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ABSTRACT: Real cities are comprised of a diverse, random arrangement of building positions, shapes, and sizes. Yet most
of the urban parameterisations thus far developed share the assumption that a city is made up of either a regular array of
parallelepipeds or infinitely long canopies. The inputs to these models, which include street width, building width, building
density and a statistical representation of building heights, are generally obtained through quantitative field surveys (which
are very slow and time consuming to perform) or qualitative estimates from Digital Elevation Model. But in performing
this geometric abstraction there is no way to ensure that the total built surfaces and volumes of the simplified geometry
match those of the actual city, or more importantly, that the energy and momentum exchanges are equivalent. In this
paper, we aim to test the central hypothesis that cities can be accurately represented by a regular array of parallelepipeds
or canopies. For this, we investigate, for a particular scenario, the effects of complexity in urban geometry on the spatially
averaged drag forces and shortwave radiation exchange. For drag computation, we used the Immersed Surface Technique,
while for computing the incident radiation we used the Simplified Radiosity Algorithm. After testing the above hypothesis,
we propose a new approach for fitting an array of cubes to any complex (realistic) geometry, so that new or existing urban
parameterisation schemes can be used with confidence. Copyright  2010 Royal Meteorological Society
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1. Introduction

The local climate of a city has a direct impact on
buildings’ energy demand for heating or cooling. This
impact can be exacerbated, or otherwise, by the Urban
Heat Island effect whose existence has been scientifically
established through field experiments and numerical stud-
ies. The Urban Heat Island is a phenomenon where an
urban area/city experiences on average, higher tempera-
tures than the surrounding rural areas due to increased net
radiation and absorption of heat by urban surfaces which
have very different thermophysical properties compared
to rural surfaces. Since its impacts on energy demand
and comfort is highly non-linear, there is a need for tools
which can estimate this impact in a physically realis-
tic and accurate way. This is where various geophysi-
cal codes/software based on the basic principles of fluid
dynamics come into play. However, all these tools have
a common shortfall associated with the diverse spatio-
temporal scales involved with urban climate modeling.
The climate in a city, for example, will be affected not
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only by the buildings and urban canopies (size of a few
meters) but also by large topographical features such as
oceans, lakes, and mountains (the size of a few kilo-
meters). Unfortunately, it is not possible to satisfactorily
resolve all these scales in a computationally tractable way
using a single model. Generally, the scales bigger than
those that a model can handle are referred to as super
scales, and those at smaller scales are referred to as sub-
grid scales. In urban climate modeling, it is quite the norm
now to include the effects of the former using appro-
priate forcing at the boundaries, and the latter by using
parameterisations. A group of buildings forming urban
canopies can affect the local climate in two important
ways: firstly, by retarding the air flow in their vicinity
which is a direct consequence of the drag and shear
forces that they offer owing to their complex shapes,
and secondly, by modifying the energy balance associ-
ated with the net absorption of radiation (both shortwave
and longwave) due to sun and sky occlusions and inter-
reflections between occluding surfaces. Surfaces’ ther-
mophysical properties can also have a significant impact
on retarding surface-air heat transfer. These surfaces can
also affect turbulence production due to the formation of
wake vortices. A detailed review of the effects of urban
texture on the flow characteristics, shear-stress profile,

Copyright  2010 Royal Meteorological Society



290 A. RASHEED et al.

mean-velocity profile, turbulence intensities and disper-
sion characteristics can be found in the work by Britter
and Hanna (2003). A way of modeling these effects is to
couple an Urban Canopy Model (UCM) with a Building
Energy Model (BEM). Many such couplings exist, as will
be described in the next section. However, most of them
assume a city to be comprised of a regular array of par-
allelepipeds. In this paper, we investigate the importance
of this assumption and go on to suggest a procedure for
mapping real complex urban geometries onto simplified
equivalents that are compatible with existing UCMs to
improve the predictive accuracy of urban climate models.

2. Background

In order to more accurately model the physics of an
urban canopy, new concepts in surface modeling have
been developed. These models aim to solve the surface
energy balance (SEB) for a realistic 3-D urban canopy.
Almost all of them share the following characteristics in
their constructions: (1) 3-D shapes of the buildings and
their impacts on drag and shear forces are represented;
(2) A distinction is made between roof, street, and
wall surfaces; (3) Radiative interactions between streets
and walls are accounted for, albeit in a crude way;
and (4) Cities are represented by a regular array of
parallelepipeds.

