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Abstract The influence of mesoscale circulations induced by urban-rural differential sur-
face sensible heat flux and roughness on convective boundary-layer (CBL) flow statistics
over an isolated urban area has been examined using large-eddy simulation (LES). Results
are analyzed when the circulations influence the entire urban area under a zero background
wind. For comparison, the CBL flow over an infinite urban area with identical urban sur-
face characteristics under the same background meteorological conditions is generated as a
control case (without circulations). The turbulent flow over the isolated urban area exhibits
a mix of streaky structure and cellular pattern, while the cellular pattern dominates in the
control case. The mixed-layer height varies significantly over the isolated urban area, and
can be lower near the edge of the urban area than over the rural area. The vertical profiles
of turbulence statistics over the isolated urban area vary horizontally and are dramatically
different from the control case. The turbulent kinetic energy (TKE) sources include wind
shear, convergence, and buoyancy productions, compared to only buoyancy production in
the control case. The normalized vertical velocity variance is reduced compared to the control
case except in the central urban area where it is little affected. The low-level flow convergence
is mainly responsible for the enhanced horizontal velocity variance in the central urban area,
while wind shear is responsible for the additional local maximum of the horizontal veloc-
ity variance near the middle of the CBL outside the central area. Parameterizations in the
prognostic equation for TKE used in mesoscale models are evaluated against the LES results
over the isolated urban area. We also discuss conditions under which the urban-induced cir-
culations occur and when they may affect the entire urban area. Given that urban-induced
circulations can influence the entire urban area within hours for an urban area of a realistic
size, it is inappropriate to directly apply empirical relations of turbulence statistics derived
under horizontally-homogenous flow conditions to an urban area.
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1 Introduction

Flow statistics usually vary in the horizontal over an urban area (Ching 1985), and is true even
over a horizontally homogeneous urban surface due to the influence of mesoscale circula-
tions induced by urban-rural differences in surface characteristics. Such variations, however,
have been ignored in many applications. For example, the mixed-layer turbulence statistical
relations developed under horizontally-homogeneous flow conditions are usually applied in
urban environments for routine dispersion calculations and parameterizations (e.g., Morri-
son and Webster 2005). Numerous observational and numerical studies on thermally-induced
mesoscale circulation (TMC) over urban areas have been reported in the literature. In con-
trast, horizontal variations of urban flow statistics have not been well documented, probably
due to the difficulties in turbulence measurements under complex urban environments (Roth
2000; Arnfield 2003; Grimmond 2006). In this regard, large-eddy simulation (LES) may pro-
vide guidance, and this technique has been used for urban-related studies previously (e.g.,
Cai 1999; Kanda et al. 2004; Kanda 2006; Xie and Castro 2006). The influence of TMCs
on urban flow statistics, however, was not taken into account in these studies, and this is the
focus of the present study.

There have been many LES studies regarding the influence of heterogeneous surface forc-
ing on atmospheric boundary-layer (ABL) flow structure (e.g., Hechtel et al. 1990; Hadfield
et al. 1991; Shen and Leclerc 1995; Avissar and Schmidt 1998; Gopalakrishnan et al. 2000;
Albertson et al. 2001; Kustas and Albertson 2003; Patton et al. 2005). Results from such
studies, however, cannot be applied to urban-flow structure for three reasons. First, the afore-
mentioned studies were designed for the parameterization of the effects of subgrid-scale
(SGS) landscape heterogeneity on simulations in mesoscale or global models. For this pur-
pose, analyses have concentrated on flow statistics averaged over the entire LES domain,
rather than on the horizontal variations of flow statistics. Second, an urban area is usually
isolated but most of the aforementioned studies employed periodic surface inhomogeneities
of heating rate or topography, e.g., in a sinusoidal fashion, to represent heterogeneous surface
forcing. Resulting flow statistics may be unable to represent the impact of abnormal forcing
over an isolated area. Third, a longer integration time is needed to simulate the interaction
between convective boundary-layer (CBL) turbulence and TMCs than to simulate pure CBL
turbulence under horizontally homogeneous flow conditions. The spatial scale of TMCs is
10–102 km, larger than the CBL large eddy scale (∼1 km), and the temporal scale is hours,
longer than a large-eddy turnover time (∼15 min). The integration time needs to be at least
several TMC turnover times, ensuring that the CBL flow reaches a quasi-steady state and
flow statistics are meaningful. For example, analytical results suggest that the influence of
TMCs may extend to the free atmosphere (Dalu and Pielke 1993). Avissar and Schmidt
(1998) simulated a CBL with a surface inhomogeneity on the scale of 40 km and found that
the domain-averaged potential temperature and heat flux vertical profiles considerably depart
from those of a typical homogeneous CBL in the quasi-steady state (after a 4.5-h integra-
tion). Later, Letzel and Raasch (2003) pointed out that oscillations of the domain-averaged
kinetic energy may occur when TMCs develop on scales larger than 5 km, suggesting that
an integration time longer than that used by Avissar and Schmidt (1998) is needed for the
flow to reach an equilibrium state with inhomogeneous surface forcing. Their study even
questioned whether such a quasi-steady state still holds for large-scale heterogeneity. Given
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that urban areas (and TMCs) usually occur on spatial scales of 10 km or larger, it is necessary
to examine whether a quasi-steady state can be reached.

We present a case study that employs LES to analyze the influence of TMCs on CBL
turbulence statistics over an isolated urban area under zero background wind conditions. To
highlight the influence, the urban surface is assumed to be homogeneous. These LES exper-
iments have been carefully designed to ensure that the urban area is isolated and both TMCs
and turbulence are mutually interactive (Sect. 2). This is the novel aspect of this investigation,
since previous LES studies on the urban ABL failed to simulate the TMCs, let alone their
influence on turbulence. The horizontal variations of CBL turbulence statistics are analyzed,
with emphasis on differences in turbulence statistics and velocity-variance budgets with
and without the presence of TMCs (Sect. 3). In Sect. 4, parameterizations in the prognostic
equation for turbulent kinetic energy (TKE) used in mesoscale models are evaluated based
on LES results. In addition, a scaling analysis is presented, which estimates the conditions
under which TMCs appear and when they affect CBL turbulence statistics over an urban
area. Finally, a summary is given in Sect. 5.

