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Abstract We develop a large-eddy simulation (LES) model based on a meteorological
numerical model for a real scale street-canyon flow with rough building facets heated by
a given temperature. The model is applied to a canyon with the aspect ratio of unity for
two idealized heating scenarios: (1) the roof and the entire upstream wall are heated, named
as ‘assisting cases’, and (2) the roof and the entire downstream wall are heated, named as
‘opposing cases’. These facets were heated up to 15 K above the air temperature. A wall
function for temperature is proposed for a rough facet with an assumption that the thermal
roughness length, z0T, is much smaller than the aerodynamic roughness length, z0. It is dem-
onstrated that the sensible heat flux and canyon-air temperature are significantly influenced
by the near-facet process that is parametrized by z0T as the primary factor; other processes
such as in-canyon mixing and roof-level exchange are secondary. This new finding strongly
suggests that it is vital to choose an appropriate value of z0T in a numerical simulation of
street-canyon flows with the facet-air exchange processes of heat or any scalar. The finding
also raises an awareness of the demand for carefully designed laboratory or field experiments
of quantifying z0T values for various urban surfaces. For the opposing cases, an unsteady
penetrating narrow updraft zone appears occasionally along the heated wall and this feature is
consistent field observations. The unique result indicates the superior capability of LES. The
results of this study can be used to guide the parametrization of turbulent processes inside
the urban canopy layer.
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1 Introduction

From a geometric perspective an urban surface is characterized by repeating units consisting
of a road lined on either side by opposing buildings. The climatic conditions inside these
‘street canyons’ are largely influenced by the conditions in the urban boundary layer (UBL)
and turbulent exchange of momentum and heat with the underlying canyons (namely the
urban canopy layer). The exchange between the UBL and the urban canopy layer under
neutral conditions (i.e. the surface temperatures at the street, the wall, and the roof are the
same as the air temperature) has been examined using wind-tunnel experiments (Barlow et al.
2004; Narita 2007) and numerical modelling (Baik and Kim 1999; Kim and Baik 2004; Liu
and Barth 2002; Liu et al. 2004, 2005).

However, a street canyon in reality is subject to solar heating, which enhances the tur-
bulent exchange significantly (Louka et al. 2002), but quantification of the enhancement is
extremely challenging due to the involvement of various complicated processes. First of all,
as the major energy input, the total solar radiation energy flux entering the urban canopy layer
during the day depends on the latitude of the city and the characteristics of the built form (e.g.
orientation of the streets and the density of building blocks) (Oleson et al. 2008). Secondly the
physical parameters of building materials affect the heat energy stored in the buildings as well
as the surface temperature of the building surfaces. These parameters include albedo (deter-
mining the absorbed amount of solar radiation), heat conductivity (influencing heat transfer
rate into the building materials), and heat capacity (linking heat to temperature), and these
parameters vary from city to city (Salamanca et al. 2010). Finally the surface temperature of
building surfaces is determined by the energy balance between the received net radiation, the
heat storage into the building materials through heat conduction, and the sensible and latent
heat fluxes transferred to the air through turbulent mixing, if anthropogenic heat source and
heterogeneous advective heat divergence are negligible. Field observations showed that the
energy-balance characteristics vary with latitude, urban geometry, and surface material (e.g.
Grimmond and Oke 1999). This is also supported by a study in which the energy-balance
characteristics are compared between an Asian city and a European city (Kawai and Kanda
2010). Among all components in the energy balance mentioned above, the most challeng-
ing task is to quantify the sensible and latent heat fluxes transferred to the air through the
turbulent mixing for a given temperature at the building surfaces. This has been indicated
by very scattered data of sensible and latent heat fluxes from observations (e.g. Kawai and
Kanda 2010). The underlying processes controlling the fluxes are the turbulent flows around
the buildings, which can be significantly altered by the thermally driven updrafts. A good
understanding of the processes is essential to the quantification of the energy balance over
an urban surface. This is also valuable to the parametrization of urban canyon mechanisms
to be used in a mesoscale meteorological model, a regional climate model, or an urban air
quality model. However, little is known about the modifications to the turbulent mixing due
to the sensible heat flux released from the canyon walls and the roads (Offerle et al. 2007).

Some field observations have been made in order to understand the effects of solar radia-
tion on temperature and airflow in and above a street canyon. An early attempt to measure the
temperature distribution in a street canyon was made in Kyoto, Japan, by Nakamura and Oke
(1988), where the aspect ratio defined as H/W is about 1.06, in which H is building height
and W is the canyon width. The data showed that the surface-air temperature differences are
as large as 8–9 K for the sunlit wall and 12–14 K for the roof, and suggested that the thermal
effects on temperature and flow are restricted to a narrow zone of the heated wall. Another
field study carried out in a nearly south-to-north oriented street canyon (H/W ≈ 1.4) in
Nantes, France, in 1999 has also examined the effects of heated urban facets on the flow in a
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street canyon (Louka et al. 2002). Their observations suggested that a layer of strong mean-
temperature gradient near the heated wall can be as thin as 0.2 m in the canyon with W ≈ 15
m. Unfortunately no wind measurement was made within 1.5 m from the walls; therefore the
observations suggested that the thermally-driven updrafts near the walls, if existed, should
be thinner than one tenth of the street width. A recent field experiment has been carried out
by Offerle et al. (2007) for a deep street canyon (H/W ≈ 2). They found that the thermal
effects on the flow inside the canyon are not as large as those shown in numerical experiments
(reviewed below). For a downstream-wall-heated case, the turbulent exchange is enhanced,
whilst for an upstream-wall-heated case, the heat transfer is much more concentrated near the
wall. The buoyancy effects on the flow pattern were not observable in their coarse arrange-
ment of wind sensors. In another recent field study, JAPEX (Idczak et al. 2007), based on
a 1:5 scaled street-canyon model with H/W =2.5, Idczak et al. (2007) found that the flow
pattern inside the canyon was not significantly affected by the wall heating. The thermal
layer near the heated wall was generally thin and is not observable in their settings. They
suggested that thermal effects on the flow pattern are considerable only in the location very
near the heated wall.

There is a lack of wind-tunnel experiments that are designed to examine the effects of
wall heating on the flow structure in a street canyon. There are two reasons for this. First, it
is difficult to control the heating conditions for small building elements that are normally of
scale on the order of tens of mm. Second, it is difficult to satisfy the independent requirements
for both Reynolds number (Re = Uref H/ν, where ν is molecular viscosity of air and Uref the
reference velocity) and Richardson number (Ri = gH(T0 −Tref)/(TrefU 2

ref), where Tref is the
reference temperature and T0 the temperature at the wall). The first requirement is easily met
because Re is generally larger than 104 so that the turbulent characteristics are not sensitive
to the value of Re. The second requirement is that the Richardson number of a wind-tunnel
experiment must be equal to that in the field. This requirement is however very difficult to be
satisfied because it requires an extremely large temperature difference between surface and
air for a wind-tunnel experiment (Richards et al. 2006). Due to the above two reasons, most
wind-tunnel studies of canyon-heating cases are confined to the bottom heating of a whole
working section rather than the heating of an individual wall. An example of this kind is that
conducted by Uehara et al. (2000) in which the urban canopy is comprised of heated building
cubes. Richards et al. (2006) carried out a wind-tunnel experiment by heating a single leeside
wall of a cubic building (H = 0.19 m). They found a rapid temperature decrease near the
heated surface, suggesting that the majority of heat is transported away vertically by a thermal
plume and not re-entrained into the wake via a recirculation region. The closest setting to
the present numerical study is the wind-tunnel experiment with downstream-wall heating of
a squared cavity of Kovar-Panskus et al. (2002). In the experiment, the magnitude of Ri is
satisfactorily large and the wind measurement point closest to the heated wall was placed at
one-tenth of the canyon width to the wall. The authors also suggested that a thermal-driven
updraft is confined within a narrow zone near the heated wall. In addition, the spatial patterns
of temperature near the wall have shown an upward shift when the surface heating increases.