These models consist of horizontal and vertical repre-
sentations of urban structures. The vertical surfaces rep-
resent building walls, and horizontal surfaces represent
streets and roofs. Since a clear distinction between these
surfaces is made, it is convenient to assign different val-
ues of thermo-physical parameters to them and to model
them differently. Such simple models use a highly simpli-
fied approach to compute complex radiation exchanges,
as in the work by Noihan (1981) which is based on
view factors between different surfaces or facets compris-
ing those surfaces. Solar reflections and occlusion to the
sun and the (normally isotropic) sky are also explicitly
resolved. Surface temperatures, energy exchanges with
the surroundings, and energy storage in the built material
are computed by solving a set of 1-D conduction equation
for different types of surfaces. These models can be sep-
arated into two main categories: those where the canopy
air is parameterised, as in Masson (2000) town energy
balance (TEB), and those that use a drag approach, as
for forests, but here, with buildings (Martilli et al. 2002).
Here, the first type is referred to as a single-layer model
because there is a direct interaction with only one atmo-
spheric layer above the uppermost roof level. The second
category is called multilayer model because several air
layers are explicitly influenced by the buildings between
the ground surface and the lowest atmospheric layer.

2.1. Single-layer models

In these models, exchanges between the surfaces and
atmosphere occur only at the top of the canopies
and roofs. This results in simplicity and computational

efficiency, but since no equation is solved to compute
the velocity, humidity, and temperature profiles inside the
canopies, some assumptions are to be made. Generally,
a logarithmic law for wind is assumed to apply down to
the buildings’ roof level, and an exponential decay law
is used below (Swaid, 1993). Some models even use a
constant velocity profile inside the canopy. Air humid-
ity and temperature is assumed to be uniform inside the
canopy. The simplest of these models is the TEB by Mas-
son (2000) which makes use of just one generic roof,
wall, and street. Other models falling into this category
include those by Mills (1997) which consists of building
blocks with streets intersecting each other at right angles,
and Kusaka et al. (2001) which is similar to TEB, using
canyon geometry, but with several canyons treated sepa-
rately. Despite the many arguments (principally revolving
around computational efficiency) in favor of single-layer
models, the basic underlying assumption that the temper-
ature, humidity, and wind velocity can be represented by
a single value inside the canopy seems unreasonable (as
will be shown later).

2.2. Multi-layer models

In these models, velocity, temperature, and humidity pro-
files are computed on a vertical grid. The vertical resolu-
tion opens up the possibility of treating the roofs, walls,
and ground surfaces independently. Distinction can even
be made between different points (depending upon the
resolution) on the same vertical surfaces. These models
thus allow for a more detailed and accurate treatment of
multi-storied buildings (Salamanca et al., 2009). Among
these models, that of Martilli et al. (2002) models the
effects of street orientation and variations in building
heights. This model, tested against wind turbulence data
from Rotach (2001) and Roth (2000), is able to repre-
sent the differential heating of the wall surfaces due to
the shading effects of local obstructions. Two other mod-
els of this type have been developed, one by Vu et al.
(1999) and another by Kondo and Liu (1998). They are
based on similar principles except that only one surface
energy balance per wall is possible (there is no vertical
resolution). In the model by Vu et al. (1999), the vol-
ume occupied by the buildings is more accurately taken
into account. However, this comes at the cost of signif-
icant modifications to the atmospheric model equations.
Mathematically, most multilayer canopy models are rep-
resented by the following set of equations:
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Here u and v are the horizontal velocity components, θ

is the potential temperature, z is the vertical coordinate,
and t is time. The basic assumption here is that a city
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Figure 1. Regular array of parallelepipeds in an aligned configuration.

is represented by a regular array of parallelepipeds, as
shown in Figure 1. The terms Kzm, Kzθ are turbulent
coefficients for momentum and heat, while Qu, Qv , Qθ

represent the sources/sinks of the momentum and energy
equations. These terms are parameterised in terms of the
geometric parameters B1, B2, W1, W2 and street orienta-
tion. The term Qθ also represents energy exchange with
the buildings. It depends on the surface temperatures of
the wall, ground, and roof. The thermo-physical prop-
erties of the materials constituting these three different
types of surfaces are generally quite different and hence
a differential heating of these surfaces (roof, wall, and
ground) may lead to very different source terms. This
differential heating can be caused by differences in inci-
dent irradiation and the canopy velocities which in turn
will be affected by drag and shear forces.

3. Testing the hypothesis

Most of the canopy models need, as inputs, the street
width and orientation, building width, building density,
and a statistical representation of building heights which
are generally obtained through quantitative field survey
(which are very slow and time consuming to perform)
or qualitative estimates. But in performing this geomet-
ric abstraction there is no way to ensure that the total
built surfaces and volumes of the simplified geometry
match those of the actual city, or more importantly,
that the energy and momentum exchanges are equiva-
lent. In this section we aim to test the central hypothesis
that cities can be accurately represented by a regular
array of parellelepipeds. For this we investigate, for a
particular scenario, the effects of complexity in urban
geometry on the spatially averaged drag forces and short-
wave radiation exchanges with different surfaces (roofs,
ground, and walls). Although some excellent work has
been conducted in the past to study radiation exchange
in urban canopies (e.g. Harman et al., 2004), these stud-
ies have necessarily been confined to simplified geome-
tries due to the difficulties encountered in deriving an
analytical form for the models’ view factors (sky–wall,
wall–wall, sky–ground, wall–ground, ground–ground).
Since part of our aim from the outset was to model radi-
ation exchange in real complex urban settings, but in a
computationally reasonably way, we use Robinson and

Stone’s (2005) Simplified Radiosity Algorithm (SRA)
(Appendix A). Drag computations using traditional CFD
codes in a complex scenario are also complicated by
the time and complexities associated with unstructured
3-D mesh generation. Also, the solution algorithms asso-
ciated with unstructured solvers are not as efficient as
those of structured solvers; hence, we have used the
Immersed Surface Technique (IST). This has all the ben-
efits of a structured solver and is capable of simulating
flow around complex geometries. This technique has been
implemented in the TransAT (2010) (Transport Phemona
Analysis Tool) code, as explained in Appendix B.

