flow field in an isolated roughness flow
in a staggered array of cubical buildings. It views
the simplified patterns in Figure 4.9 from another

of turbulence, are ‘flapping’ of the shear zone (zone of
rapid change in wind speed with height) that is shed
from the upwind roof, or larger eddies descending
from higher in the flow. Much of the exchange of
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momentum between the UCL and the overlying air is
thought to be associated with Reynolds stress, caused
by these strong downward gusts (sweeps). They bring
higher velocity air into the UCL, which initiates less
vigorous upward motions of lower velocity air, out of
the canyon (ejections).

It is important to bear in mind that these patterns
are abstractions that provide a framework to describe
general effects of urban form on airflow. They are only
intuitive ‘models’ helping us to consider practical
implications of street geometry on wind and pedes-
trian shelter, drifting of snow and sand, dispersion of
air pollutants and transport of heat water vapour and
momentum. Spacing is also important to lateral dis-
persion from a point source in the canopy.

4.2.3 Streets and Intersections

Understanding and controlling flow and dispersion
in urban canyons, is important for air pollution
management (Chapter 11). Highest exceedances of
air pollutants are typically found in canyons with a
high H/W and high traffic volume for two obvious
reasons: reduced mixing of the air inside the canyon
with the atmosphere above, and the high rate of
emissions of air pollutants by vehicles. Concentrations
of air pollutants are highly variable, depending on the

(©

Helical flow

(d)

Multiple
stacked vortices

Channelling
Wind

location within a canyon relative to direction and
magnitude of the approaching flow.

Flow Patterns in Urban Canyons

Flow in urban canyons is reasonably well understood,
at least for the relatively simple case of intermediate
aspect ratios, neutral flow (strong winds and/or weak
heating/cooling) and long streets with flanking build-
ings of similar height and flat roofs. Again, flow is
driven by the above-roof wind, especially its horizon-
tal direction relative to the axis of the canyon (angle-
of-attack, ¢,):

* Cross-canyon vortex — When the approach flow is
perpendicular to the canyon axis (i.e. ¢, = 90°) the
observed mean flow creates a recirculation vortex of
the cavity of the upwind building, reinforced by
deflection down the wall of the next building down-
wind (Figure 4.11a). This cross-canyon vortex is
strongest with strong winds and in areas with built
structure that favours wake interference flow. If the
buildings flanking the canyon have pitched (or
slanted), rather than flat, roofs the effects are signifi-
cant. Kastner-Klein et al. (2004) show that pitched
roofs inhibit the formation of a cross-canyon vortex
which lowers the mean velocity in the canyon and
decreases exchange between the atmosphere above
roof and the UCL.

Figure 4.11 Typical flow patterns
/7 in urban canyons: (a) cross-
canyon vortex, (b) multiple
stacked vortices in a deep
canyon, (c) helical flow along a
canyon, and (d) along
channelling and jetting along a
canyon (Modifed after: Oke,
1997; Belcher, 2005).
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« Stacked vortices — If H/W is very large and ¢, =
90°, physical and numerical models show the main
vortex slows and develops into one or more second-
ary cells towards the floor. They rotate counter to
each other and closer to the floor they rotate more
slowly (Figure 4.11b). Sometimes small secondary
cells appear in one or both corners of the canyon
near the floor. These cells tend to recirculate pol-
luted air internally rather than mix it with the
cleaner air above, hence dispersion is poor.

* Helical vortex — When the external wind is at an
intermediate angle to the canyon axis (p, ~ 45°)
transport is carried along as the vector sum of the
cross-canyon vortex and the channelling flow. The
result is a helical path, spiralling down the canyon
(Figure 4.11c), akin to a stretched canyon vortex.
Channelling — The in-canyon vortex may disappear
when ¢, < 30° and the flow is channelled along the
canyon instead. This angle is dependent on street
canyon length and the height to width ratio. If the
flow has just entered the end of the canyon, the
constriction causes it to accelerate, this is jetting
flow (Figure 4.11d).

The specific dimensions of buildings, roofs, possibly
trees, thermal effects and even traffic, affect flow and
turbulence, and hence air pollutant concentrations in
a canyon. Flow structures, such as those in
Figure 4.11, depend on the mean direction of the
approach flow, but not on short-term changes (of the
order of seconds); they are simply mixed into the
generally turbulent buffeting of canyon winds.

Figure 4.12 shows wind directions measured at dif-
ferent heights on a tower inside and above an urban
canyon. The measurements illustrate for a given back-
ground wind above the RSL, how wind direction
changes with decreasing height down into the UCL.
Any wind is directed into the canyon’s axis (shaded
bands) causing a turning wind direction with height.
The exception being cases with wind perpendicular to
the axis, where the horizontal wind direction at the
floor is opposite to the wind direction above the RSL
due to the cross-canyon vortex (e.g. leftmost profile in
Figure 4.12).

Flow patterns in canyons can be enhanced or
diminished by thermal effects, especially if the ambi-
ent airflow is weak. A wall strongly heated by solar
irradiance warms the adjacent air and a narrow sheet
of buoyant air streams up the wall. The impact of this
on the canyon vortex depends on the wind direction.

Cross canyon Along  Cross canyon  Along

(flat roofs first) canyon (pitched  canyon
l roofs first) l
2.5 prerrrree IRRRRRS '} [y ¢ IRRRRRN | [y

Wind direction (°)

Figure 4.12 Turning and channelling of wind
measured at multiple heights on a tower in and above
an urban canyon in Basel, Switzerland (site ‘Ba02ul’,
Table A2.1 and Photo in Figure 3.7). For a given
background wind direction (closed circles, measured
at the top of the tower), the lines connect
simultaneously measured mean wind direction at the
five lower heights (open circles). Profiles are the
average from several hundred measurements in each
wind sector (Source: Christen, 2005; with permission).

If it is the leeward wall (i.e. on the upward limb of the
circulatory cell) the additional uplift enhances the
vortex rotation, but if it is the windward wall (with
the downward limb) it opposes the mechanical flow
and retards the circulation, or can create two vortices
(Sini et al., 1996). A different type of thermally-
induced canyon exchange can occur at night. In
canyons with large aspect ratios, wall, floor and air
temperatures do not cool as rapidly as on the roof,
due to differences of the radiation and heat storage of
canyons and roofs (see Chapters 6 and 7); hence
canyon air is unstable with respect to that above-roof
level. At intervals, especially if triggered by cold air
drainage off the roofs, plumes of buoyant canyon air
‘bubble’ upward. This thermal canyon venting is a
mechanism that helps reduce canyon pollutant con-
centrations and maintains an upward flux of sensible
heat, even through the night.

In canyons with a high traffic volume, moving
vehicles affect its flow by producing additional
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mechanical turbulence, called traffic produced
turbulence (TPT). If the external flow is weak, TPT
can become the primary mechanism for dispersion of
emitted air pollutants within an urban canyon. In
streets with asymmetric traffic (e.g. one-way streets)
the flow is accelerated by moving vehicles in the direc-
tion of the traffic.

Intersections

Airflow and dispersion at street intersections are much
less studied. The practical need is obvious, given that
intersections are nodes where traffic converges, slows
down and idles, leading to high vehicle emissions in a
relatively confined space. Moreover, they are located
where the along-canyon transports of air pollutants
(helical and channelled) meet. Take the case of a
common four-way street intersection bounded by
buildings. It is the focus of competition between the
relative energies of the contributing street flows.
Given the 3D complexity of the resulting flow pat-
terns, field observations (even at several levels and
locations), give an incomplete and often confusing
picture. Physical and numerical models give a better
understanding of the situation.

Figure 4.13 shows flow simulations for a case with
four streets of equal aspect ratio, named for their
cardinal directions (N, E, S and W), that join at a

symmetric intersection bounded by buildings of equal
height. The figure illustrates the effect of a change in
the angle-of-attack ¢, of the above-roof approach
flow relative to the street grid. With flow parallel to
one of the street axes (p, = 0°, Figure 4.13a) the
horizontal flow field at 0.5H, shows the expected
channelling along one street (here the W-E street),
but a small amount of the flow is drawn into the side
streets (N and S) where it develops corner vortices and
mixes for a distance of about one street width. As a
consequence of the vortices and the turbulence they
create, the air and some pollutants from the W-E
street are mixed into the side streets. At ¢, = 15°
(Figure 4.13b) more of the flow from the W-street is
side-tracked into the northern street, and a small part
of the weak helical flow in the southern street is
entrained into the main channelling street (E) towards
the east. At ¢, = 30° (Figure 4.13c) the flow from
W into side street N is even more pronounced,
because the angle-of-attack now drives a west-to-east
helical flow in the W-E street and a weaker helical
flow from south to north in the S-N street. Flow in the
W-E street tends to hug the northern side preferen-
tially and the small corner vortices are stronger. As
might be anticipated at ¢, = 45° (Figure 4.13d) flow is
split symmetrically. There is a helical flow in both
canyons and air is bled away from the W-E street into

(a) (b) Figure 4.13 Typical flow patterns
9 -0 N 9 =15° at street intersections. Numerical
< /oSN < AR simulations of mean horizontal

> |x — @ =\ velocity at half canyon height
. >/ v, 7 (z = 0.5zy) in a 4-way street
. O e A A 4 intersection. The different cases
W= 5 33 S 3 w2 TS Tk are for above-roof wind
> > > > - > > g > i
e e P r ”//’ y i directions (¢, indicated by the
1 " 7 ; by block arrow) at (a) 0°, i.e. parallel
v S ¥ AA LA to the east-west street, and at (b)
e v s 9. =15° (¢) . =30° and (d)
¢, =45°. Results for 60°, 75° and
(©) (d) 90° (not shown) are simply
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(a) Figure 4.14 Schematic depiction
Canyon /) of 3D flow at (a) an intersection
on an orthogonal street grid with
* above-roof flow diagonal to the
Above-roof Conveyor-belt

wind
v

(b)

Above-roof
wind

the northern one, but it is augmented by some energy
that is tranferred from the flow in the N-S street into
the eastern street.

Figure 4.14a gives an idea of the 3D flow structures
present at an idealized four-way intersection. It includes
flows that the slice at 0.5H in Figure 4.13 is unable to
depict, but are seen in wind tunnel studies. For example,
it has been observed that with an above-roof flow at 45°
to the street grid, when the helical flows join at the
intersection it creates a ‘conveyor belt’ tilted upwards
that helps vent air pollutants to above roof-level. In the
case of a T-junction with the same approach flow rela-
tive to the street grid (Figure 4.14b) the helical flow
patterns from the two streets mostly converge into a
single receiving street. This causes an increase in wind
velocities in the receiving canyon (right) and even
stronger uplift than in the four-way case. Again, the
conveyor belt across the building row facilitates venting
of air pollutants upwards to roof level.

Effects of the Street Grid

In real cities there are many possible element configur-
ations, but take the simple case of flow parallel to a
street through a grid array of cubic elements. If the
elements are wide apart (say H/W =~ 0.4) the wakes

grid, and (b) similar, but at a T-
junction. Light blue arrows show
the mean flow direction whilst the
black arrows depict the actual
helical motion (Drawn based on
observations reported in Robins
et al., 2004).

of buildings on either side of a street are not wide
enough to interact effectively with each other
(Figure 4.15a). Similarly if H/W = 4 they are so close
that the wakes are confined, so there is little lateral
motion and much of the flow is deflected above the
elements (Figure 4.15c). The greatest potential for
lateral spread of air pollutants (or other entities) exists
at intermediate densities (0.7 < H/W < 1.0)
(Figure 4.15b). The key to the spread is that there is
sufficient lateral motion to carry the plume contents
into side streets where it is deflected off the front walls
of buildings. The plume widens at each street branch
in a zigzag pattern that is tied to details of the urban
structure, especially the street pattern.

If the above-roof flow is at an angle-of-attack to a
street grid, the lateral spread of a plume released in the
UCL is even greater than for an area with equivalent
roughness but without the steering conduits of the
urban street network. Figure 4.16 shows concentration
visibly decreases with distance of travel through the
grid. Note also that there is a build-up in concentration
at the first intersection, where flow is slowed and
smoke becomes visible above roof-level, especially
above the corner most in line with the above-roof wind
direction and in accord with Figure 4.14a.
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(a) A, =8%, H/W=0.4

(b) A, =25%, H/W=1

(©) A,=64%, H/W=4

Figure 4.15 Visualization of dispersion of smoke released from a ground-level source for aligned arrays of
different packing densities (Source: Hall et al., 1997; with permission).

In the real world other variables come into play:
wind directions are not steady; street directions are
not orthogonal; canyon aspect ratios are neither sym-
metric nor continuous; street widths vary; some streets
have trees, awnings; balconies and traffic whilst others
do not. Whilst there is much to learn, nevertheless,
there is hope that application of simple fluid dynamic
principles and models that resolve buildings can give a
reasonable degree of understanding.

4.2.4 Arrays with Uneven Heights and Tall
Buildings

Real cities are usually patchily developed with different
elements (buildings and trees) of uneven height often
with winding roads and rivers and located in rolling
terrain. Measures of the variability of element height
and patchiness are recognized to be important con-
tributors to the drag and turbulence of urban arrays.
For example, if we consider two arrays each with the
identical mean element height, but one built of elem-
ents with different heights (Figure 2.8d) the other with
elements of the same height (Figure 2.8a), the form
drag of the former can be almost double the latter.
The flow around an anomalously tall building has
been studied for several reasons. Firstly, such a large

obstacle juts up into higher level flow where momen-
tum is greater, this means there are large wind loads,
both positive and negative, which need to be
addressed in the structural engineering of the building.
Secondly, the blocking effect of the tall building
deflects high velocity air down into the UCL where
it can be a hazard to lightweight structures and pedes-
trians. It also generates vigorous swirling of materials
like leaves and litter and sometimes leads to problem-
atic deposition of materials like snow and sand.
Thirdly, the cavity and stack vortices of the building
affect the transport of air pollutants, both positively
and negatively.

The flow pattern around an isolated tall building is
an exaggerated version of that around a solitary
cubical building (Figure 4.4 and Figure 4.5). Con-
sidering the height of most tall buildings that means
the stagnation point is commonly 70 to 200 m above
the ground; at 200 m the wind speed is at least double
that at 30 m. This means that the magnitude of the
perturbation to the pressure and velocity fields can be
greater and the momentum injected downward is
potentially larger. Such a case arises if the building is
also wide and thereby blocks much of the flow. Then
some air escapes around the sides but most rushes
down to ground level and forms one or more roll
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vortices that elongate towards lower pressure at the
sides where they wrap around as corner streams in the
classic horseshoe shape. These can be a danger to
pedestrians, not only due to their strength but their
very localized nature. A pedestrian can suddenly
encounter a blast of strong wind, the force of which
can be sufficient to knock them over (see Section
14.5).