Another approach to a better understanding of the problem is numerical modelling. This
approach is free from the requirements of scaling and heating control although it may suffer
from a poor representation of turbulence due to the deficiency of the parametrization scheme.
Therefore modelling can compensate the weaknesses of field and laboratory experiments.
Two major groups of numerical modelling have been employed for real-scale street-canyon
flows: computational fluid dynamics (CFD) based on Reynolds-averaged Navier–Stokes
equations (RANS) and large-eddy simulation (LES) based on subgrid-scale filtered Na-
vier–Stokes equations. An early RANS modelling study (Sini et al. 1996) adopted a
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two-dimensional (2D) street canyon (in fact, a 2D cavity) with H/W = 1.1. Their results
showed that when the upstream wall or the street is heated, the flow pattern is similar to that
of the neutral case. When the downstream wall is heated, two contra-rotating vortices are
formed with one above the other. Recent CFD studies (Xie et al. 2005, 2006) for an iso-
lated canyon derived a similar feature of multiple vortices for the downstream-wall-heated
cases. Applying the same model to the fifth canyon in an array of 1–1 street canyons, Xie
et al. (2007) found that the secondary vortex near the downstream wall derived from the
RANS model is much more intense and larger than that from the wind-tunnel observations
in Kovar-Panskus et al. (2002).

In contrast, LES allows the development of large unsteady eddies and the momentum trans-
fer is undergone through both the resolved scale and subgrid scale. It is therefore expected
that LES is capable of resolving the features of thin updrafts near the heated walls suggested
by observations, particularly when such updrafts are non-persistent and unsteady in character.
Although there have been many LES studies of the airflow in a street canyon under neutral
conditions (e.g. Cui et al. 2004; Liu et al. 2004, 2005), LES of the street-canyon flows with
heated surfaces is scarce. A recent LES study of airflow in urban canyons by Li et al. (2010)
examined the cases with ground heating and no report has been found in the literature on
LES of the street-canyon flows under the influence of wall heating. This is thus the main
focus of the present study.

To model the airflow in a street canyon with heated surfaces, one must use an appropri-
ate boundary condition for temperature. There are two types of boundary conditions on the
building surfaces for temperature (or any scalar): (1) a given flux at the facets (e.g. sensible
heat flux at the walls), and (2) a given value at the facets (e.g. temperature at the walls).
In the present study, a given value of temperature is used for the cases of heating surfaces.
This type of boundary condition has more applications because temperature data can be
readily acquired from direct measurements or remote sensing observations.

For a rough surface a well-established approach to the boundary condition for tempera-
ture (or any scalar) is based on the Reynolds analogy. Within this framework the knowledge
of heat (or scalar) transfer near the wall is obtained from the understanding of momentum
transfer. In the formulation, two roughness lengths, z0 and z0T, are used for momentum and
temperature, respectively. For a smooth surface the boundary condition for temperature is
parametrized primarily through the molecular properties of air (Garratt 1992). In reality how-
ever, the majority of building surfaces are not dynamically smooth and normally consist of
rough elements of bluff bodies. For a turbulent flow over a rough surface, the dependence of
heat transfer on the molecular properties becomes weak. This is because the momentum flux
is dominated by the form drag induced by the pressure variations around the rough elements,
whereas the heat or mass transfer has no clear link to the pressure field (Garratt 1992). Obser-
vations have shown that the rougher the surface is, the less efficient heat transfer will be in
comparison with momentum transfer because the form drag increases with surface rough-
ness. In a formulation of the Reynolds analogy, this implies that z0T � z0 (Brutsaert 1975,
1982). This difference must be considered because the measured z0T can be several orders of
magnitude smaller than z0 (Garratt 1992) and its effects on the heat transfer are significant
under certain conditions. Although this approach is phenomenologically derived and lacks
consideration of processes, it has been widely used due to its simplicity and practical utility.
We will adopt the Reynolds analogy in this study to formulate the boundary condition for
temperature (or a scalar).

This article is organized as follows: Sect. 2 describes the boundary conditions adopted for
temperature and velocity components on the urban facets, and Sect. 3 provides the details of
the LES model configuration for different heating scenarios and the method of processing
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the model output. Section 4 demonstrates the analyzed results and the comparisons with the
experimental data of Kovar-Panskus et al. (2002), while Sect. 5 provides the conclusions.

2 Boundary Conditions on Rough Street and Building Surfaces

The boundary conditions for temperature and velocity components on a rough urban facet
are based on the bulk Richardson number (RiB) approach proposed by Louis (1979). The
relationship between RiB and z/L (where L is the Obukhov length) is described in detail in
Garratt (1992). However, adapting Louis’s scheme to a case in which z0T �= z0 will inev-
itably involve iteration. In fact, in Uno et al. (1995), a method was proposed to reduce the
computing effort. Therefore the scheme of Uno et al. (1995) is adopted in the present study
as the wall-function for temperature and velocity components on an urban facet:

F (ϕ)0 = − κ2

ln (z1/z0) ln
(
z1/z0ϕ

)Gϕ

(
z1/z0, z1/z0ϕ, RiB1

) |V1| (ϕ1 − ϕ0)

= −Cϕ |V1|�ϕ1-0, (1)

in which ϕ can be either V (tangential velocity component) or a scalar, for example, T (tem-
perature), F (ϕ)0 is the total flux of ϕ at the wall (a positive value represents a flux from the
wall to the air), κ is the von Karman constant, z1 is the distance of the centre of the first
cell away from the wall (= 0.15 m in this study), z0 and z0ϕ are the roughness lengths of the
building material for momentum and for ϕ (specifically, z0V = z0), respectively, V1 and ϕ1

are the tangential wind speed and the value of ϕ at z1, respectively, ϕ0 is the value of ϕ at
the wall (theoretically the temperature at z0T was assumed to equal the temperature at the
wall by Uno et al. 1995), �ϕ1-0 = ϕ1 − ϕ0,Gϕ is an empirical function to be numerically
derived from the method in Uno et al. (1995), RiB1 is the local Richardson number defined
at the first cell in the vicinity of the wall: RiB1 = gz1�T1-0/(T0V 2

1 ), and Cϕ is the exchange
coefficient for ϕ (dimensionless).

For the neutral limit, Gϕ → 1. Thus the drag coefficient (i.e. the exchange coefficient for
momentum) becomes CV = [κ/ ln (z1/z0)][κ/ ln (z1/z0)] and the exchange coefficient for
temperature becomes CT = [κ/ ln (z1/z0)][κ/ ln (z1/z0T)]. The ratio of the two exchange
coefficients is CV/CT = ln (z1/z0T) / ln (z1/z0) = 1 + ln (z0/z0T) / ln (z1/z0). Using the
conventional definition of κB−1

H = ln (z0/z0T) and γ = κB−1
H / ln (z1/z0), we can write

CV/CT = 1 + γ . Considering a rough facet for which z0T < z0, the value of γ is positive
and thus CT < CV, i.e. the heat transfer is less efficient than the momentum transfer. From the
expression of γ , we note that CT ≈ CV if z1 � z0 because γ → 0 for a given value of κB−1

H .
For the LES in the present study (z1 = 0.15m and z0 = 0.01 m), however, CT can be much
smaller than CV. For example, if κB−1

H = 2,CV/CT = 1.74; if κB−1
H = 5,CV/CT = 2.85.