3.1. Test Set-up

For this study, we have chosen a part of the city of
Basel, which has a dimension of 1000 m × 750 m. A
good approximation of the real geometry was sketched
assuming that all the buildings have a uniform height
of 15 m (H15). Many of the buildings in this part of
Basel, a very dense city, have been constructed to this
maximum height, although they do not necessarily all
have flat roofs. However, our objective in this paper
is not to attempt to reproduce reality. Rather, it is to
test whether a simplified abstract representation of urban
geometry can be used to reproduce similar energy and
momentum exchanges to its real (complex) counter part.
For this, a simplification of the third dimension of our
geometry should not undermine the relevance of our
study. The total built vertical and horizontal surface areas
are presented in Table I. Three simplified representations
of this geometry are also considered in the present
investigation. These we refer to as long canopies, simple
cuboids 1, and simple cuboids 2. The long-canopies
representation of the city consists of ten rows of terraced
buildings, each with a dimension of 500 m × 30 m
with an interspacing of 67 m, as shown in Figure 2.
Simple cuboids 1 consists of 20 × 18 cuboids each with
a dimension of 20 m × 20 m × 15 m, and aligned in
a regular array with a spacing of 30 m in the stream-
wise direction, and 20 m in the span-wise direction,
as shown in Figure 2. Similarly, the simple cuboids 2
representation consists of 20 × 18 cuboids, each with
a dimension of 26.7 m × 15 m × 15 m aligned in a
regular array with a spacing of 23.3 m in the stream-
wise direction, and 25 m in the span-wise direction, as
shown in Figure 2. For clarity, we present in Table II
some associated geometric quantities: the building plan
area fraction (λp) and the building wall area fraction (λw).

Table I. Geometric characteristics of built surfaces in the
domain of interest.

Horizontal built area (roofs) 144 000 m2

Vertical built area (walls) 432 000 m2

Horizontal built area (ground) 606 000 m2

Building height 15 m
Total built volume 2 160 000 m2
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Figure 2. Four types of geometries under consideration: complex geometry (top left), long canopies (top right), simple cuboids 1 (bottom left)
and simple cuboids (bottom right). This figure is available in colour online at wileyonlinelibrary.com/journal/joc

Here λp = Ar/Ad and λw = Aw/Ad where Ar is the total
roof area, Aw is the total wall area and Ad is the total
domain area. It should be noted that the building plan area
fraction for all the representations under consideration
are similar (approx 0.2). However, the wall area fraction
for the long canopy is very different compared to the
other representations. The intention here is to show that
even when the built volume and roof area are conserved,
the vertical wall area can differ significantly and have
a severe impact on radiation exchange and air flow.
In reality (from surveys) even basic quantities like the
built volume are hardly conserved. Thus, by ensuring
the equivalence of these quantities in our different
representations, we focus on testing our underlying
hypothesis that real geometries can be modeled with
reasonable accuracy by their simplified representations.

3.2. Radiation analysis

As mentioned above, the magnitude of incident radia-
tion varies with the type of surfaces (wall, roof, and
ground) due to differences in surface tilt, orientation,
and occlusion. This tends to result in different surface

Table II. Roof area Ar, domain area Ad, wall area Aw, building
plan area fraction Lp and wall area fraction Lw.

Ar (m2) Ad (m2) Aw (m2) λp λw

Long canopies 150 000 750 000 159 000 0.200 0.21
Simple cuboid 1 144 000 750 000 432 000 0.192 0.57
Simple cuboid 2 144 180 750 000 450 360 0.192 0.60
Real morphology 144 000 750 000 432 000 0.192 0.57

temperatures which in turn affect the quantity of energy
being exchanged with the surroundings. To better under-
stand this problem we investigate the differences in the
amount of shortwave radiation incident on different sur-
faces for our simplified geometries of equivalent volume.

3.2.1. Set-up for radiation computation

For radiation computation, the surfaces in each of
the representations are tessellated into smaller surfaces
(Figure 2). The details of the tesselisation are shown
in Table III. These simulations were conducted using
the prevailing meteorological conditions on the 7th of
January 2008.