Many cities have adopted the requirement that such
buildings must be subject to wind tunnel or other
testing in the planning stage. It is important also to
model the surrounding structures in detail, not just the
building, and include a range of wind directions. If
problems are foreseen, given the wind climate of the
location, remedial measures can be imposed such as
redesign of the structure (change its height, or shape,
place it on a podium such as a lower wider building,
add shelter over walkways such as fixed canopies or
closely spaced mature trees). Even so pressure per-
turbations may mean either it becomes difficult to
open doors, or conversely they are sucked open by
themselves. An opening under the building to allow
pedestrian traffic through should also be avoided
because it is a point of lower pressure where air rush-
ing down the face will be sucked into as a strong jet.
Behind the building the cavity zone extends from the
ground to the building top. Whilst the mean horizon-
tal wind might be reduced inside the cavity at ground
level, especially compared with that in the corner
streams, the cavity is gusty and a focus for swirling
loose leaves and litter.

Figure 4.16 Example of dispersion
in the urban canopy layer. Results
from a wind tunnel simulation
using coloured smoke released
from within a canyon (at circle in
top left) in a model of a
neighbourhood in London, UK.
The model is a faithful scale
representation of the urban
structure, the aerial photograph is
an overlay. Above-roof wind
direction is from top left to bottom

- right, hence at intersections part of
the smoke travels further along the
same street towards you, and part
bleeds into a street on the right of
the image (left in flow direction)
(Credit: A. Robins, Univ. of
Surrey; with permission).

If a tall building is placed in a neighbourhood of
lower mean height, some of the force of the downward
displaced flow is intercepted at roof level of the lower
buildings. This somewhat lessens difficulties at pedes-
trian level. Smoke visualizations of the flow show
remarkably effective vertical transport in the rising
limb of the lee eddy, up the back face and within the
stack vortices shed off the back corners. The visual-
ization in Figure 4.17 clearly shows mixing in the
turbulent wake persists downstream. In fact simula-
tions show this mechanism can make a positive con-
tribution to neighbourhood pollutant concentrations,
by injecting cleaner air down into the UCL and expel-
ling dirtier air upwards. Adding a few strategically-
placed tall buildings in an otherwise relatively low-rise
district therefore can decrease overall mean air pollu-
tant concentrations near the ground.

Tall buildings have certain climatic benefits for
their occupants. In hot regions, especially hot, humid
ones the extra air motion is very welcome, as is the
likelihood of cooler air and perhaps cleaner air and
less noise. Most negative side-effects accrue to sur-
rounding areas, including loss of sunshine by shading
(Chapter 5) and the dangerous wind effects noted
above. Particularly worrisome, at both the local scale
and the mesoscale, is the placement of tall and/or wide
buildings that block existing flow for districts in their
lee. Many cities depend on the comfort and cleanliness
provided by different types of breezes from their sur-
roundings, especially cold air drainage down slopes /
valleys and sea / lake breezes (Chapter 12). Poor
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placement of a massive building can deprive large
areas of those benefits. The situation becomes critical
when clusters of buildings combine their shelter and
deny the benefits of clean, cool breezes to downstream
districts. The development of such ‘walls’ of high-rise
apartments and hotels along coasts and lakeshores has
become the bane of many coastal cities (Hong Kong,
China; Miami, United States; Tel Aviv, Israel; Tokyo,
Japan, e.g. Figure 4.7). These ‘walls’ block the invig-
orating and healthy incursion of cooler, cleaner sea
breezes into a large urban region because of lack of
foresight or failure to incorporate climatic consider-
ations into legislation to limit development.

Flow around tall buildings is unique to the particu-
lar structures and their arrangement, even when clus-
tered in a modern office or apartment district their
response differs with wind direction. The flow around
such clusters does not fit into the types in Figure 4.9.
They are better classed as chaotic flow regimes, where
flow is so specific to those particular buildings that
analysis requires detailed modelling (Grimmond and
Oke, 1999 a; Davenport et al., 2000).

4.2.5 Spatially Averaged Flow and
Turbulence Statistics

In many applications the exact 3-D structure of build-
ings and trees in the UCL is not of relevance, or
cannot be modelled due to lack in computing power.
In such cases we can conceptually simplify the RSL
from 3D (x,y,z) to 1D (z). This is achieved by

Figure 4.17 Smoke visualization
of dispersion from a release
located at ground level in front of
a staggered array of cubes (plan
area density 1, = 16%) with a
‘tall’ building present. Compare
with Figure 4.3b (Source: Hall

et al., 1997; with permission).

averaging over horizontal layers (‘slices’), which gives
spatially-averaged variables (for detailed discussion
and illustration of the procedure see Section 2.3.2
and Figure 2.16b). Spatially-averaged variables are
indicated by angle brackets ({...)) and are only a
function of height z. In typical applications, we aim
to describe the horizontally-averaged mean flow and
the characteristics of turbulence simply as a function
of height z (relative to mean building height zy).

For simplicity, we redefine the coordinate system
that underlies the wind components in the spatially-
averaged frame. We rotate the coordinate system
around the z-axis into the spatially-averaged mean
wind direction in the RSL. Doing so, the length of
the spatially-averaged horizontal wind vector
becomes simply (#) and due to mass conservation,
we can also assume divergence is small, so (v) ~ 0
and (w) ~ 0. This convention reduces the complexity
of the spatially-averaged mean wind field from three
to one component (i).

Momentum Flux

We have seen that the RSL is characterized by com-
plex but decipherable flow patterns. In dense arrays,
deep in the UCL the mean flow is for the most part
sheltered, except for channelling along some canyons,
so spatially-averaged horizontal wind speeds () at
this height are relatively weak, but near roof-level
wind speeds rapidly increase up as the merge into the
general flow above the roofs. Hence the strongest
velocity gradient d(@)/0z occurs around roof level
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Figure 4.18 Wind profile in the RSL and ISL
measured in a wind tunnel over an array of cubes
(Ar=0.16). Values are horizontal spatial averages (see
Figure 2.15b) and include an inflection point at height
z.. Also shows the extrapolation of the exponential
law (‘Exp-Law’, see Equation 4.5) down through the
UCL, and the logarithmic profile (‘Log-Law’, see
Equation 4.9) down into the UCL to its apparent
momentum sink at (z; + z¢) (Modified after:
Macdonald, 2000).

(Figure 4.18, Figure 4.19a). We call this region of the
RSL in dense arrays the shear zone, which is charac-
terized by an inflection point (at height z,) in the
average wind profile, typically located around zy (z,
can be higher or lower than zy, depending on vari-
ability of building heights and packing density). At z,
curvature of the wind profile changes from concave to
convex.

Below the inflexion point, each layer of the canopy
imposes some drag on the flow i.e. it is a momentum
sink. Momentum is absorbed first by the tallest roofs,
then progressively by walls and in less densely packed
districts, also by the canyon floor. Therefore, the aver-
age momentum flux decays with distance into the
urban canopy, i.e. each layer removes a certain frac-
tion of the momentum flux injected from the level
above. Figure 4.19b shows measured momentum
fluxes (precisely measured Reynold stress (7)) from
different field studies. (z) at any height is normalized
by the maximum measured value of ¢ above the
canopy. All the sites included in Figure 4.19b are
relatively densely packed (4, > 0.25) and below about
0.5z no significant (z) is registered. Also note that (z)
starts to decrease above zy probably because zy is the
average height of buildings. Some structures are taller
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Figure 4.19 ‘Family portrait’ of spatially-averaged
mean wind and momentum exchange in the RSL as a
function of non-dimensional height (z/z, here z is the
height of measurement). (a) Mean horizontal wind ()
normalized by mean horizontal wind at twice the
average height of the buildings. (b) Reynolds stress (z)
at a given height in the RSL relative to the maximum
Reynolds stress 7y under neutral conditions. (¢) The
efficiency of the turbulence to exchange momentum at
a given height in the RSL expressed as (r,,) (see text)
in neutral conditions. (d) Relative contributions of
ejections and sweeps (ASy) to the total momentum
exchange, under neutral conditions. Data compiled
from 15 different field sites; codes, references and site
properties are given in Table A2.1.

than zy, and they are disproportionally more signifi-
cant in terms of the drag they impose on the flow
(Rotach, 2001).

Figure 4.19c shows how effectively momentum is
transferred by turbulence at different heights in the


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139016476.005
https://www.cambridge.org/core

4.2 Flow in the Roughness Sublayer 97

RSL. The efficiency of the transport is expressed using
the correlation coefficient r,, = u'w'/(c,0,); the
more negative is the value of r,, the more organized
is turbulence, and momentum is transported by turbu-
lent eddies in an orderly fashion. On the other hand,
values closer to zero mean there is little Reynolds
stress and eddies are completely disorganized.
Figure 4.19¢ underlines that above the urban canopy,
momentum is efficiently transferred, and r,,
approaches the value of —0.32 which is a typical
number found in surface layer (SL) scaling over much
smoother surfaces. As we move down into the canopy,
7 is reduced, which decreases the efficiency of the flow
in transporting momentum. In the lowest part of the
canopy, eddies are essentially random and do not
contribute to turbulent momentum exchange.

Figure 4.19d tells us about the turbulent actors —
the events that exchange momentum in the RSL.
The parameter AS, describes the relative contribu-
tions of sweeps and ejections (see Section 4.1.2) to
the total Reynolds stress at a given height. Although
the turbulent exchange of momentum is the result of
both, sweeps and ejections, their contribution is not
necessarily equal (ASy = 0). Sweeps — the events that
bring eddies with higher velocity downwards —
dominate in most of the RSL, particularly around
zy. Ejections — the lulls that bring lower momentum
upwards — are dominant in the upper part of the
RSL and ISL. The reason for their uneven contri-
bution with height is that most mechanical turbu-
lence is created in the shear zone. Part of the
turbulence from this highly energetic zone is ejected
upwards, part of it makes it down into the deeper
UCL as sweeps.

Figure 4.19b-d implies the momentum flux in the
spatially-averaged case is transferred solely by turbu-
lence (Reynolds stress), however, there is also the
possibility that it is transferred by smaller-scale fea-
tures of the mean flow around obstacles. This form-
induced advection of momentum at a scale below that
of spatial averaging is commonly referred to as the
‘dispersive stress’. Dispersive stresses are relevant if
there is a correlation between mean horizontal flow
and mean vertical flow around roughness elements in
the RSL. Momentum can be transferred by regions
that experience downdrafts on average and faster
horizontal winds and also by regions that experience
updrafts on average and have statistically slower hori-
zontal winds. Numerical simulations by Martilli and
Santiago (2007) show that in regular arrays the

contribution of dispersive stresses to the overall
momentum flux in the UCL can be substantial.

The Exponential Wind Law

The progressive absorption of momentum with depth
in the UCL can be used to approximate the decay for
wind in the UCL as an exponential function, assum-
ing that momentum reduction and the typical length
scale of turbulent eddies are both constant with depth.
The ‘exponential law’ developed for wind within vege-
tation canopies (Cionco, 1965), was used by Macdo-
nald (2000) to describe the spatially-averaged wind
speed (@) with depth in the UCL (z < z,) of simple
arrays in wind tunnels:

(@), = (@), exp {a <zz_e B 1)}

where @ is an empirical wind attenuation coefficient.
Macdonald (2000) proposed that ¢ = 9.6 for wind
tunnel experiments using in-line and staggered arrays
of cubes of uniform height. Naturally Equation 4.5
only applies in the middle and upper part of the
UCL, closer to the floor (say z < 0.15 zy) skin drag
of the floor produces a more logarithmic decay until
the flow is brought to rest at the floor. Nevertheless,
for most of the UCL an exponential decay fits reason-
ably well with wind tunnel and field measurements
(Figure 4.19a).

(ms)

Equation 4.5

Horizontally Averaged Turbulent Kinetic Energy

Some means to describe turbulence in the RSL is
essential to be able predict the dispersion of heat,
water and air pollutants. However predicting turbu-
lence at any location around a single building is a
huge challenge and to do it for an entire city is at the
limit of current computational power. Hence, most
dispersion models rely on spatially-averaged statistics
of turbulent exchange and parameterize the average
effect of urban structure on turbulence in a highly
simplified way.

Figure 4.20a shows measured ratios of turbulent
kinetic energy (TKE) to mean kinetic energy (MKE)
as a function of height, compiled from many different
field studies that represent locations in canyons, above
roofs, on towers, and others from various cities. Des-
pite the large number of surfaces, all sites show a
similar pattern: TKE increases relative to the MKE
as one descends towards the urban canopy and the
mean wind speed decreases. Generally turbulence
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Figure 4.20 Typical vertical profiles of turbulence
statistics in the UCL, RSL and ISL in neutral
atmospheric conditions. Measured ratios of (a)
turbulent kinetic energy (TKE) to mean kinetic energy
(MKE) and (b) vertical to horizontal turbulent
motions. Data from 18 field studies with surface
properties and references listed in Table A2.1.

intensity peaks in the shear zone at around the height
z.. Here the ratios of TKE to MKE are highest.
Further down into the UCL turbulence intensities
again seem to decay due to lack of production (other
than TPT), although channelling and standing vorti-
ces may keep the mean flow (and hence MKE)
relevant.

The shear zone is the dominant source region of
mechanical TKE within the RSL, however, not all of
its TKE dissipates there. Part is injected down into the
UCL and part is transferred into higher layers of the
RSL and ISL by advection, turbulent transport and
probably by pressure transport processes. The shear
zone is the primary export source of TKE in the RSL
(more is produced than is dissipated locally). The
UCL below and higher regions of the RSL are import

zones, where more TKE is dissipated than is produced
locally (Christen et al., 2009).

Common scaling relationships used in traditional
air pollution dispersion modelling rely on local closure
of the TKE budget (i.e. the amount of TKE produced
at a location is also dissipated locally) and assumes a
roughly constant flux of momentum with height.
Clearly neither prerequisites is fulfilled in the RSL.
This renders common scalings, including the Monin-
Obukhov Similarity (Section 4.3.3), unable to predict
turbulence in that layer. Local scaling has been used
with some success in the RSL; that uses empirical
parameterization relations to describe the changing
profile of z and Qy;. That eliminates the need for fluxes
to be constant with height, however, it does not cap-
ture all processes properly and this approach only
works adequately above the shear zone.