Unfortunately the value of B−1
H is not well documented for rough walls in reality. Several

previous studies showed that the value of B−1
H for a surface with bluff elements depends on

the roughness Reynolds number, Re∗ = u∗z0/ν. One well-known relation validated against
experimental data and applicable to air is (Garratt 1992):

B−1
H = 6.2Re0.25∗ − 5 (2)

For the present study in which z0 = 0.01 m and the reference velocity, Uref = O(1) m s−1,
the roughness Reynolds number Re∗ <∼ 100. For example, if Re∗ = 100, κB−1

H ≈ 5.8; if
Re∗ = 10, κB−1

H ≈ 2.4. In the cases of this study, u∗ ≈ 0.1 m s−1, which gives the value
of Re∗ about 67 and the value of κB−1

H about 5. Therefore, we present the LES results for
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κB−1
H = 5. In order to demonstrate the importance of the κB−1

H value in the wall function,
the results of the cases with κB−1

H = 2 are also presented in order to compare against those
with κB−1

H = 5 in Sect. 4.4. We know that κB−1
H = 5 represents a rougher surface and

κB−1
H = 2 represents a smoother surface. It is noted that in the study of Cai et al. (2008)

the difference between z0 and z0T was not considered, namely κB−1
H = 0. They showed

that this assumption is acceptable when the LES results were compared with the wind-tunnel
experiments with a smooth surface.

It is noted that the scheme of Eq. 1 is widely accepted for the atmospheric surface layer
over a flat surface. For a vertical wall, however, the flow is affected by both natural convection
(buoyancy driven) and external wind (forced) and can thus be characterized as one of three
regimes: buoyancy driven, forced, or mixed. It may be argued that for forced convection the
scheme should work satisfactorily as for a horizontal surface, and for mixed convection the
scheme can be taken as a good approximation.

3 Configuration of LES Model and Processing LES Results

The LES model employed in this study is developed based on the Regional Atmospheric
Modeling System (RAMS). Although it was initially designed for mesoscale meteorological
modelling, RAMS’s dynamical core was purposely coded regardless of scales based on a set
of equations for fully compressible air (Cotton et al. 2003). The advection is numerically
treated by the standard second-order leapfrog scheme, and the adjustment of pressure field
is based on a set of equations for fully compressible air. For a scalar (e.g. temperature), the
finite-difference scheme with second-order accuracy is used to calculate the diffusion in the
domain. On all building and street facets, the boundary condition, Eq. 1, is used for all rele-
vant quantities. The dynamical part of the LES model for the neutral case with H/W = 1 has
been validated by Cui et al. (2004), in which the mean wind and the resolved-scale turbulent
kinetic energy (TKE) have been compared against wind-tunnel experiments. The scalar part
of the model for the neutral case with various H/W has been validated by Cai et al. (2008),
in which the normalized fluxes have been compared against wind-tunnel experiments.

In this study we adopt H = 18 m and W = 18 m; such a canyon has an aspect ratio
H/W = 1 (see Fig. 1 for an illustration of its cross-section). The domain sizes are Lx = 24
m, L y = 40 m, and Lz = 90 m. The ratio of Lz/H = 5 has been shown by several previous
studies (Cui et al. 2004; Cai et al. 2008) to be sufficiently large if the focus is under the roof
level inside the street canyon. The domain is covered by 80 × 40 × 91(= 291, 200) grid
points with grid spacing of 0.3 m × 0.3 m × 1.0 m inside the canyon and the vertical grid
spacing is stretched gradually above the canyon. The initial wind condition consists of zero
value inside the canyon and a logarithmic profile above the roof level with u∗ = 0.23 m s−1

and z0 = 0.9 m. This implies a maximum wind speed Umax is 2.5 m s−1 at the top of the
domain. The lateral boundary conditions for all wind components and temperature are cyclic
along both the x-direction on the vertical planes passing through the middle of the two build-
ings (indicated by the dash-dotted lines in Fig. 1) and the y-direction at the beginning and
the end of the street. This implies that the canyon is infinitely long in the y-direction and
that there are an infinite number of canyons in the x-direction. The origin of the coordinate
system is indicated in Fig. 1 for the purpose of matching that in Kovar-Panskus et al. (2002).
The timestep for the integration is 0.03 s, which suffices for the requirement of the Courant–
Friedrichs–Lewy (CFL) condition. The overall time for one-hour simulation takes about 136
CPU hours.
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Fig. 1 Schematic diagram of the
configuration of the canyon
heating: a building roof and the
upstream wall are heated by solar
radiation indicated by dashed
double arrow lines; b building
roof and the downstream wall are
heated. Background flow from
left to right. Solid dashed arrow
lines indicate the updrafts
induced by the wall heating; solid
arrow curves indicate the primary
vortex driven by the background
wind. Building height and width
are H and B, respectively and
street width is W . The
dash-dotted lines indicate the
domain boundaries at which the
cyclic conditions for wind and
temperature are applied

The Smagorinsky eddy-viscosity model is used to parametrize small eddies that cannot be
explicitly resolved by the LES model (Cui et al. 2004). In the tensor notation the Smagorinsky
model is:

τi j − 1

3
δi jτkk = 2KmSi j , (3)

Si j = 1

2

(
∂ui

∂x j
+ ∂u j

∂xi

)
, (4)

Km = l2
√

2Si j Si j , (5)

where the indices i or j refers to the coordinates i, j = 1, 2, 3 (x, y, z, respectively), τi j is the
subgrid-scale stress tensor, Km is the subgrid-scale turbulent viscosity, δi j is the Kronecker
symbol, Si j is the rate-of-strain tensor for the resolved scale flow, and l is the subgrid-scale
turbulent characteristic length scale given by

l = CS (�x�y�z)1/3 , (6)

where CS is the Smagorinsky model parameter. Too large a value of CS provides exces-
sive dissipation but too small a value carries numerical errors. The optimal choice of CS

tested in Cui et al. (2004) is used: CS = 0.08 if z/H < 0.9, and CS = 0.1 if z/H > 1.1;
if 0.9 ≤ z/H ≤ 1.1, a linear interpolation between 0.08 and 0.1 is specified. For temper-
ature, the same subgrid-scale model is adopted for the subgrid-scale eddy thermal diffu-
sivity: Kh = 3.0Km (Stevens et al. 1999). This implies that the turbulent Prandtl number
(Prt = Km/Kh) is 0.33, which has been widely adopted for convective atmospheric flows
(Stevens et al. 1999). This value of Prt is within the range suggested by Huang et al. (2008)
for the convective boundary layer.
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Table 1 Specification of the simulations

UWH case �TU (K) �TD (K) DWH case �TU (K) �TD (K) Riw

00 0 0 0

10 1 0 01 0 1 −0.14

30 3 0 03 0 3 −0.43

50 5 0 05 0 5 −0.70

70 7 0 07 0 7 −0.97

90 9 0 09 0 9 −1.27

A0 10 0 0A 0 10 −1.41

B0 11 0 0B 0 11 −1.55

C0 12 0 0C 0 12 −1.72

E0 14 0 0E 0 14 −2.01

F0 15 0 0F 0 15 −2.14

Here, ‘UWH Case’ means an upstream-wall-heated case, ‘DWH Case’ means a downstream-wall-heated case,
�TU and �TD are the difference between the temperature at the upstream wall and the downstream wall,
respectively, and the temperature of the boundary layer. Riw is the wall Richardson number defined by Eq. 10

The temperature at t = 0 is uniform everywhere (T∞ = 293 K) and the LES model runs
for 1800 s with no thermal effect on the flow. The turnover time of the primary circulation,
tc, in the canyon is of the order of tc = (W + H) /Uc, where Uc is the velocity scale of mean
wind in the canyon. In all cases of this study, Uc ≈ 0.2 m s−1; therefore the value of tc is
about 180 s. In other words, a period of 1800 s is equivalent to 10tc. At t = t1 = 1800 s,
a neutrally driven turbulent field reaches a quasi-equilibrium state. Starting from t = t1, a
higher temperature is specified on the given urban facets to mimic the real conditions under
which the facets receive solar radiation, as illustrated in Fig. 1. The simulations run for
another 1800 s up to t = t2 = 3600 s when the flow reaches a quasi-equilibrium state that
is demonstrated by the time series of the primary first- and second-moment quantities of the
flow. Finally, the simulations continue until t3 = 5400 s. In the duration of t ∈ [t1, t3], it will
involve a development of a convective UBL (interpreted in time) above the canyon but its
time scale is much larger than tc and this justifies the ‘quasi-equilibrium’ state. The results
presented herein are derived from the model fields for t ∈ [t2, t3] ≈ [20tc, 30tc].

