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ABSTRACT
A smooth wall turbulent boundary layer (BL) ap-

proaching an array of cubes with dimensions h× h× h has
been studied with Large-Eddy Simulation (LES) to give
insight in the development of the urban boundary layer
(UBL). Pollutant dispersion in both neutral and stable con-
ditions was considered. The surface forces reached a steady
state after approximately 14h (= 7 streets). Up to that
distance the vertical advective pollutant emission from the
streets is significant compared to the turbulent pollutant
emission. The stable case reached 1.85 times higher con-
centrations than the neutral case throughout the canopy,
which shows stratifications effects cannot be neglected in
urban environments.

INTRODUCTION
Because of the global trend of urbanization there is

an increasing demand for accurate predictions of urban
air quality levels. Therefore, predicting the dispersion be-
haviour of pollutants within the urban canopy is of great
interest. The modelling and simulation of the UBL is usu-
ally done by assuming a BL that has fully developed over
a large urban area with uniform properties (e.g. Michioka
et al. (2013), Boppana et al. (2014)). However, in real-
ity the overall character of the surface roughness changes
from rural to suburban to urban, which means the BL has to
adapt to the changing surface roughness. Moreover, often
the UBL is considered only for (near-) neutral conditions by
assuming that the turbulence added by the presence of the
obstacle results in a well-mixed flow with nearly uniform
temperature. In rural BLs pollutant concentrations increase
significantly with increasing stability because the spreading
downwind of the emission source is reduced due to lower
turbulence levels. In urban environments stable BLs occur
less often than unstable BLs (Wood et al. (2010)). How-
ever, because of potentially decreased air quality levels it is

important to know when the ’neutral UBL assumption’ is
valid. The study presented here employs LES of a smooth
wall turbulent BL exposed to a roughness transition consist-
ing of an array of cubes in an in-line arrangement. A line
source of pollutant emission is located in front of the array.
The Reynolds number, Reτ = uτ h/ν , based on the friction
velocity uτ at the inlet and the obstacle height h is 195. The
case is studied for both neutral and stable conditions. The
goal is to try to answer the following questions:

1. How does the rural boundary layer change into the ur-
ban boundary layer?

2. What is the influence of thermal stratification on this
roughness transition?

3. How do the roughness transition and thermal stratifica-
tion influence pollutant dispersion?

NUMERICAL METHOD
Governing Equations And Numerical Method

The filtered Navier-Stokes equations in the Boussinesq
approximation are:
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where (̃..) denotes filtered quantities, p̃/ρ0 + τkk/3 is the
modified pressure, τkk is the trace of subgrid-scale stress
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tensor, g is the gravitational acceleration, ν is the fluid’s
kinematic viscosity, νsgs is the subgrid-scale viscosity, Pr is
the Prandtl number, Prsgs is the subgrid-scale Prandtl num-

ber, Si j =
1
2

(
∂ ũi
∂x j

+
∂ ũ j
∂xi

)
is the rate of strain tensor and S

is a source term. Equation 3 describes the transport equa-
tion for all scalar quantities ϕ , which are the temperature θ
and pollutant concentration c∗. From here on the (̃..) sym-
bol will be omitted for clarity. Furthermore, the (..) symbol
resembles time-averaging.
The code developed for this study is based on DALES (Heus
et al. (2010)). The main modifications are the addition
of an immersed boundary method (Pourquie et al. (2009)),
the implementation of inflow/outflow boundary conditions
and the application of the eddy-viscosity subgrid model of
Vreman (2004). The equations of motion are solved using
second-order central differencing for the spatial derivatives
and an explicit third-order Runge-Kutta method for time
integration. For the scalar concentration field the second-
order central κ-scheme is used to ensure positivity. The
simulations are wall-resolved, so no use is made of wall-
functions. Pr was 0.71 and Prsgs was set to 0.9, equal to the
turbulent Prandtl number found in the major part of the TBL
in DNS studies by Jonker et al. (2013). The subgrid-scale
Schmidt number was set to 0.9 as well. The code has been
applied before to simulate turbulent flow over a surface-
mounted fence, showing excellent agreement with experi-
mental data (Tomas et al. (2015a), Tomas et al. (2015b)).

Simulation Set-up
Four types of simulations were performed:

Roughness Transition (RT) simulations: In these simula-
tions the roughness transition is simulated by considering a
smooth wall BL of height 10h that approaches an array of
cubes with dimensions h× h× h in an in-line arrangement
equally spaced with a pitch of 2h. A line source of pollu-
tant is located at 2h in front of the first row of cubes. Both
neutral and stable conditions are considered.
Driver (D) simulations: These were used to generate the
smooth wall inflow BLs of 10h high for the RT simulations.
Inflow and outflow conditions are used in the streamwise
direction. The instantaneous inlet values are generated by
the recycling method proposed by Lund et al. (1998) for the
velocity and by a similar method by Kong et al. (2000) for
the temperature. Both neutral and stable conditions are con-
sidered. The friction Reynolds number was 195.
Periodic Roughness (PR) simulation: This simulation
uses the classical approach of applying periodic boundary
conditions in the horizontal directions to simulate fully de-
veloped flow. The same roughness geometry as in the RT
simulations is considered.
Validation (V) simulation: This simulation was done to
compare with the experimental results from Castro et al.
(2006) considering fully developed flow over an array of
cubes. The geometry was similar to the RT and PR simu-
lations except that the cube arrangement was staggered. As
in the PR simulation periodic boundary conditions are used
in the horizontal directions. The friction Reynolds number
was 371.
Table 1 summarizes the domain size and number of grid
points used in each type of simulation.