2 Materials and Methods

2.1 Numerical Model

The numerical model described in Bryan and Fritsch (2002) is used with modifications
that consider the urban-induced forcing in the momentum and heat equations (Wang and
Davis 2008; Wang 2009). The model solves the Navier-Stokes equations with the third-order
Runge-Kutta time-integration scheme, the fifth-order horizontal advection scheme, and the
third-order vertical advection scheme. The staggered Arakawa C grid (Arakawa and Lamb
1977) is used.

The simple bulk urban canopy parameterization proposed by Brown and Williams (1998)
is used to represent urban effects, with the urban area consisting of built-up areas (e.g., build-
ings, roads) and park areas. The built-up area fraction is denoted by fbuilt-up and the park
area fraction by fpark(= 1 − fbuilt-up). The built-up area fraction is further divided into the
(building) roof fraction ( froof ) and the street canopy (between buildings) fraction ( fcanopy).
The drag imposed by the urban canopy is included as an additional term in the Novier-Stokes
momentum equation,

Fi = − froofCda(z)V ui , (1)

where Fi represents the drag force (i = 1, 2, and 3 refer to the longitudinal (x), lateral (y),
and vertical (z) directions, respectively. In the following analysis, u, v, and w also refer to
wind components in the x , y, and z directions, respectively), Cd is the drag coefficient of the
urban canopy, a(z) is the building surface area density profile, V represents the resolved-scale
instantaneous scalar wind speed, and ui is the resolved-scale velocity. The air is warmed or
cooled by the building wall and roof, which is considered in the conservation equation of
heat by adding a source term,

Sθ = fcanopy
∂ Rc(z)

∂z
+ froof

Qroof (h)

δz
, (2)

where Rc(z) is the net downward radiative heat flux at a level within the street canopy, Qroof

is the heat flux at the roof top, h is the height of the roof top, and δz is the vertical grid size
at h. Rc is approximated as,
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Table 1 Prescribed parameters describing the urban area

Surface type Fraction Surface sensible heat
flux (K m s−1)

Built-up area Building roof area froof = 0.2 0.2

Between-buildings (street canopy) fcanopy = 0.5 0.2

Non-built-up area (e.g. park area) f p = 0.3 0.055

Rc(z) = R0 exp

⎛
⎝−ke

h∫

z

a(z′)dz′
⎞
⎠ , (3)

where R0 is the net radiative flux at h, and ke is an extinction coefficient. For simplicity, a(z)
is assumed to be homogeneous in the horizontal and varies linearly from 1 on the surface
to zero at the urban canopy top level in the vertical; Cd is taken as 0.15 and ke as 0.1. An
evaluation of the above simple urban parameterization can be found in Chin et al. (2005). The
SGS turbulence is parameterized after Deardorff (1980) with a modification that considers the
effects of the urban canopy on the SGS TKE by adding a source term ST K E = froofCda(z)V 3

to the SGS TKE equation (Patton 1997).
It should be noted that the above parameterization represents bulk urban-rural differences

in surface heat flux and roughness in terms of given parameters characterizing an urban area
(Table 1). It is not expected to resolve the microscale turbulence structure within the urban
canopy, and as a result, the following analyses focus on the CBL flow above the surface layer
where the turbulence is relatively well resolved.

2.2 Experimental Set-Up

Experiments are designed for the daytime CBL. Assumptions in the simulations are as fol-
lows: first, the atmosphere is dry; second, there is no synoptic wind throughout the whole
domain (i.e., zero background wind); third, the ground is flat and is divided into urban and
rural areas (Fig. 1), each area being homogeneous. The isolated urban area is one-dimensional
(i.e., the urban surface is infinite in the y direction) (Fig. 1).

The simulation domain of the primary experiment (E4, see Table 2) is 150 km × 6 km
with 3000 × 120 nodes in the x and y directions, respectively, and a horizontal grid size
of 50 m. The urban size, characterized by the length (D) of the urban area in the x direc-
tion, is 15 km. In the vertical direction, 84 nodes are used, with the top of the domain at
2,408 m; the vertical grid size is 2 m below 60 m and 58 m above 900 m, and varies linearly
with height between 60 and 900 m. To meet the numerical scheme stability criterion for
this grid configuration, the timestep is set to 0.5 s. A rigid lid is used as the top boundary
condition, with the Rayleigh friction scheme (Durran and Klemp 1983) being used above
1,800 m to absorb spurious gravity waves and reduce the reflection from the upper part of
the domain. The Monin-Obukhov similarity is assumed between the surface and the first
grid level, with the aerodynamic (ground) roughness length set to 0.05 m. Lateral boundary
conditions are cyclic but the simulation domain is sufficiently large in the x direction so
that the turbulent flow statistics over much of the rural area are not affected by the pres-
ence of the urban area. This ensures that the urban area remains “isolated” under the cyclic
boundary conditions. It should be noted that artificial lateral boundary conditions may be
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Fig. 1 a Schematic of the simulation domain in the horizontal (150 km × 6 km) (not to scale). The hatched
area represents a one-dimensional isolated urban area. Both urban surface and rural surface are assumed to
be homogeneous, b Vertical cross-section of the simulation domain. Four plus signs represent the central
locations of the subareas where turbulence statistics are evaluated and their vertical profiles are compared

Table 2 Summary of experiments

Experiment ID Domain (km2) Urban size (km) Integration time (h) zb (m) zi (m) w∗(m s−1)

E1 6 × 6 ∞a 10 1,572 1,460 1.97

E2 6 × 6 0b 10 1,012 928 1.19

E3 30 × 6 15 10 1,450 1,200 1.84

E4 150 × 6 15 10 1,258 1,005 1.74

a Infinite homogeneous urban area
b infinite homogeneous rural area
zb, zi , and w∗ are the ABL height, mixed-layer depth, and convective velocity scale, respectively, averaged
over the urban area except for E2 where average is made over the entire rural area

used to replace the cyclic boundary conditions without using a large domain and provide
fully developed turbulent inflow and outflow boundary conditions (e.g., Mayor et al. 2002).
This method, however, may induce uncertainty and, therefore, has not been adopted in our
study.