Figure 1a represents the condition under which the solar radiation heats the building roof
and the upstream wall. For simplicity, this is referred to as an upstream-wall-heated case,
or an ‘assisting case’ because the wind-generated primary vortex may be assisted by the
thermal-generated updraft. In Fig. 1b, the building roof and the downstream wall are heated.
This is referred to as a downstream-wall-heated case, or an ‘opposing case’ because the
wind-generated primary vortex may be opposed by the thermal-generated updraft. All cases
in this study are described in Table 1. In the table, Cases ‘d0’ are the upstream-wall-heated
cases illustrated by Fig. 1a and Cases ‘0d’ are the downstream-wall-heated cases illustrated
by Fig. 1b. The letter ‘d’ here represents�T = T0 −T∞, the temperature difference between
the heated surface and the background air. As indicated in Table 1, ‘d’ is the value of�T for
�T ≤9 K; for �T ≥10 K however, ‘d’ is a capitalized letter with a rule of one incremental
letter corresponding to +1 K of�T . For example, ‘A’ is for�T = 10 K, ‘B’ is for�T = 11
K, etc. Case ‘00’ is the neutral case in which all surface temperatures are equal to that of the
air. It is assumed that the roof temperature is same as the temperature of the heated wall and
the street-surface temperature is same as T∞.
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Several types of variables are derived statistically from the LES fields. The first type of
the analyzed product is obtained by applying an operation over t and y, being therefore a
function of (x, z). A second-moment resolved-scale quantity, denoted by 〈ϕ̃ψ̃〉, which is a
function of (x, z), is defined based on the following averaging operator:

〈ϕ〉t,y (x, z) = 1

(t3 − t2)L y

t3∫

t2

L y∫

0

ϕ (t, x, y, z) dydt. (7)

In other words, 〈•〉t,y denotes an average along the y-direction and over time. Such
first-moment quantities include 〈u〉t,y, 〈w〉t,y, 〈T 〉t,y , the mean kinetic energy, E (x, z) =
1
2

(
〈u〉2

t,y + 〈v〉2
t,y + 〈w〉2

t,y

)
, and the vertical advective fluxes (also termed as ‘dispersive

fluxes’), F (ϕ)adv = 〈w〉t,y〈ϕ〉t,y , specifically, 〈w〉t,y〈T 〉t,y . Following Eq. 7, ϕ̃ repre-
sents the resolved fluctuations of ϕ about 〈ϕ〉t,y . Thus several second-moment quanti-
ties can be derived, and these may include: the mean resolved-scale TKE, e (x, z) =
1
2

(〈ũ2〉t,y + 〈ṽ2〉t,y + 〈w̃2〉t,y
)
; the mean turbulent intensities, σϕ̃ =

√
〈ϕ̃2〉t,y , or specif-

ically, σT̃ , σũ, σṽ σw̃; the resolved-scale vertical turbulent fluxes, F (ϕ)turb = 〈w̃ϕ̃〉t,y , specifi-
cally 〈w̃T̃ 〉t,y .

In order to show the integrated characteristics of the canopy layer, we average the above
quantities inside the street canyon, i.e. in�canyon ={(x, z) : −0.5W ≤ x ≤0.5W, 0≤ z ≤ H}:

ϕ = 1

W H

0.5W∫

−0.5W

H∫

0

〈ϕ〉t,y (x, z) dxdz. (8)

Such defined canyon-averaged quantities include: u, w, T , E , and e. For the fluxes, we focus
on the roof level, z = H and use the same symbol of ‘bar’ to define the averaged fluxes at
the roof level:

F
(ϕ) = 1

W

0.5W∫

−0.5W

F (ϕ) (x, H) dx . (9)

The flux to be examined in this study is the sensible heat flux, F
(T )

.
The LES results shown here are derived from the whole domain (for all y) based on

the averaging procedures mentioned above. The validity of the procedures is based on the
ergodic property of all turbulent quantities along the y-direction. The advantage of using
this method is being able to obtain reliable results for a relatively short simulation period,
and it is particularly advantageous to adopt the method when the flow is not in complete
equilibrium with the external conditions. As mentioned above, the cases in this study are in
‘quasi-equilibrium’ state; however, a duration of ten turnover times is sufficient.

We use the wall Richardson number, Riw, for any heated (or cooled) wall in the street
canyon. The wall Richardson number is a dimensionless parameter that describes the ratio
of thermal-generated kinetic energy (mainly in the updrafts near a heated wall) and wind-
generated kinetic energy (mainly in the primary vortex), and is written as

Riw = gH(Tref − T0)

TrefU 2
ref

, (10)
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where Tref is the mean temperature of the approaching air above the roof, and Uref is the mean
wind speed at height 2.5H above the roof level. The use of Tref and Uref is similar to that
in the wind-tunnel experiments of Kovar-Panskus et al. (2002). In these experiments Tref is
the mean temperature of the approaching air above the roof and Uref is the mean free-stream
wind speed. In the LES, however, such free-stream flow does not exist. However, the wind
profiles above the cavity of the experiments have been plotted in Fig. 2 of Kovar-Panskus
et al. (2002) up to 1.8H above the roof level, and clearly showed that the wind speed reached
about 0.95Uref at z = 1.8H . An extrapolation of the profiles to about 2.5H above the roof
level would be a good approximation of Uref. Therefore use of the mean wind speed at 2.5H
above the roof as Uref facilitates the comparisons in the next section. The wall Richardson
number, Riw, and the canyon aspect ratio, H/W , form a set of controlling dimensionless
parameters. It must be mentioned that the Froude number used by e.g. Kovar-Panskus et al.
(2002) is in fact the reciprocal of |Riw|:

Fr = |Ri−1
w |. (11)

Thus their values of Fr will be converted into the corresponding values of Riw where needed.
This study will focus on the effects of the wall temperature on the flow characteristics in

a street canyon by varying �T . Effectively these cases correspond to different values of the
wall Richardson number and Table 1 shows the correspondence between �T and Riw. All
the results will be presented against �T , which can be interpreted as, or translated into, a
corresponding value of the wall Richardson number, Riw.

4 Results and Discussions

In this section, the following analyzed results are presented. First, the 2D fields of several
quantities for Cases ‘90’ and ‘09’ will be shown as a demonstration of general characteristics
of the flow, turbulence, and thermal structure: these are mean wind, mean turbulent intensities,
mean TKE and its production rates, mean temperature, temperature fluctuation intensity, and
the unsteadiness of the wind field. Second, the comparisons between the simulation results
and wind-tunnel data are made in the form of mean 2D fields for wind and TKE. Third, the
vertical profiles of mean TKE for five sets of cases (�T = 0, 3, 7, 11, and 15 K) will be com-
pared and discussed; then the influence of �T (or Riw) on the canyon-mean kinetic energy,
the canyon-mean TKE, and the roof-level sensible heat flux is demonstrated. Finally, the
results of the roof-level sensible heat flux and the canyon-mean temperature for κB−1

H = 5
are compared with those for κB−1

H = 2 as a demonstration of the importance of κB−1
H .

