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Abstract
A large-eddy simulation (LES) method is used to investigate the characteristics and scaling
of flows over realistic urban geometries. The LES method is first validated with wind-tunnel
measurements for the flow over a staggered array of cubes and the grid dependence behaviour
of the LES is tested. It is then applied to simulate the flows over four different realistic urban
surfaces with sizes of about 1000 m × 500 m. After examining the overall flow patterns
and turbulence characteristics, the time- and horizontally space-averaged profiles for the
four cases are investigated. It is found that, in all cases, the vertical profiles of the mean
streamwise velocity component can be characterized by an inflection point which can be
identified as the height of the urban canopies. A new simple method is then proposed to
predict this height for the realistic urban canopies based on the plan area fraction of the
surfaces. By using this urban canopy height as the normalization length scale for the flows
over realistic urban geometries, it is found that the vertical profiles of the dispersive stress,
effective mixing length, and sectional drag coefficient show similar patterns as those of
uniform height idealized urban canopies. This result would be useful for the development of
urban flow parametrizations.

Keywords Large-eddy simulation · Mean vertical profiles · Realistic urban geometries ·
Urban canopy height · Urban flow parametrizations

1 Introduction

The study of urban flows is important for predicting the urban wind environment and to
develop urban surface parametrizations for meso-scale weather forecasting and air quality
models. Among different factors, building morphology plays an important role in the urban
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flow characteristics. Over the years, many efforts have been put to investigating the quanti-
tative relationship between urban flow statistics and urban morphological parameters.

In the literature, there are a large number of studies which considered idealized urban-
like surfaces represented by two-dimensional street canyons or three-dimensional arrays of
building blocks (Li et al. 2006; Barlow and Coceal 2009; Castro 2017). The advantage of
considering idealized building configurations is that it allows for the systematic control of the
morphological parameters. In the past decades, various parametrizations of urban flows have
been proposed. These include the parametrizations of aerodynamic roughness length (z0) and
displacement height (d) that are based on the plan area density (λp) and the frontal area density
(λf ) (Macdonald et al. 1998; Grimmond and Oke 1999). In addition to the parametrizations
of aerodynamic parameters, results from idealized urban geometries have been also used
to develop simplified urban canopy models (UCMs) to predict the time- and horizontally
space-averaged wind profiles (Macdonald 2000; Coceal and Belcher 2004; Santiago and
Martilli 2010; Di Sabatino et al. 2008; Nazarian et al. 2020; Cheng and Porté-Agel 2021) by
parametrizing the turbulent momentum flux and the sectional drag coefficient (Cd) within
urban canopies. However, despite these models being able to reasonably parametrize the
aerodynamic parameters and the flows within idealized urban canopies, how to extend these
models to the complex realistic urban morphologies is still not well understood.

The height of urban canopies is an important parameter for urban flow parametrizations,
which is needed to normalize the vertical coordinate. However, the definition of this height
for urban canopies with non-uniform building height is not straightforward. A reasonable
suggestion to identify urban canopy height is based on the location of the inflection position
in the mean wind profile (Oke et al. 2017), which can be interpreted as the location of
dynamical instability for plane mixing layers (Raupach et al. 1996). Xie et al. (2008) used a
large-eddy simulation (LES) method to consider the flow over a staggered array of random
height building blocks. They found that the inflection point in themeanwind profile is located
at a height greater than the mean building height (Haver) while turbulent shear stress peaks
at the height of the tallest building (Hmax). Later, using the building map data of Tokyo
and Nagoya in Japan, Kanda et al. (2013) performed 100 sets of building-resolved LESs to
consider the parametrizations of z0 and d for realistic urban surfaces. Different from Xie
et al. (2008), the turbulent shear stress is found to peak at somewhere between Haver and
Hmax in their LES results. Besides, they found that simply extending the z0 and d models of
Macdonald et al. (1998) using Hmax or Haver as the normalizing length scale does not give
satisfactory results. Instead, they proposed new models for z0 and d , which also considered
the building height standard deviation (σH ). Based on the LES results of flow over a suite
of 56 synthetic urban-like topographies, Zhu et al. (2017) further found that z0 has a non-
negligible dependence on the skewness of the urban surface topography. This is consistent
with Sützl et al. (2021) who claimed that only considering σH and Hmax may not be sufficient
to predict z0 and d accurately for different building configurations. Giometto et al. (2016)
performed building-resolved LESs of flow over a realistic urban geometry in the city of Basel,
Switzerland. They found that the height of the inflection point and maximum turbulent shear
production are located at a height above Haver while the dispersive stress is peaked at Haver.

In addition to identifying the height of urban canopies, the impacts of urban morphology
heterogeneity on the effective mixing length (lm) and Cd within urban canopies have also
drawn more attention recently. The earlier UCMs proposed by Macdonald (2000), Coceal
and Belcher (2004) assumed that lm is nearly uniformwithin dense urban canopies, which has
recently been shown to be different from those calculated from direct numerical simulation
(DNS) and LES results (Kono et al. 2010; Cheng and Porté-Agel 2015; Castro 2017). For
uniformheight urban canopies, a localminimumof the lm vertical profiles is found at the urban
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Scaling of Flows Over Realistic Urban Geometries 127

canyon roof level while amaximum is found at about themiddle height of the urban canopies.
Recently, a new UCM is proposed for uniform height urban canopies, which assumes that lm
increases linearly with the distance from the canopy roof level with a proportionality constant
of about 0.8 (Cheng and Porté-Agel 2021). However, further development of the UCM is
still needed to predict the flows over realistic urban geometries.