To give an example of the fundamentally different
nature of turbulence in the shear zone, we look at the
distribution of TKE broken into its different wind
components. In Figure 4.20b measured turbulent fluc-
tuations in the vertical direction (standard deviation
o,,) are compared to those in the along-wind direction
(0., longitudinal). Well above the urban canopy, the
ratios measured over different cities are relatively con-
stant and match well the SL prediction for smoother
surfaces, i.e. ¢,,/o,, = 0.57. There, more TKE is found
in horizontal than vertical wind fluctuations.
Approaching the shear zone, however, flow features
around obstacles and flapping of the turbulent wakes
behind them, greatly enhance vertical motions and
turbulence is not only greater overall, but also more
random in space, in some cases closer to a state of
isotropy, i.e. o,/0, ~1. These differences make an
integral treatment of turbulence using SL predictions,
impossible. Unfortunately, a universal scaling frame-
work for turbulence in the RSL remains elusive.

4.3 Flow in the Intertial Sublayer

Above the RSL lies the urban inertial sublayer (ISL,
Figure 2.13). It differs from the layers beneath by the
fact that its mean characteristics are essentially homo-
geneous in the horizontal and that there is no signifi-
cant mean vertical wind. Being above the blending
height (z,) that separates RSL from ISL, the spatial
variability of atmospheric properties around the
roughness elements of the RSL are homogenized.
Assuming the surface is reasonably uniform and
spatially extensive, the effects of turbulent mixing
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are so effective that mean properties such as wind,
temperature and humidity in the ISL are independent
of horizontal position, only depending on height
above ground and time.

Realistically given the physical structure and
patchiness of real world cities an ISL is not always
present. The best chance to have a well-developed ISL
is found over horizontally extensive parts of urban
areas with a relatively homogeneous and dense urban
structure. It is never likely to exist over localized
groups of tall buildings, and it can be entirely con-
sumed by the RSL when elements over an extensive
zone are so tall they reach up to more than 10% of the
UBL (Rotach, 1999 and Fig 2.12, right).

Conceptually it is straightforward to define the
blending height, but setting an actual level for z, is
less simple because the transition from RSL to ISL is
gradual. From a practical perspective this challenge
becomes clear when installing sensors. If an instru-
ment to measure atmospheric quantities is placed
below z, it registers microclimate anomalies such as
wakes of buildings or plumes of heat, but if it is above
z, it mostly ‘sees’ a blended, spatially-averaged signal
representative of the local scale. Rule-of-thumb esti-
mates and measurements indicate that z, can be as low
as 1.5 zy at densely built-up (skimming flow régime)
and very homogeneous sites. However, in extreme
cases z, may be greater than 4 zy such as in sparsely
built areas with an isolated roughness flow régime. As
a first rule-of-thumb z, = 1.5-3z for medium to high
density areas with relatively homogeneous roughness
often proves to be reasonable.

Because horizontal wind velocity and direction do
not change with horizontal position in the ISL and the
mean vertical wind is zero, we simplify description of
airflow from managing all three components of the
wind vector ' = (u, v, w), to a single wind component
only, similar to Section 4.2.5. Rotating the coordinate
system around the z-axis into the mean wind, we
simplify since the mean horizontal wind 7 = )5) and
v = 0 (and as discussed above w = 0). This convention
is used in the following sections.

4.3.1 The Profile of Mean Wind

Because over a given period, the mean horizontal
wind (@) in the ISL is independent of horizontal pos-
ition, we only need to know how # changes with
height to be able to predict wind at any location in
the ISL. Hence our primary goal is to describe u as a

function of height z, for the current atmospheric state
and surface structure. Sufficiently above the rough-
ness elements, an urban surface can be described by
its integral roughness, rather than the specific struc-
ture of all its roughness elements (buildings, trees).
This means we envision the urban surface as a uni-
form rough plane at an effective surface height z,
(called zero-plane displacement) and neglect its three-
dimensionality. This has the advantage that we can
disregard details of the complex forces in the flow
around the 3-D roughness elements. This explains
why we dropped the spatial averaging operator intro-
duced in 4.2.5 for flow in the ISL.

The Vertical Flux of Momentum

Because all of the momentum in the ISL is exchanged
by turbulence (Reynolds stress) we investigate the role
of turbulent eddies in more detail. The amount of
momentum added or subtracted by a single eddy is
mu/, where m is the mass of the eddy that causes the
exchange and ' its horizontal velocity surplus (or
deficit) relative to the mean velocity at the given level
(Figure 4.21). If we express the momentum exchanged
per square metre and second (i.e. kgm s m2 s,
i.e. the units of pressure, Pa) we can write:

(Pa) Equation 4.6

r=—pwi

where w' is the instantaneous vertical wind fluctuation
of the eddy (m s~ '), and the product p w' determines
the mass exchanged per second and square metre,
with p being air density (kg m ). The net motions
of many eddies, over a longer period, create a mean
turbulent flux of momentum. Using an overbar to
show we average all realizations of Equation 4.6 over
a longer period (e.g. 30 min):

T=—pwu = —pu'w (Pa) Equation 4.7

Note that since p does not vary significantly during a
30 min period it can be regarded as a constant, i.e.
independent of time, and can be taken out of the
averaging operator (as done on the r.h.s.). The
remaining term u'w’ is the covariance of horizontal
and vertical wind fluctuations. Because sweeps carry a
momentum surplus (' > 0) down (W' < 0) and ejec-
tions carry momentum deficits (&' < 0) up (W' > 0), the
averaged product, #’'w’, is negative in the ISL. The
definition of Reynolds stress z, adopted is that it is
positive when directed downward, which explains the
minus sign in Equation 4.6 and 4.7. There is the
possibility of a vertical flux of v-momentum, due to
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Figure 4.21 Schematic profiles of instantaneous (very variable, thin curves in color) and time mean (black line)
wind velocities. The difference between instantaneous velocity and time-averaged velocities is the turbulent
departure ', which is in color. (a) Horizontal (along-wind) velocity u, (b) vertical velocity w, and (c) the related
kinematic downward flux of horizontal momentum as the product of #' and w (Modified after: Oke, 1997).

the mean covariance V', but in practice it is rarely
significant because there is no reason to anticipate a
preferential association between up- and downdrafts
and horizontal motion in any one direction, unless the
wind turns significantly with height.

The magnitude of 7 decreases with height through
the ABL until it approaches zero in the FA. In the
ISL, 7 can be assumed to vary only weakly with height
and is close to the value that characterizes the urban
surface (7¢). The total momentum flux in the ISL that
represents the integral effect of the urban canopy is
often expressed in the form of a scaling velocity, called
the friction velocity . :

(ms)

The u is widely used to express the momentum flux
in the ISL. It is considered a global scaling parameter
valid for the entire ISL. The friction velocity uy
changes with time, but once determined at one loca-
tion in a situation, it is valid everywhere else in the ISL
and facilitates the calculation of not only wind but
also turbulence statistics (see Section 4.3.3).

T0/p Equation 4.8

Uyg =

Controls on the Momentum Flux

Other influences being equal, the flux of momentum
increases with surface roughness and wind speed. It is

further modified by the sensible heat flux density —
unstable conditions enhance the exchange stable con-
ditions suppress it.

The rate of mechanical turbulence production is
controlled by surface roughness, therefore, everything
else being constant, a rough surface creates more TKE
than a smooth one. If the atmosphere is in a highly
turbulent state, such as above a rough surface, then
momentum is easily mixed between layers, 7 is greater
(or uy is faster). This causes the difference in mean
wind between layers to be lessened. Indeed, the wind
over a rough surface changes least with height
(Figure 4.22a). A smooth surface in contrast causes
a flow that is less turbulent and therefore creates
smaller and less energetic eddies. With less turbulence,
momentum is not as easily mixed between layers, 7 is
small (or uy is slow), which allows larger differences
between layers, and a steeper wind gradient
(Figure 4.22b). Thus urban areas, being particularly
rough, are expected to have larger 7 (and therefore 7))
than their surrounding countryside. Under neutral
conditions, at 50 m over a typical urban surface, drag
reduces the wind speed to about 50% of the gradient
wind in the FA above. Over a crop the wind at 50 m
would be about 70% of the gradient wind, and over
the ocean about 80% of the gradient wind
(Figure 4.22a).
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Figure 4.22 General form of the logarithmic wind
profile in the lower atmosphere in neutral stability. (a)
Profiles of mean horizontal wind speed # over three
types of surface roughness under the same large-scale
forcing: rough, intermediate roughness and smooth.
(b) Same as (a) but plotted with logarithmic

height scale.

This effect is seen in climatological records made at
urban observation sites where new construction in the
vicinity increases form drag. Figure 4.23 shows
observed wind speed at a site above the canopy in
the centre of Moscow, Russia, where the recorded
average wind speed has fallen by about 30% since
1954, in response to increases in roughness of the
surrounding urban terrain. Observations at a rural site
outside Moscow, Russia, that has experienced little
change over the same period, shows the background
wind climate has not changed.

The production of mechanical turbulence also
increases with wind speed. Over an urban surface,
the ambient wind speed is reduced compared to a
smoother rural surface, so it might be expected that
the production of mechanical turbulence is dampened.

Yearly average wind speed (m s)

u Urban n
roughness
1l b b b b b b b e L
1960 1970 1980 1990 2000
Years

Figure 4.23 Observations of wind speed at 15 m height
at an urban site in Moscow, Russia (Moscow
University) and at a rural site outside Moscow
(Podmoskovnaya) (Source: Lokoshchenko, 2005; with
permission).

However, the relatively few urban—rural observational
studies and numerical models of the UBL show that 7
is in most cases greater in an urban atmosphere com-
pared to a rural surrounding, which suggests that the
increased surface roughness more than compensates
for the lowered ambient wind speed.

Dynamic stability describes how the exchange of
momentum in the urban atmosphere is enhanced or
suppressed. Enhancement is greatest in mid-afternoon
at the time of greatest Q. risalso greater in the city at
night, probably due to weak convection caused by the
urban heat island (UHI, Chapter 7), whereas exchange
is suppressed in the more stable rural atmosphere,
creating even steeper gradients of wind with height.

Logarithmic Wind Profile

In the ISL the variation of horizontal wind speed (u)
with height under neutral conditions is described using
the logarithmic wind profile equation (e.g. Oke, 1987;
Stull, 1988):

_u z—z _
uz:?*ln( d) (ms™)

20

Equation 4.9

where, 7. is the mean wind at height z, zo is the
aerodynamic roughness length (m) and z, is the zero-
plane displacement length (m), uy is the friction vel-
ocity, and £ is von Karman’s constant (0.4). Except for
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inclusion of z;, this is the same form as the equation that
applies to smoother surfaces (such as low plant covers,
bare soil, water and ice) where the roughness elements
are small. The zero-plane displacement length z; is
included to account for the fact that momentum is not
absorbed throughout the entire canopy, but only by the
upper canopy (Figure 4.19b). The displacement length is
the distance by which the height scale has to be adjusted
upward to effectively become the ‘ground surface’ ‘felt’
by the flow (Figure 4.18). The z,; parameter is not urban-
specific; it is also used for other land surfaces if their
elements are tall and close enough together to form a
distinct canopy (e.g. tall stands of plant and forests).

When horizontal wind speed () is graphed against
logarithmic height above z,4, In(z —z;) in a neutral
ISL the values form a straight line (Figure 4.22b). If
we extrapolate from these measurements to where u
equals zero, we have a measure of the roughness of the
canopy, known as the roughness length (z).

The logarithmic wind profile is a valuable model
that can link sites where measurements are made to
others that lack observations. For example, suitable
wind observations are often not available at several
heights above an urban surface of interest. So if there
is need to know the wind at other than the measure-
ment heights, as long as they are within the ISL,
extrapolation is achieved by applying Equation 4.9
to two heights:

Z—2Zd
()
— = - (ms™)
Uz ¢ In Zref — Zd

20

where zr is a reference height at which data are
available, z is the height of interest and z, is the
roughness length. The reference height zr should be
well above the displacement height z,.

It is also possible to calculate the wind at the refer-
ence height using wind observations at another nearby
station such as an airport by using the logarithmic
transformation model of Wieringa (1986):

Zref Z4
In (—) In <—)

208 204
In (Z_B) In <Zr_ef)

208 204
where the subscript A refers to the site of interest and

B a site where standard wind measurements are avail-
able and the logarithmic law is applicable. z¢ is any

Equation 4.10

4 = Uzp

(ms)

Equation 4.11

height above the blending height, which could be
taken to be between 1.5 to 3 zy — the method is not
sensitive to this term. The logarithmic wind profile
(Equation 4.9) and hence Equation 4.10 and 4.11 only
apply in neutral conditions, that means in absence of
any effects of thermal turbulence. The law can be
extended to unstable and stable ISLs (Section 4.3.3).

Power Law Wind Profile

The logarithmic law is consistent with fluid theory and
is preferred by meteorologists, however, in practice the
parameters zo and z,, and the friction velocity uy, are
not easily obtained. An alternative empirical form,
favoured by engineers, is the power law, which is used
where it is desirable to obtain the wind at one height
based on observations made at another height:

a

|z za -

U] = Ui {—‘} (ms™)
Iy —Zq

Equation 4.12

The subscripts 1 and 2 represent two levels in the
atmosphere and #., represents the observed wind
speed at a suitable reference height (z;). The exponent
o. depends on the surface roughness and atmospheric
stability. Typical values of « are listed in Table 4.2.
For neutral conditions Counihan (1975) related a to
the roughness length zj:

a = 0.096 log;yzo + 0.016(log;yz0)* + 0.24  (unitless)
Equation 4.13

Unfortunately, the power law does not approach sat-
isfying asymptotic limits near the surface and so its
use should be restricted to heights substantially
greater than z,.

Neither the logarithmic nor the power laws account
for the effects of the Coriolis force, the influence of
which increases, as that of the friction force diminishes
with height. The result is that both wind speed and
direction change through the ABL.

4.3.2 Urban Surface Roughness

The key to applying either the logarithmic wind pro-
file (Equation 4.9) or finding the correct coefficient o
in the power law (Equation 4.12) is knowledge of the
aerodynamic roughness of the underlying surface.
Cities are about the roughest surfaces to be found,
and further the magnitude of their roughness varies
greatly because the urban structure varies greatly
from one land-cover zone to another, or from one city
to another. Two approaches are taken to estimate the
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Table 4.2 Typical values of properties related to surface roughness including: mean height of roughness elements
(zm), roughness length (zy), zero-plane displacement (z;), power law exponent () for neutral conditions and
normalized friction velocity (u4 /urr) for natural and urban terrain. The categories are consistent with the
Davenport classification scheme that is used in wind engineering (Data sources: Oke, 1987; Wieringa, 1993;
Grimmond and Oke, 1999a and Davenport et al., 2000).