4.1 Two-Dimensional Characteristics of Turbulent Flow

Figure 2 shows the mean flow patterns for Case ‘90’ and Case ‘09’ as an example. For the
reason of technical simplicity of post-processing the model fields, the results above the roofs
are not shown in all figures. For the upstream-wall-heated case (or assisting case, Case ‘90’),
Fig. 2a demonstrates that the mean flow pattern is nearly symmetric about the centre; a small
secondary vortex appears near the bottom-right corner of the canyon. The flow patterns of
all other ‘d0’ cases (not shown) do not differ too much, except that the primary vortex inten-
sity increases with the amount of wall heating. The figure shows that the influence of the
primary vortex has been extended to above the roof level and will contribute significantly to
the advective fluxes, which will be discussed in detail later. The results are consistent with
those of previous CFD simulations (e.g. Sini et al. 1996).
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Fig. 2 Mean wind field (u, w) for: a Case ‘90’; b Case ‘09’

For the downstream-wall-heated (or opposing) case (Case ‘09’) as shown in Fig. 2b, the
centre of the mean primary vortex is shifted towards the upper-right direction. A secondary
vortex near the bottom-right corner is much larger than that in Fig. 2a, suggesting that the
secondary vortex is assisted by the downstream-wall heating. The intensity of the primary
vortex is much lower than that of the assisting case shown in Fig. 2a. This is apparently
attributed to the opposing effect from the thermal-driven updraft near the downstream wall
heated by solar radiation. Furthermore, the influence of the primary vortex is confined below
the roof level.

Figure 3a, c shows σũ/Uref and σw̃/Uref for Case ‘90’ (an assisting case), whereas Fig. 3b,
d shows the two quantities for Case ‘09’ (an opposing case). Because the boundary condition
for temperature at the inlet/outlet is cyclic, the thermal energy (released from the heated wall)
transferred above the roof level is retained within the domain. Consequently it contributes to
the formation of a convective UBL above the roof level, resulting in high values of σũ/Uref

and σw̃/Uref above the roof level as shown in Fig. 3. The values of σũ/Uref are larger than
those of σw̃/Uref above the roof level and this finding is consistent with field observations
(e.g. Rotach 1995). Figure 3 indicates that σũ is ‘advected’ into the canyon near the down-
stream wall and there is a small fraction of σũ generated above the road. The results also show
that the turbulence is anisotropic (i.e. σũ and σw̃ at one point in space are different) in a large
proportion of the area. There are differences between the results of an assisting case and an
opposing case, but the most prominent difference is the value of σw̃ near the heated wall.
For the assisting case, no significant σw̃ is found near the heated upstream wall as shown in
Fig. 3c. This suggests that the thermally driven updrafts are in parallel with the mechanically
driven primary vortex near the heated upstream wall, effectively reducing the wind shear
and consequently reducing the production of turbulence there. For the opposing case, how-
ever, the highest fluctuating component is σw̃ near the heated downstream wall, as shown in
Fig. 3d. This contributes to the high level of TKE near the heated wall seen in Fig. 4b.

Figure 4a, b shows the normalized mean resolved-scale TKE, e(x, z)/U 2
ref, Fig. 4c, d

shows the mechanical production rate of TKE (normalized by U 3
ref/H), and Fig. 4e, f shows

the buoyant production rate of TKE (normalized by U 3
ref/H) for Cases ‘90’ and Case ‘09’. As

discussed above, the large TKE above the roof level in Fig. 4a, b is attributed to the formation
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Fig. 3 Normalized mean turbulent intensities: a and b σũ/Uref; c and d σw̃/Uref. The left panels are for Case
‘90’ and the right panels are for Case ‘09’

of a convective UBL due to the thermal energy released from the heated wall. The mean TKE
field for the opposing case, ‘09’, as shown in Fig. 4b, has the highest level near the downstream
wall. For the opposing case, the high TKE zone is much wider and the magnitude of TKE
is much larger than that for the assisting case in Fig. 4a. Interestingly, the upstream-wall
heating of the assisting case ‘90’ contributes neither to the mechanical production (Fig. 4c)
nor to the buoyant TKE production (Fig. 4e) near the heated wall. However it enhances the
primary vortex (Fig. 2a) and contributes to the TKE production near the shear layer at the roof
level as seen in Fig. 4c. The TKE mechanical production consists of the following terms (see

Stull 1988): (i) the production by the wind shear: −〈ũw̃〉t,y

(
∂〈w〉t,y
∂x + ∂〈u〉t,y

∂z

)
; and (ii) the

production by the normal deformation: −〈ũ2〉t,y
∂〈u〉t,y
∂x −〈w̃2〉t,y

∂〈w〉t,y
∂z . Term (i) contributes

predominantly to the TKE production at the roof level where the shear deformation rate is
high. In the places where the flow is deformed in the normal direction by the building or by
the road, term (ii) becomes a non-negligible contribution. Term (ii) is positive if ∂〈u〉t,y

∂x < 0

or ∂〈w〉t,y
∂z < 0, i.e. if the mean flow is decelerated. For the assisting case this positive TKE

production occurs in three locations along the path of the primary vortex in Fig. 4c: near the
top of the downstream wall, near the bottom of the downstream wall, and near the left side
of the road. For the opposing case this positive TKE production is only seen in two locations
along the path of the primary vortex in Fig. 4d: near the top of the downstream wall and near
the middle of the downstream wall. The higher location of the positive TKE production near
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Fig. 4 a and b Mean TKE (normalized by U2
ref); c and d mechanical production of TKE (normalized by

U3
ref/H); e and f buoyant production of TKE (normalized by U3

ref/H). The left panels are for Case ‘90’ and
the right panels are for Case ‘09’

the downstream wall in Fig. 4d compared to that in Fig. 4c is attributed to the deceleration
of the primary vortex by the large secondary vortex seen in Fig. 2b for the opposing case.
Furthermore, term (ii) is negative if ∂〈u〉t,y

∂x > 0 or ∂〈w〉t,y
∂z > 0, i.e. if the mean flow is acceler-

ated. As shown in Fig. 4c, d this negative TKE production occurs in two locations along the
path of the primary vortex: near the top of the downstream wall, and near the right side of the
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Fig. 5 a and b Normalized air temperature field increased by wall heating, (〈T 〉t,y − T∞)/�T ; (c) and (d)
normalized mean turbulent intensities of temperature, σT̃ /�T . The left panels are for Case ‘90’ and the right
panels are for Case ‘09’

road. Finally, Fig. 4e, f demonstrates that near the heated wall the buoyancy production term
is negligible for the assisting case but considerable for the opposing case. Figure 4f shows
that the high buoyancy production zone coincides with the location where the downward part
of the wind-driven primary vortex confronts the upward thermal-driven updraft.

Figure 5 displays the results of (〈T〉t,y −T∞)/�T and σT̃ /�T for Case ‘90’ in the left pan-
els and Case ‘09’ in the right panels. Because�T = T0−T∞, the quantity (〈T〉t,y −T∞)/�T
represents the ‘warming efficiency’, or the fraction of canyon-air heating relative to the wall
heating. Likewise the quantity σT̃ /�T represents the relative magnitude of the turbulent
intensity of temperature fluctuations. For the assisting case, Fig. 5a illustrates that the warm-
ing effect is confined within a narrow zone near the wall. In a large part of the canyon, the
canyon air is warmed by approximately 0.15�T ; or 15% of the wall heating is passed to
the canyon air (warming efficiency of 15%). For the opposing case, however, the warming
influences a larger part of the canyon due to turbulence. The canyon air is warmed approx-
imately by 0.17�T , a higher warming efficiency than that of the assisting case. The results
of σT̃ /�T in Fig. 5c, d demonstrates that temperature fluctuations are large near the heated
walls for both cases. The maximum value of σT̃ /�T reaches about 0.055, implying that the
maximum magnitude of temperature fluctuations is about 5.5% of�T . For the assisting case
the fluctuations are advected above the roof level and little is entrained into the street canyon,
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Fig. 6 Instantaneous wind fields (u, w) for two cases: a and c Case ‘90’; and b and d Case ‘09’

causing low values of σT̃ /�T there (<0.016). For the opposing case, however, σT̃ /�T is
much higher inside the canyon (>0.022).