Concerning urban canopies with non-uniform building height, Yoshida and Takemi (2018)
found thatmore than one localminimumof lm can exist for building block arrayswith variable
heights. This agrees with the recent study by Blunn et al. (2022) who investigated the LES
datasets of idealized urban canopy flows with variable building heights. They identified
that lm can have multiple local minimums at positions corresponding to the roof-level of
buildings of different heights. However, they found that the flows in the lower region of the
urban canopies could be sheltered from the shear layer formed at the roof level of the taller
buildings. Currently, there are only very limited results on the lm profile within realistic urban
canopies. Based on the Reynolds-averaged Navier–Stokes (RANS) simulation results of the
flow over a realistic urban geometry in Hong Kong, Cheng et al. (2021) found that lm within
the canopy shows similar general patterns as those found in idealized urban canopies with a
local minimum found at the roof level of the highest building.

There are currently only very limited results on Cd in urban canopies with non-uniform
heights. Based on the LES results of flows over idealized heterogeneous urbanmorphologies,
Sützl et al. (2021) proposed aparametrizationof the dragdistributionbydefining ageneralized
frontal area index. Besides, Cheng et al. (2021) found that, for the realistic urban geometries,
the drag is mostly exerted in the lower urban roughness sublayer (RSL) by the dense shorter
buildings instead of the particularly tall buildings.

In order to overcome the above-mentioned research challenges on the parametrization
of urban flows, this study is conducted to investigate the flow characteristics over different
realistic urban geometries using a building-resolved LES method. The objectives are to
understand the impacts of urban geometry heterogeneity on urban flows and to provide
useful information for urban flow parametrizations. In Sect. 2, the LES method is introduced
and its results are validated with the wind-tunnel measurements of Cheng and Castro (2002)
for the flow over a uniform staggered array of cubes. In Sect. 3, the LES results of flows over
four realistic urban morphology models are discussed. In Sect. 4, the results are summarized
and conclusions are drawn.

2 Large-Eddy SimulationMethod and Validation

Theopen-source computational fluid dynamics (CFD) codeOpenFOAMv1806 (OpenFOAM
2018), developed based on the finite volumemethod, is used in this study to perform the LESs.
Similar methods have been used and validated in our previous studies for flows over two-
dimensional street canyons (Cheng and Liu 2011) and over a realistic urban geometry in
Hong Kong (Yao et al. 2022). Detailed descriptions of the LES method can be found in the
references. In this section, the performance and grid sensitivity of the LESmethod are further
tested against the wind tunnel measurements of Cheng and Castro (2002) for the flow over
a uniform staggered array of cubes.

Figure 1 shows the computational domain for the LES validation case. In order to compare
with the wind-tunnel measurements of Cheng and Castro (2002), the flow over a stag-
gered array of cubes with λp equal to 0.25, similar with the experiment, is considered.
Incompressible flows and isothermal conditions are considered. The size of the domain is
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Fig. 1 Computational domain for the LES validation case

Lx × Ly × Lz = 12 h× 12 h× 10 h where h = 20 mm is the height of the cubes. Structured
mesh composed of hexahedral volume elements with uniform resolutions in the streamwise
(x), spanwise (y), and vertical (z) directions are used throughout the computational domain.
The top boundary is considered as a stress-free wall. Periodic boundary conditions are used
in the horizontal directions with a uniform force Fx prescribed in the x direction throughout
the fluid to drive the flow. The ground and building surfaces are no-slip walls. A wall function
with z0 = 0.002 h is used to parametrize the wall shear stress (Spalding 1962). The subgrid-
scale (SGS) stresses are parametrized using the one-equation SGS model (Schumann 1975).
To test the grid sensitivity of the LES results, three different grid resolutions are considered
with the number of grid points per building edge (with length h) equal to 12 (coarse), 16
(medium), and 20 (fine). Flow statistics are collected after the LESs attain the quasi-steady
state. In the following results, the subgrid-scale contributions are not included and notations
for filtered variables of the LESs are skipped for simple presentations.

About the numerical methods, the second-order backward scheme is used in the time
integration. The least-squares gradient scheme and the linear-upwind stabilized transport
divergence scheme is used to calculate the gradient and the divergence terms, respectively.
The PIMPLE algorithm is used to manage the velocity-pressure coupling. It is a combination
of pressure implicit with splitting of operator (PISO) and semi-implicit method for pressure-
linked equations (SIMPLE). The geometric algebraic multigrid (GAMG) preconditioner
solver is used to solve the pressure while the preconditioned bi-conjugate gradient (PBiCG)
solver is used to solve other variables.