3.2.2. Radiation results

All domains of the same size will have the same amount
of solar radiation entering them. But as discussed already,
for mesoscale modeling, a correct calculation of the
distribution of radiation amongst the wall, roof, and
ground surfaces is very important, as this determines the
total absorption of radiation within the domain and the
corresponding energy that is transferred to the adjacent
air. Variations in the spatial distribution of absorbed

Table III. Number of triangles to discretise different surfaces.

Cases Roofs Ground Walls

Complex 992 870 2658
Long canopies 420 284 400
Simple cuboids 1 2160 2242 7520
Simple cuboids 2 2160 2396 8640
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Figure 3. Hourly comparison of the amount of shortwave radiation incident on roof (top left), wall (top right) and ground (bottom) surfaces for
the four representations. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

solar energy may also modify momentum transfers. From
Figure 3 we make the following observations: (1) Roofs:
Since the horizontal roof surface areas in all four of our
representations are the same, and all the buildings are
of the same height (and hence there is no obstruction
to the sky), we observe that the amount of radiation
absorbed during the whole day is similar, as expected;
(2) Ground: In the particular case of long canopies, the
ground receives more solar radiation than either of the
cuboid layouts, as views to the sun and sky are relatively
unobstructed. In the complex representation, these views
are relatively obstructed so that the radiation incident
on the ground decreases. In the case of the two cuboid
representations, views are even further obstructed, so
that even less solar radiation is incident on the ground
of our domain; (3) Walls: The two simplified cuboid
representations receive more shortwave radiation than the
complex and long-canopy representations. This is due
to an increased reflected contribution and an increased
south-facing surface area. Thus, for this particular day,
the walls in the simplified representation will be warmer
than in the complex one. The opposite will be true
for the ground surfaces. This will result in different
surface temperatures for the walls and ground with a
corresponding influence on surface energy exchanges.

3.3. CFD analysis

3.3.1. Set-up for CFD simulations

To investigate the drag characteristics of the four con-
figurations, we employed a CFD code called TransAT

(TransAT, 2010). The code is a structured curvilinear
grid-based Navier Stokes solver for incompressible and
weakly compressible flows. To the authors’ knowledge,
this is the only commercial code available which supports
the use of the Immersed Surface Technique for simulating
urban flows, as described in Appendix B. Some valida-
tion results to prove the reliability of the method are also
presented in the Appendix B.

For the present analysis, the geometrical representa-
tions are the same as those used for radiation calcula-
tions. However, the domain has been extended at all four
boundaries by an additional distance of 13H resulting in a
total distance of 15H from the inlet to the start of the built
area. Finally, the top boundary is specified at a height of
5H. The domain is discretised into 175 × 175 × 40 cells
(stream-wise × span-wise × vertical). For the complex
geometry two more simulations were conducted using
150 × 150 × 40 and 225 × 225 × 60 cells. Very little dif-
ference was observed in the velocity and turbulent kinetic
energy field, implying grid independence, so that subse-
quent simulations for other geometries were conducted
using the former resolution (175 × 175 × 40).

For the inlet boundary condition on the left side of
the domain a standard logarithmic profile given by U =
u∗ ln(z/żo)/κ for the wind in the streamwise direction
is used. A surface roughness value of zo = 0.3m and
friction velocity u∗ = 0.06 has been chosen; the latter
to give a free stream velocity of 1 m/s. A turbulent
kinetic profile is generated using the value of Uas K =
(0.01U 2), and for the eddy dissipation rate we use a
profile given by ε = ρCµK2/µt where ρ is the density
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Figure 4. Velocity fields at 0.37H above the ground level for the four representations. This figure is available in colour online at
wileyonlinelibrary.com/journal/joc

Table IV. Space averaged drag (Fx, Fy) and shear forces (Sx, Sy).

Fx (N) Fy (N) Sx (N) Sy (N) Fx + Sx (N) Fy + Sy (N)

Complex 8207 157 985 2.5 9194 160
Long canopies 14093 38.52 1424 1.95 15507 40.5
Simple cuboids 1 4931 −46 754 1.3 5658 −45
Simple cuboids 2 2911 −35 665 −3 3577 −38

of the air, Cµ = 0.09 is a constant, and µt, the turbulent
viscosity, is given by µt/µ = 20 where µ is the viscosity
of air. An outlet boundary condition was applied on the
right side. For the bottom side a wall boundary condition
is specified, and for the rest of the domain surfaces a
symmetry boundary condition was imposed.

The turbulence model used in this simulation is
the standard k − ε model. The advection scheme used
for density and velocity is the HYBRID. A precondi-
tioned (multi-grid) GMRES (Generalised Minimal Resid-
ual Method) solver is used for computing the pressure
field. All CFD simulations were conducted for an isother-
mal (neutral atmosphere) stationary case. Convergence
criteria of 10−5 for velocity and turbulent kinetic energy,
and 10−4 for dissipation and continuity were imposed for
all simulations.