In order to demonstrate the unsteadiness of the flow, we present in Fig. 6 two snapshots
of the wind field for each of Case ‘90’ and Case ‘09’. For the assisting cases (Fig. 6a, c) the
flow has a typical feature of an organized primary vortex with many embedded small eddies.
At the roof level of the canyon, an ejection event (see Fig. 6a as an example) or a sweep event
(see Fig. 6c as an example) is observed occasionally. The occurrence of the events is corre-
lated to the flow structure above the canyon. For the opposing cases (Fig. 6b, d), however,
the intensity of the primary vortex is weak and more medium-size eddies are found across
the canyon. Figure 6b illustrates a flow pattern when a downdraft intrudes into the canyon,
dominating the updraft near the heated wall. Such an event seems to be correlated with the
phase of fluctuations above the canyon. The secondary vortex near the bottom-right corner
of the canyon is reduced to a size much smaller than the averaged size shown in Fig. 2b.
Figure 6d shows another extreme event for Case ‘09’, namely, a penetrating updraft along
the heated wall. This may happen when fluctuations above the canyon are weak and heat
released by the wall accumulates. Two noticeable features for such an event are observed:
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a narrow updraft zone and low occurring frequency. The width of the updraft is less than 1
m except for the region near the roof level. It is noted that the frequency of the event is so
low that its contribution to the mean flow pattern shown in Fig. 2b is negligible. This may
explain why such an updraft is rarely observed in field observations.

4.2 Comparison Between Simulation and Wind-Tunnel Experiment

In order to demonstrate the validity of the LES methodology, we compare the results of this
study with measurement. Due to the reasons discussed in Sect. 1, such measurements are
scarce. The wind-tunnel experiments of Kovar-Panskus et al. (2002) had the closest settings
to the present LES runs. In the wind-tunnel experiments, the boundary layer was simulated
using vorticity generators and low density, flat plates as roughness elements. The boundary-
layer height was 1 m and the roughness length of these elements was about one tenth of the
boundary layer height (Kovar-Panskus et al. 2002). Before the comparisons are made, several
issues are discussed here:

1. The wind-tunnel experiments were conducted for only one heated cavity whereas the
LES cases are configured for repeated arrays of street canyons (this is the consequence
of the cyclic boundary conditions for wind and temperature). In addition, the cyclic
boundary conditions in the LES cases imply an advection of the turbulence and the ther-
mals generated from the upwind building-arrays. This is however not the case for the
wind-tunnel experiments.

2. The LES cases are designed for a realistic condition of solar radiation with a zenith
angle of 45◦; therefore the wall and the roof are heated, whereas in the wind-tunnel
experiments only the wall is heated. Combined with point 1 above, we expect more
convectively generated turbulence above the roof level for the LES cases in comparison
with the wind-tunnel experiments.

3. Kovar-Panskus et al. (2002) only presented the averaged 2D fields of the wind-tunnel
results, and in addition they only conducted the downstream-wall-heated (opposing)
cases. Therefore the comparisons shown here are restricted to these results.

4. A quantitative comparison between the wind-tunnel experiments and the LES cases
relies on the justification of the Reynolds number (Re). For the wind-tunnel experiments
Re ∼ 104 whereas for the LES cases Re ∼ 106. It is assumed herein that the results are
independent of Reynolds number for this range of Re.

5. The definition of reference velocity may also be problematic due to the different settings
between the wind-tunnel experiment and the LES. It is not possible to unify the definition
of Uref for both LES and wind-tunnel experiment. In the following LES results, the mean
wind speed at 2.5H above the roof level is used for Uref.

6. Since the wall surfaces of the wind-tunnel experiment are smooth, the LES results with
κB−1

H = 2 (representing a smoother wall surface) are chosen for the comparisons in
Sect. 4.2.

Figure 7a displays the mean wind field of the LES case with Riw = −0.97, while Fig. 7b
shows the mean wind fields constructed from the profiles at five locations of the wind-tunnel
experiment of Kovar-Panskus et al. (2002) for the case with Riw = −0.85. Several features
are seen in Fig. 7: (i) both have low wind speeds in the left part of the canyon; (ii) both have
large wind speeds near the downstream wall; (iii) no updrafts are found near the top of the
heated wall for both case; and (iv) at x/W = 0.9 in Fig. 7b, there exists a sector where air
flows away from the wall. In fact, the combination of (i) and (ii) of the LES field should result
in a shift of the primary vortex to the right constrained by the conservation of mass, as seen
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Fig. 7 a Mean wind field (u, w) for Case ‘07’ with Riw = −0.97; b Fig. 8 of Kovar-Panskus et al. (2002).
Projected mean velocity vectors, streamlines, and mean temperature for the case with Riw = −0.85

Fig. 8 Normalized height of the secondary vortex near the lower downstream wall as a function of �T for
the opposing cases

in the LES results in Fig. 7a. However the sketched primary vortex in Fig. 7b is shifted to the
left in the wind-tunnel result. Following the conservation of mass, this flow pattern should
only be sustained by either a non-detected significant updraft very close to the wall or a mass
divergence along the canyon axis. These were not discussed by Kovar-Panskus et al. (2002).
With a careful look at the wind vectors near the lower-right corner of the canyon near the
heated wall in Fig. 7b, we note that the two lowest vectors are towards the wall. In fact the
turning of the wind vectors near the corner is more obvious for the other two wind-tunnel
cases with higher level of wall heating (see Figs. 9 and 10 in Kovar-Panskus et al. 2002).
Together with (iv) above, this indicates the existence of a secondary vortex but the updraft
sector of the secondary vortex near the wall is too thin to be detected by the wind-tunnel
experiment. Because of the secondary vortex there should be a stagnant point at which the
vertical mean wind near the wall is zero. Here we define it as the height of the secondary
vortex, hSV. The LES results of all ‘0d’ cases (Fig. 8) show that hSV increases with �T (or
equivalently |Riw|) when �T is small, followed by a decrease and then an increase again.
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The mechanism causing the oscillation is not clear and is worth investigating in the future.
It is noted that none of the mean flow patterns displays an open updraft near the heated wall.

Using the renormalized-group k-ε turbulence model (the RANS methodology), Xie et al.
(2007) derived the flow fields under the influence of the heated downstream wall with Riw =
−0.49, −0.85, and −1.34 (the figures are not displayed here). Their results showed that the
centre of the primary vortex is elevated vertically but not significantly shifted horizontally.
The secondary vortex near the downstream wall derived from the RANS model is much larger
than that from the wind-tunnel experiment of Kovar-Panskus et al. (2002) and this applies
to all three cases (Riw = −0.49,−0.85, and −1.34) of Xie et al. (2007). As discussed in
Sect. 1, the existence of such a persistent thick layer of updraft near the heated downstream
wall is not supported by field observations either. The mean flow patterns derived from the
present LES model with Riw = −0.43,−0.97, and −1.41 all have a small secondary vortex
(not shown here). This may be attributed to the LES’s capability of resolving unsteady flow
features. For example the analysis associated with Fig. 6 reveals that the LES model captures
an unsteady penetrating narrow updraft zone that only occurs occasionally along the heated
wall. The frequency of the event is so low that its contribution to the mean flow pattern shown
in Fig. 7a is negligible. Such an unsteady penetrating narrow updraft cannot be represented
by a RANS model, and is certainly worthy of further investigations.

Figure 9 presents the comparison of the normalized TKE fields between the wind-tunnel
experiment and the LES. The five dotted lines in Fig. 9b, d indicates the locations where
the wind-tunnel measurements were taken. Because all results in Fig. 9 are normalized by
U 2

ref, a direct comparison between wind-tunnel experiment and LES can be made. Firstly, as
discussed in point 2 above, a high TKE region above the roof level is seen in the LES fields,
resulting in greater TKE inside the whole canyon. For the low heating case (Riw ≈ −0.49),
the general pattern and the magnitude of TKE inside the canyon agree fairly well between
the wind-tunnel experiment and the LES field (Fig. 9a, b). For the high heating case (Riw =
−1.4), the TKE of the LES is in general greater than that of the wind-tunnel experiment in a
large proportion of the area inside the canyon (Fig. 9c, d). This is again attributed to the trans-
fer of the high TKE above (≈0.04) into the canyon. The highest TKE level near the heated
wall is located around 0.7H above the ground for both wind-tunnel experiment and LES.
It is worth noting that in comparison with the wind-tunnel experiments, the high TKE zone
near the top of the heated wall simulated by the LES is thinner and its magnitude is weaker.