Figure 2 shows the vertical profiles of the time-averaged streamwise velocity component
(u) normalized by the friction velocity (u∗), at four selected positions where u is the stream-
wise velocity component andoverline represents time-averagedvariables. In the comparisons,
all LES results are found to agree reasonably well with the wind-tunnel measurements of
Cheng and Castro (2002). Among the three LESs with different mesh resolutions, slight
differences are found between the fine resolution case and the other two cases in the region
above the cube array where larger values of u are found in the fine resolution case. A possi-
ble reason is that grid independence is still not fully achieved for the results in that region.
Another reason could be that the limited length and width of the current computational
domain (Lx = Ly = 1.2 Lz) are not large enough to resolve the large-scale motions in the
turbulent boundary layer (Fang and Porté-Agel 2015), which may then induces errors in the
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Scaling of Flows Over Realistic Urban Geometries 129

Fig. 2 Vertical profiles of the normalized mean streamwise velocity component (u/u∗) at positions a P0, b
P1, c P2, and d P3. Symbols: wind-tunnel measurements from Cheng and Castro (2002); lines: LES results

predicted wind profiles. Nevertheless, reasonable predictions of the mean winds within and
above the urban canopy are found in all LESs.

In addition to u, the turbulent vertical profiles of u′u′1/2, w′w′1/2 and u′w′1/2 at two
selected positions are compared in Fig. 3, where u′ and w′ are the velocity fluctuations in
the streamwise and vertical directions, respectively. In general, the results of all LESs agree
reasonably well with the wind-tunnel measurements in all profiles. However, a peak in the

profiles of w′w′1/2 at the position P1 (Fig. 3a) at the roof level of the cube array is found
in the wind-tunnel measurements but not in the LESs. Similar results are also found in Xie
and Castro (2016), who claimed that a finer mesh resolution is needed to resolve the peak.
Moreover, for the profiles above the urban canopy, it is found that medium resolution case

shows a slightly smaller value of u′u′1/2 than the other two cases, it is believed to be again
due to the limited domain length in the x direction, which is not long enough to resolve the
large-scale coherent structures in the turbulent boundary layer. Nevertheless, these results
confirm that, by using roughly 12–16 grid points per building edge, reasonably good results of
the mean wind and second-order turbulent statistics within the urban canopy can be obtained
using the current LES method.

123
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Fig. 3 Vertical profiles of the normalized (i) streamwise velocity standard deviation (u′u′1/2/u∗), (ii) vertical
velocity standard deviation (w′w′1/2/u∗), and (iii) (−u′w′1/2/u∗) at a P1 and b P2. Symbols: wind-tunnel
measurements from Cheng and Castro (2002); lines: LES results

3 Large-Eddy Simulations of Flow Over Realistic Urban Geometries

3.1 Urban and Terrain Data

After testing the performance in Sect. 2, the LES method is applied to simulate the flows
over four realistic urban geometries. Open-source building map data of China cities are
used to prepare the realistic urban geometries. In particular, four urban sites with areas of
approximately 1000 m×500 m, are selected from three cities in the Guangdong Province of
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China (Guangzhou, Zhongshan, and Shenzhen). The original building map data contain the
information of the shapes and total floors of the buildings. To perform the LESs, the map
data are converted into three-dimensional urban building models assuming that each floor
has a height of 3 m based on the typical floor-to-floor heights for residential and commercial
buildings in China. The computational domains for the four urban geometries are given in
Fig. 4 with the plan-area fraction (Λp) given in Fig. 5. Λp is defined as the fraction of space
occupied by buildings at a given horizontal plane (Giometto et al. 2016).

About the urban morphologies of the four cases, the urban surfaces in Cases 1 and 2 are
characterized by large and tall buildings in the region. The values of Haver and Hmax for
Case 1 (Case 2) are equal to 44.2 m (29.4 m) and 123 m (111 m), respectively (Table 1).
Comparing the urban geometries of Cases 1 and 2, the building height and distribution for
Case 1 are more homogeneous while in Case 2, taller buildings are more concentrated in one
half of the region (−400 m< x < 0) and shorter building in the other half (0 < x < 400 m).
This implies the higher urban geometry heterogeneity in Case 2. On the other hand, for Cases
3 and 4, it is found that most of the buildings are relatively short and dense (with Haver =
18.5 m and 15.6 m, respectively). The values of Hmax for Cases 3 and 4 are 84 m and 72 m,
respectively, which are contributed by the particularly tall and large buildings in the regions
for both cases. Note that similar building configurations of particular tall buildings towered
on an urban surface with short and dense buildings are common in real cities. For this kind
of surface, previous studies (Xie and Castro 2009; Moon et al. 2014; Hertwig et al. 2019;
Cheng et al. 2021) found that the tall buildings can significantly affect the local urban flows.
These four realistic urban geometries therefore can provide a variety of types of realistic
urban geometries for flow characteristics analyses.

In all cases, to consider fully developed boundary-layer flows over the urban surfaces,
periodic boundary conditions are used in the horizontal directions with a driven force Fx
prescribed in the x direction throughout the fluid similar to the validation case. The top

Fig. 4 Computational domains for the four LES cases of flows over realistic urban geometries
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Fig. 5 Vertical profiles of the
plan-area fraction (Λp) for the
four realistic urban geometry
cases. Dashed lines are the values
of Haver for the different cases
and dotted line denotes
Λp = 0.02

Table 1 Basic information of the four realistic urban geometry cases

Case Lx × Ly × Lz Total cells Haver Hmax

1 980 m × 580 m × 500 m 7351689 44.2 m 123 m

2 840 m × 528 m × 500 m 5451180 29.4 m 111m

3 1000 m × 440 m × 480 m 5174522 18.5 m 84 m

4 936 m × 372 m × 480 m 8764334 15.6 m 72 m

surface is considered as a stress-free wall while the building walls and the ground are no-slip
walls with a wall function with z0 = 0.1m is used. The meshes, which are prepared using the
OpenFOAM utility snappyHexMesh, are composed of mostly uniform hexahedral volume
elements with each element having a volume of 4 m×4 m×4 m or less. Close to the building
walls and ground, furthermesh refinement with aminimum cell width of about 1m is applied.
The total numbers of cells for the four cases are provided in Table 1. Similar to the validation
cases, flow statistics are collected after the LESs attain the quasi-steady state.