Surface or terrain

Mean height of
roughness
elements z, (m)

Roughness
length z4 (m)

Normalized
friction
velocity
u*luref

Zero-plane Power law
displacement  exponent
zq (M) a

Urerat 10 m

Mud flats, ice, tarmac 0.001-0.01 mm 0.08 0.03
Snow, water (average state) " 0.1-1 mm 0.09 0.03
Desert sand 0.3-0.5 mm 0.10 0.04
Bare soil, cut grass(" 0.02-0.05 0.01-0.02 m 0.10-0.11 0.04-0.06
Grass'", stubble field 0.2-0.5 0.03-0.06 m 0.1-0.3 0.11-0.13 0.06-0.07
Farmland, crops‘" 0.4-1 0.05-0.15 m 0.2-0.7 0.14-0.18 0.07-0.10
Bushland(", orchards", 24 0.4-1 m 1.3-2.5 0.18-0.24 0.1-0.17
savannah

Forest("— range from temperate 12-30 0.8-2m 9-24  0.23—> 0.27 >0.16

to tropical

Urban Urer at 30 m

Low height and density — houses, 5-8 0.3-08 m 24 0.2-0.25 0.09-0.12
gardens, trees; warehouses

Medium height and density — row 7-14 0.7-15m 3.5-8 0.23-0.27 0.11-0.14
and close houses, town centres

Tall and high density — less than 11-20 0.8-2m 7-15 0.26-0.29 0.13-0.16
six floors, row and block

buildings

High-rise — office and apartment > 20 >2m > 12 0.29-0.35 > 0.16

tower clusters®

(M Values depend on wind speed as vegetation is flexible.
@ Estimates have little field support.

parameters needed to describe the roughness of a
given urban surface. Micrometeorological (or anemo-
metric) approaches use field measurements of wind or
turbulence to solve for roughness length (zy) and zero-
plane displacement length (z;) using Equation 4.9.
Alternatively morphometric approaches use algo-
rithms that relate the dimensions of the elements and
their packing density to zy and z,. Several algorithms
have been derived from measurements of scale models
or field experiments over idealized arrays of elements
(ones simple enough to be described by measures such
as Ap or Ay; see Figure 2.4).

Micrometeorological Approaches

The logarithmic wind profile is the basis of several
methods to obtain the parameters zp and z; at
selected sites. By measuring # at multiple heights, or
alternatively measuring simultaneously # and the
Reynolds stress 7 at any height in the ISL, one can
solve for zp and/or for z;. For extrapolation and
curve fitting to be successful it requires an extensive
and relatively uniform site, instruments free of meas-
urement errors (such as cup anemometer over-
speeding or flow distortion by the tower), multiple
levels of measurement to minimize statistical errors
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and a long enough observation record to incorporate
all required wind directions under strictly neutral
conditions. Using multiple levels of mean wind meas-
urements can create errors because they require sev-
eral instruments each subject to error, and long fetch
to achieve flow equilibrium over a deep layer.
Methods using instruments that simultaneously
measure 7 and 7, such as those resolving fast-response
fluctuations of u, v and w (i.e. ultrasonic anemom-

eters to determine u'w’), have the advantage of
requiring only one instrument located at a single
height in the ISL. Micrometeorological methods are
good because observations capture the local response
of the atmosphere to the specific urban structure of
the site, so there is no necessity to measure all the
roughness elements in detail, which can be laborious.
On the other hand, an extensive site with a tower and
expensive equipment are needed.

Morphometric Approaches

The morphometric approach relies on functional rela-
tions between roughness parameters and easily access-
ible measures of urban structure (height, density,
array configuration, etc.). In practice only the main
elements, buildings, trees and shrubs, are considered.
Obstacles such as utility poles, fences and traffic signs
are neglected.

For low roughness surfaces the rule-of-thumb is
that zp and z; depend mainly on the element height:
to a first approximation zy ~ 0.1zy and z; ~ 0.65zp.
However, using only zy ignores the significance of the
packing density of the elements. The same elements in
a sparse array have a very different roughness effect
when crowded together.

The relation between the element density and the
roughness parameters zy and z; is illustrated in
Figure 4.24. The range of real city densities shows
that in most cases they experience wake interference
or skimming flow. As the packing density of the
buildings 4, increases from zero the height z;, which
describes the effective height of the momentum sink
for the flow in the ISL, moves higher inside the UCL
until theoretically the packing becomes total and the
canopy top becomes a new surface plane.

Over the most typical range of real city densities z,4
has values between about 0.6 and 0.8 of the mean
element height zy. In fact if no detailed estimate is
possible a value of 0.7z is a reasonable first value to
use for cities. The form of the relation for zy shows a
peak roughness effect at intermediate density. Initially
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Figure 4.24 Schematic representation of relation
between roughness element density (packing) and
wind profile roughness parameters zy and z,; (both
normalized by average element height zy). The areas
in color include most estimates from scale models and
real cities (Source: Grimmond and Oke, 1999a;

© American Meteorological Society, used with
permission).

as elements are added to the underlying surface they
add to the drag and increase the roughness. However,
this effect reaches its maximum in the wake interfer-
ence régime, adding elements beyond that point
restricts flow into the inter-element spaces and stifles
their roughness effect, because some of the flow skips
over the spaces and skimming is initiated. Again, a
first idea of roughness is given by the zy ~ 0.1z rela-
tion, but clearly it also does not account for the influ-
ence of density.

Morphometric methods need no equipment and
once the urban structure of the site is described calcu-
lations can be done for any direction of interest and
spatial roughness patterns can be produced. However,
a weakness is that most datasets used to derive the
algorithms were collected in wind tunnels with ideal-
ized arrays (e.g. regular, staggered and random arrays
often with a uniform building height, Figure 2.8).
They do not include the true variability of field sites
and hence the measures of surface structure may over-
simplify the real world case.
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Typical Values

Table 4.2 lists typical values of zy and z, for urban
canopies, taken from both anemometric and morpho-
metric analyses. This summary places the magnitude
of the parameters in context with their non-urban
counterparts. The urban roughness categories of
Table 4.2 were suggested by Grimmond and Oke
(1999a) and are illustrated in Figure 4.25. The magni-
tude of these rural and urban z, values confirms that
cities are absolutely rough. Urban-rural z, differences
are often one to two orders of magnitude. The excep-
tion is a city surrounded by forest where urban-rural
differences are likely to be smaller.

Within a city, trees also contribute to drag. In areas
with low building heights tall trees generate significant
extra roughness, on the other hand if streets are lined
with trees they can help to ‘cushion’ the space between
buildings by filling in the canopy and thereby limiting
building wakes.

Measured urban roughness parameters show large
variability for two reasons. The first is simply due to
limitations of the methods. The second is a result of
the variation of roughness elements with compass
direction around a site due to the street pattern or
other structural control on flow which varies with
wind direction (i.e. angle-of-attack, Figure 4.12,
Figure 4.13). Seasonal change of deciduous foliage
also alters the aerodynamic drag of trees. Error in
estimating z; is less critical than in zo. This is because
the former is only a correction to the overall datum
(z — z4), and when using Equation 4.9 interest is usu-
ally at heights much larger than z; so the impact of z,
is small.

4.3.3 Turbulence and Turbulent
Exchange

The turbulent exchange of horizontal momentum ()
and also the turbulent fluxes of sensible heat (Qp),
latent heat (Qp), or air pollutants change little with
height in the ISL. Hence the ISL is also known as the
‘constant’ flux layer. This consistency of fluxes with
height in the ISL is a very helpful attribute. For
example it follows that determination of the flux of
any entity (sensible heat, water, air pollutants) at any
level in the ISL, also determines the integral flux
from the underlying surface. Further, it aids develop-
ment of relationships and numerical models by
allowing certain simplifying assumptions to be
fulfilled.

Monin-Obukhov Similarity Theory

The most widely accepted framework of relationships
in the ISL is the Monin-Obukhov Similarity Theory
(MOST). MOST has been applied very successfully to
the SL over smooth surfaces (see Kaimal and Finni-
gan, 1994). Observations confirm that the MOST
framework also applies in the ISL above cities (Roth,
2000). This finding is one of the most significant
results from decades of urban climate research. How-
ever, it is important to note that MOST does not
apply to the flow in most of the RSL or the ML.

Based on dimensional analysis MOST provides a
unified means of relating turbulent fluxes to the mean
gradient of an associated property, and of making
predictions about turbulence intensities and other
characteristics of the turbulent flow. MOST recog-
nizes four key parameters that govern the flow in the
ISL under all conditions, the:

1. integral momentum flux of the urban interface on
the overlying flow 7 (in Pa)

2. integral sensible heat flux density of the urban inter-
face Q) (in W m?)

3. effective height above ground z — z; (in m)

4. buoyancy ratio g/6 (inm s > K1)

Together, these four parameters completely determine
the gradients of the mean properties and the charac-
teristics of turbulence in the ISL. These can be com-
bined to form the following velocity, temperature and
length scales:

ux = \/170/p (ms™) Equation 4.14

Oy = — CQ;* (K) Equation 4.15
Ou, .

= ke0s (m) Equation 4.16

z—2zg (m) Equation 4.17

where uy is the friction velocity (m s™') that has been
already introduced in Equation 4.8, 6, is the friction
temperature (K), and L is the Obukhov length (m).
L is proportional to the (negative) ratio of mechanical
and thermal forces producing turbulence (see Section
4.1.2).

Out of these scales, one dimensionless group can be
formed:

{=(z—1z4)/L

which is a measure of the dynamic stability of the ISL.
¢ is 0 in neutral, positive in stable, and negative in

(unitless) Equation 4.18
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Low height and density

Figure 4.25 Photographs of the four urban and suburban roughness classes in Table 4.2, arranged in order
downward of increasing roughness (Source: Grimmond and Oke, 1999a; © American Meteorological Society,
used with permission).
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dynamically unstable atmospheric  conditions
(Table 4.1). The larger the absolute value of ¢ the
greater the role of thermal production relative to
mechanical production. This dimensionless group is
extremely handy, because any other parameter
describing the flow in the ISL such as the mean gradi-
ent of velocity or temperature, or the statistics describ-
ing their fluctuations, is a universal function of ¢ when
non-dimensionalized by an appropriate scale.

Effects of Turbulence on Mean Wind

MOST can be used to extend the logarithmic wind
profile (Equation 4.9) to non-neutral conditions.
Dynamic stability alters the shape and size of eddies
and it changes the curvature of the wind profile. In
unstable conditions buoyancy aids vertical transport
of momentum and the gradient is lessened. In stable
conditions vertical transport is hindered and the gra-
dient steepens. The form of the logarithmic law still
applies if a stability function for momentum is
included to account for these effects on curvature of
the profile:
ou U

A 74&"‘1
0z k(z—zy)

(s)

Moriwaki and Kanda (2005) show for the ISL above
an urban surface that &,, follows the conventional
semi-empirical relationships as a function of { that
were derived for flat surfaces (e.g. Dyer and Hicks
et al, 1970; Hogstrom, 1988). However, Rotach
(1993) and Moriwaki and Kanda (2005) find that
relationships diverge from the prediction when
approaching the urban canopy from above (i.e.
entering the RSL). In the RSL &,, is typically lower
than predicted with MOST. In other words, the gradi-
ent of mean wind becomes less steep compared to the
MOST prediction, likely because of non-local turbu-
lence enhancing the size of eddies when approaching
the shear zone.

Equation 4.19

Effects of Dynamic Stability on Turbulence
Intensities

Turbulence intensities of longitudinal (¢, /u), lateral
(0,/u) and vertical wind (o, /u) relate the magnitude
of turbulent fluctuations to the mean flow. Along with
the wind profile, turbulence intensities allow determin-
ation of how rapidly entities such as heat, water or air
pollutants are mixed and dispersed in the urban
atmosphere. Revisiting Figure 4.20 shows the vertical

variation of the turbulence intensities from ground
level into the ISL. The magnitude of the intensities is
greatest near the shear zone at the top of the rough-
ness elements and then steadily decays with height.

Observations suggest a large city increases turbulence
intensities by as much as 50%, but care must be taken in
making urban—rural comparisons. Notice that the def-
inition of intensity includes the mean wind speed. Since
the greater drag of cities reduces wind speeds by about
20-30% (Section 4.4.1), this reduces the turbulence
excess to say 10-20%. In the central city where drag is
greatest the excess could still approach 50%.

Within MOST the appropriate scaling parameter
for turbulent fluctuations is us_ and empirical relation-
ships suggest:

P
oi/uy = { a(l _abC) fv(:ré;é% (unitless)

Equation 4.20

where i = u, v, or w. Results from rural, suburban and
urban studies show remarkable agreement in the
values of a, b and ¢ (Table 4.3), which gives little
reason to discriminate between terrain types and sug-
gests they apply as long we are in the ISL.

4.3.4 Local-Scale Advection

The discussion so far has assumed that the ISL is
formed above an urban area of extensive, uniform
urban structure, such as those described in Table 4.2.
It follows then that the airflow in the ISL can be
linked unambiguously to the roughness and thermal
properties of the underlying extensive surface. How-
ever, urban surfaces are often heterogeneous at the
local (neighbourhood) scale and consist of distinct
zones that differ significantly in their properties, yet
are of limited extent. As a result we may expect the
properties of one zone can be transferred to another
zone through airflow (i.e. advection). Here we briefly
consider the effects of roughness and of thermal
patchiness on airflow in the ISL.

Internal Boundary Layers

In Chapter 2, we considered a city of sufficient extent
that it develops a unique UBL that grows with dis-
tance from the upwind urban edge until, eventually, it
occupies the depth of the ABL (Figure 2.12b). At the
city’s downwind edge, the development of a new rural
boundary layer begins to replace the UBL from
below, so that the remnants of the UBL exist as an
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Table 4.3 Semi-empirical constants a, b and ¢ used to scale turbulence in the ISL based on Equation 4.20. Data
compiled as average of 11 field studies in the ISL and from Roth (2000).

Wind component Constant Typical values in urban ISL(" Typical surface layer values®
Longitudinal turbulence (o, /ux) a 2.29 (2.21-2.39) 2.39
b 0.15 3.0
4 0.94 0.33
Lateral turbulence (7, /u.) a 1.85 (1.71-1.96) 1.92
b 3.34 3.0
4 0.31 0.33
Vertical turbulence (,, /ux) a 1.24 (1.19-1.30) 1.25
b 2.09 3.0
c 0.33 0.33

(M Urban ISL values are compiled from Roth (2000) plus data from more recent studies.
@ Surface Layer values compiled from Panosky et al. (1971), Panofsky and Dutton (1984) and Wyngaard et al. (1971).

elevated plume that becomes progressively shallower
with distance from the city. At smaller scales, this
process is repeated, as for example, when air passes
from a low-rise and low density suburban zone into a
zone dominated by tall and closely spaced apartment
blocks. The adjustment of airflow to the change in
roughness causes an increased momentum flux in the
second zone, which is transferred upward. The effects
on the overlying atmosphere as airflow crosses a
change in surface properties is dealt with in several
micrometeorology textbooks (Oke, 1987; Stull, 1988;
Garratt, 1992; Arya, 2001).