Boundary Conditions
In spanwise direction periodicity was assumed for all

variables. On the ground and obstacle walls no slip condi-

Table 1. Domain dimensions and grid sizes.

Sim. Lx Ly Lz Nx Ny Nz

RT 61.47h 18h 30h 1080 360 180

D 200h 18h 30h 768 320 128

PR 8h 8h 20h 160 160 144

V 4h 4h 10h 64 80 112

tions were applied, while at the top boundary a free slip con-
dition was used. For the scalars θ and c∗ zero-flux bound-
aries were assumed, except for θ at the ground and the top
of the obstacles, for which isothermal conditions (θ = θ0)
were applied.

Driver (D) and Roughness Transition (RT)
Simulations. Velocity and temperature data were im-
posed at the inlet as described in the previous section. This
inflow satisfied a constant mass flux. At the outlet a con-
vective outflow boundary condition was applied for all vari-
ables. At the top boundary a constant outflow velocity
of w = U∞ dδ1/dx was used, where dδ1/dx is the mean
streamwise growth of the displacement thickness. This was
done to establish a zero-pressure gradient in the driver simu-
lations. The RT simulations used the same outflow velocity
as the D simulations.

Periodic Roughness (PR) and Validation
(V) Simulations. Periodicity was assumed in the hor-
izontal directions and the flow was driven by a constant
streamwise pressure gradient, ∂Π/∂x = u2

τ/Lz, with Π =
p̃/ρ0 + τkk/3.

RESULTS
Statistics

In all simulations statistics were computed after a
steady state was reached. This was after 10.000 time scales,
T = h/U∞. The driver simulations required 20.000T , start-
ing from a coarse mesh simulation. The RT simuations ran
for 1300T of which the last 800T were used for computing
statistics using an interval of 0.2T . A constant time step of
0.01T was used in the neutral simulations and 0.02T in the
stable simulation.

Validation (V) simulation
The V simulation was done to validate the model with

experimental data from Castro et al. (2006). Figure 1 shows
the vertical profile of mean streamwise velocity at four lo-
cations indicated in the schematic in the figure. The agree-
ment is quite satisfactory. However, the simulation overpre-
dicts the length of the wake of the upstream cube, which
causes a difference with the experimental data at location
P3. Figure 2 shows the mean resolved Reynolds stress, u′w′,
at locations P1 and P2. Unfortunately, experimental data is
not available at location P3. The agreement between the
model and experimental results is good, although the verti-
cal resolution was too low to resolve the peak caused by the
shear layer emanating from the top of the cube. This proba-
bly also affected the aforementioned wake length. The ver-
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Figure 1. Mean streamwise velocity at stations P0 and P2 (a) and P1 and P3 (b). Experimental data from Castro et al. (2006).
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Figure 2. Mean Reynolds stress at stations P1 and P2. Experimental data from Castro et al. (2006).

tical cell size at the top of the cubes was 1/20h. In the RT
and PR simulations this was decreased to 1/100h in order
to capture the shear layer.

Driver (D) and Roughness Transition (RT)
simulations

Two RT simulations were done; one for neutral condi-
tions and one for stable conditions. Two corresponding D
simulations were done to generate the inflow. In the stable
case the bulk Richardson number

Ri =
(g/θ0)(θ∞−θ0)δ

U2
∞

, (4)

was 0.147. In the D simulation the resulting gradient
Richardson number

Rigrad =
g
θ0

∂θ
∂ z

/
2Si jSi j , (5)

was 0.2 throughout most of the BL. Increasing the stratifi-
cation even more resulted in intermittent turbulence. Figure
6 (last page) shows the contours of instantaneous velocity
magnitude normalized with U∞ for the neutral (top) and the
stable (bottom) case. At the inlet the flow is already turbu-
lent (generated in the D simulations). Low speed streaks are

visible in the horizontal plane at z = 0.1h. In the midplane
both the neutral and the stable case show small scale tur-
bulence generated by the roughness elements. However, in
the stable case the exchange of momentum in the outer re-
gion is reduced as can be seen by the more layered velocity
contours.