3.2 Overall Flow Patterns

3.2.1 Mean Flows

The overall flow patterns of the four realistic urban geometry cases are investigated in this
section. Figure 6 shows the vertical contours of the normalized mean streamwise velocity
component (u/u∗) at selected planes of the four cases. In Cases 1 and 2, large wakes behind
the buildings are found with lengths of more than 200 m. This, in turn, forms a relatively
thick urban canopy layer with a height of about 100 m in both cases. In comparison, in Cases
3 and 4, only a relatively thin layer of recirculating flow (< 30 m) is found in most of the
regions behind the short and dense buildings. Regarding the impacts of the particularly tall
buildings in Cases 3 and 4, it is found that the wakes behind the tall buildings are relatively
short with streamwise lengths less than 50 m compared with their building heights of 84 m
and 72 m for Case 3 and 4, respectively. These wakes are much shorter than those found in
Cases 1 and 2 behind the buildings of similar sizes. This is also different from what has been
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Scaling of Flows Over Realistic Urban Geometries 133

Fig. 6 Vertical contours of the normalized mean streamwise velocity component (u/u∗) at selected planes in
the realistic urban geometry cases. Case 1: y = 200 m; Case 2: y = 20 m; Case 3: y = 164 m; and Case 4:
y = −70 m

found in Cheng et al. (2021) about the developing urban boundary layer over a realistic urban
geometry of the Hong Kong urban area. The possible explanation is that fully developed
urban boundary layers are considered in the current cases. The elevated turbulence intensity
in the urban RSL thus increases the recovery of the wake behind tall buildings in Cases 3
and 4.

In addition to the wake pattern behind building, Fig. 6 also shows the higher value of
U0/u∗ in Cases 3 and 4 (U0/u∗ ∼ 18) than in Cases 1 and 2 (U0/u∗ ∼ 14), where U0 is the
freestream wind speed. Note that u∗/U0 is related to the square root of the drag coefficient
(defined as 2u2∗/U 2

0 , Garratt 1994) of the boundary layer. The higher values of U0/u∗ in
Cases 3 and 4, therefore, imply the larger drag exerted by the urban geometries in Cases 1
and 2 than those in Cases 3 and 4. This is an expected result as the larger buildings in Cases
1 and 2 generally induce larger drags on the boundary-layer flows than the smaller buildings
in Cases 3 and 4.

The horizontal contours of u/u∗ at z = Haver are also shown in Fig. 7. Consistent with
the discussions of the vertical contours in Fig. 6, large wakes behind buildings are found
in Cases 1 and 2. In particular, in Case 1, it is found that most of the region in the urban
canopy layer is occupied by flow recirculations. By contrast, in Case 2, flow recirculations
only occupy roughly about half of the area with relatively high wind speed regions still found
in-between buildings. This is due to the increasing penetration of wind from above when the
heterogeneity of urban geometry increases. On the other hand, in Cases 3 and 4, it is found
that the overall wind speed is higher than those in Cases 1 and 2. Only small and short wakes
are found behind the buildings due to the smaller size of the buildings in the areas. Moreover,
significant increases in wind speed close to the particular tall buildings are found. A similar
result is also found in the LES results of Moon et al. (2014) for the flow over a realistic urban
geometry in Seoul, Korea.
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Fig. 7 Horizontal contours of the normalized mean streamwise velocity component (u/u∗) at z = Haver in
the realistic urban geometry cases

3.2.2 Turbulent Shear Stress

In addition to the mean streamwise velocity component, the vertical contours of the nor-
malized turbulent shear stress u′w′/u2∗ (at the same vertical planes as in Fig. 6) are also
compared in Fig. 8. In Case 1, a sharp development of shear layers growing at the roof level
of buildings is found which causes a large negative value of u′w′/u2∗ ≈ −2 in that region.
Since the building height is relatively homogeneous in this case, the shear layer is found to
maintain almost the whole domain length at z ≈ 100 m. This pattern is similar to the results
of staggered arrays of cubes of Cheng and Porté-Agel (2015). By contrast, in Case 2, the
shear layers developed from the roof levels of the buildings are found to be not as sharp
as those in Case 1. This is due to the larger variations of building height in this case. The
maximum value of u′w′/u2∗ is also found to be smaller in Case 2 than in Case 1.

Different patterns of u′w′/u2∗ are found in Cases 3 and 4 in which strong shear layers, with
lengths of about 100 to 200 m, are found to develop behind the particular tall buildings at the
roof levels. Above the shorter and denser buildings in Cases 3 and 4, no apparent increment
of the magnitudes of u′w′/u2∗ is found in both cases. This is consistent with the results of
Blunn et al. (2022) that the flows in the lower region are sheltered from the shear layer formed
at the roof level of the tall buildings.