4.3 Effect of Wall Heating on TKE

Figure 10 presents the mean vertical profiles of the resolved-scale TKE at five selected loca-
tions, x/W = 0.1, 0.3, 0.5, 0.7, and 0.9 (for n =1, 2, 3, 4, and 5, respectively), for several
selected heating cases. These case are ‘30’, ‘70’, ‘B0’, and ‘F0’ (Fig. 10 (UWH-n)), and the
opposing cases, ‘03’, ‘07’, ‘0B’, and ‘0F’ (Fig. 10 (DWH-n)). The neutral case, ‘00’, is also
shown together with the four wall-heated cases of �T = 3, 7, 11, and 15 K. The figures
only display the bottom portion of the convective UBL. The results show that the TKE above
the roof level has little dependence on the location, and in general, the TKE increases with
wall heating both inside and outside of the canyon. The TKE is enhanced near the shear
layer immediately above the canyon. A remarkable contrast between the assisting cases and
the opposing cases is seen in the TKE profiles near the downstream wall, where the TKE
enhancement by the wall heating is the most obvious characteristic of the opposing cases.
This is consistent with the field observations of Offerle et al. (2007).

Figure 11 illustrates the effects of the wall heating on the mean kinetic energy (E) and the
resolved-scale TKE averaged inside the street canyon (e). First, the partition between E and
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Fig. 9 Comparison of TKE fields between the wind-tunnel experiments (WTE) of Kovar-Panskus et al. (2002)
and the present LES results. a WTE for Riw = −0.49; b LES for Riw = −0.43; c WTE for Riw = −1.37;
d LES for Riw = −1.41. The five dotted lines in b and d indicate the locations at which the wind-tunnel
measurements in a and c were taken

e is dramatically different between the assisting and the opposing groups: E dominates for
the assisting group whereas e dominates for the opposing group. The contrast of E between
the assisting and opposing groups suggests that the intensity of the primary vortex (indicated
by E) is increased by the upstream-wall heating but inhibited by the downstream-wall heat-
ing. It is interesting to see that for the opposing cases, the dependence of E on �T is quite
complex: it decreases for �T < 3 K, and it is nearly constant until �T ≈ 10 K after which
E increases with�T and decreases again. The pattern of this variation with�T seems to be
correlated to the height of the secondary vortex shown in Fig. 8. This behaviour indicates the
alternative dominance by two driving mechanisms: the background flow and the wall heating.
For both assisting and opposing cases, the TKE increases with �T in a linear manner. The
TKE for the opposing cases is much larger than that for the assisting cases, suggesting that
the interaction between the wind-driven primary vortex and the thermal-driven updrafts near
the upper downstream wall serves as an efficient mechanism of generating TKE. In Fig. 11b,
we can see that the total kinetic energy inside the canyon (K = E + e) is enhanced by the
increase of �T . This indicates an enhanced transfer of kinetic energy from the UBL to the
street canyon by the wall heating. For the assisting cases, the total kinetic energy is raised
by about 0.36K 00 per K of�T . That is, for every 2.76 K of�T , there is an increase of K 00

for the total kinetic energy. For the opposing cases, the elevation of K appears in a much
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(UWH-1) (UWH-2) (UWH-3) (UWH-4) (UWH-5)

(DWH-1) (DWH-2) (DWH-3) (DWH-4) (DWH-5)

Fig. 10 Vertical profiles of e (x, z) at x/W = 0.1, 0.3, 0.5, 0.7, and 0.9 (columns 1, 2, 3, 4 and 5, respec-
tively) for the upstream-wall-heated (assisting) cases (top row) and the downstream-wall-heated (opposing)
cases (bottom row)

Fig. 11 a Mean kinetic energy, E , and resolved-scale TKE, e, inside the street canyon for all cases; b total
kinetic energy, K = E + e, with linear regression lines for the upstream-wall-heated (assisting) and down-
stream-wall-heated (opposing) cases
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Fig. 12 a and b Mean total sensible heat flux at the roof level, F
(T )

, for κB−1
H = 2 and κB−1

H = 5 and the
ratio of the two fluxes, α2/5, as defined by Eq. 12; the dash-dotted line represents the value of α2/5,n = 1.64,
the local ratio under the neutral limit as defined by Eq. 14. c and d normalized canyon-air temperature increased
by wall heating, (T − T∞)/�T . The left panels are for the assisting group and the right panels are for the
opposing group

smaller scale of about 0.21K 00 per K of �T . In other words, for every 4.67 K of �T , there
is an increase of K 00 for the total kinetic energy.

4.4 Effect of κB−1
H on the Sensible Heat Flux and Air Temperature

Finally we demonstrate the effect of the value of κB−1
H on the sensible heat flux at roof level

(F
(T )

, as defined in Eq. 9) and the temperature in the canyon (T , as defined in Eq. 8). Two
values of κB−1

H are chosen: κB−1
H = 5 represents a rougher surface and κB−1

H = 2 represents
a smoother surface. Figure 12 demonstrates that, for both assisting and opposing groups, the
value of κB−1

H has a significant effect on the sensible heat flux: a smaller κB−1
H causes an

enhancement of total sensible heat flux. Figure 12a, b also displays the ratios of the two total
sensible heat fluxes:

α2/5 =
F
(T )
κB−1

H =2

F
(T )
κB−1

H =5

= F
(T )
2

F
(T )
5

(12)
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where the subscripts, “2”and “5”, denote the cases for κB−1
H = 2 and κB−1

H = 5, respec-
tively. For the majority of the cases in both assisting and opposing groups, the values of α2/5
are in the range of 1.6 to 1.9; the average value for the assisting group is 1.68 (excluding Case
‘10’) and that for the opposing group is 1.78. As mentioned in Sect. 2, the value of z0T in
the wall function has a strong influence on the sensible heat flux at roof level. This influence
is through the wall function, Eq. 1, which specifies the local sensible heat flux at the wall
surface, F (T )0 . When the turbulent flow is in dynamical quasi-equilibrium, the average of

F (T )0 over the heated facet should be equal to F
(T )

, the flux at the roof level. Therefore α2/5

is related to α2/5, which is the ratio of two wall fluxes (F (T )0 for κB−1
H = 2 and κB−1

H = 5).
Furthermore, we have the following relationships for α2/5:

α2/5 = F (T )0,2

F (T )0,5

=
(

ln
(
z1/z0T,5

)

ln
(
z1/z0T,2

)

)

· GT,2|V1,2|�T1-0,2

GT,5|V1,5|�T1-0,5
≈ ln

(
z1/z0T,5

) (
GT,2

)

ln
(
z1/z0T,2

) (
GT,5

) = CT,2

CT,5
. (13)

The approximation in Eq. 13 is made based on an assumption that V1and T1 are the same for
the two scenarios. Thus Eq. 13 shows that α2/5 can be approximated by the ratio of the two
heat exchange coefficients, and under the neutral limit (GT → 1), Eq. 13 yields