3.3.2. CFD Results

In Figure 4, we present the velocity field for all four geo-
metric representations at a height of 5.6 m (0.37H) above
the ground plane. The more complex (real) representation
is characterised by the formation of large vortices in the
inter-building spaces. There is also a tendency for the

flow to be deflected in the spanwise direction, due to
the irregular orientation of the buildings. Long canopies
strongly retard the flow, which tends to stagnate within
the canopies. There is also an acceleration of flow at
the ends of the long canopies. Within the other simpli-
fied representations, vortices are formed on the leeward
side of the cuboids, which are small and well isolated
from each other. Also, because these obstructions are
non-continuous, the fluid motion remains essentially uni-
directional in the streamwise sense. These observations
(in Table IV) are also evident from the magnitude of the
total drag and shear forces (obtained by integrating the
pressure field over the building surface vectors) imposed
by the buildings contained in the domain.

4. Concept of an equivalent city

With the advent of LIDAR technology, high-resolution
data for buildings such as their shape, size, orientation,
and location relative to other buildings and other urban
morphological features are becoming more accessible.
The National Urban Database and Access Portal Tool
(NUDAPT) (Ching et al. 2009), for example, is a new
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web-based urban data resource of the morphology and
urban canopy parameters for American cities, which
is based on LIDAR measurements. For a modern city
like New York, these parameters are not difficult to
derive as the cities are designed on grids. However,
for a city like Basel, the canopy parameters are not so
obvious. Equally important is that even if such simple
morphological parameters were available (or indeed the
raw data upon which they are based) for geometrically
complex cities like Basel, they would not necessarily be
compatible with the urban canopy model to be used,
or indeed be a physically correct abstraction (in terms
of radiation exchange and fluid dynamics) of the real
complex geometry from which they are derived.

In the previous section, it was demonstrated that
the same built volume can be redistributed in different
ways to give different types of simplified representations.
These different representations had very different drag
and radiation absorption characteristics compared to the
real geometries. It is thus important to identify an
arrangement of a simplified geometry (as used in urban
canopy models) for which these two quantities (drag
and shortwave radiation absorption) will be roughly
equivalent to those experienced by the corresponding real
geometry. For this purpose, we introduce a new technique
for fitting such an equivalent simplified geometry. In this,
we define an equivalent geometry as ‘the geometry which
has the same built volume, horizontal, and vertical built
area, offers the same drag and absorbs the same amount
of shortwave radiation on vertical and horizontal surfaces
as the complex/real representation.’

To find the equivalent geometry, a digitalised 3-D
representation is sketched and parsed to the solver, which
then identifies the corresponding equivalent geometry.
The constraints here are that the total built surface area
and volume of the two geometries should be equivalent.
Mathematically,

Scomplex = Ssimplified (4)

Vcomplex = Vsimplified (5)

Where S stands for vertical or horizontal built surface
area and V stands for total built volume. This ensures that
the building plan area fraction (λp) and wall area frac-
tion (λw) do not change because of the mapping. This
constraint is more important in those urban parameteri-
sations where the atmospheric equations are modified for
the built volume. The objective functions to be minimised
are then defined by the following equations:

f1 = Radiationwall
complex − Radiationwall

simplified (6)

f2 = Radiation
ground
complex − Radiation

ground
simplified (7)

f3 = Dragcomplex − Dragsimplified (8)

To demonstrate the methodology, we have chosen
the three most obvious quantities: shortwave radiation
incident on wall and ground surfaces, and total drag force

experienced in the domain, but other parameters like the
spatially averaged velocity or turbulent kinetic energy
profiles could also be chosen.

4.1. Algorithm

The algorithm for finding the equivalent geometry can be
enumerated as follows:

Step 1: 3-D geometry of the part of the city corre-
sponding to a mesoscale tile is sketched and used as a
complex representation. The geometry file is saved in
the steriolithography (STL) format. If digital elevation
models are available then they can be used instead.

Step 2: The STL files are converted into GTS (GNU
Triangulated Surface) format using the open source GTS
libraries (2010). The volume and surface area (both
horizontal and vertical) of the buildings in the domain
are computed. This representation is referred to as the
complex representation.

Step 3: The diurnal shortwave radiation incident on
different surfaces (Radiationwall

complex, Radiation
ground
complex)

and the total drag forces (Dragcomplex) offered by the
buildings in the domain are computed using the SRA
and IST, respectively.

Step 4: Using the number of buildings sketched in Step
1, maximum and minimum permissible dimensions of
buildings and streets found in the domain, and the total
built volume and surface areas computed in Step 2, a
simplified representation (in terms of B1, B2, W1, W2

and street width) of the urban area is constructed.
Step 5: For the simplified representation constructed

in Step 4, a diurnal shortwave radiation profile inci-
dent on the different surfaces (Radiationwall

simplified,

Radiation
ground
simplified) and the total drag forces

(Dragsimplified) are computed.
Step 6: The objective functions (f1, f2, f3) are

evaluated. If the functions are below the convergence
criteria we have our equivalent simplified representation;
else, Steps 4–6 are repeated.