3.3 Time- and Horizontally Space-Averaged Statistics

After understanding the overall mean flow and turbulence characteristics in the four real-
istic urban geometry cases, the LES results are further analyzed in this section to provide
information for urban flow parametrizations. In particular, the time- and horizontally space-
averaged statistics, with the horizontal space averages covering the whole computational
domain (denoted by 〈·〉), are calculated for the four cases. Extrinsic average (also known as
the superficial or comprehensive average) is used, where quantities are normalized by the
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Fig. 8 Vertical contours of the normalized mean turbulent shear stress (u′w′/u2∗) at selected planes in the
realistic urban geometry cases. Case 1: y/m= 200; Case 2: y/m= 20; Case 3: y/m= 164; and Case 4:
y/m= −70

total volume including solid canopy elements. This averaging method has been applied in
the previous studies of urban canopy flows (Castro 2017; Xie and Fuka 2018; Schmid et al.
2019).

3.3.1 MeanWind Profiles

Figure 9a shows the vertical profiles of the time- and horizontally space-averaged streamwise
velocity component for the four cases. It is found that all profiles can be characterized by an
inflection point at a height (Hi ) which can be interpreted as the height of the urban canopy
(Oke et al. 2017). Consistent with the discussions in Sect. 3.2. The values of Hi are found to
be larger in Cases 1 and 2 than those in Cases 3 and 4, which is related to the deeper urban
canyon layers in the first two cases. For comparison, the positions of Haver and Hmax for all
cases are also shown in Fig. 9a by the solid lines and dashed lines, respectively. It is found
that, in all cases, Hi is located between Haver and Hmax. This is consistent with the results of
Xie et al. (2008) and Giometto et al. (2016), which showed that Hi is located between Haver

and Hmax. These results, therefore, imply that neither Haver nor Hmax is a good representation
of the height of realistic urban canopies.

In addition to the mean wind profiles, the vertical profiles of the time- and horizontally

space-averaged turbulent (
〈
u′w′

〉
) and dispersive (〈ũw̃〉) momentum fluxes for the four cases

are shown in Fig. 9b, where ũ = u − 〈u〉 and w̃ = w − 〈w〉 are the spatial variations of the
streamwise and vertical time-averaged velocity components, respectively. Different from the

locations of the inflection point found in the 〈u〉 profiles, the maximum magnitude of
〈
u′w′

〉

is found approximately at Hmax in all cases. This can be explained by the results in Fig. 8
that the largest turbulent momentum flux is found at the roof level of the tall buildings. This
result is again consistent with Xie et al. (2008) in which turbulent momentum flux peaked
at Hmax is also found. However, Giometto et al. (2016) found that turbulent momentum flux
peaks below Hmax. This could be due to the tallest building in their cases only occupies a
modest fraction of the region.
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Fig. 9 Vertical profiles of the normalized time- and horizontally space-averaged a streamwise velocity com-

ponent (〈u〉 /u∗), and b turbulent (−
〈
u′w′

〉
/u2∗) (solid lines) and dispersive (− 〈ũw̃〉 /u2∗) (dashed dot lines)

momentum fluxes. Dashed and dotted lines represent the values of Haver and Hmax, respectively, for the
different cases

On the other hand, the largest dispersive momentum flux is found in Case 1 followed by
Case 2 with peak magnitudes equal to 0.25u2∗ and 0.2u2∗, respectively. This is believed to be
related to the stronger recirculating flow within the urban canopies found in Cases 1 and 2
than those in Cases 3 and 4 (Fig. 6). In all cases, the magnitude of the dispersive flux is found
to be peaked at a position between Haver and Hmax but is slightly lower than Hi . This result is
different from Giometto et al. (2016) in which the dispersive momentum flux is found to be
peaked at Haver, but Hi is only slightly higher than Haver in their cases. More discussions on
the magnitudes of the dispersive momentum fluxes compared with the turbulent momentum
fluxes would be given in Sect. 3.3.3.

3.3.2 Normalization Height for Urban Canopies

The height of the urban canopy layer is an important parameter in UCMs. However, the
position of the inflection point in the 〈u〉 profile is generally not known before conducting
building-resolved experimental or simulation studies. Therefore, for developing urban flow
parametrizations, it would bemeaningful to have a simple method that can predict the heights
of urban canopy layers based on urban morphology parameters. Based on the current LES
results, a simple criterion is proposed to predict urban canopy height as:

Λp|z=Hλ = Λc, (1)

where Hλ is the predicted urban canopy height and Λc = 0.02 is a threshold value chosen
based on the current LESs. The rationale behind this criterion is that the impact of tall
buildings is only significant when Λp is larger than Λc. To identify the value of Hλ of the
current cases, the line of Λp = 0.02 is plotted in Fig. 5 and its intersection points with the
four Λp curves therefore denote the predicted values of Hλ. To test the performance of this
criterion, Fig. 10 shows the profiles of the vertical gradient of 〈u〉 in the different cases.
The locations of inflection points can be identified by the local maximum in the profiles
while the predictions of Eq. 1 are shown by the dashed lines. It shows that using Eq. 1 gives
good predictions of the locations of the inflection point heights for the current realistic urban
geometry cases.
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Fig. 10 Vertical profiles of the
normalized vertical velocity
gradient (d (〈u〉 /u∗) /dz) (solid
lines) and the predicted values of
Hλ for the different cases (dashed
lines)