If a zone within a city is sufficiently extensive in the
along-wind direction then we expect an internal
boundary layer (IBL) to develop from the surface that
adjusts to the structure of the underlying zone. The
IBL deepens with the distance travelled across that
zone and is eroded from below when the air crosses
the leeward edge and enters a new urban zone, with
different structure, which develops its own IBL. It
follows that, within the urban atmosphere, there are
a myriad of IBLs that form over zones of different
structure. The contributions of these zones are even-
tually blended in the ML of the UBL, just as the ISL
blends contributions from the urban elements (build-
ings, trees) that comprise a distinct urban zone.

In neutral conditions, the growth in depth of an IBL
is approximately logarithmic to the distance of fetch
from the upwind border. The actual rate of growth
depends on the roughness of the new surface and

stability conditions. Example of relations can be
found in Garatt (1992) or Savelyev and Taylor
(2005). It is faster (slower) than the neutral case over
rougher (smoother) surfaces and faster (slower) when
unstable (stable). We can expect that IBLs fluctuate in
depth according to the stability of the atmosphere ever
varying wind direction as it changes the path across
and the zone boundaries.

Implications for Measurements

If we wish to obtain measurements of wind or turbu-
lent fluxes that represent a particular urban structural
zone, two conditions have to be met: Firstly our
observation platform has to be within the IBL of that
zone. This means that the measurement location
should be sufficiently downwind of a leading edge,
such as a border between two structural zones.
Secondly, it should be located above approximately
1.5-3 times the height of the roughness elements that
characterize that zone in order to avoid microscale
effects within the RSL. This highlights the difficulty
in finding locations suitable for the conduct of wind
and flux measurements. In cities with structural com-
plexity the challenges are great. In some instances,
these can be addressed through careful choice of
measurement location that accounts for the extent of
structural zones in relation to typical wind direction
and the stability of the atmosphere. Nevertheless,
there may be many urban zones in any city that are
simply too small in extent to be examined using the
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theories applicable in the ISL. For these patches, a
more complex experimental design is required that
must account for both horizontal (e.g. advective)
and vertical exchanges.

Intra-Urban Circulations

During periods of calm weather, under clear skies, the
different characteristics of urban land-covers result in
different surface and air temperatures. Large areas of
green-space, such as urban parks (grassed, forested or
mixed vegetation), playing fields, open ground or
water bodies such as lakes and large rivers have dif-
ferent thermal characteristics compared to built-up
areas (see Table 6.4). By day and by night they are
usually cooler than their surroundings, however the
differences are usually greatest at night. The colder,
denser near-surface air in the park causes a baroclinic
gradient between the park and adjacent warmer built-
up areas. If the pressure differences become suffi-
ciently large, they initiate an outward flow of air that
advects the thermal properties of the cooler park air
into it built-up periphery. Observations of the night-
time canopy layer temperatures readily detect the
presence of parks (and lakes) as areas of lower tem-
perature reaching into adjoining streets (Chapter 7).
These near-surface ‘park breezes’ are part of a 3-D
local circulation system. The outflow causes diver-
gence and subsidence over the park and convergence
with mild uplift over peripheral areas of the park.
Only the near-surface arm of this circulation has been
observed. Rivers passing through cities are also local
sources of cool air and give relatively unobstructed,
low roughness routes that aid dispersal of air pollu-
tants, insects and cool air.

4.4 Flow in the Mixed Layer

SL fluxes and climate effects blend upward into the
ML portion of the UBL (Figure 2.13). The effects of
surface roughness decrease with height, and the tur-
bulent momentum flux (Reynolds stress) ¢ becomes
negligible at the top of the ML, in the FA. In the
FA, wind speed and direction correspond to the geo-
strophic flow and are not affected by surface friction.

In the ML, surface-generated turbulence is still in
evidence but the dominance of mechanically produced
turbulence (roughness) declines relative to that of
thermally produced turbulence (buoyancy). The larg-
est thermal eddies that can efficiently mix properties
within the ML scale with z;, the depth of the inversion-

capped convective ABL by day. As a result in the ML,
the importance of z as a scale length diminishes rela-
tive to z;. The ML responds to urban scale phenomena
such as the growth and dynamics of the UBL, advec-
tion, local or mesoscale convection and circulations.
There is a general lack of direct observations of urban
effects on ML dynamics. This is partly due to the
difficulty of gaining access to the atmosphere above
the reach of tall towers. Our information relies on
insight gained from remote sensing, balloon ascents,
aircraft surveys and both scale and numerical models.

Airflow in the urban ML is subject to modification
by two main characteristics: surface roughness (mech-
anical effects), and the urban heat island (thermal
effects) (e.g. see Figure 3.26). The greater roughness
of the city compared to its rural surroundings creates
larger drag on the flow and an increase in mechanically
produced turbulence. The excess warmth of the urban
heat island (UHI) can change spatial patterns of air
pressure both at the surface and aloft, thereby altering
the balance of forces governing motion. Air tempera-
ture distributions in the UBL are covered in Chapter 7;
here it is sufficient to say that the UHI forms a node of
relatively lower air pressure over the city, in the lower
layers of the ML. The spatial gradient of temperature,
and therefore of air pressure, is usually greatest around
the urban-rural perimeter. The central area of a UHI
is not a smooth horizontal temperature field, so a
degree of patchiness is to be expected in the pressure
field. The UHI also creates enhanced production of
thermal turbulence, which progresses up into the ML.

A city is subject to mechanical and thermal effects
on its wind field at the same time. To aid understand-
ing this section is artificially subdivided into the effects
of extra roughness and of the UHI. The separation
can be approximated by the strength of the regional
flow. Firstly, with strong regional flow the influence of
roughness tends to dominate, because the associated
mixing and advection dampen or eliminate the UHIL.
Secondly, with weak flow thermal differences can
develop and persist and the UHI is best displayed,
especially if skies are cloud free. Thirdly, we consider
the more general, intermediate case when both rough-
ness and thermal effects are at play, and compete with
each other.

4.4.1 Roughness Influences

When airflow crosses from countryside to the city and
back again in a traverse of the city, we expect
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Figure 4.26 Scale model experiment using upturned baskets on lake ice to simulate roughness effect of a whole
city. (a) Velocity profiles: at extreme left is the undisturbed upwind horizontal velocity distribution; profiles at
the right of each set are horizontal velocity changes (A#x) from the undisturbed case; and the computed vertical
velocity (W) at positions over and in the lee of the roughness array. (b) Local budgets of horizontal momentum
(all units Pa) — single arrows (in purple) are vertical turbulent fluxes of u-momentum; double arrows (in red) are
u-momentum transport by mean flow. Note: fivefold vertical scale exaggeration (Modified after: Lettau, 1963).

profound changes in surface roughness that will cause
adjustments to the forces that govern ABL winds, and
hence change in both wind speed and direction.

Changes in Horizontal and Vertical Wind Speed

A classic micrometeorological study helps to illustrate
these adjustments. A rough surface was created by
placing 210 upturned bushel baskets out on an other-
wise unobstructed ice-covered lake. The baskets
were arranged in a regular grid to represent a ‘city’
(zw = 0.3 m, zg ~10 mm, 4, = 0.06) and the ice repre-
sents the surrounding rural landscape (zp ~1 mm).
Wind was measured upwind, within and downwind
of the obstacle array and Figure 4.26 shows the evolu-
tion of the horizontal wind profile and of the associated
momentum budget.

In Figure 4.26a the vertical profiles of mean vertical
wind speed (W) and the difference in mean horizontal
wind speed (Ax) are shown. Note that the background
airflow is in equilibrium with the smooth ice surface
and there is no mean vertical wind. As the flow
encounters the obstacles, an updraft is generated
(W > 0) and horizontal motion is slowed (A% is nega-
tive up to 3zpy). Deeper into the array a downdraft

(w < 0) occupies the lower part but remains positive
above. The profile of horizontal wind now shows a
marked deficit up to 4z, as horizontal flow deceler-
ates. At the leeward side of the array, the transition to
the smoother ice surface results in acceleration of
horizontal motion (A# is less negative) as downward
flow (w < 0) becomes negative through the entire
layer. The upwind horizontal profile is slowly re-
established downwind of the array.

This varying flow along the traverse is a response to
the flux of momentum, which occurs horizontally and
vertically by mean flow and turbulence as the surface
roughness changes. Figure 4.26b shows the momen-
tum budget (in units of force per unit area, or Pa) for a
series of four boxes (1.65 m deep) that divide the
traverse into discrete sections. Note that the signifi-
cant transfers accounted for are advective fluxes
caused by the mean flow (# and W, double arrows)
through the sides and top and those by turbulent
exchange at the top and bottom (single arrows). The
effect of changing surface roughness is seen clearly as
the oncoming air becomes squeezed above the obs-
tacles and exerts a force (+0.33 Pa) at the upwind
boundary of the second box. Here the enhanced
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surface roughness is apparent in enhanced surface
drag (-0.23 Pa) that decelerates the overlying air,
exports this effect upward via w (-0.18 Pa), where
there is a compensating downward transfer by turbu-
lence (+0.08 Pa) that achieves balance. Downwind of
the obstacles (third box) the reverse occurs. The return
to a smoother surface is evident in reduced surface
drag (-0.10 Pa), this causes: an acceleration that gen-
erates a suction force (—0.17 Pa) at the far boundary
and a compensating downward transfer of momen-
tum by advection and turbulent exchange (+0.11 Pa
and +0.16 Pa, respectively). In the final box, the net
flux of momentum is greatly diminished: transport of
horizontal momentum by the mean flow is negligible;
momentum sink at the surface has returned to its
upwind value and; wind profile has almost recovered
its upwind shape. Although this scale model greatly
simplifies the urban effect on airflow it mimics the
broad features that characterize the mechanical influ-
ences of cities as illustrated by the following field
results.

Although Figure 4.27 looks dauntingly complex
this is what the ML looks like in the air volume
occupied up to about 2 km above an area about
80 x 80 km encompassing a large city. The example
is St. Louis, United States, on a summer afternoon
with strong southwesterly flow (8-10 m s~ ). Horizon-
tal convergence/divergence fields have been computed
from winds observed using pilot balloons released and
tracked by theodolites at 11 stations along two cross-
sections that span the built-up area and the Missis-
sippi and Missouri rivers. The small inset map shows
the location of the cross-sections: the upper panel is
approximately normal to the regional flow (i.e. the
wind is flowing from behind you into the page) and
the lower panel is almost parallel to it (i.e. you see the
flow going from left to right across the city). The
horizontal component of the arrows is not simply
wind speed but the difference between the horizontal
wind speed at any point and the network mean at the
same height above ground. Arrows to the right show
regions with enhanced horizontal wind, arrows to the
left are regions with decreased horizontal wind. The
vertical component of the arrows reveals local areas of
updraft and downdraft. The spatial variation of mean
horizontal winds record deceleration over, and down-
wind of the city. As a result the urban area is domin-
ated by convergence (negative divergence) in the layer
below 1 km. Such areas (in orange in Figure 4.27) are
clearly associated with the underlying built-up area.
The convergence was fairly symmetric in the across-
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Figure 4.27 Flow field in the boundary layer over
St. Louis, United States under strong regional winds.
Shown is the distribution of areas of divergence
(x 107 s7') at noon on August 8, 1973 during strong
southwesterly flow at 810 m s~ '. Inset map shows
cross-section (a) is approximately normal, and (b)
parallel, to the regional wind direction, and they
intersect near the centre of the urban area. Areas in red
indicate zones of horizontal convergence; areas in blue
show zones of divergence. Arrows show the deviation
of the horizontal wind at a given height from the
network mean (to the left: slower, to the right: faster),
the vertical component is calculated from the
divergence. Note 40-fold vertical scale exaggeration
(Source: Ackerman, 1978; with permission).
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Figure 4.28 Measured dynamics of boundary layer flow across Oklahoma City, United States. Isolines are
smoothed distributions of (a) Reynolds stress 7 (Pa) based on tetroon oscillations of 1-30 min period, (b)
percentage of the Reynolds stress due to oscillations of 1-10 min period, and (c) distribution of derived air
parcel vertical velocity W (m s', positive values indicate upward motion). Tetroons were released in daytime at
an average height of 400 m into a mean southerly flow of 13 m s™' (Source: Angell, et al., 1973; © American

Meteorological Society, used with permission).

wind plane. In the along-wind direction it was dis-
placed downwind, reaching maximum values of 3 x
10* s~!. Horizontal convergence is accompanied by
vertical stretching which produced maximum uplift of
0.35 m s~!, more typical would be 0.02-0.05 m s~ .
The most substantial uplift is located above the city.
Conversely, downwind from the city and aloft, hori-
zontal divergence of about 1 x 10~ s~! prevails (blue
areas) producing vertical shrinking and hence an area
of subsidence. Even small urban uplift combined with
rural subsidence produces a tendency for the ML to
‘dome’ up over the city. Net differences of the order of
0.01-0.02 m s~ ' can produce doming upward of sev-
eral hundred metres over the course of a day.
Oklahoma City, United States, shows similar
effects of increased roughness, drag and stress,
extending up into the ML and downwind from the
city. Flow over the city is observed using tetroon
(tetrahedral-shaped neutral buoyancy balloons, see
Section 3.1.4) flights launched upwind of the city and
tracked by radar as they cross the city at a mean
height of 400 m in strong (~13 m s~ ') southerly day-
time flow (Figure 4.28). A total of 32 flights are ana-
lyzed and compared against measurements from a

460 m tower near the downwind edge of the city.
The Reynolds stress 7 is computed from short-term
velocity changes of the tetroons. These in turn are
based on radar fixes of balloon positions every 1 s,
averaged to give 30 s values. Their deviations (i/, w')
from a 5 min average are used to calculate z at mean
flight level. Flight paths cover a range of directions so
it is possible to construct a spatially-smoothed field of
7 in the vicinity of the city (Figure 4.28a). Clearly
there is a maximum 7 over and slightly downwind of
the city. Values increase from about 0.05 to 0.1 Pa in
rural areas to a maximum on the northern edge of the
city of about 0.3 Pa. The increase is attributed to
the urban structure (building height and density) and
the maximum value of 7 is located about 10 km down-
wind from the city centre. Results also show the city
increases the fraction of 7 attributable to smaller-scale
eddies (Figure 4.28b), indicates the structure of turbu-
lence is also changed for tens of kilometers
downstream.