The atmosphere is initialized uniformly in the horizontal with a weakly stable potential
temperature gradient of 0.5 K km−1 from the ground up to 500 m and a strong capping inver-
sion above (with a potential temperature gradient of 9.8 K km−1). To trigger the turbulence
in the model, random potential temperature perturbations (<0.1 K) are imposed to the lowest
two levels. A constant heating rate at the bottom of the domain for each area is prescribed,
and the surface sensible heat fluxes over the built-up area (e.g., roof and road, Fbuilt-up) and
over the rural area (Frural) are prescribed as 0.2 and 0.055 K m s−1, respectively (Table 1).
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The surface sensible heat flux over the park area is assumed to be equal to that over the rural
area, and the net radiative heat flux (R0) at the top of the street canopy is assumed to be
0.05 K m s−1. The fraction of the built-up area is 0.7, of which the building roof fraction is
0.2. Therefore, the imposed heat flux from the ground and roof surface in the lower boundary
over the urban area is 0.1565 K m s−1(= ( fcanopy + froof )Fbuilt-up + (1 − fbuilt-up)Frural).
The total heating from the building wall, fcanopy(Rc(h) − Rc(0)), is about 0.0093 K m s−1

for h = 20 m. The Coriolis parameter is set to 10−4s−1.
Results from three other experiments (Table 2) are also analyzed for comparison. E1 and

E2 are seen as two control simulations, where E1 simulates the CBL flow over an infinite
homogeneous urban area as described in Table 1, and E2 simulates the CBL flow over an
infinite homogeneous rural area. E3 examines the effects of the domain size on the simula-
tions in comparison with E4. The surface characteristics over the urban and rural areas in E3
(and E4) are identical to those in the control urban case (E1) and the control rural case (E2),
respectively. TMCs are formed in all experiments except for E1 and E2. Each simulation runs
for 10 h, approximately 10 TMC turnover times and about 60 mean large-eddy turnover times
(zb/w∗, where zb is the ABL height over the urban area and w∗ is the convective velocity
scale), ensuring statistics are meaningful.

2.3 Averaging

A variable f is partitioned into two components after its temporal trend is linearly removed,

f (x, y, z, t) = 〈 f 〉(z) + fd(x, y, z, t), (4)

where the notation 〈 〉 represents an average over (x, y, t) at height z over the entire urban
area, and fd is the deviation from that average. To identify TMCs, fd is further partitioned
into two components,

fd(x, y, z, t) = [ fd ]y(x, z) + f ′′(x, y, z, t), (5)

where the notation [ ]y (or only subscript y) represents an average over (y, t) at (x , z), and
f ′′ is the background turbulence component.

2.4 Temporal Oscillations

Letzel and Raasch (2003) found that temporal oscillations in the boundary layer occur if
TMCs on the scales of 5 km or more develop. This phenomenon should be taken into account
when the length of the model integration time is determined for obtaining meaningful tur-
bulence statistics of the ABL over a heterogeneous surface. In other words, the length of
the integration time should be selected to ensure that the turbulent ABL can be maintained
in a quasi-steady state at least for several large-eddy or TMC turnover times without the
impacts of possible temporal oscillations. To examine if temporal oscillations occur during
the 10-h integrations in our experiments, Fig. 2 shows the time series of the flow kinetic

energy (KE)
(
= 1

2

∑3
i=1 u2

id

)
averaged over the entire column above the urban area for each

experiment. In the two control cases (E1 and E2), the averaged KE increases nearly linearly
with time after the first hour until the end of the integration due to the growth of the boundary
layer in the absence of subsidence. The temporal oscillation of the averaged KE appears after
the fourth hour of the integration in E3. Such an oscillation, however, does not occur in E4.
It is found that the ABL turbulence statistics over 15% of the rural area (i.e., about 25 km
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Fig. 2 Time series of kinetic energy (KE) averaged over the column above the urban area for each experiment
(Table 2)

in the x-direction) in E4 are identical to those in the control rural case (E2) during the 10-h
integration (figures not shown). In other words, the ABL over a part of the rural area in E4 is
unaffected by the presence of the urban area.1 In contrast, the statistics over all the rural area
in E3 are affected by the urban area, and the only difference between the two experiments
is that E4 has a larger domain than E3. An explanation for the occurrence of the oscillation
found in E3 lies in the interaction of meteorological fields on the two sides of the urban area
through the cyclic lateral boundary conditions. The disturbed wind, horizontal gradients of
temperature and pressure developed on the two sides of the urban area appear in opposite
directions and they mutually interact through the cyclic lateral boundary conditions after a
period of time since the integration starts. This is similar to the discussion in Letzel and
Raasch (2003), which explains the ABL kinetic energy temporal oscillation over a sinusoidal
variation of surface heat flux in space. The comparison between E3 and E4 suggests that
the temporal oscillation may not occur in our experiments so long as the domain is large
enough, so that the disturbed meteorological fields cannot interact through the cyclic lateral
conditions.

In addition, Fig. 2 shows that the averaged KE in E4 increases nearly linearly with time
after the fifth hour (i.e., approximately 30 large-eddy turnover times and five TMC turnover
times) until the end of the integration. The averaged KE normalized by the time-varying
w2∗ is nearly constant, suggesting that the flow has reached the quasi-steady state. Results
between hours 9 and 10 are analyzed and reported in the next section, where TMCs are fully
developed over the entire urban area, with the inward fronts from both sides of the urban area
reaching the urban centre.

