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Large Eddy Simulations (LES) are widely used to study the effects of surface morphology8
on turbulence statistics, exchange processes, and turbulence topology in urban canopies.9
However, as LES are only approximations of reality, special attention is needed for the10
computational model setup to ensure an accurate representation of the physical processes11
of interest. This paper shows that the choice of the numerical domain can significantly12
impact the accuracy of turbulent flow statistics, potentially causing a mismatch between13
numerical studies and experimental data. The study examines the influence of cross-stream14
aspect ratio (YAR), streamwise aspect ratio (XAR), and scale separation (SS) on first and15
second-order flow statistics and turbulence topology. It is found that domains with a low16
YAR underestimate the velocity variance, while those with a low XAR overestimate the17
variance value. The study proposes a new approach based on the Buckingham Pi theorem to18
evaluate the effect of SS, as the existing method has major limitations for canopy flows. The19
results suggest that domains with small SS underpredict the variance value. To minimize the20
artificial impact of the numerical domain on turbulent flow statistics, the study recommends21
guidelines for future research, including a YAR of 3 or more, an XAR of 6 or more, and an22
SS of 12 or more. Error tables are presented to allow researchers to select smaller domains23
than recommended, depending on their research interests in specific parts of the flow.24
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1. Introduction29

The urbanization process profoundly impacts the urban boundary layer (UBL) due to30
impervious man-made structures that alter the aerodynamic and hydrothermal properties31
of the land surface. These changes affect mass, energy, and momentum transfer with the32
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overlying atmosphere, which are the main drivers of urban weather and climate variability.33
These exchange processes play a crucial role in applications related to urban climate (Oke34
et al. 2017; Oke 1982), urban ecohydrology (Meili et al. 2020), air quality (Fernando et al.35
2001), urban resilience (Gorlé et al. 2015), and public health (Lowe & Forsberg 2011), to36
name a few. The interaction between the urban environment and atmospheric turbulence37
regulates these exchanges over a broad continuum of scales, ranging from tens of meters38
over the roof of a building to the kilometer scale over an urban neighborhood (Rotach 1993,39
1999). Motivated by the need to address open challenges in these fields and improve our40
interaction with the environment, the past decades have seen significant efforts to advance41
our understanding and ability to model turbulent transport in urban settings.42

Scientific discovery in the field of microscale meteorology has historically relied on three43
pillars: field observations (Rotach et al. 2005), wind-tunnel experiments (Barlow et al. 2004),44
and numerical simulations (Coceal et al. 2006). This paradigm has provided useful insight45
into how urban morphology affects flow statistics in the UBL, but the alignment between46
findings from these three fields is not always optimal. An instance of this is where a range of47
values for the von Kármán constant ^ have been proposed by different field measurements48
and laboratory studies, with values varying from 0.33 to 0.43. This is comprehensively49
documented by Andreas et al. (2006). In addition, Philips et al. (2013) have pointed out50
several challenges in matching parameters of the underlying system, which hinder the accurate51
alignment of experimental data with numerical simulations. One such obstacle is the use of52
different methods to compute the repeating parameters, such as friction velocity, which53
cannot be uniformly applied across different fields. They also demonstrate that the vertical54
profile of the experimental data can often be accurately matched up to a certain height55
above the ground, beyond which significant deviations occur. This partial matching approach56
has also been utilized in other research studies, (see, e.g., Coceal et al. 2007; Xie et al.57
2008), which serves to delimit the region of interest. Another factor contributing to the58
discrepancy between profiles is the sensitivity of flow statistics to changes in initial and59
boundary conditions and input parameters. This phenomenon often makes it challenging to60
establish connections between research findings within the same field (see, e.g., Wang et al.61
2011).62