α2/5 ≈ α2/5,n = ln
(
z1/z0T,5

)

ln
(
z1/z0T,2

) = ln (z1/z0)+ ln
(
z0/z0T,5

)

ln (z1/z0)+ ln
(
z0/z0T,2

) = ln (z1/z0)+ 5

ln (z1/z0)+ 2
, (14)

where α2/5,n is the ratio α2/5 under the neutral limit and ln (z0/z0T) = κB−1
H . In the present

study, z1 = 0.15 m and z0 = 0.01 m; therefore α2/5,n ≈ 1.64. By plotting this value as the
dash-dotted line in Fig. 12a, b, we find thatα2/5 ≈2/5,n , indicating that the ratio of two surface

fluxes F (T )0,2 /F (T )0,5 under the neutral limit is a good representation of the ratio of two roof-level

fluxes F
(T )
2 /F

(T )
5 . It is therefore concluded that the near-facet process, which is parametrized

by κB−1
H (or equivalently, z0T), is the primary factor in affecting the sensible heat flux, and

that other processes such as in-canyon mixing and roof-level exchange are secondary.
Figure 12 also suggests that for the assisting group, the averaged α2/5 of 1.68 (excluding

Case ‘10’) is only slightly higher thanα2/5,n = 1.64. Figure 12a illustrates thatα2/5 is smaller
than α2/5,n when the wall heating is not strong (�T < 7 K) and it becomes larger than α2/5,n
when the wall heating is strong (�T > 7 K). For the opposing group, however, Fig. 12b
illustrates that the average of α2/5 is about 1.78, larger than α2/5,n = 1.64. The explanations
are given as follows: the change of the κB−1

H value from 5 to 2 raises the sensible heat flux
(Fig. 12a, b) and thus enhances the updrafts near the downstream wall. Consequently this
weakens the mean primary vortex but enhances the turbulent fluctuations (w̃) near the heated
wall (as illustrated in Fig. 3d). As a result, the magnitude of the local instantaneous tangen-
tial velocity, |V1| in Eq. 13, increases. It is noted that in the LES, the wall function Eq. 1 is
applied to the instantaneous velocity, |V1|, and therefore it enhances the sensible heat flux.
This feedback process results in a higher value of α2/5 than α2/5,n (the neutral-limit value).

Figure 12c, d presents (T − T∞)/�T , the elevated canyon-air temperature (averaged
inside the canyon) by wall heating normalized by �T . In general, by changing κB−1

H from
5 to 2, the elevated temperature T − T∞ is significantly enhanced for both assisting and
opposing groups. The quantity (T − T∞)/�T can be interpreted in the framework of Ohm’s
law analogy based on a one-box model. To adopt the analogy, the street canyon is assumed
to be a well-mixed box subject to the heat transfer from an urban facet and to the boundary
layer. For this purpose two resistances are introduced: the resistance between an urban facet
and the canyon air (r (T )0C ) and the resistance between the canyon air and the UBL (r (T )C∞).
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The sum of r (T )0C and r (T )C∞ is the resistance between an urban facet and the UBL (r (T )0∞), i.e.

r (T )0∞ = r (T )0C + r (T )C∞. For short, r (T )0C is also called the facet-canyon resistance, r (T )C∞ is the

canyon-UBL resistance, and r (T )0∞ is the facet-UBL resistance or the total resistance. The
following relationships then follow directly from Ohm’s law:

F
(T ) = �T

r (T )0∞
= T − T∞

r (T )C∞
= T0 − T

r (T )0C

, (15)

which yields (T − T∞)/�T = r (T )C∞/r (T )0∞ . Here (T − T∞)/�T represents the efficiency

of the canyon air warmed by the wall heating, and r (T )C∞/r (T )0∞ represents the fraction of the
canyon-UBL resistance to the facet-UBL resistance. Figure 12c, d shows that for κB−1

H = 5,
the canyon air is heated by about 16–18% of�T , but for κB−1

H = 2, it is heated up to 22–25%
of �T . This indicates that a reduced κB−1

H (a smoother urban facet) causes a higher mean
temperature. From the perspective of resistance, the canyon-UBL resistance of the group
with κB−1

H = 5 is approximately 16–18% of the total resistance, whilst the facet-canyon
resistance is about 82–84% of the total resistance. In other words, a large proportion of the
total resistance arises from the facet-canyon resistance. If κB−1

H = 2 is used (a smoother
urban facet), the facet-canyon resistance falls to 75–78% of the total resistance.

We thus conclude that the use of the appropriate value of parameter κB−1
H (or equivalently

z0T in Eq. 1) in the wall function is vital to a successful numerical simulation of street-canyon
flows with any facet-air exchange processes of heat or any scalar. The value of κB−1

H should
be carefully chosen for a given surface based on our previous knowledge. This study also
raises an awareness of the demand for a better knowledge of the κB−1

H values for various
urban surfaces.

5 Conclusions

We develop a LES model based on a numerical meteorological model for street-canyon
airflow with heated building facets. The boundary condition for temperature is given as a
constant value at the heated facets and the wall function adopted for temperature is based on
a scheme for the atmospheric surface layer (Uno et al. 1995). The LES model is applied to
a canyon with the aspect ratio of unity for two idealized heating scenarios: (1) the roof and
the upstream wall are heated, and (2) the roof and the downstream wall are heated.

Comparisons of 2D mean wind and TKE fields are made against the wind-tunnel exper-
iments of Kovar-Panskus et al. (2002). The differences and similarities in the settings (con-
trolling parameters and conditions of simulations) between the wind-tunnel experiment and
the LES are carefully considered and discussed. One major difference is that the LES cases
represent a TKE-rich convective UBL above the roof level driven by the wall/roof heating
whilst in the wind-tunnel experiments the upstream inflow is neutral. The comparisons dem-
onstrate that the LES model is capable of reproducing major flow features and TKE field
inside the canyon.

For the assisting cases (i.e. the upstream wall is heated), the following flow characteristics
are found: (1) the mean flow pattern is nearly symmetric and the primary vortex extends to
above the roof level; (2) the primary vortex is accelerated by the wall heating, contributing
to the dominating kinetic energy in comparison to the canyon-averaged mean TKE, although
the latter is also enhanced by the wall heating; (3) a negligible TKE production is found near
the heated wall; and (4) the heat transfer out of the canyon is mainly through the primary
vortex within a narrow zone near the heated wall. For the opposing cases (i.e. the downstream
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wall is heated), the following flow characteristics are found: (1) the mean flow patterns are
fairly asymmetric; (2) the primary vortex intensity is significantly suppressed by the down-
stream-wall heating, a secondary vortex is assisted by the downstream-wall heating, and its
size does not always grow monotonically with the wall heating; (3) the interaction between
the primary vortex and the thermally driven updrafts generates a significant amount of TKE
and the canyon-averaged TKE is enhanced by the wall heating; this is consistent with the field
observations of Offerle et al. (2007); and (4) an unsteady penetrating narrow updraft zone
appears occasionally along the heated wall and this feature is consistent field observations.
The unique result indicates the superior capability of LES.

The impact of the key parameter κB−1
H on the simulation results is investigated by exam-

ining the roof-level sensible heat flux and mean canyon-air temperature for two values of
κB−1

H , in which κB−1
H = 5 represents a rougher surface and κB−1

H = 2 represents a smoother
surface. It is demonstrated that for both assisting and opposing groups, the effect of the κB−1

H
value is significant. By using κB−1

H = 2 instead of 5, the sensible heat flux is enhanced by
60–90% and the canyon-air temperature difference, T − T∞, is enhanced by about 33–47%.
The averaged enhancement of sensible heat flux is 68% for the assisting group and 78% for
the opposing group. The averaged enhancement of T − T∞ is 37% for the assisting group
and 39% for the opposing group. Further analysis demonstrates that the enhancement of
sensible heat flux under the neutral limit (due to the near-facet processes) is 64%. It is there-
fore concluded that the near-facet process, which is parametrized by κB−1

H (or equivalently,
z0T), is the primary factor in affecting the sensible heat, flux and other processes such as in-
canyon mixing and roof-level exchange are secondary. It is thus vital to choose an appropriate
value of this parameter in a numerical simulation of street-canyon flows with any facet-air
exchange processes of heat or any scalar. This study also raises an awareness of the demand
for carefully designed laboratory or field experiments of quantifying the value of κB−1

H
(or equivalently, z0T) for various urban surfaces as well as deriving more useful datasets of
the opposing cases for model validation.
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