In order to further test the performance of using Hλ as the normalization length scale, the
vertical profiles of 〈u〉 /u∗ against z normalized by Hλ, Haver and Hmax are shown in Fig. 11.
In addition to the current results, the LES results of Xie et al. (2008) for a staggered array
of random height building blocks and Giometto et al. (2016) for the flows above realistic
urban geometry in Basel, Switzerland with two different wind directions are also included in
Fig. 11. These data are directly extracted from their articles and values of Hλ are estimated
from the urban geometries provided. In addition, the LES result of Cheng and Porté-Agel
(2021) for the flow over a uniform staggered array of cubes of λp = 0.25 is also included
as a reference case for an idealized urban canyon. Note that, for a uniform array of cubes,
Hλ equals the height of the cubes (H ). Also, for the results of Giometto et al. (2016), the
intrinsic averaging method is used to calculate the vertical profiles, which would lead to the
profiles to have a larger magnitudes (by a factor of 1/(1− Λp)) than those calculated by the
extrinsic averaging method.

The comparison shows that after using Hλ as the normalization height, profiles for all
cases collapse approximately on the same curve (Fig. 11a) and the inflection point locations
in all the cases are found to be located roughly at z/Hλ = 1. This supports the use of Hλ as the
normalization scale. By contrast, when using Haver as the normalization scale (Fig. 11b), it
is found that large differences in the wind profiles among different cases exist, which implies
that Haver is a poor representation of urban canopy height. Besides, for Hmax (Fig. 11c), it is
found that only the case of Xie et al. (2008) and current Cases 1 and 2 agree well with that of
the idealized uniform urban canopy case, while poor agreements are found for the two cases
of Giometto et al. (2016) and the current Cases 3 and 4. Note that both the Giometto et al.
(2016) cases and the current Cases 3 and 4 are characterized by the presence of particularly
tall buildings on top of shorter buildings. This result may therefore suggest that, in this
condition, Hmax cannot be used as the representative height for realistic urban geometries.

3.3.3 Dispersive Stresses

After identifying the normalization heights for the urban canopies, the dispersive momentum
flux, which is caused by the spatial heterogeneity of the mean wind, is discussed in this
section. The vertical profiles of the horizontally space-averaged dispersive momentum flux
(−〈ũw̃〉) for the four realistic urban geometry cases are shown in Fig. 12a together with
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Fig. 11 Vertical profiles of time- and horizontally space-averaged streamwise velocity component 〈u〉 /u∗
against z normalized by a Hλ, b Haver , and c Hmax for the different cases. Lines: current LESs; Circles: LESs
of Giometto et al. (2016); Crosses: LES of Xie et al. (2008); Dashed lines: LES of Cheng and Porté-Agel
(2021) (CP2021)

the results of Xie et al. (2008) and Giometto et al. (2016) for comparison. It is found that
〈ũw̃〉 is negative in most of the regions within urban canopies in all cases. In addition, the
profiles are found to peak at the heights of ≈ 0.6− 0.9Hλ. Except for the region close to the
ground surface, −〈ũw̃〉 is found to increase almost linearly below the peak in all cases. The
magnitude of the flux is found to be sensitive to the building geometry with the largest peak
value of 0.29u2∗ is found in Case 1 and in the results of Giometto et al. (2016). In comparison,
smaller magnitudes of the peak values of about 0.13u2∗ are found in the other cases. The larger
magnitude of 〈ũw̃〉 found in Case 1 can be explained by the stronger recirculation flow found
in that case. Besides, in the results of Giometto et al. (2016), −〈ũw̃〉 is found to decrease
quickly with height in the region 0.6 < z/Hλ < 1 and attain a local minimum value just
above Hλ. By contrast, in the current cases, −〈ũw̃〉 is found to decrease much more slowly
and roughly linearly above Hλ up to a height > 2Hλ. A similar pattern is also found in the
result of Xie et al. (2008) but with a faster decreasing rate until z = 1.5Hλ. The cause for
these different patterns among the different results is currently unclear. It is also noteworthy
to point out that the intrinsic averaging method is used in Giometto et al. (2016) to calculate
the dispersive flux which could also lead to different profile patterns than those calculated
by the extrinsic method.

In addition to the dispersivemomentum flux profiles, the ratio between dispersivemomen-
tum flux and turbulent momentum flux for the four realistic urban geometry cases are also
compared in Fig. 12b together with the result of Leonardi and Castro (2010) for the stag-
gered array of cubes (idealized urban geometry) with λp = 0.25. Similar patterns between
the realistic and idealized uniform canopies are found with peaked values of the ratio located
approximately at z/Hλ = 0.4. Within the urban canopies (z/Hλ < 1), it is found that the

magnitudes of 〈ũw̃〉 /
〈
u′w′

〉
for the idealized and realistic cases are comparable. Among

all the cases, largest magnitude of 〈ũw̃〉 /
〈
u′w′〉 is found in Case 1 with value up to 0.68

at z/Hλ = 0.43, and smallest value is found in Case 4 with peak value of about 0.3 at
z/Hλ = 0.55. This implies that the dispersive momentum flux is non-negligible within

canopies in all cases. Besides, a change in the slope of 〈ũw̃〉 /
〈
u′w′

〉
profile is found at

z/Hλ = 1 in all cases. For the idealized staggered cube array, 〈ũw̃〉 /
〈
u′w′

〉
is found to be
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Fig. 12 Vertical profiles of a the dispersive momentum flux (−〈ũw̃〉 /u2∗) and b the ratio between dispersive

and turbulent momentum fluxes (〈ũw̃〉 /
〈
u′w′

〉
). Lines: current LESs; Circles: LESs of Giometto et al. (2016);

Crosses: LES of Xie et al. (2008); Squares: DNS of Leonardi and Castro (2010)

almost zero above Hλ, while for the realistic geometries, non-zero values of 〈ũw̃〉 /
〈
u′w′

〉

are found up to 2.5Hλ. This result further supports the use of Hλ as the representative urban
canopy height.