3 Results and Comparisons

Results shown in this section are primarily from E4 (the isolated urban case) and E1 (the
control infinite homogeneous urban case) in order to highlight the influence of
TMCs.

1 This indicates that the urban area can be considered to be “isolated”.
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3.1 Urban TMCs

To illustrate TMCs, Fig. 3 shows the horizontal velocity, [u]y , and vertical velocity, [w]y ,
in E4 averaged over the last 1 h of the integration. The TMCs, appearing mostly within the
ABL, are seen as two counter-rotating cells that coincide over the central urban area. In
the lower part of the ABL, cold air travels from the rural area towards the urban area at an
increasing speed. The inward wind speed is reduced when air travels over the urban surface
both due to the decreased horizontal pressure gradient and due to the urban canopy drag. The
air approaching from the two sides rises over the central urban area and is deflected outward
in the upper part of the ABL. The maximum inward and outward wind speeds appear near
the edge of the urban area (about 1.5 km(0.1D) from the edge). Strong convergence and
divergence appear within the area 2 km from the urban centre, with the maximum mean ver-
tical velocity being nearly 1 m s−1; this significantly affects local turbulence statistics (see
Sect. 3.5).

3.2 Urban Thermal Structure

The TMCs significantly affect the boundary-layer thermal structure over the isolated urban
area. The low-level inward flow advects colder air from the rural area into the urban area,
while the high-level outward flow advects warmer air away from the urban centre to the
rest of the urban area. As a result, air temperature increases in the upper part of the ABL
outside the central urban area compared with E1, while it decreases in the lower part of the
ABL. This results in a less unstable layer or a weakly stable layer in the upper ABL (Fig. 3c)
and can weaken or suppress the convective mixing. In addition, the thermal structure varies
in the horizontal. This can be illustrated by the horizontal variations of the local ABL top
height (zby) and mixed-layer height (ziy); zby(x) is defined as the level where the maximum
vertical potential temperature gradient occurs over the y − z cross-section at a given distance
(x) from the urban centre, while ziy(x) is defined as the level of the most negative buoyancy
flux. The magnitude of zby(x) is smaller than that in the case with the infinite urban area (E1)
and larger than that in the case with the infinite rural area (E2). The rural-urban difference
of zby in E4 is mainly due to the larger heating rate over the urban surface than over the
rural surface and has been observed in field experiments (Spangler and Dirks 1974; Wong
and Dirks 1978; Ching 1985; Briggs 1988; Angevine et al. 2003; Banta and White 2003).
The spatial variation of zby over the urban area is negligible. This, however, is not the case
for ziy ; the highest ziy value appears in the central urban area, while ziy near the edge of the
urban area can be as low as 2/3 of that over the central urban area, and can be lower than
that over the rural area. The values of ziy and zby are nearly equal in the central urban area,
similar to the two control cases (E1 and E2, without the presence of TMCs). Their differences
increase with the distance from the centre due to the horizontal advection as described in
Sect. 3.1.

3.3 Instantaneous Flow Structure

Compared with the two control cases (E1 and E2), the TMCs modify the turbulent structure
of the ABL over the isolated urban area because wind shear and convergence are additional
TKE sources. An instantaneous horizontal slice of the vertical velocity distribution at 100 m
above the ground in E4 is shown in Fig. 4a, exhibiting a flow pattern with a mix of streaky
structure and cellular patterns. The elongated streaky structure of the flow is noticeable over
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Fig. 3 (a) y-averaged and temporally-averaged horizontal velocity [u]y as a function of distance from the
urban centre and height, (b) vertical velocity [w]y , and (c) potential temperature [θ ]y . The dash-dot line denotes
the ABL top. The thick solid line denotes the mixed-layer top. Dotted contours denote negative velocity values
and solid contours denote positive velocity values

the entire urban area due to the combined effects of buoyancy and wind shear on turbulence
(Moeng and Sullivan 1994). In contrast, the turbulence is generated mainly by buoyancy in
the two control cases (without the TMC presence), and, hence, the primary feature of the
flow structure is the organized cellular pattern over the entire horizontal domain (Fig. 4b, c).
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Fig. 4 (a) Instantaneous horizontal slices of vertical velocity at z = 100 m over part of the simulation domain
at the last timestep of the LES run for the isolated urban case (E4), (b) the control rural case (E2), and (c) the
control urban case (E1). Only positive values are shown

3.4 Horizontally-Varied Turbulence Statistics Over the Isolated Urban Area

In order to examine the spatially-varied background turbulence over the isolated urban area,
statistics are calculated over the y direction and the last 1 h of the integration in four sub-areas,
namely, x = [−0.5, 0.5], [1, 2], [4, 5], and [6, 7] km (Fig. 1b). The ABL structure over the
first sub-area is characterized by strong convergence and divergence, while the ABL struc-
ture over the other three sub-areas is characterized by strong horizontal wind shear. In the
following analyses, we use x = 0, 1.5, 4.5, and 6.5 km, to label the vertical profiles averaged
over the four sub-areas, respectively.

The shape of the vertical profile of potential temperature over the central urban area
(x = 0) in the isolated urban case (E4) is nearly identical to that in the control urban case
(E1) except that the mixed-layer height is 15% lower (Fig. 5a). Farther from the urban centre,
the vertical gradient of potential temperature increases in the upper part of the urban ABL.
Figure 5b shows that the inward flow and outward (returning) flow each occupy nearly half
of the ABL depth in E4. The large vertical gradients of the horizontal wind appear in the
middle part of the ABL in addition to near the surface and the ABL top. The mean vertical
velocity appears to be positive within the ABL near the central urban area (Fig. 5c), and
increasing with height in the lower part of the ABL (i.e., the horizontal flow is convergent)
and decreasing in the upper part (i.e., the horizontal flow is divergent). The magnitude of w

decreases with the distance from the urban centre. This is also true for the depth of the layer
having positive w values.