It should be noted here that in the present work the
choice of B1, B2, W1, W2 and street width is based
on intuition and results from the previous iteration. For
example, if we observe that the radiation incident on the
walls in our simplified representation is considerably less
than in its complex counterpart, then the parameters are
adjusted in such a way as to increase the south-facing
surfaces. Similarly, if the drag force is less in the stream-
wise direction, then the obstruction normal to the flow
direction is increased.

4.2. Results

The algorithm explained in the last section was applied
to the model of our chosen region of Basel. After sev-
eral iterations, we identified a geometry which satisfies
our definition of ‘equivalent geometry’ (Figure 5). We
can see from Table V that the streamwise drag forces
for both geometric models are comparable. Although the
forces in the spanwise direction do differ, their magni-
tudes, compared to the streamwise forces, are negligible.
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Figure 5. Complex geometry (left) and its equivalent form (right). This figure is available in colour online at wileyonlinelibrary.com/journal/joc

Furthermore, from Figure 6 we see that the profiles of
radiation incident on the ground and wall surfaces for the
complex and equivalent representations are now precisely
superimposed. The radiation incident on the roof surfaces
is not presented; it is proportional to the horizontal roof
surface areas, which are identical for both representations.
Each cube in the equivalent (simplified) representation
has a dimension of 26.7 m × 15 m × 15 m. The West-
East street width is 23.3 m and it is aligned at an angle
of 30° to the east, while the South-North street width
is 25 m and is aligned orthogonal to the other street.
This simplified geometry, which is comprised of well
defined urban canopy parameters obtained using a sound
scientific basis, is fully compatible with the most popu-
lar Urban Canopy Models that are currently in use. We
hope then that this new technique will help to generally
improve the quality of urban climate predictions.

5. Conclusions

In this paper, the importance of the complexity of urban
geometry on the spatially averaged quantities of incident
shortwave irradiation and drag force has been studied.
It was found that the error in the estimation of these
quantities can be quite significant. We then introduced
and tested a new algorithm for fitting an equivalent
geometry (of the type used by urban canopy models)
to any real complex geometry, based on minimising the
error in drag force and incident shortwave radiation. This
new method may be used to calibrate the geometric
inputs to any urban canopy model in a rigorous way.
It should be noted that in this work we have sketched
the geometry of the complex city using Google Earth
images, and then extruded each building to a standard
height; an assumption which is reasonable for this
location, based on field observations. However, the

Table V. Drag, shear and total force (in Newton).

- Fx

(N)
Fy

(N)
Sx

(N)
Sy

(N)
Fx + Sx

(N)
Fy + Sy

(N)

Complex 8207 157 985 2.5 9194 160
Equivalent 7731 −346 894 5.8 8625 −340

algorithm which is explained in this paper can handle
non-uniformity in building height, so that with 3-D laser-
scanned geometries becoming more and more accessible,
one could, in principle, further improve upon the accuracy
of our equivalent representation.

A potential shortfall of the methodology presented in
this paper is that we suppose that drag and shortwave
radiation are sufficient in themselves to judge the quality
of fit between real and simplified geometries for urban
climate prediction. This, of course, is not necessarily the
case. We have focussed on these two for reasons of parsi-
mony, but further work would be warranted to confirm, or
otherwise, this hypothesis and in the latter case to select
alternative or additional parameters. Finally, a process
of manual trial and error has thus far been employed
in fitting our simplified geometries by minimising dif-
ferences in drag and radiation predictions. Subject to
computational constraints the use of evolutionary algo-
rithms would be more appropriate, enabling the available
parameter space to be explored in a far more rigorous
way. Work is under way to address both these issues.

6. Appendix A

A.1. Simplified radiosity algorithm

A.1.1. Governing equations

The Simplified Radiosity Algorithm (SRA) by Robinson
and Stone (2004) is used to solve the shortwave radiation
incident on the surfaces defining our urban scene. For
some set of p sky patches, each of which subtends a solid
angle � (Sr) and has radiance R (Wm−2Sr−1) then, given
the mean angle of incidence ζ (radians) between the patch
and our receiving plane of slope β, together with the
proportion of the patch that can be seen σ (0 ≤ σ ≤ 1),
the direct sky irradiance (Wm−2) is given by

Idβ =
p∑

i=1

(R�σcosζ )i (9)

For this, the well known discretisation scheme due to
Tregenza and Sharples (1993), is used to divide the sky
vault into 145 patches of similar solid angle, and the
Perez all-weather model (Perez, 1993) is used to calculate
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Figure 6. Hourly comparison of the amount of radiation incident on ground (left) and wall (right) surfaces. This figure is available in colour
online at wileyonlinelibrary.com/journal/joc

the radiance at the centroid of each of these patches. The
direct beam irradiance Ibβ is calculated from the beam
normal irradiance Ibn which is incident at an angle ζ to
our surface, of which some fraction ψ is visible from the
sun, so that

Ibβ = Ibnψcosζ (10)