3.3.4 Effective Mixing Length

Using mixing length model to parametrize the time- and horizontally space-averaged
turbulent momentum flux within and above urban canopies is a common method in
UCMs (Macdonald 2000; Coceal and Belcher 2004; Cheng and Porté-Agel 2021). The
effective mixing length (lm) above urban surfaces is expected to be functions of z and urban
geometries (Castro 2017; Cheng and Porté-Agel 2021; Blunn et al. 2022). Its behaviour for
the four realistic urban geometry cases are discussed in this section. lm can be defined by the
equation:

〈
u′w′

〉
= −

(
lm (z)

∂ 〈u〉
∂z

)2

. (2)

As discussed in Sect. 3.3.3, dispersive stress is found to be non-negligible in urban canopies,
and there is a recent attempt (Castro 2017) to include the dispersive stress in the calculation
of the effective mixing length (l ′m) as:

〈
u′w′

〉
+ 〈ũw̃〉 = −

(
l ′m (z)

∂ 〈u〉
∂z

)2

. (3)

Figure 13a shows the vertical profiles of lm (solid lines) and l ′m (dashed lines) for the
different realistic urban geometry cases normalized by Hλ. In addition, the results of lm for
the staggered arrays of cubes of λp = 0.111, 0.174 and 0.25 from Cheng and Porté-Agel
(2021) are also shown in Fig. 13b for comparison. It is found that for the realistic urban
geometry cases, lm and l ′m are very similar at all heights for all the realistic geometry cases
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Fig. 13 Vertical profiles of the effective mixing length (lm) for the different cases: a current LESs (solid lines:
lm; dashed lines: l ′m) and b LESs of Cheng and Porté-Agel (2021)

exceptCase 1 inwhich larger values of l ′m than lm (about 25% larger in the peak value) is found
within the canopy. This is related to the larger dispersive stress found in Case 1. Comparing
the shape of lm profiles between realistic and idealized urban geometries, it is found that,
within urban canopies (z < Hλ), lm in realistic urban canopies show similar patterns to that
of idealized urban canopies. In particular, a local minimum is found at z = Hλ while a local
maximum is found approximately at the middle height of the urban canopy for Cases 1, 3,
and 4. These results also support that Hλ is a reasonable representation of the urban canopy
heights. For Case 2, the lm profile is more scattered below Hλ and lm can be roughly assumed
to be uniform with height.

Compared with the lm results for staggered arrays of cubes, it is found that the slopes of
lm, for the realistic urban geometry cases, are smaller in magnitudes (less negative) in the
region 0.5 < z/Hλ < 1. This is because of the high variations in building heights in the
realistic urban geometry cases (especially in Case 2), which make the shear layer at the roof
level not as sharp as those in the idealized cases. Also note that lm is currently normalized by
Hλ in Fig. 13, which may not be the correct normalization for lm especially at the high shear
region close to z = Hλ. Since for very deep urban canopies, the ground surface would be
expected to have negligible impact on the shear layer at the roof level. In this case, lm would
not be expected to scale with Hλ.

Recently, Blunn et al. (2022) found that, in the inertial sublayer above idealized urban
geometries, the von Kármán constant (κ) shows a large variation in values from 0.20 to 0.51.
It is therefore of interest to estimate the values of κ for the different cases from the lm profiles.
The value of κ can be estimated in Fig. 13 from the slope of lm in the inertial sublayer (Coceal
et al. 2006; Cheng and Porté-Agel 2021) as:

lm = κ (z − d) . (4)

Figure 13b shows that for the uniform staggered arrays of cubes, a value of κ ∼ 0.2 is
found in all three cases. This is consistent with the results of Castro and Leonardi (2010) and
Leonardi and Castro (2010), which showed the value of κ is lower than the classical value of
0.4 for staggered arrays of cubes. On the other hand, for the realistic urban geometry cases, it
is found that the values of κ can be given by the classical value of 0.4 although the lm profiles
are much more scattered (Fig. 13c). However, it is necessary to point out that the current
domain sizes in the horizontal directions are smaller than the suggested standard values of
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Fig. 14 Vertical profiles of the a sectional frontal area density (Λf ) and b sectional drag coefficient (Cd) for
the different cases. Lines: current LESs; Symbols: LES of Cheng and Porté-Agel (2021)

Lx = Ly = 2πLz for boundary-layer flows (see Fang and Porté-Agel (2015) for example),
which may affect the results of lm profiles in the above-canopy layer region. In addition,
further assessment to make sure that the LES method is able to accurately reproduce the
turbulence statistics in the boundary layer is necessary (Giacomini and Giometto 2021).