In the context of numerical simulations, direct numerical simulations (DNS) and large63
eddy simulations (LES) of open channel flow over surface-mounted cuboids have been the64
workhorse for studying turbulent transport in the UBL (Coceal et al. 2006; Xie & Castro65
2006; Leonardi & Castro 2010; Claus et al. 2012; Yang & Anderson 2017; Schmid et al.66
2019; Stroh et al. 2020). In these simulations, in addition to the aforementioned sources of67
discrepancies, one crucial factor affecting the accuracy and reliability of model results is the68
selection of the numerical domain size (Moin & Kim 1982; Lozano-Durán & Jiménez 2014).69
Wall-bounded turbulence is characterized by coherent structures with a high correlation in70
the streamwise direction and a lower but still non-negligible correlation in the cross-stream71
direction. Thus, excessive periodization in the horizontal directions can compromise the72
accuracy with which these structures are captured (Moin & Kim 1982). Furthermore, in73
real-world environments, the scale separation between the inversion layer and the height of74
the canopies is often significant, and the presence of a free-slip top boundary condition too75
close to the surface may result in spurious effects encompassing the entire UBL. Hence, it is76
crucial to exercise caution during the simulation design stage to ensure the precise capturing77
of statistics in the region of interest.78

Past DNSs and LESs have been conducted using a range of computational domains, whose79
size is typically dictated by the available computational resources (Coceal et al. 2006; Xie80
& Castro 2006; Stroh et al. 2020). To facilitate the comparison of the various domain sizes81
used, the concept of aspect ratio and scale separation is employed in this study. The naming82
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Figure 1: (a) Side view and (b) top view of the computational domain. (c) Marks the
regions de�ned as Urban Canopy Layer (UCL), Upper Roughness Sublayer (URSL) and

the Outer Layer (OL).

convention used to describe the dimensions of the computational domain is graphically83

illustrated in �gure 1(a, b), with the subscripts 1, 2, and 3 referring to the streamwise, cross-84

stream, and vertical directions, respectively. The aspect ratio of a 3D computational domain85

is de�ned as! 1• ! 3:! 2• ! 3:1, where! 1• ! 3 de�nes the streamwise aspect ratio (XAR) and86

! 2• ! 3 de�nes the cross-stream aspect ratio (YAR). Additionally, the height of the domain is87

described in terms of the scale separation (SS), de�ned as! 3• � , where� is the mean height88

of the underlying surface topography.89

One of the early DNS studies of 
ow over cuboids was performed by Cocealet al.90

(2006) to analyze turbulent 
ow statistics and unsteady e�ects in the roughness sublayer91

(RSL). This study represents a pivotal contribution to the understanding of canopy 
ow92

dynamics, achieved through the use of high-resolution DNS. However, as is common in such93

studies, the need for high resolution necessitated the selection of a smaller domain to ensure94

computational feasibility. For their open channel 
ow setup, they used a numerical domain95

with an aspect ratio of 1:1:1 with an SS of 4. To showcase domain size independence,96

they compared selected statistics with a domain of aspect ratio 2:2:1 and found the �rst-97

order statistics as well as second-order Reynolds stressD0
1D0

3 to match well. However, it is98

well known that the pro�le ofD0
1D0

3 in the bulk of the 
ow is primarily determined by the99

imposed pressure gradient and has to vary linearly, as seen from the Navier-Stokes streamwise100

momentum balance equation; hence the accurate collapse ofD0
1D0

3 for domains with the same101

boundary layer height does not necessarily indicate the accurate capturing of other second-102

order moments. Also, as the focus of this study was on the canopy con�gurations with high103

packing density, the domain used cannot be deemed as su�cient for the shown statistics104

to study RSL dynamics in general, as the extent of the RSL, as well as the turbulence105

characteristics of the RSL depend on the underlying surface con�guration (Chunget al.106

2021). Xie & Castro (2006) performed LES simulations with domain 1:1:1 and SS of 4 and107

found that their simulations were underpredicting the streamwise RMS velocity¹DA<Bº when108

compared to corresponding DNS as well as experimental results. Later in this study (§3.1),109

it will be shown that this underprediction is due to a direct consequence of limiting YAR of110

the domain and not due to di�erences between LES and DNS algorithms. Leonardi & Castro111