Figure 5d, e show the vertical profiles of the velocity variances normalized by the square
of the local convective velocity scales (i.e., w∗y = (

gF0zby/θ0
)1/3, where F0 is the surface

heat flux, g is the gravitational acceleration, and θ0 is the air potential temperature near the
surface). In E1, the horizontal velocity variance is nearly invariant from 0.2 to 0.8 zb, with the
local maximum values appearing near the surface and the ABL top (grey lines in the figure).
In E4, the peak value of the horizontal velocity variance near the surface (around 0.1 zb) at
x = 0 is larger than that in E1 by a factor of 2. The horizontal velocity variance decreases
with height from 0.1 to 0.7 zb, and increases with height above 0.7 zb, with another local
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Fig. 5 (a) Vertical profiles of the potential temperature averaged over the y direction and the last 1 h of the
integration at x = 0, 1.5, 4.5, and 6.5 km from the urban centre over the urban area in the isolated urban case
(E4); results from the control urban case E1 (grey line) are also shown for comparison, (b) mean horizon-
tal velocity, (c) mean vertical velocity, (d) normalized horizontal-velocity variance, (e) normalized vertical
velocity variance, and (f) normalized buoyancy flux

maximum appearing at 0.9 zb. The significantly enhanced horizontal velocity variance in the
lower part of the ABL is mainly attributed to the strong convergence of the horizontal flow in
the central urban area (see Sect. 3.5). This is because vortex stretching (convergence) acts to
enhance the vorticity of turbulence (and hence the turbulence intensity). Outside the central
urban area, a local maximum of the horizontal velocity variance appears near the middle of
the ABL due to the vertical shear of the horizontal wind (Fig. 5b), which does not appear in
the control case (E1).
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Compared with E1, the normalized vertical turbulent velocity variance is significantly
reduced above 0.1zb except for the central urban area (Fig. 5e). The ABL is less convective
at x = 1.5, 4.5, and 6.5 km than in E1 or in the central urban area (x = 0). Therefore, the
buoyancy, which is a major source of turbulence in the vertical direction, is reduced com-
pared with that in E1. In the central urban area, the shape of the profile of the vertical velocity
variance and its maximum are nearly the same as those in E1 except that the position of the
maximum is higher due to upward advection. This is expected because the vertical thermal
structure in the urban centre is nearly unaffected by the TMCs compared with E1 in terms of
the mean potential temperature and buoyancy flux profiles (Fig. 5a, f), and the horizontal flow
convergence and divergence in the area do not have direct impacts on the velocity variance
in the vertical (see Sect. 3.5).

The buoyancy flux profile outside the central urban area (x = 1.5, 4.5, and 6.5 km)
is significantly different from that in E1, consistent with the thermal structure modified
by the TMCs as discussed above. The weakly-stable temperature stratification in the up-
per part of the ABL (Fig. 5a) suppresses or weakens the growth of turbulence, leading to
the smaller (normalized) buoyancy flux. In the central urban area (x = 0), the buoyancy
flux profile is similar to that in E1 but the ratio of the entrainment to surface buoyancy
fluxes, which is about 0.3, is larger than that (0.2) in the control urban case probably due
to strong mean upward motion that enhances eddies penetrating into the inversion layer
aloft.

The urban TMCs also modify the asymmetry in the distribution of w fluctuations within
the ABL. Figure 6 shows the vertical profiles of the skewness of the w fluctuations (Sw) over
the infinite homogeneous urban area in E1 and over the isolated urban area in E4. Here, Sw

is calculated using the resolvable-scale vertical velocity because SGS contributions to Sw

are not available. The negative values of Sw appearing near the surface and in the stable
layer aloft may be spurious due to the insufficient model resolution that cannot resolve small
eddies (Moeng 1984; Schmidt and Schumann 1989). Turbulence in E1 is driven dominantly
by buoyancy and, therefore, the vertical velocity distribution is positively skewed (grey line
in Fig. 6), which has been discussed extensively in the literature (Moeng and Rotunno 1990;
Moyer and Young 1991). The TMCs modify the magnitude and distribution of Sw mainly
through modifying the eddy structure (Fig. 4), the local temperature stratification, and tur-
bulence intensity (Fig. 5) over the isolated urban area. In the central urban area (x = 0), Sw

within the ABL appears to be less positive than that in E1. An explanation is that stronger
turbulence in the horizontal direction (Fig. 5) makes updrafts more diffusive horizontally and,
therefore, the updrafts occupy larger areas (i.e., less skewed) at a given height. Over all the
four sub-areas, Sw increases with height in the lower part of the unstable layer and reaches
the maximum value near the top of the unstable layer. This behavior is similar to that in the
control case (Moeng and Rotunno 1990; Moyer and Young 1991). In the upper part of the
ABL over the sub-areas of x = 1.5, 4.5, and 6.5 km, Sw is much smaller than that in E1
because the organized updrafts are weakened or lose their kinetic energy when they move
into the less unstable or slightly stable layer (Fig. 5a).