Changes in Wind Direction

An increase in 7 leads to deceleration of airflow at
lower heights in the SL (Figure 4.22a). Changes of
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wind speed across an urban area produce two import-
ant changes in the trajectory of air parcels: cyclonic/
anticyclonic turning; uplift/subsidence. Direction
changes occur because a new balance is struck by the
forces of motion. Above the ABL, the balance is as
Figure 4.29a, with vectors due to the horizontal pres-
sure gradient force (17" '»m) and Coriolis forces (I?c(,).
The resultant geostrophic wind (u,) flows parallel to
the isobars. Within the ABL, the friction force (F r)
must be included in the balance, it increases with
surface roughness and proximity to the surface and
this decreases the magnitude of I?C(,. The new balance,
creates a resultant wind that is weaker, and flows at an
angle 9 to the isobars (Figure 4.28b) compared to g,
that is the wind turns cyclonically (towards lower
pressure). This happens continuously with height
through the friction layer towards the surface, creat-
ing the Ekman wind spiral. Similarly the balance of
forces, and therefore the speed and direction, changes
when air flows at the same height from over rural
(relatively smooth) to urban (rough) terrain. The wind
slows and turns cyclonically (compare the resultant
wind vectors uy and ug and cross-isobar angles 9y
and 9z between Figure 4.28b and 4.28c). The reverse
changes in speed and direction happen when the wind
blows from city to country, i.e. it accelerates and turns
anticyclonically (towards higher pressure).

These principles are illustrated by the trajectory of
the tetroons flowing across Oklahoma City in strong
southerly flow (Figure 4.30). The average of the
32 flights indicate about 5° cyclonic turning as flights
enter the built-up area and a similar anticyclonic
recovery in the lee. Given the dimensions of the city
(i.e. the time turning was in effect) this results in a
2-3 km offset in the path downwind of the city. The
effect shows a diurnal pattern with a 10° turning in the
morning, 4° in the afternoon and negligible effect in

() Urban boundary
layer

Figure 4.29 Schematic of vector

forces producing (a) the
@ geostrophic wind () in the FA,
3 (b) resultant winds in the ABL
Fon over rural terrain (1), (¢) and in
1t the UBL (4 ). Note that

> ‘ER| > ‘ﬁ(_,‘ and 9z < Ju.

the evening. This appears to be related to the depth of
the ABL. Since all tetroon flight levels flew at about
400 m, that means in the morning the tetroons are
within the developing ML with a strong Reynolds
stress. By afternoon the ML is much deeper (about
1 km) so frictional influences are mixed and diluted,
and in the evening the balloons are above the UBL so
almost no frictional effects are seen. There is a sugges-
tion that flow is around the city on both sides, i.e. the
city acts like a ‘barrier’ to the flow.

The Oklahoma City results suggest competing influ-
ences in the lee of the city. With strong daytime flow
the anticipated subsidence downwind of the city is not
evident at the 400 m level where any sinking is over-
come by residual upward motion acquired over the
city. There is a ‘plume’ of ascending air that extends at
least 30 km downwind (Figure 4.28¢) in which max-
imum mean upward motion is about 0.4 m s~'. There
is sinking on the lateral outskirts of the city that
resemble roll vortices shed from the side edges of
buildings (Section 4.2.1). Vertical influences are
greatest in the afternoon (mean maximum uplift of
0.7 m s ') when the ML is well-developed. In the
evening, however, the weak ML of the UHI is below
tetroon flight level. The surface-generated uplift is
therefore constrained vertically by the stable air
above. This may be partially relieved by air flowing
around the city as the corresponding trajectory dia-
gram shows (Figure 4.30c).

Cities as Physical Barriers

The physical mass of a large, heavily built-up city
causes a barrier effect, i.e. the city is a significant
barrier to flow, especially in districts where high-rise
buildings are closely clustered (e.g. Manhattan in New
York, United States, Hass et al., 1967, see also Section
10.4.2). It might also be evident at the windward
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Figure 4.30 Mean trajectories of tetroons (solid) as they drift across Oklahoma City, United States, at three
different times of day with strong southerly flow. The dashed lines are linear extrapolations of the flow direction
before it encountered the city (i.e. the expected path had there been no urban effect) (Source: Angell et al., 1973;
© American Meteorological Society, used with permission).

urban/rural boundary if there is an abrupt change of
height of the effective surface (zy — z4). The com-
bined roughness and barrier effects of a city produce
an urban ‘wake’, within which speeds are decreased
and turbulence is increased for distances of 50 km or
more, based on numerical model simulations.

4.4.2 Thermal Influences

When viewed at the mesoscale, the UHI appears as a
localized, thermal anomaly approximately coincident
with the built-up area, extends up into the UBL and
can form a plume downwind (see Chapter 7). Tem-
perature differences and gradients, in both the vertical
and especially in horizontal, are sufficient to generate
atmospheric motion. The UHI modifies vertical lapse
rates and static stability. The horizontal pressure gra-
dient force (17",,,,) near the surface enters the balance of
forces as a vector directed towards lower pressure in
the UHI core, especially near the surface. This pro-
duces acceleration of flow into the city. The lapse rate
is also relevant because inversions dampens vertical
mixing, so surface drag is restricted to a shallow layer.

The Urban Heat Island Circulation

When background regional winds are calm, or very
weak (say < 1.5 m s~ 1), and skies are sufficiently cloud
free to favour solar input (by day) and longwave

radiative cooling (especially at night), conditions are
suitable for a UHI-induced thermal circulation, simi-
lar to that of land and sea breezes. Indeed the ‘island’
analogue is particularly apt; the breezes are similar to
the thermal circulation of a heated island surrounded
by cooler sea. Figure 4.31a is an idealized distribution
of air pressure in the vicinity of a heat island showing
that isobars over a city follow a baroclinic stratifica-
tion (i.e. isothermic and isobaric surfaces are not par-
allel to each other). The warmth of the urban air
column causes it to expand and diverge aloft. The
isobaric surfaces tilt outward, a horizontal pressure
gradient force and outflow is created. Outflow causes
the surface pressure to drop in the city, whereas add-
ition of air above the surrounding countryside causes
an increase in surface pressure there (Figure 4.31a). So
a country-to-city pressure gradient exists at low-level
and there is a confluence of near-surface ‘country
breezes’ into the city. This centripetal drift of breezes
causes convergence of cooler rural air into the city
where there is uplift, from both dynamic and thermal
effects (Figure 4.31b). Over a wide city the distance of
travel is great enough to make the acceleration subject
to Coriolis turning, giving a cyclonic spiral into the
centre near the surface, and an anticyclonic outward
spiral aloft, which is not shown in 4.31b.

This urban heat island circulation (UHIC) was simu-
lated over Paris, France on a summer afternoon using
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Figure 4.31 Schematic of the urban heat island circulation (UHIC). (a) Idealized 2D air pressure distribution
(thin horizontal arrows represent horizontal pressure gradient forces), and dotted lines are isobars (lines of equal
atmospheric pressure in kPa). The thick lines are the resulting circulation. (b) Highly simplified view of the 3D

circulation pattern (neglecting the Coriolis force).

the Town Energy Balance (TEB) model (Chapter 3)
coupled to a 3-D mesoscale model of the ABL for a
2-day period. A realistic simulation including the city
was run and then repeated excluding the urban area
properties; as if Paris had never been built. The differ-
ence between the with- and without-city runs pin-
points the effects of the city on the ABL. In mid-
afternoon, when synoptic flow in the region is disor-
ganized and light (< 5 m s™"), the realistic simulation
shows a UHI of about 2 K (Figure 4.32a) near the
surface, when the city is removed the temperature field
is relatively uniform (Figure 4.32b). At the same time
the sensible heat flux to the air in the city is about
double that in the countryside. The mean vertical
wind speed above the city shows uplift of about
1 m s~! and the height of the ML is domed upward
by an additional 0.7 km over the city (urban dome, see
Figure 2.12a). The difference of horizontal wind
between the two cases, both near the surface and
towards the top of the ML (Figure 4.33), show the
city induces confluence of winds with cyclonic curva-
ture flowing into the lower pressure of the city at low-
level and diffluent winds with anticyclonic curvature
aloft. The surface outline of the UHI itself is roughly
coincident with the built-up area but the UHIC affects
an area about 2 to 3 times larger. This is a UHIC that
broadly resembles Figure 4.31. The same study
showed that when the flow at 10 mis > 7 m s~ ' the
UHIC does not form and the urban dome is replaced
by an urban plume (e.g. Figure 2.12).

It is important to keep the form of the complete
system in mind, not just the perspective of a ground-
based observer. This is illustrated in a study by Shref-
fler (1979) in St. Louis, United States. He investigated
periods of weak flow (average speed across a 25 station

network < 1.5 m s7!) and divided the cases into
‘weak’ or ‘strong’ UHI classes. He calculated wind
vectors at each station as the difference between the
local and network mean to identify any local wind
perturbations. These difference vectors show propen-
sity both to accelerate and to converge on the centre of
the UHI, for both UHI classes. What is initially sur-
prising however is that the strength of the converging
low-level breezes is greater for the weaker heat islands.
Average hourly convergence was 2.2 x 10~ s~ for the
weak UHI class, and 0.9 x 10* s~ for the strong class,
with peak (1 min) values about four times greater. This
seems to run counter to the idea that the circulation
should be proportional to the strength of the driving
force (i.e. the thermal, horizontal pressure difference).
The key to this apparent oddity is that the two UHI
classes are associated with very different stability
régimes. The weak UHI are from daytime, in convec-
tively unstable conditions, whereas the strong UHI are
nocturnal cases with much lower mixing depths over
the city and strong rural stability. This shows the
strength of the urban centripetal circulation depends
as much on the vertical structure of the ABL, as it does
on the screen-level horizontal urban-rural temperature
difference. Facilitation of vertical motion by instability
favours the weak UHI daytime circulation over the
nocturnal one, even with a stronger UHI (see also
Chapter 12). Similarly over the city of Tokyo, Japan,
convergence and cyclonic vorticity are found to be
strongest over the city by day, when the UHI is
weakest. Even in cloudy, rainy conditions with weak
heat islands the circulation is better developed than on
clear nights, with strong UHI (Fujibe and Asai, 1980).

Haeger-Eugensson and Holmer (1999) suggest that
in the evening after a nocturnal UHIC has been
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Figure 4.32 Simulations of the ML dynamics in the
vicinity of Paris, France on July 12, 1994 at 1500 h
local time. The simulated fields of air temperature at
200 m above ground (a) with the city included
(realistic) and (b) with the city removed. The vector
arrows are the corresponding simulated wind fields
(Source: Lemonsu and Masson, 2002; © 2002 Kluwer
Academic Publishers, used with permission of
Springer).

initiated, rural cooling rate decreases due to subsid-
ence of warmer urban air. Later, advective transport
of cooler rural air into the city, near the surface,
lowers the urban cooling rate, thereby equalizing rates
in the two environments. The authors consider this to
be a self-regulating effect on UHI magnitude.

The vertical structure of the divergence and wind
fields (difference from mean at given height) are
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Figure 4.33 The difference in horizontal wind speed
between the realistic and a non-city simulations of the
boundary layer over Paris, France, at (a) 200 m and
(b) 2,000 m, at the same time as in Figure 4.32
(Source: Lemonsu and Masson, 2002; © 2002 Kluwer
Academic Publishers, used with permission of
Springer).

shown in Figure 4.34 for the daytime circulation in
St. Louis. This is a case with very weak (1-2 m s~ ")
westerly synoptic flow. Both the nearly parallel, and
normal cross-sections show strong convergence (in
orange) up to about 1 km, centred over the most
heavily built-up area. The core area of uplift vectors
is found in the same area, with uplift up to at least
2 km. Inflow comes from all directions near the sur-
face. The main areas of subsidence occur over the
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Figure 4.34 Flow field in the boundary layer over St.
Louis, United States with very weak regional winds.
Vertical cross-sections of divergence (x 107> s™") on
the afternoon of August 4, 1973 with regional winds
of 1-2 m s! from the west. Inset map: shows cross-
section (a) is approximately parallel, and (b) normal,
to the primary wind direction. Areas in red indicate
convergence, areas in blue are divergence. Arrows are
the deviation of the horizontal wind at a given height
from the network mean (to the left: slower, to the
right: faster) and the vertical component calculated
from the divergence. Note 40-fold vertical scale
exaggeration (Source: After Ackerman, 1978; with
permission).

cooler Mississippi valley, which because of the bend in
the river is located downwind of the main city in both
cross-sections (Figure 4.34).

The Variability of the Urban Heat Island Circulation

Several laboratory scale models of the UHIC have
been run using thermally stratified air in a chamber,
or liquid in a tank. The control such models provide
gives valuable theoretical insight into the role played
by factors like diameter of the UHI, temperature lapse
rate and strength of the heat flux and their combin-
ation in non-dimensional parameters such as the
Froude Number (Fr) stability criterion (the ratio of
the inertial force to the force of gravity, see also
Section 12.2.1) in setting the dimensions of the UHIC
(its height, width of updraft, width of complete
system). However, as the real city examples above
demonstrate the centripetal circulation is neither as
symmetrical, nor as simple, as Figure 4.31 depicts.
Weak thermal wind systems are notoriously variable
in both space and time and the urban circulation is no
exception. In the city heat sources and the horizontal
distributions of surface and air temperature are com-
plex (e.g. Figure 7.7 and 7.12) and ever changing the
array of obstacles and momentum sinks is intricate
and the effects sensitive to shifts in wind direction. The
periphery of the UHI often exhibits the steepest tem-
perature gradients whereas the bulk of suburbia may
have relatively slack gradients. Localized warm or
cool spots (e.g. a commercial centre or a park, respect-
ively) can generate their own mini-circulations within
the city (see Section 4.3.4), and individual industries
may generate thermal plumes from their operations.
The influx of country air is far from steady because
the flow has to overcome the inertia of the surface
drag and barrier effects. The forces appear to build
up to a critical threshold before a pulse of cooler
country air is able to invade the urban area. The
picture is one of an intermittent, agitated, multi-
cellular system. The situation is vividly described by
Munn (1970) as ‘the motions of an amorphous,
slowly-pulsating jellyfish’.