(2010) used various domain sizes with SS of 8 and aspect ratios ranging from 1:0•75:1 to112

1•25:1•25:1 using DNS. The choice of XARs and YARs was purely driven by the need to113

accommodate a su�cient number of repeating patterns for di�erent con�gurations. Schmid114

et al.(2019) used a domain with SS of 4 and aspect ratio 1•5:1•5:1 to study the impact of solid115
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volume fraction on turbulent 
ow statistics using LES. Yang & Anderson (2017) used LES116

to analyze the physics of roughness-induced secondary 
ows by using domains with SS of 15117

and 20 while keeping the aspect ratio of the domain asc:c:1. They showcased that domain118

with aspect ratio 2c:2c:1 produces similar results. However, this choice of high SS and high119

aspect ratio to reduce the arti�cial impacts of the numerical domain resulted in fewer nodes120

being used to resolve the cubes, which introduces an additional source of error. Strohet al.121

(2020) used DNS to study the polarity of secondary 
ows by using a domain with an SS of122

23.25 and an aspect ratio of 8:4:1. These studies demonstrate an apparent disparity in the123

employed domain sizes. From these observations, we infer the presence of a general trend124

towards maintaining a similar extent of the domain in both the streamwise and cross-stream125

directions. However, due to the asymmetrical nature of the turbulent 
ow structures and their126

extended presence in the streamwise direction compared to the cross-stream direction, it127

remains uncertain whether these domains will have an arti�cial impact on the 
ow statistics.128

The presence of roughness-induced secondary 
ows, a topic which has received increased129

attention over the past decade (Willinghamet al. 2014; Andersonet al. 2015; Vanderwel130

& Ganapathisubramani 2015; Yang & Anderson 2017; Chunget al. 2018; Wangsawijaya131

et al. 2020; Strohet al. 2020; Saleskyet al. 2022), also calls for special attention when132

designing the domain size. When the cross-stream spacing between the roughness elements133

is su�ciently large, it results in streamwise-aligned time-invariant counter-rotating vortices134

predominantly occupying the RSL. The size of these vortices is in
uenced by both the135

spacing of roughness elements in the cross-stream direction and the height of the domain.136

As demonstrated (see§3.3), these circulations signi�cantly a�ect the 
ow dynamics and137

necessitate a specialized approach to evaluate the e�ect of SS, as the height of the domain138

plays a critical role in governing these 
ows.139

In the context of channel 
ow over aerodynamically smooth surfaces, analysis done by140

Comte-Bellot (1963) and Schumann (1973) guided early numerical studies to determine141

the optimal domain size to reduce the arti�cial impact of periodic boundary condition in142

the horizontal directions (Moin & Kim 1982). Comte-Bellot (1963) conducted two-point143

correlation measurements of velocity 
uctuations and found that the correlation became144

negligible at a separation of 3•2X in the streamwise direction and 1•6X in the cross-stream145

direction, whereXis the height of the half channel. Schumann (1973) and Moin & Kim (1982)146

later suggested that to reduce the arti�cial impact of periodic boundary conditions, the size of147

the simulation domain should be approximately twice as large as these dimensions. Lozano-148

Dur�an & Jim�enez (2014) conducted an extensive domain size analysis for plane channel 
ow149

using DNS at'4 g = 4200. They showed that the computational box with aspect ratio 2c:c:1150

was able to capture the one-point statistics with satisfactory accuracy. This aspect ratio of the151

domain aligns with the arguments provided by Schumann (1973) and Moin & Kim (1982).152