Now the direct sky and beam irradiance contributes to
a given surface’s radiance R, which in turn influences
the irradiance incident at other surfaces visible to it, thus
increasing their radiance, and vice versa. To solve this,
a similar equation to that used for the sky contribution
gives the reflected diffuse irradiance. In this case, two
discretised vaults are used, one for above and one for
below the horizontal plane, so that

Ibβ =
2p∑
i=1

(R∗�ω cos ξ)i (11)

where ω is the proportion of the patch which is obstructed
by urban (reflecting) surfaces and R∗ is the radiance of
the surface which dominates the obstruction to this patch
(in other words, that which contributes the most to ω). As
noted earlier, R∗ depends on reflected diffuse irradiance
as well as on the direct sky and beam irradiances. For
this, a set of simultaneous equations relating the beam
and diffuse sky components to each surface’s irradiance,
which itself affects the reflected irradiance incident at
other surfaces, may be formulated as a matrix and solved
either iteratively or by matrix inversion (Robinson and
Stone, 2004).

The principle complication in the above algorithm lies
in determining the necessary view factors. For obstruction
view factors, views encapsulating the hemisphere are
rendered from each surface centroid, with every surface
having a unique colour. Each pixel is then translated into
angular coordinates to identify the corresponding patch
as well as the angle of incidence. For sky view factors
then, �σ cos ζ is treated as a single quantity obtained
by numerical integration of cos ζ.d� across each sky
patch. Likewise for �ω cos ζ , for which the dominant
occluding surface is identified as that which provides the

greatest contribution. A similar process is repeated for
solar visibility fractions for each surface, for which a
constant size scene is rendered from the sun position.
For further details describing the implementation of this
SRA the reader is referred to Robinson and Stone (2005).

A.1.2. Scene description and surface tesselisation

The urban scene is sketched using NURBS (Non Uniform
Rational B-Spline) based on the solid modeling software,
Rhinoceros. A 2-D projection of all the buildings is
sketched using Google images as a rough guideline.
A Boolean operation is then conducted to remove the
projections from the floor of the domain to obtain the
ground surface. The 2-D building projections are then
vertically extruded to the appropriate height and all the
surfaces including the ground surfaces are discretised
into small triangles. The resulting geometry file is then
exported in STL file format, which is converted to a
format compatible with the SRA program.

To sum up, computation of radiation using the SRA
involves the following steps: (1) Geometrical description
of the scene (urban geometry and ground) and surface tes-
selisation; (2) Division of sky vaults into 145 patches and
computation of radiance at the centroid of these patches;
(3) Computation of sky patch/occlusion/sun view factors;
and (4) Solving the matrices to obtain the shortwave radi-
ation at each time step.

A.1.3. Validation results

Figure 7 shows a comparison of annual shortwave radi-
ation computed by the backward ray tracing program
RADIANCE (top left) and the SRA (top right). Figure 7
(bottom) shows the difference between the values com-
puted by the two models. From this we conclude that the
SRA computes the incident irradiation within acceptable
limits for our applications. Further details concerning the
validation of the SRA can be found in Robinson and
Stone (2004, 2005)
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Figure 7. Prediction of annual solar radiation (in MWh) throughout a simplified 3-D model of Canary Wharf in London, UK RADIANCE (left)
and SRA (right) based on surfaces. Below: Difference between the two models (green corresponds to a difference of below 10%). This figure

is available in colour online at wileyonlinelibrary.com/journal/joc

7. Appendix B

B.1. Immersed surface technique

The term ‘Immersed Surface Technique (IST)’ was first
used in reference to a method developed by Peskin (1977)
to simulate cardiac mechanics and associated blood flow.
The distinguishing feature of this method was that the
whole simulation was carried out on a Cartisean grid
which did not conform to the geometry of the heart. A
novel procedure was formulated for imposing the effects
of the immersed boundary on the flow, rather than fitting
a more complex mesh to the bounding surfaces. The IST
used in this work is a variant of this method (TransAT,
2010). In this method, solid walls are represented by
a Level Set function representing the exact distance to
the surface. This takes a value of zero at the surface
and is positive in the fluid and negative in the solid.
Both the liquid and solid have different thermophysical
properties based on this Level Set function. In practice,
a computer aided design (CAD) file is immersed in a
cubical grid covered by a Cartesian mesh. The Navier-
Stokes equations are modified to account for the presence
of the solid Level Set function. The treatment of viscous
shear at the solid surface is handled in very much
the same was as in conventional computational fluid
dynamics (CFD) codes. This is explained with the help
of equations in the following subsection.

B.1.1. Governing equations

The immersed surface is represented on the fluid grid
by a Level Set function (φs), where φs = 0 represents
the fluid–solid interface. The flow equations in the solid
and fluid domain are combined using a smooth Heaviside

function H(φs) which has value 1 in the fluid phase and
0 in the solid phase.