3.5 Velocity Variance Budget Analysis

To understand the mechanisms of the influence of the TMCs on turbulence statistics, individ-
ual terms in the budget equations for the variances of wind velocity components are analyzed
based on LES results, giving insights of benefit to model parameterizations.
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Fig. 6 Vertical profiles of the
skewness of the vertical velocity
at different locations
(x = 0, 1.5, 4.5, and 6.5 km)
from the isolated urban case. The
grey line is for the control
(infinite) urban case (E1)
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The budget equation for the vertical velocity variance reads,

22 2
2 111

2 2
j

j w
j j

u ww w g W W W p w w p
U w w u w v w

t x z x y z z x
εθ

ρρθ
′ ′∂′′′′′′∂ ∂ ∂ ∂ ∂ ∂ ∂′ ′ ′ ′ ′ ′ ′= − + − − − + − − −

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂

 I              II            III                     IV                                    V             VI 

(6)

where the overbar denotes the ensemble average and the prime denotes the deviation from the
average. U j ( j = 1, 2, 3) or U , V , W are the mean wind velocity components in the x, y, and
z directions, respectively; the repeated index j implies a sum. Also, ρ̄ is the mean air density,
p′ is the pressure perturbation, and εw is the viscous dissipation rate of the vertical velocity
variance. The six terms on the right-hand side (RHS) of the equation represent the gains or
losses of the variance due to the processes of advection by the mean wind (I), buoyancy (II),
mean flow convergence (or divergence) (III), mean wind shear (IV), and the redistribution by
turbulent transport and pressure perturbation (V), the viscous dissipation (VI), respectively.

Similarly, the budget equation for the horizontal velocity variance reads,

2 2
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2 2
h h

j
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t x x y y z x z

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂′ ′ ′ ′ ′ ′ ′ ′ ′ ′= − − − − − − −
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂

I                   III                                          IV 

2
1 1 j h

h
j

u up u u p p v v p

x x y y x
ε

ρ ρ ρ ρ
′∂′ ′ ′ ′ ′ ′ ′ ′∂ ∂ ∂ ∂+ − + − − −

∂ ∂ ∂ ∂ ∂

V                                      VI 

,
(7)

where u2
h is the sum of the variances for wind components in the x and y directions, i.e.,

u′2 + ν′2, and εh is the viscous dissipation rate of u2
h . The numbered terms on the RHS of

Eq. 7 have the same physical meanings as those in Eq. 6 except for u2
h . The buoyancy term

(term II), which acts only in the vertical direction, does not appear in this equation.
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Fig. 7 (a) Vertical profiles of the horizontal velocity variance budget terms normalized by w3∗/zb for the
control urban case (E1), (b) at the urban centre x = 0 in the isolated urban case (E4), (c) at x = 4.5 km from
the urban centre in the isolated urban case (E4), (d–f) are same as (a–c) respectively, except for the vertical
velocity budget terms

Figure 7 shows the vertical profiles of the budget terms over the infinite and homogeneous
urban area (E1) and over two sub-areas in the isolated urban area respectively representing
the convergence/divergence and shear flow regimes (E4). As no mean flow is present in E1,

the redistribution term (V) and dissipation term (VI) are balanced in the u2
h budget equation

(Fig. 7a), while the buoyancy term (II), redistribution term (V), and dissipation term (VI)
are balanced in the w′2 budget equation (Fig. 7d). The sole TKE source is the buoyancy
production of w′2 in E1. Some of that production is dissipated in Eq. 6 and the remainder is
transferred to the horizontal component of TKE and/or is redistributed spatially through the
turbulence and pressure transport term. The w′2 loss is mainly due to the negative buoyancy
in the entrainment zone, which is balanced by the redistribution term.
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With the influence of TMCs, TKE is gained by the productions of mean wind shear and
convergence in addition to buoyancy. In the central urban area (x = 0) with strong flow con-
vergence and divergence, all terms in Eqs. 6 and 7 except the mean wind shear production
term are of the same magnitude and are important in maintaining the budgets. In the lower
part of the ABL, the gain of w′2 is due to buoyancy, while the loss of w′2 is due to dissipation,
advection (mostly in the vertical), and the divergence of the mean vertical velocity. In the
upper part of the ABL, the gain of w′2 is due to vertical advection of w′2 and the mean

vertical-velocity convergence, in addition to buoyancy. With regard to the u′
h

2 budget, the

gain of u′
h

2 is mainly due to the horizontal flow convergence and advection in the lower part
of the ABL, except near the surface where the redistribution term is a significant source term,

while the loss of u′
h

2 is due to dissipation and redistribution. In the upper part of the ABL,

the horizontal flow divergence contributes to the loss of u′
h

2, in addition to the dissipation.
The shear production term is negligible because the vertical gradient of the horizontal wind
is small in the central urban area (Fig. 5). In the area x = 4.5 km, the w′2 budget is not much
affected in terms of the relative importance of the budget terms, compared with that in E1.

This, however, is not the case for the u′
h

2 budget. The mean wind shear term contributes to

the gain of u′
h

2 in the middle part of the ABL, which does not appear in E1. In the lower
part of the ABL, the wind shear and redistribution terms are source terms, which are mainly

balanced by the dissipation term. In the upper part of the ABL, the gain of u′
h

2 is due to mean
wind shear and advection, while the loss is due to divergence, in addition to redistribution
and dissipation.

4 Discussion

4.1 Evaluation of Parameterizations in the TKE Equation for Mesoscale Models

TKE is a prognostic variable in mesoscale models, with several terms in the TKE prognostic
equation being parameterized. It is instructive to examine how well those parameterizations
represent the urban flow. The shear production (SP) term, turbulence and pressure transport
(TP) term, and dissipation rate (DR) term are usually parameterized as,

SP = −u′w′ ∂Ū

∂z
− v′w′ ∂ V̄

∂z
= lM

√
2E

[(
∂Ū

∂z

)2

+
(

∂ V̄

∂z

)2]
, (8)

TP = −w′E ′ − 1

ρ̄

∂w′ p′
∂z

= lE
√

2E
∂ E

∂z
, (9)

DR = ε = E3/2

le
, (10)

where E is TKE(= 0.5(u′2 + v′2 + w′2)), lM and lE are the length scales for the exchanges
of momentum and TKE, respectively, and le is the dissipation length scale. In many clo-
sure models, these length scales are assumed to be proportional to a master length scale
(l) (Mellor and Yamada 1982), i.e., lM = CMl, lE = CEl, and le = Cel, where CM , CE ,
and Ce are empirical constants or functions of stability tuned to available observations. A
commonly-used and simple algebraic expression for l is,
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l = l0
κz

κz + l0
, (11)

where l0 = 0.1
∫ ∞

0

√
Ezdz/

∫ ∞
0

√
Edz, and κ is the Karman constant (0.4). This formulation

was proposed by Blackadar (1962) for the momentum mixing length in a neutral atmosphere,
but it has been often used in mesoscale and large-scale atmosphere models for wind, tem-
perature, and specific humidity under various atmospheric conditions.