Zhenget al. (2021) conducted a series of LES to examine the impact of domain size on153

pollutant dispersion in street canyons with periodic boundary conditions applied only in the154

cross-stream direction. The study recommends a SS of 7.5 with a width of at least 0•33! 3,155

an upstream domain length of 0•67! 3, and a downstream domain length of 1•33! 3. These156

guidelines, however, are based on the 2.5D geometry of cross-stream-aligned bars and cannot157

be generalized to LES simulations of open channel 
ow over cuboids or more general surface158

morphologies. As a result, there are currently no comprehensive guidelines for determining159

the appropriate size of the numerical domain for studying the UBL using an open channel160


ow setup with LES.161

The appropriateness of the domain size also depends on the speci�c region of interest162

under investigation. In the existing literature, it is commonly observed that researchers prefer163

smaller domain sizes when focusing on regions close to the surface, as capturing accurate164

statistics for the entire domain is not always necessary (Anderson 2016; Zhanget al.2022). In165

Focus on Fluids articles must not exceed this page length
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this study, we introduce the Urban Canopy Layer (UCL), Upper Roughness Sublayer (URSL),166

and Outer Layer (OL) as illustrated in Figure 1(c) to facilitate the examination of 
ow statistics167

on a per-layer basis. Here, URSL is de�ned as a distinct component of the RSL, separate from168

the UCL, to avoid overlap when comparing 
ow statistics. Notably, we intentionally omit the169

inertial sublayer in our error analysis, as the study examines diverse packing densities and170

scale separations, where the presence of an inertial sublayer is not always guaranteed. We171

discuss this aspect in§ 3.4. Hence, we incorporate the inertial sublayer, whenever present,172

in the OL for the purpose of our investigation.173

This study investigates the impact of numerical domain size in these three distinct layers174

and addresses the aforementioned knowledge gap by providing extensive guidelines for175

researchers based on the packing density of the underlying con�guration and the region of176

interest in a given study. The aim is to equip researchers with the essential data necessary for177

determining the optimal size of their numerical domain in LES simulations of UBL 
ows,178

thereby allowing them to predict any changes to their statistical pro�les that may occur due179

to limitations in domain size.180

The structure of paper is organized as follows: Section 2 outlines the methodology181

employed in this study, which includes the details of the simulation algorithm (§2.1) and the182

dimensional analysis and simulation setup (§2.2). The �ndings and observations from the183

simulations are presented in Section 3. Finally, Section 4 provides the conclusions drawn184

from the study.185

2. Methodology186

2.1. Simulation algorithm187

A large suite of LES of 
ow over cuboid arrays is performed in this study using an in-house188

code (Albertson & Parlange 1999a,b; Bou-Zeidet al.2005; Chameckiet al.2009; Anderson189

et al. 2015; Fang & Port�e-Agel 2015; Liet al. 2016; Giomettoet al. 2016). The �ltered190

Navier-Stokes equations are solved in their rotational form (Orszag & Pao 1975) to ensure191

the conservation of mass and kinetic energy in the inviscid limit, i.e.,192

m~D8

mG8
= 0 – (2.1)193

194

m~D8

mC
¸ ~D9¹

m~D8

mG9
�

m~D9

mG8
º = �

1
d

m~?�

mG8
�

mg(�(8 9

mG9
�

1
d

m~?1

mG1
X81 ¸ ~� 8 – (2.2)195

where ~D1, ~D2, and ~D3 are the �ltered velocities along the streamwiseG1, cross-streamG2,196

and wall-normalG3 directions, respectively andd is the reference density. The deviatoric197

component of the subgrid-scale (SGS) stress tensor (g(�(
8 9 ) is evaluated via the Lagrangian198

scale-dependent dynamic (LASD) Smagorinsky model (Bou-Zeidet al. 2005). Extensive199

validation of the LASD model has been carried out in both wall-modeled simulations of200

unsteady atmospheric boundary layer 
ow (Momen & Bou-Zeid 2017; Saleskyet al.2017)201

and in simulations of 
ow over surface-resolved urban-like canopies (Andersonet al.2015;202