H(φs) = 1

2

(
1 − tanh

(
2φs

δsf

))
(12)

where, δsf is the solid–fluid finite interface thickness.
The following mass and momentum equations are used

for the solid phase:

∂ρs

∂t
+ ∂

∂xi

(ρsus
i ) = 0 (13)

∂ρsus
i

∂t
+ ∂

∂xj

(ρsus
iu

s
j ) = 0 (14)

For the case of non-moving immersed surfaces, the
solid phase velocity is set to zero (us

i = 0). The standard
Navier-Stokes equations are used for the fluid phase.

∂ρf

∂t
+ ∂

∂xi

(ρfuf
i ) = 0 (15)

∂ρfuf
i

∂t
+ ∂

∂xj

(ρfuf
iu

f
j )

= −∂pf

∂xi

+ ∂

∂xj

(
2µf

∂Sf
ij

∂xj

)
+ ρfgi (16)

Combining the solid and fluid equations into a single
equation by multiplying the phase equations by the
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respective Heaviside functions and summing up, we
obtain the following equations:

∂ρ

∂t
+ ∂

∂xi

(ρui) = 0 (17)

∂ρui

∂t
+ ∂

∂xj

(ρuiuj )

= −H(φs)
∂pf

∂xi

+ ∂

∂xj

(
2µ

∂Sij

∂xj

)

+ H(φs)ρ
fgi − 2µfSf

ij nj δ(φs) (18)

where, the composite quantities ρ and ui are defined as

ρ = H(φs)ρ
f + (1 − H(φs))ρ

s (19)

ρui = H(φs)ρ
fuf

i + (1 − H(φs))ρ
sus

i (20)

The last term in the RHS of Equation 13 is a viscous
shear stress at the wall, where nj is the normal to the
fluid–solid interface, and δ(φs) is the Dirac delta function
representing the location of the interface. The wall shear
stress itself is modeled as (Beckermann et al., 1999)

2µf Sf
ij nj = 2µf

(
ρ

ρf

)
uiδ(φs) (21)

When used in combination with RANS (Reynolds
Averaged Navier Stokes) turbulence modeling with wall
functions, the wall shear is calculated using the logarith-
mic law of the wall.

B.1.2. IST in an urban context

Construction of city geometry with a 3-D modeling
tool is trivial and can be reasonably quick depending
on the availability of existing data. Such geometries
can be quickly converted into an STL CAD file. The
use of a Cartesian mesh when using the IST technique
also cuts down the grid generation time and reduces
memory requirements, so that the real simulation time
is also reduced; particularly as very efficient algorithms
are available for simulating fluid flow using a Cartesian
mesh. Thus, this IST technique makes it possible to
simulate larger (urban scale) domains, relative to a
conventional CFD approach.

B.1.3. Validation: flow over cube

By way of validation we use a test setup consisting
of a cube of height H contained within a channel,
as shown in Figure 8. The Reynolds number is Re
= UbH/ν = 40000, based on the incoming mean bulk
velocity, Ub, and the obstacle height H . Even though
the geometry of the flow configuration is rather simple,
the flow is physically quite complex, with multiple
separation regions and vortices. Martinuzzi and Tropea
(1993) carried out flow visualisation studies and detailed
Laser Doppler Anemometry (LDA) measurements of the
fluid flow through this configuration from which the mean
velocity components and the various Reynolds stresses
are available. The oncoming turbulence intensity at
roof height is relatively low (Tu = u′2/Ub ≈ 0.03). The
present simulation setup is borrowed from Lakehal and

Figure 8. IST simulation: Set up to simulate flow over a cube.
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Figure 9. IST (solid line) vs experimental data (diamond symbol) at different x/H locations in the domain.

Rodi (1997) and Breuer et al. (1996). Earlier calculations
of these authors using various grids (with the traditional
block-defined meshing) employed a 110 × 32 × 32 grid
for the standard k − ε model using wall functions, with
the width of the near-wall cell set to correspond to
10 < y+ < 25, where y+ is the non-dimensional wall
distance defined as y+ = u∗y/υ (u∗ is the friction
velocity, y is the distance from the wall and υ is
kinematic viscosity). A similar grid was used for the new
computations, but this time using IST. A comparison of
results from the IST simulations with the measurements
of Martinuzzi and Tropea (1993) is presented in Figure 9,
in terms of the streamwise velocity components at
different values of x/H (−1.0, 0.5, 1, 1.5, 2.5 and 4) at
the symmetry plane. All U -velocity profiles agree well
with the measurements at x/H = −1.0 upstream of the
cube. However, differences between the CFD results and
the experiment are apparent at the middle of the cube
(x/H = 0.5), as well as at the back face of the cube
(x/H = 1.0). At x/H = 1.5, the profiles predicted by
the model agree fairly well with the experiments in the
region above the roof height. Below this, the reverse flow
velocity is under-predicted. Further explanations of the
flow characteristics can be found in Lakehal and Rodi
(1997). From the present qualitative comparison we can
simply conclude that IST predictions are in reasonable
agreement with experimental observations.
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