We calculated SP, TP, and DR over each sub-area of the isolated urban area based on
the parameterizations (i.e., the far RHS of Eqs. 8–10) by assuming that lM , lE , and le were
equal to l. Results are denoted by SP1, TP1, and DR1, respectively. Meanwhile, SP, TP, and
DR are also calculated directly from the LES-resolved and SGS variables. Comparisons of
the results from the two calculations are shown in Fig. 8. CM , CE , and 1/Ce are equal to
the ratios of LES-derived SP, TP, and DR to SP1, TP1, and DR1, respectively, so that the
parameterizations can reproduce the LES-derived results. Figure 8a suggests that CM varies
between 0 and 2. This is comparable to the derivation by Mellor and Yamada (1982) showing
that CM varies from zero under stable conditions to two under very unstable conditions. For
the TP term, CE values are largely scattered (Fig. 8b). Despite this, there is a tendency that
the parameterized TP can reasonably simulate LES results by taking CE to be 0.25 (i.e., mean
value) for the wind-shear-flow regime (x = 1.5, 4.5, and 6.5 km). As a comparison, Mellor
and Yamada (1982) suggested that CE is taken as 0.2 for the neutral flow and found that it is
not significantly sensitive to stability. In the urban centre (x = 0), most CE values vary from
0 to 2 under the free convection condition and there is no tendency that a universal value
exists for CE . This may be explained as follows: first, the local flux-gradient relation does
not work well under the free convection condition. Second, the master length scale (Eq. 11)
was developed for a neutral atmosphere where turbulence is generated predominantly by
mechanical production (wind shear). In contrast, turbulence is generated predominantly by
buoyancy under the free-convection condition where the mixing length is of the order of the
CBL depth. Ce is approximately 16 at the urban centre, and decreases to approximately 8,
5, and 3 at x = 1.5, 4.5, and 6.5 km, respectively, as the ABL becomes less convective. This
suggests that the master length scale needs to be further adjusted to represent the dissipation
length scale under the more unstable flow regime. As a comparison, Mellor and Yamada
(1982) suggested that Ce = 5.86 for a neutral flow.

In addition, it is noticed that the convergence/divergence terms (i.e., term III in Eqs. 6 and
7) in the budget equations have been ignored in the parameterizations of the TKE equation
used in most mesoscale models. This could result in significant errors in predicting TKE
in strong convergence or divergence areas, given the importance of the terms as shown in
Sect. 3.5. Therefore, representing the effects of convergence/divergence in the TKE equation
is desirable.

4.2 When does the Influence of TMCs Matter?

In Sect. 3, we have compared turbulence statistics over the isolated urban area with those over
an infinite homogeneous urban area (i.e., without TMCs). It is natural to ask the following two
questions: (1) When can TMCs affect the entire urban area after they start to develop in the
morning? (2) Over what area is the influence of TMCs negligible so that the empirical CBL
statistical relations developed under horizontally homogeneous conditions can still apply? A
simple scaling method is used to answer the questions.

Briggs (1988) derived the characteristic urban-induced horizontal velocity scale, U , under
zero or light background wind conditions, i.e.,
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(a) (b)

(c)

Fig. 8 (a) Comparison of LES-derived and parameterized results for the shear production (SP) term. (b) TKE
and pressure (TP) flux, and (c) dissipation rate (DR). The dotted line is the 1:1 line. All coefficients are set to
1 in the parameterizations (Eqs. 8–10) when computing SP1, TP1, and DR1. CM, CE, and 1/Ce are equal to
the ratios of SP/SP1, TP/TP1, and DR/DR1 so that the parameterizations reproduce LES results. See text for
details

U =
(

dg�F0

4θ0

)1/3

, (12)

where �F0 is the difference in surface sensible heat flux over urban and rural areas, and d
is the urban size (i.e., D in this study). In deriving U , it has been assumed that all the excess
buoyancy flux �F0 is used to increase the buoyancy of an updraft over all the urban area and
the resulting horizontal hydrostatic pressure difference creates the inflow wind. The above
expression works reasonably well for urban areas2 with realistic sizes (e.g., D < 20 km)
under real atmospheric conditions (Wong and Dirks 1978; Briggs 1988). We modified Eq. 12
to consider the temporal dependence of U , before the urban-induced wind front reaches the
central urban area, using a time-dependent d , i.e.,

d(t) = min

⎛
⎝2

t∫

t=0

U (t)dt, D

⎞
⎠ , (13)

where t is time, t = 0 is the starting time when TMCs develop, d/2 is the distance between
the edge of the urban area and the inflow wind front position. Here we have assumed that

2 Here, an urban area is defined by the area in a city where the surface heat flux is significantly larger than
the rural area, rather than by administrative divisions.
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the excess energy (due to different surface heating rates over urban and rural areas) over a
fraction (i.e. d/D) of the urban area is used to fuel the TMCs before the front reaches the
central urban area. After the front reaches the centre, the excess energy over all the urban area
is used to fuel the TMCs. In this case, U is independent of time and is determined mainly by
the size of the urban area and the urban-rural difference in the surface sensible heat flux. The
time that it takes for the inflow front to reach the urban centre can be estimated to be D/U0

with an approximation of
∫ t

t=0 U (t)dt ≈ 0.5U (t)t , where U0 is the inflow wind speed when
d = D. Given D = 15 km,�F0 = 0.1 K m s−1, θ0 = 300 K, it takes approximately 3.6 h for
the inflow wind front to reach the urban centre. The influence of the TMCs on local turbulence
statistics is negligible over the area within the distance of (D − d)/2 from the urban centre.
To test this estimation, we have examined the vertical profiles of the velocity variances and
skewness averaged over the four sub-areas between 2.5 and 3 h after the integration starts.
It is found that the vertical profiles of velocity variances and skewness in the urban centre
(x = 0) are nearly identical to those in the control urban case, suggesting that the influence
of the TMCs is negligible. By comparison, the statistics over the areas of x = 1.5, 4.5, and
6.5 km have been affected, similar to those shown in Sect. 3.