3.3.5 Sectional Drag Coefficient

In addition to lm, the sectional drag coefficient (Cd) (Macdonald 2000), which is an important
parameter in UCMs, is calculated for the different cases. For urban surfaces with variable
building heights, a sectional frontal area density (Λf ) can be defined as:

∫ Hmax

0
Λf (z)dz = λf , (5)

where Λf (z) has a dimension of the reciprocal of length, representing the sum of the widths
of all the building frontal surfaces at a height z divided by the total ground surface area.
Using this definition, Cd can be obtained by the equation:

D(z) = 1

2
Cd(z)Λf (z) 〈u(z)〉 | 〈u(z)〉 |, (6)

where D is the canopy drag force at height z. For uniform building block arrays, Hmax = H
and Λf (z) is uniform with height equal to λf/H. Here, D is calculated from the balance of
momentum in the x direction (Leonardi and Castro 2010) based on the time- and horizontally
space-averaged momentum equation:

D(z) = −∂
〈
u′w′〉
∂z

− ∂ 〈ũw̃〉
∂z

+ Fx , (7)

where the viscous term is ignored (Leonardi and Castro 2010).
Figure 14 shows the vertical profiles of Λf and Cd for the four realistic urban geometries.

The result of Cd for the staggered array of cubes of λp = 0.25 from Cheng and Porté-Agel
(2021) is also included in Fig. 14b for comparison. It is found that the Cd profiles of the four
realistic urban geometry cases show similar patterns like those found in the idealized urban
canopy case. In particular, Cd is found to decrease with height within canopies in all cases,
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and small negligible values are found above Hλ. These results again support that Hλ is a
reasonable estimation of the urban canopy height. Among the four realistic urban geometry
cases, Case 1 is found to have the largest overall magnitude of Cd, followed by Cases 2, 3,
then 4. This is consistent with the discussion in Sect. 3.2 that a lower wind speed is found
within urban canopy for Case 1 (Fig. 9).

4 Conclusions

In this study, a large-eddy simulation (LES) method is used to study the flow characteristics
over realistic urban geometries. The accuracy and grid sensitivity of the LES results are first
tested with wind tunnel measurements for a staggered array of cubes of plane area density
= 0.25. It is found that using roughly 12–16 grid points per building edge is enough for
obtaining reasonable results of the mean wind and second-order statistics of the flow field.
The LES method is then used to perform the simulations of flows over four different realistic
urban geometries each with a surface area of ∼ 1000 m×500 m. The building map data are
obtained from three cities (Guangzhou, Zhongshan, and Shenzhen) in Guangdong, China.
Two of the cases are characterized by taller and larger buildings in the areas while the other
two by shorter and denser buildings with the presence of particularly tall buildings in the
areas.

The overall patterns of the mean streamwise velocity component (u) and the turbulent
momentum flux (u′w′) for the four cases are first investigated. Due to the taller and bigger
buildings in Cases 1 and 2, thicker urban canyon layers are found in these cases which have
also exerted larger drags on the flows compared with those in Cases 3 and 4. In addition, in
Cases 3 and 4, the flow close to the dense and short buildings is found to be sheltered by the
shear layer formed at the roof level of the particularly tall buildings.

To provide information for developing urban flow parametrizations, the time- and hor-
izontally space-averaged profiles of the streamwise velocity component (〈u〉), turbulent
momentum flux (

〈
u′w′

〉
), dispersive momentum flux (〈ũw̃〉), effective mixing length (lm),

and sectional drag coefficient (Cd) are examined. In particular, based on the plan area frac-
tion of the urban geometries, a new simple criterion is proposed to predict the urban canopy
height (denoted by Hλ). By comparing the 〈u〉 profiles from the current LES results with
the other existing data in the literature for both realistic and idealized urban geometries, it is
found that Hλ is a better representation of the urban canopy height than the average building
height and the maximum building height. Moreover, by using Hλ to normalize the vertical
coordinate, consistent patterns are found among the realistic and idealized urban geometries
in the profiles of 〈ũw̃〉, lm and Cd. These results would be meaningful for the development
of parametrizations of flows over realistic urban geometries.

Besides, the magnitudes of dispersive momentum flux are found to be equal to about 30–
66% of that of the turbulent momentum flux within urban canopies for the different cases.
However, the effect of dispersive momentum flux on lm is found to be only important in
the case with the largest dispersive momentum flux. In this case, lm is found to increase
by about 25% within canopies. The values of von Kármán constant (κ) are also estimated
from the lm profiles for the current cases and the cases of staggered arrays of cubes from
Cheng and Porté-Agel (2021). Consistent with earlier studies, values of κ ≈ 0.2 smaller than
the classical value of 0.4 are found for the staggered arrays of cubes. In comparison, in the
realistic urban geometry cases, values of κ close to the classical value are found although the
lm profiles are more scattered in these cases. However, more experimental and simulation
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data in the roughness and inertial sublayers over urban surfaces are needed to confirm this
finding.

The current analyses of flows over realistic urban geometrieswould be useful to understand
the impacts of urban geometry heterogeneity on themeanwind and turbulence characteristics.
Future works will further quantify the effects of realistic urban geometries on the profiles of
dispersive stress, effective mixing length, and section drag coefficient, in order to improve
the current flow parametrizations in urban canopy models.
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