The UHIC is important to the air pollution meteor-
ology of a city. Clearly the dome (Figure 2.12 and
Figure 4.31) is a semi-closed system in which air pol-
lutants largely recirculate, rather than are transported
away. Therefore, over time the concentration
increases until the circulation is breached or trans-
forms into a plume. Of course if the city is located in
a valley or basin, topographic constraints and other
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local breeze systems interact or override the UHIC
(see Chapter 12).

4.4.3 Combined Roughness and Thermal
Influences

The previous two sections sought to isolate urban
roughness and thermal influences. The more normal
state of the ABL sees both controls co-existing and
interacting. Four controls are likely to come into play:
friction due to roughness; the physical barrier effect of
the city as an obstacle; the isotherm-created pressure
field; and the enhancing or suppressing effect of
atmospheric stability on vertical motion. Winds in a
city at any given time can thus be anticipated to be a
complex mix of forces even on a flat plain, but in a
given city the peculiarities of the local topographic
relief and the influence of water bodies must also be
added. Figure 4.35 is a simplified summary of under-
standing of these competing controls and gives a set of
first order ‘rules’ governing flow over cities in flat
terrain.

(a) Strong flow, weak UHI
Plan view

% l«—— Decelerate —>|
—> —_—

_— =7

-

(b) Moderate flow, moderate UHI

& Yy [«— Accelerate —>|

With respect to roughness effects in strong synoptic
flow the UHI can be assumed to be small. Winds
entering a rough city will decelerate and curve cyclon-
ically, when they revert back to smoother rural terrain
on the downwind side, the flow accelerates and the
curvature is reversed (Figure 4.35a). In the Northern
Hemisphere, on the left side of the city (in flow direc-
tion), the slower flow over the city is next to faster flow
over the countryside, which causes confluence and
convergence. On the right side of the city (in flow
direction), the flow discrepancy is the reverse, giving
flow diffluence and divergence. If the physical bulk of
a city’s buildings is significant (large increase in z,;
and/or large clusters of tall buildings) the barrier
effect may add further changes in flow direction, such
as flow around the obstacle. These effects are more
likely to appear if the ML is shallow.

Several studies suggest a critical threshold value of
the regional wind speed: above that threshold, rough-
ness effects and deceleration dominate (e.g.
Figure 4.35a), below it thermal effects and acceler-
ation are significant or even dominant. In the large

Figure 4.35 Schematic summary
of flow adjustment of boundary
layer flow in response to the
greater surface roughness and the
UHI of cities. In (a) strong flow
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cities, of London, UK, New York, United States, and
Paris, France the critical speed is reported to lie
between about 3.5 and 5 m s~', using 10 m level
speeds (observed at a rural site). It seems likely that
the value is related to physical properties of the urban
surface, such as its fabric, surface cover, structure and
metabolism but that has yet to be shown.

With regional flow just below the threshold wind
speeds may be increased in the city by two mechan-
isms (Figure 4.35b). Firstly, in such flow and fine
weather the UHI is still capable of exerting some
influence in a large city. This adds a vector component
to the flow in the upwind half of the city, causing it to
accelerate and perhaps to adopt anticyclonic curva-
ture, depending on competition between the strength
of the Coriolis and horizontal pressure gradient
forces. However, downwind of the UHI centre the
pressure gradient subtracts a vector quantity from
the balance of forces, which may reduce or eliminate
speed and direction changes.

Secondly, it is possible that the increase of thermal
and mechanical turbulence production over the city
induces greater downward transfer of momentum
from faster moving upper air layers into the SL,
sometimes called momentum ‘down-folding’. In an
example from Pietermaritzburg, South Africa, a kata-
batic mountain wind that is cool and stable with a
well-defined maximum speed at about 75 m, flows out
of a wvalley and across the warm rough city
(Figure 4.36). Extra mixing over the city results in
speed-up in the wind profile up to about 40 m which
causes divergence. Conversely, in the layer between
40 and 90 m (from which momentum was extracted),
there is deceleration and convergence. As it travels
further across the city the profile form readjusts and
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the effect diminishes. Entrainment of momentum into
the SL at night has also been observed over Sapporo,
Japan, from balloon-borne profiles of turbulence. The
fluxes of momentum and heat were close to zero
above the nocturnal UHI but sharply increased in
the entrainment zone just below (Uno et al., 1988).
More evidence of momentum down-folding comes
from a numerical modelling study over Washington
DC, United States, by Draxler (1986). A 3D numer-
ical model, using geostrophic flow of 6 m s~ (giving a
surface wind of about 4 m s~!) and a nocturnal UHI
of 5 K, increased the downward mixing of momentum
and altered flow across the city. The speed at 50 m was
accelerated by 17%, sufficient to produce anticyclonic
turning of 1° km™! over the city and readjustment
when it exited the urban area.

With weaker regional flow, acceleration over the
upwind half the UHI may exceed the frictional retard-
ation, but over the downwind half the UHI combines
with the roughness to decelerate flow again
(Figure 4.35c). The changes are unlikely to result in
significant vertical motion at the city scale.

The final case (Figure 4.35d) is when regional flow
is calm and the UHI is strong. There is lower pressure
in the city, so flow entering from the countryside
accelerates down the pressure gradient (if the force is
large enough to overcome the extra friction) towards
the city centre, and curves anticyclonically. Since the
isotherm pattern is essentially concentric this happens
from all directions, so country breezes curl and con-
verge into the UHI core leading to uplift. If the lapse
rate does not suppress vertical motion this might initi-
ate an UHIC (i.e. similar to that in Figure 4.31). The
impact of the lapse rate within the city is fairly uni-
form because the UHI moves conditions towards

Figure 4.36 Redistribution of
momentum as katabatic airflow
(a mountain wind) crosses the
warm rough city of
Pietermaritzburg, South Africa.
(a) The observed wind profile is
progressively modified to greater
heights as the air moves further

“tttttottittopamn o across the city, and (b) the
-2 L is0 i divergence field calculated from
""'2 """ © 01 1 the profiles (all values x 10757

in the lowest 100 m (Modified
after: Tyson et al., 1973).

4

Distance, x (km)


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139016476.005
https://www.cambridge.org/core

120 Airflow

neutrality (Chapter 7), therefore any differential effect
on the flow depends mostly on the urban-rural con-
trast in stability.

Observed wind fields are unfortunately often very
complex. Trying to tease out the relevant controls
from field observations, given the limited sampling
possible, usually leaves an incomplete picture. Analy-
sis shows airflow is disturbed by the city on most

Summary

occasions, almost irrespective of weather type, cloud
cover, wind speed or direction. In pre-rain, and rainy
conditions patterns are further complicated by local
circulations accompanying shower and storm clouds,
which may mask any urban effects. The ability of
cities to modify external weather phenomena like
fronts, storms, sea breezes or valley winds is discussed
in Chapter 12.

The apparently chaotic urban winds described at the beginning of this chapter are the response
of the ambient wind to the roughness and thermal influences of buildings, neighbourhoods and
cities, each of which affect airflow at their specific scale: the roughness sublayer that responds
to building and block-scale features; the inertial sublayer represents the blended adjustment of
a neighbourhood, and the mixed layer reacts to changes at the scale of an entire city. These
simplifications provide a framework to apply laws and scalings that are common in other

boundary layers (see also Table 2.3).

* The buildings that comprise the urban surface are extraordinarily diverse in terms of their
dimensions and placement. The net result is a deep roughness sublayer (RSL) where mech-
anical turbulence dominates usually up to 2-3 times the mean height of the buildings. In this
layer mean airflow is reduced but turbulence is increased. Classical laws and scaling such as
the logarithmic wind profile equation and Monin-Obukhov Similarity do not apply here.
The main controls affecting mean flow and turbulence in the RSL are the typical height (H)
and spacing () of the roughness elements and the pattern of the street network. Within the
urban canopy layer (UCL) microscale circulations can exist. In dense urban areas, street
canyons may be aerodynamically separated from flow above (skimming flow régime), and

vertical exchange may be limited.

* Over extensive neighbourhoods the airflow effects of individual buildings become blended
together and flow becomes horizontally homogeneous in the inertial sublayer (ISL). Identi-
fying the position of the ISL is critical if we aim to measure the integral effects of a
neighbourhood. Here, atmospheric variables (wind, temperature, concentrations) are only
a function of height and their fluxes (momentum, sensible heat, water vapour, other gases
and particulates) are roughly constant with height. The logarithmic wind profile and Monin-
Obukhov Similarity apply in the ISL. Measurements at this level confirm that cities are
absolutely rough with roughness lengths (z) usually one to two orders of magnitude higher

than for surrounding rural areas.

Above the ISL, the contributions of different urban neighbourhoods become blended into

the mixed layer (ML), which has received comparatively little attention. This is unfortunate
because some urban effects, such as those on convection and precipitation, are intrinsically
linked to airflow in the ML as it responds to the roughness and thermal effects of an entire
city. Flow patterns over cities most commonly lead to convergence and uplift in the ML. The
reason for convergence may, however, be quite different: it could be slowing due to rough-
ness effects, or a low pressure zone over the warmer city that initiates an urban heat island

circulation (UHIC).
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Many of the concepts discussed in this chapter are relevant in the management of the urban
atmosphere from an applied perspective, for example to improve the comfort and safety of
pedestrians (Chapter 14), to calculate wind loads on buildings, reduce heat loss from buildings,
control snow drifting and predict dispersion of gases and aerosols (Chapter 11). Further, the
concepts and theories in this chapter inform simplifications and parameterizations for use in
urban climate models. They are especially relevant to the prediction of the vertical exchange of
entities like heat, water vapour, pollutants and momentum between their sources and sinks in
the UCL and the overlying boundary layer (Chapters 6-12). Wind is also a key variable in the
design of more sustainable urban neighbourhoods and cities in concert with the climate of the
location (Chapter 15).
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Figure 5.1 An aerial image of old Marrakech, Morocco (Credit: Y. Arthus-Bertrand; © Y. Arthus-Bertrand/
Corbis; used with permission).

Radiation from the Sun is the most important driver of
climates near the ground. In cities, the dynamic pat-
tern of sunlight and shadow in streets, as the solar
beam is blocked by obstructions like buildings and
trees, is a distinctive feature. Pedestrians often choose
to walk on the shaded, rather than the sunny side of
the street if the climate is hot or vice versa. In many
places, homeowners jealously guard their access to
sunshine, which may be encoded in local laws. In
another environment, the mutual shade provided by
buildings is a useful urban feature. For example,
Figure 5.1 is an aerial image of old Marrakech,
Morocco, which is situated in a hot and arid climate.

Note how the urban structure limits solar access below
roof-level and creates shaded spaces for pedestrians
and outdoor markets. This design minimizes the
exposure of building walls and streets to direct sun-
shine and potentially excessive heat gain. Further,
reflection of sunlight by the urban ‘surface’” from this
aerial perspective is dominated by the light-coloured
rooftops.

Less obvious, indeed not visible but equally import-
ant, are infrared radiation exchanges among the
urban facets and between the urban surface and
the atmosphere. At the surface and at points within
the urban canopy layer (UCL), sky view factor,


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139016476.006
https://www.cambridge.org/core

5.1 Basics of Radiation Exchanges and Budgets

123

(Wey»> Section 2.1.3, Figure 2.6) is reduced, this
impacts the relative amounts of diffuse solar and ther-
mal infrared radiation received from the sky and sur-
rounding buildings that affect the radiation budget
for the point. These examples illustrate that surface
structure, orientation to the Sun and sky and the
radiative properties of surfaces are important to
understanding urban radiation exchanges. Not sur-
prisingly, managing radiation exchange through
building and landscape design is one of the most
important tools available to architects, urban design-
ers and landscape planners to control microclimates
(see Chapter 15).

This Chapter focuses on radiation exchanges and
the resulting surface radiation budget, which is one
component of the surface energy balance (SEB,
Chapter 6). In cities these exchanges assume special
significance because urban development alters them,
owing to changes to both the atmosphere and sur-
face. The radiative properties of the atmosphere are
altered by an increase in the concentration of air
pollutants and changes to air temperature, humidity
and cloud. Cloud affects transmission and emission
of incoming radiation and increases interception of
outgoing radiation. Consequently the magnitude,
directionality and spectral makeup of radiation
arriving at the bottom of the urban boundary layer
(UBL) are likely to be very different from that of a
nearby rural ABL. In addition, the urban surface is
comprised of a wide mix of facets, made of natural
(lawns, trees, etc.) and manufactured (buildings,
roads, etc.) fabric arranged into a 3-D structure.
The result is a multi-faceted urban ‘surface’ that
emits and reflects to itself and generates myriad dis-
tinct radiation budgets.

Here we build understanding of the system by
moving vertically through the UBL, first looking
at micro- and local-scale effects of the surface on
radiation budgets and exchanges and their com-
bined impacts at the city-scale (Section 5.2). Next,
the effects of air pollutants and other modified prop-
erties of the UBL on radiation transmission are
considered (Section 5.3). Finally surface and atmos-
pheric controls are combined in an integrated dis-
cussion of urban effects on radiation (Section 5.4).
We begin with general background about the nature
of radiation and how it interacts with surface mater-
ials and atmospheric constituents (Section 5.1).
Readers familiar with radiation principles can skip
to Section 5.2.

5.1 Basics of Radiation Exchanges and
Budgets

5.1.1 Basic Radiation Principles and Laws

Radiation is emitted by all objects with a temperature
(T) greater than absolute zero (0 K). It may be
described as a series of electromagnetic waves of
differing wavelengths (1) that emanate from the radi-
ating object. The energy emitted by a body at a given
wavelength (W m™2 pm™'") and temperature is
described by Planck’s Law. When plotted for all
wavelengths a characteristic Planck curve emerges, it
has a single peak wavelength of maximum emission
and is positively skewed. These curves describe emis-
sion of radiation by a body that is a perfect emitter
(blackbody). Curves for bodies at the temperatures of
the Sun and Earth-Atmosphere System (EAS) are
given in Figure 5.2a. The photosphere of the Sun has
a temperature of ~5,780 K and emits most of its
radiation in the range 0.1 to 3 um, with a peak at
0.47 pm (Figure 5.2a). The EAS has a mean tempera-
ture of 288 K and emits in the range 3 to 100 pm
(Figure 5.2a, right), with its peak at 10 um. In other
words, these sources emit radiation in distinctly differ-
ent spectral ranges. Hence, for ease we refer to radi-
ation from the Sun as shortwave (K), also called ‘solar’
radiation. Radiation emitted within and from the EAS
is longwave radiation (L), also called ‘terrestrial’ (or
‘thermal infrared’) radiation.