Mean flow. The mean flow is statistically homo-
geneous in the spanwise direction only, because the flow
is developing in the streamwise direction. Therefore, the
mean flow is averaged in the spanwise direction and over
a single pitch (i.e. a ’street’) of 2h in the streamwise direc-
tion, indicated by 〈..〉. Figure 3 shows the spatially averaged
mean forces for the neutral and the stable cases. The results
of the PR simulation are also shown. The friction velocity
uτ is calculated from the total drag built up from skin fric-
tional drag, 1

2C f , and form drag, Pd . When uτ reaches a
constant value this is an indication of fully developed flow
at the obstacle height. At the inlet uτ is 0.0374U∞ for the
neutral case and 0.0383U∞ for the stable case. In the canopy
the neutral case converges to a friction velocity 1.9 times
larger than at the inlet. The stable flow experiences a lower
drag increase by the canopy because at the end of the do-
main the friction velocity is 1.6 times the inlet value. The
drag due to skin frictional forces and due to pressure forces
are shown as well (Figure 3b and 3c, respectively). At this
Reynolds number form drag constitutes 81% (neutral) and

3



0 10 20 30 40

0.05

0.1

0.15

0.2

x/h

<
u
τ
>

/
U
∞

 

 

Neutral

Stable

(a)

0 10 20 30 40
1

1.5

2

2.5

3

3.5

4

x 10
−3

x/h

<
C
f
>

 

 

Neutral

Stable

(b)

0 10 20 30 40

0.005

0.01

0.015

0.02

x/h

<
P
d
>

 

 

Neutral

Stable

(c)

0 10 20 30 40
0.5

0.6

0.7

0.8

0.9

x/h

<
d
>

/
h

 

 

Neutral

Stable

(d)

Figure 3. Mean street-averaged forces. (a) Friction velocity uτ , (b) Skin friction coeffient C f , (c) Form drag coefficient Pd ,
(d) Displacement height d. The dashed line corresponds to the PR simulation results.

84% (stable) of the total drag. This was 71% in the PR sim-
ulation because that simulation was done at a lower friction
Reynolds number (based on the inlet friction velocity of the
RT simulations). Finally, Figure 3d shows the displacement
height for the three cases. The displacement height is the
height at which the total drag force acts (Jackson (1981)). It
is computed by dividing the total moment by the total drag
force.

Pollutant dispersion. Figure 4 shows the con-
tours of mean concentration at the midplane of the domain
for both cases. The average concentration within the vol-
ume of each street, Φ, is in the stable case approximately
1.85 times larger than in the neutral case throughout the do-
main. The emission of pollutant out of the street can occur
through the top of the canopy (Etop) and along the streets in
streamwise direction (Estr):

Etop =
∫ 2h

0

∫ Ly

0

〈wc〉|z=h
U∞

dydx (6)

Estr =
∫ h

0

∫ Ly

0

〈uc〉|x=2h
U∞

dydz, (7)

where the velocity is normalized by U∞ and the concentra-
tion c∗ is normalized by U∞, the cube height h, the domain
width Ly and the total emission Q: c = c∗U∞hLy/Q. Fig-
ure 5a shows Etop/Φ at each street in terms of the advec-
tive (= w c) and turbulent (= w′c′) contributions. The ver-

Figure 4. Contours of mean concentration in the x-z mid-
plane. (Logarithmic scale). A spanwise line source is lo-
cated 2h in front of the array at z = 0.2h. Top; neutral con-
ditions. Bottom: stable conditions.

tical subgrid flux constitutes < 1% of the total emission for
the first 10h. As the total flux decreases this becomes 20%
(neutral) and 10% (stable) of the total flux at the end of
the domain. Simulations on the same geometry using peri-
odic boundary conditions by Michioka et al. (2013) showed
that the turbulent flux at the top of the canopy is responsi-
ble for nearly 100% of the total flux. However, the results
presented here show that the vertical advective flux is sig-
nificant in the first 7 streets (= 14h) after which turbulence
is the only significant contributor. For the horizontal flux
(Figure 5b) advection is the only significant source through-
out the canopy. After approximately 7 streets the advective
part of Estr/Φ becomes constant, because u|z=h approaches
a constant value.
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Figure 5. Mean pollutant emission from each street divided by mean concentration in that street. (a) Emission through top
of canopy, Etop, (b) Horizontal emission through street, Estr. Advective and turbulent contribution to the total flux are shown.
Subgrid fluxes are added to turbulent contribution.

CONCLUSIONS
A comparison of results from simulation V and experi-

mental data shows that the model predicts the mean stream-
wise velocity and the mean Reynolds stress to a good ap-
proximation. In the subsequent RT and PR simulations the
vertical grid resolution as well as the streamwise resolution
were increased to accurately capture the shear layer at the
height of the cubes. The RT simulations show that for both
the neutral and the stable case the surface forces becomes
constant after approximately 7 streets. The stable BL expe-
riences a lower drag increase by the canopy than the neutral
BL. In the canopy the mean concentration is approximately
1.85 times higher than for neutral conditions, which shows
that stratification effects cannot be neglected in urban envi-
ronments. Nevertheless, qualitatively the streamwise devel-
opment of the emissions from each street are similar to the
neutral case. In both cases the roughness transition causes a
significant advective flux of pollutant. Future work will fo-
cus on the outer flow development, its interaction with the
canopy flow and the influence of the roughness lay-out on
dispersion.
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Figure 6. Instantaneous velocity magnitude contours for RT simulations; neutral (top) and stable stratification (bottom). Ve-
locity magnitude is normalized with U∞. Plane A’ is a projection of midplane A. The x-y plane is located at z/h = 0.1 and cuts
through the cubes.
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