Equation 12 can be used to derive conditions under which TMCs can be formed. From
the scaling perspective, the TMCs over an isolated urban area may be noticeably present
when the magnitude of the urban-induced organized horizontal velocity is larger than the
background turbulent velocity scale (i.e. over the rural area), e.g., U > w∗. Thus, we have,

�F0 >
4Fb0zb0

D
, (14)

where Fb0 and zb0 are the background surface sensible heat flux and CBL depth, respec-
tively. The critical urban-rural heating difference (i.e., RHS of Eq. 14) increases with the
background ABL depth and surface sensible heat flux, and decreases with increasing urban
size. Physically, for a smaller urban area, urban-rural differences in horizontal air pressure
or temperature can be more easily reduced or eliminated by the mixing of large eddies in the
background CBL.

4.3 Limitations

This case study has limitations and can be further improved in the future:

(1) The above analyses are applied only to calm or light background wind conditions. The
influence of TMCs on urban flow statistics may vary with the background wind and
surface conditions, which has not been examined in this study.

(2) The microscale turbulence within and above the urban canopy is not well resolved in this
study due to the bulk urban canopy parameterization and limited grid resolution used near
the urban surface. Microscale turbulence over urban-like surfaces has been investigated
numerically and experimentally (Cheng and Castro 2002; Kanda et al. 2004; Castro et
al. 2006; Kanda 2006), but its impact on ABL flow statistics above the surface layer has
not been fully addressed.

(3) The urban surface characteristics have been imposed to be horizontally homogeneous.
As a result, the effects of urban surface heterogeneity on flow statistics are not taken into
account in the analyses. Such effects could be significant unless the length scale of the
heterogeneity is much smaller than the large-eddy scale (Shen and Leclerc 1995; Avissar
and Schmidt 1998; Patton et al. 2005).
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5 Summary

The turbulent boundary layer over an isolated urban area under a zero background wind has
been examined using LES, with the emphasis on the influence of urban-induced TMCs on
turbulent flow statistics above the surface layer when the TMCs have been fully developed.
To highlight the influence of the TMCs, the urban surface has been assumed to be horizon-
tally homogeneous. The urban ABL with the TMCs is generally less convective than that
without the TMCs. The mixed-layer height varies significantly in the horizontal, with the
highest value appearing in the central urban area and the lowest value appearing near the
edge of the urban area. The flow structure over the isolated urban area exhibits a mix of
streaky and cellular patterns. In contrast, only a cellular pattern is found over the infinite
and homogeneous urban area (the control urban case without TMCs). The distribution of the
vertical velocity fluctuation in the central urban area is generally less positively-skewed than
that in the control case.

With the influence of the TMCs, the wind shear and convergence productions are the TKE
source terms in addition to the buoyancy production, while the sole TKE source is from the
buoyancy production in the control urban case. Turbulence statistics and velocity-variance
budgets in two types of flow regimes over the isolated urban area are compared with each
other and with those in the control urban case. They are summarized as follows:

(1) In the flow regime with strong wind shear, the horizontal velocity variance varies with
height, with a local maximum appearing in the middle part of the ABL in addition to
near the surface and ABL top. By comparison, the horizontal velocity variance is nearly
invariant in the middle part of the ABL in the control case. The ABL over the isolated
urban area is less convective than in the control urban case; this significantly reduces
the buoyancy flux and, hence, the vertical velocity variance. The wind-shear production
term is mainly responsible for the gain of the horizontal-velocity variance budget in the
middle part of the ABL and the negative buoyancy flux is responsible for the loss of the
vertical velocity variance in the middle and upper parts of the ABL.

(2) In the flow regime with strong flow convergence and divergence, turbulence is enhanced
in the horizontal direction in the lower part of the ABL. In the middle part of the ABL, the
horizontal velocity variance decreases with height, compared to being nearly constant
in the control case. The shape of the vertical profile of the vertical velocity variance
is similar to that in the control case but the peak location is heightened. The vertical
advection and convergence/divergence terms play significant roles in maintaining the
budget.

Parameterizations in the prognostic equation of TKE for mesoscale models are examined
based on the LES results over the isolated urban area. In the flow regime with strong wind
shear, the flux-gradient relation may provide reasonable parameterizations by adjusting the
mixing length scale. This, however, is not the case for the flow regime with strong conver-
gence and divergence. In addition, the effects of the mean flow convergence and divergence
on TKE, which can play a significant role in maintaining the TKE budget, have been ignored
in the parameterizations of the TKE equation used in most mesoscale models. This could
result in significant errors for simulating the turbulent flow (such as urban flow) with strong
convergence and divergence. From the perspective of scaling, conditions under which TMCs
appear and when they can influence local turbulence statistics are discussed. Large urban
size and a large urban-rural difference in the surface sensible heat flux favour the forma-
tion of TMCs. It is inappropriate to directly apply existing ABL statistical relations derived
under horizontally homogeneous conditions to isolated urban areas in practice, given that
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the TMC front can reach the urban centre within hours. This should be kept in mind for
practical dispersion modelling and urban turbulence parameterization. Further investigations
under various atmospheric conditions and development of the ABL statistics relations with
the influence of TMCs are desirable.
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