The area under these emission curves is the total
energy flux density (E), also called emittance, given by
the Stefan-Boltzmann Law,

E=eoT' (Wm?) Equation 5.1

where o is the Stefan-Boltzmann constant (5.67 X
10 W m2 K™%) and ¢ is the average emissivity of
the emitting body, which indicates its radiative effi-
ciency. If ¢ were equal to 1.0 then the object would be
a perfect emitter (blackbody). Objects are however
imperfect emitters and ¢ values are spectrally depend-
ent, but for our purposes it is sufficient to employ
average ¢ values over a suitable spectral range (such
as the short- and longwave radiation bands).
Kirchhoff’s law states that the emissivity ¢; of an
object at a given wavelength 1 equals its ability to absorb
radiation (absorptivity ¢,) at the same wavelength:

(unitless) Equation 5.2

& =0,

Similar to emissivity, absorptivity ¢, is a number
between 0 and 1 that describes the fraction of


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781139016476.006
https://www.cambridge.org/core

124 Radiation

Shortwave radiation

Longwave radiation

Figure 5.2 (a) The radiation
curves of perfect (blackbody)

emitters at the temperatures of
the Sun and Earth-Atmosphere
System (EAS) respectively.

(b) the absorptivity and
emissivity of individual
atmospheric gases, and (c) the

total atmospheric absorptivity

and emissivity.
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radiation absorbed in the given wavelength. A thick
cloud layer for example is an efficient emitter and
consequently an excellent absorber in the longwave
part of the radiation spectrum (Figure 5.2c).

Again, when the respective temperatures of the Sun
and EAS are entered into Equation 5.1, the former is
seen to emit over 10° times more energy per square
metre than the latter. However as the Sun is, on aver-
age, 1.5 x 10® km distant only a very small fraction of
the output is intercepted by the EAS. At the top of the
Atmosphere, on a surface perpendicular to the solar
beam this energy flux amounts to an annual average
of 1,361 W m™2, known as the solar constant. Of course,
the amount received at Earth’s surface is reduced owing
to depletion of the beam as it passes through the atmos-
phere, and it depends on the angle of incidence, the angle
at which the solar beam strikes the surface.

5.1.2 Radiation-Mass Interactions

In the absence of any medium (e.g. in space), the
propagation of radiation is relatively straightforward,

as radiation travels in straight lines and at the speed of
light. However, in the EAS radiation interacts with
mass in the atmosphere and at the surface, and those
interactions are a fundamental driver of the climate
system.

Conservation of Energy

When radiation of a given wavelength encounters a
medium it experiences one of three fates: absorption
which in most cases results in heating of the medium
or sometimes enables a chemical reaction; reflection
which redirects the path of the radiation backwards
and; transmission which allows the radiation to pass
through the medium. We can therefore write a state-
ment of radiant energy conservation:

l=9,+w,+1 (unitless) Equation 5.3

where ¢, is the absorptivity, w, the reflectivity and 7;
the transmissivity, all with values between 0 and 1, at
the same wavelength. The fraction of total radiant
energy partitioned into absorption, reflection or trans-
mission depends strongly on wavelength (Figure 5.2b):
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Figure 5.3 Size classifications,
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of aerosols in the troposphere
along with relative sizes of
radiation wavelengths and cloud

Name Uit Sl Coarse droplets in the atmosphere
<—| .
VG — (Modified after: Wallace &
PM : - Hobbs, 2006 and Turco, 2002).
PM10 >
- «— UV —> <«——Far Infrared —>
Radiation <VIS»<—NIR—>
Cloud,
Clouds < Haze »< fog Ice 5 €Drizzle >
crystals
droplets
Primary <«—— Combustion ——— > <«—— Dust —>
sources ¢ Viruses ——>»<——Bactera—>
C lation of Industrial particles
oagulation of_ ¢ from mechanical—»
Aitken nuclei
processes
Secondary Gas-to-particle
sources conversions
Photochemical
reactions
Cloud droplet
evaporation
. -« —>
Sinks Ceaglldon <«—— Wet deposition————>
Capture by
cloud particles <«——Dry deposition—————>
Residence < Thr Days to weeks Hours — Minutes to hours
time Days
| | | | | | |
0.4 0.3 0.2 0.2 0.3 0.5 5
my-' m mo ' md-' mh-! mmin®'  ms” ms-!
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Earth’s atmosphere for example, transmits a great deal
in the shortwave, but very little in the longwave part of
the radiation spectrum (Figure 5.2c). However, for
simplicity we often express these fates as averaged
values over the short- or longwave part of the spec-
trum. If radiation strikes a surface that is solid and
opaque there is no transmission, hence the input is
either reflected back from the surface or absorbed, so
the reflectivity is:

w,=1—9, (unitless) Equation 5.4

Radiation Interaction with Aerosols

Aerosols are small solid or liquid particles suspended
in the atmosphere. They play an important role in
how radiation interacts with the atmosphere, and are

responsible for urban-specific effects on radiation
transfer (Section 5.3), for the formation of fog (Chap-
ter 9), cloud and precipitation (Chapter 10) and for
aspects of atmospheric chemistry and air pollution
(Chapter 11).

Aerosols are categorized according to size, repre-
sented in Figure 5.3 by diameter, and for simplicity
typically are assumed to be spherical in shape. Aerosol
size, which varies over several orders of magnitude, is
an important attribute that influences residence time,
settling velocity, interactions with radiation and
impacts precipitation formation. Several size classifi-
cations are used in different applications, each with its
own nomenclature. One includes ‘Aitken nuclei’ with
radius r < 0.1 pm: ‘large aerosols” with 0.1 < r < 1.0
pum and ‘giant particles’ with » > 1.0 um (Figure 5.3).
A second uses ‘ultrafine’, ‘fine’ and ‘coarse particle’
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categories. Air pollution often refers to particulate
matter (PM) which is usually divided into two main
size classes relevant to human health: particles with
diameter < 10 pm (PM10) and < 2.5 um (PM2.5) (see
Section 11.1). Finally, visibility assessments often use
a measure of the total suspended particulate of all
sizes expressed as a density or concentration (g m ).

Aerosols are derived from a variety of natural and
anthropogenic sources, including primary sources
that provide aerosols directly to the atmosphere,
and secondary sources, wherein aerosols are formed
from gas-to-particle conversions, photochemical
reactions and evaporation of cloud droplets. Aerosol
concentrations are greatest near the ground and
decrease with height. That is firstly, because that is
where most sources are located and secondly, because
gravitational settling is the main removal process
together with rainout and washout (see also Section
11.1.3). The rate of settling increases with size
(Figure 5.3) and the residence time is influenced by
both settling velocity and other processes that act as
aerosol sinks.

Aerosols have direct and indirect effects on the
transfer of radiation. Direct effects include scattering,
i.e. redirection of the beam from its original path, and
absorption. Backscattering refers to a redirection in
the hemisphere towards the source and is equivalent
to reflection. The most efficient particle diameter for
scattering is approximately 0.21. Indirect effects
include the growth of haze and cloud droplets which,
in turn, affect the radiative properties of the atmos-
phere. Soluble aerosols are particularly important to
the formation of precipitation because they enable the
growth of cloud droplets (Chapter 10).

5.1.3 The Surface Radiation Budget
The radiation budget at any surface may be stated:

Q" =K*+L*=K —-Ky+L —L  (Wm?)

Equation 5.5

where Q*, K* and L* are the budgets of net allwave,
net shortwave and net longwave radiation flux dens-
ity, respectively. Arrows indicate incoming and out-
going fluxes at the surface. For urban areas the
‘surface’ to which Equation 5.5 applies, extends from
a leaf or pane of glass, through urban facets, like a
wall, roof, lawn and combined units like a building or
an urban canyon, all the way up to the fully integrated
urban surface referred to in Chapter 2.

Shortwave Irradiance

Incident shortwave flux density is called shortwave
irradiance (K |). It depends on Sun-Earth geometric
relations (latitude, longitude, time of year and time of
day), the ability of the atmosphere to transmit and
absorb shortwave, and the ability of clouds, sky and
surrounding surfaces to scatter and reflect radiation.
Shortwave irradiance consists of two streams: that
coming directly through the atmosphere as a parallel
beam from the direction of the Sun, the direct-beam
irradiance (S), and that arriving from all parts of the
sky hemisphere and surrounding objects due to scat-
tering and reflection, the diffuse irradiance (D), so

K =S+D (Wm?) Equation 5.6

The magnitude of S depends on the geometric rela-
tionship between the surface and the solar beam, so in
absence of any obstructions

S =S5, cos® (Wm™) Equation 5.7

where S, is the direct-beam irradiance received on a
surface perpendicular to the beam and @ is the angle
between the beam and an axis perpendicular to the
surface which is calculated (Figure 5.4):

cos O = cosﬁ sin 3
+ sin 3 cos ffcos (2 — Q) (unitless)

Equation 5.8

Facet normal

Q Solar azimuth

Facet azimuth
ﬁ Facet angle of slope

Figure 5.4 Radiation geometry for direct-beam
irradiance (S) on an inclined urban facet, such as the
roughly south-facing sloping roof illustrated. Whilst
for any particular surface, the facet angle of slope QE),
facet azimuth (Q), and the location of the normal to
the facet are fixed (red angles), solar altitude (f) and
solar azimuth (2) change constantly over the course of
a day and with seasons (yellow angles).
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where f is the current solar altitude; Q is the current
solar azimuth; ﬂ is the surface slope; and Qis the
surface aspect. The first two measures change over
time but can be obtained from standard solar geom-
etry calculations (e.g. Stull, 2000), the second two
terms are fixed and available from analysis of surface
structure. If the surface is horizontal, @ is simply the
solar zenith angle Z.

If a facet is flat and has an unobstructed view of
the sky, then D is shortwave irradiance scattered
downward by the atmosphere. From the perspective
of the facet, this radiation is received from an over-
lying hemisphere occupied by sky. Within the sky
hemisphere, there are variations in the diffuse short-
wave radiance that make up D (for clear sky condi-
tions it is much greater from around the position of
the Sun and under overcast skies the radiance is
larger at the zenith compared to the horizon; Mon-
teith and Unsworth, 2008. However, for climate
purposes D is often approximated as an isotropic
source of diffuse shortwave radiation (same radi-
ance from any direction in the hemisphere). The
addition of air pollutants to the UBL makes the
distribution of diffuse shortwave radiance across
the sky hemisphere closer to being isotropic (Section
5.3.2).

Shortwave Reflectance

Upwelling shortwave flux (K;) is dominantly due to
surface reflectance. Emittance of K; is essentially
negligible, even in cities where there is considerable

Figure 5.5 (a) Distribution of
light and shadow on a building in
Atlanta, United States, and (b)
specular reflection of buildings
and clouds on the glass face of a
building in New York, United
States (Credit: G. Mills).

fugitive light from artificial sources (a.k.a. light
pollution). Therefore K; is primarily a function of
K| and the average surface reflectivity for the short-
wave band known as the surface albedo (), i.c.:

Ki=aK,  (Wm?) Equation 5.9

The spectral nature of natural sunlight varies in
response to seasonal, atmospheric and cloud condi-
tions, hence a single albedo value for a surface is
not possible. Shortwave reflectance, on the other
hand, can be controlled in a laboratory setting. In
this book the reported albedos are measured in
the field.

The nature of the reflection from a surface may be
specular (beam-like) or diffuse. The former occurs
from smooth surfaces where the beam is reflected at
right angles to the angle of incidence; glazed and
polished building facets can act in a specular manner
(e.g. Figure 5.5b); even rough surfaces seem to act as if
they are smooth when the Sun is near the horizon.
In most circumstances, rough surfaces reflect diffusely
(perfectly diffuse reflectors are described as
‘Lambertian’). Finally, if there is no significant trans-
mission through the surface plane:

K*=(1-0)K, ~ (Wm?) Equation 5.10

Longwave Radiative Exchanges

Longwave radiation exchanges are also diffuse.
Incoming longwave (LL> on a surface depends on
the ability of the overlying atmosphere and
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surrounding surfaces to emit, and to a smaller
extent their ability to reflect, L towards the sur-
face. Outgoing longwave (L;) from a surface or
medium depends on its ability to both emit and
reflect longwave radiation. Emission depends on
the temperature (7)) and emissivity (¢) of the emit-
ting surface or medium (Equation 5.1), and reflec-
tion depends on its longwave reflectivity (w;).
Because Kirchhoff’s law (Equation 5.2) states that
the emissivity of a surface is equal to its absorptivity
at the same wavelength, and since most solid sur-
faces are virtually opaque to longwave radiation
(i.e. they allow almost no transmission) it follows
from Equation 5.2 and Equation 5.4 that at the
same wavelength:

w,=(1-¢) (unitless) Equation 5.11

Hence for a simple surface part of the outgoing radi-
ation is emitted (based on Equation 5.1) and part is
reflected incident longwave (L) ):

Ly =esTy+(1—¢)L;  (Wm?) Equation 5.12
where T is the absolute temperature of the surface.
Since the magnitude of & for natural materials is
commonly greater than 0.9, reflection of longwave
(the second term on the RHS of Equation 5.12)
is usually minor, but not inconsequential. When
L; from Equation 5.12 is converted to a tempera-
ture under the assumption the body is a perfect
emitter (blackbody), the result is referred to as a
brightness temperature (7 p); these temperatures
appear anomalously cold when low-emissivity
surfaces are viewed under clear sky conditions (e.g.
Figure 7.4).

Longwave radiation exchanges within the atmos-
phere are more complex than those at a surface.
Whilst aerosols and cloud water droplets largely
behave as if they are tiny ‘solid’ surfaces, the gases
are selective absorbers — they have an affinity to
absorb certain wavelengths but permit others to be
transmitted (Figure 5.2¢). From Kirchhoff’s law
(Equation 5.2) this means they are also selective
emitters at the same wavelengths. In a cloud-free
atmosphere the spectrum of atmospheric emission
(sensed as L| at the ground) is deficient in the wave-
lengths where the atmosphere is ‘open’, including
the atmospheric window between about 8 and 13
um, and richer in wavelengths where gases such as

water vapour, carbon dioxide (CO,), ozone (Os),
methane (CHy), nitrous oxide (N,O) and others are
good absorbers and therefore emitters (Figure 5.2b).
The greater the concentration of these gases and
aerosols the higher is the atmospheric emissivity
and hence at a given temperature the greater is L.
Cloud is able to virtually close the atmospheric
window because the emissivity of liquid water and
ice are very high and thereby greatly increase L.
The longwave emission by clouds depends on the
cloud base temperature which is a function of cloud
base height and cloud type.

Under clear conditions, longwave radiation from
the sky hemisphere is not is