Li et al.2016; Giomettoet al.2016; Yang 2016). Validation for the setup used in this study203

is also shown in appendix A. Viscous stresses are neglected in the current study, and the204

skin friction is evaluated via an inviscid equilibrium logarithmic law of the wall for 
ow205

over aerodynamically rough surfaces (Giomettoet al. 2016). Neglecting viscous stresses206

is valid under the assumption that SGS stress contributions are predominantly from the207

pressure �eld. Here, ~?� = ~? ¸ 1
3 dg(�(

88 ¸ 1
2 d ~D8~D8 is the modi�ed pressure, which accounts208

for the trace of SGS stress and resolved turbulent kinetic energy. The 
ow is driven by209



6

a spatially uniform pressure gradient. The magnitude of friction velocityDg is calculated210

based on imposed pressure gradient such that¹r ?• dº+ 5 = D2
g � B, where+ 5 is the volume211

of the 
uid in the open channel and� B is the surface area. This allows the friction velocity212

to be an input parameter for this study. While di�erent de�nitions of friction velocities are213

employed in the literature (Tianet al.2023), we use the pressure gradient based de�nition of214

friction velocity in this study given its widespread usage in the open channel 
ow literature215

(Bou-Zeid et al. 2004; Philipset al. 2013; Fang & Port�e-Agel 2015; Yang & Anderson216

2017; Strohet al. 2020). The wall-parallel directions have periodic boundary conditions,217

while the upper boundary has free-slip boundary conditions, which can be expressed as218

D3 = 0– mD1•mG3 = 0 andmD2•mG3 = 0. The lower surface represents an urban landscape with219

uniformly distributed cuboids. To resolve roughness elements, a discrete forcing immersed220

boundary method (IBM) is used (Mittal & Iaccarino 2005; Chesteret al. 2007; Giometto221

et al.2016), where an arti�cial force� 8 is employed to bring the velocity to zero within the222

cuboids. An algebraic equilibrium wall-layer model, based on the law of the wall, is applied223

over a narrow band at the 
uid-solid interface, i.e. on the surfaces of the cuboids, as well as224

on the solid base wall.225

The spatial derivatives in the wall-parallel directions are computed by utilizing a pseudo-226

spectral collocation method that relies on truncated Fourier expansions (Orszag 1970).227

Conversely, in the wall-normal direction, a second-order staggered �nite di�erence scheme is228

implemented. The time integration process involves the adoption of a second-order Adams-229

Bashforth scheme. To deal with non-linear advection terms, the 3•2 rule is utilized for de-230

aliasing (Canutoet al.2007; Margairazet al.2018). Additionally, to ensure the enforcement231

of the incompressibility condition (2.1), a fraction step method (Kim & Moin 1985) is232

employed. The simulations are run for 200) , where) is the large eddy turnover time de�ned233

as) = ! 3•Dg to ensure temporal convergence of �rst and second-order statistics. The time234

step employed in these simulations is selected to maintain a Courant-Friedrichs-Lewy (CFL)235

number below 0.1, ensuring numerical stability.236

A large number of domain sizes are considered to study the impact of YAR, XAR,237

and SS. The size of the computational domain is»0– !1¼ � »0– !2¼ � »0– !3¼, with ! 3• �238

taking valuesf 4–8–12–16g. Here � is the height of cuboids, kept constant and equal to239

1 across all simulations.! 2• ! 3 takes valuesf 1•5–3•0–4•5–6•0g while ! 1• ! 3 takes values240

f 3•0–6•0–9•0–18•0–27•0g. An aerodynamic roughness length ofI 0 = 10� 6� is prescribed241

at the cube surfaces and the lower surface via the wall-layer model. With the chosen value242

of I 0, the SGS pressure drag is a negligible contributor to the overall momentum balance243

(Yang & Meneveau 2016). The 
ow is in fully rough aerodynamic regime with a roughness244

Reynolds number'4 g � Dg � • a = 105. The domain is discretized using a uniform Cartesian245

grid where each cube is resolved using=1 � =2 � =3 = 4 � 4 � 8 for cases shown in246

table 2 and 3, and=1 � =2 � =3 = 6 � 6 � 12 for cases shown in table 4 and 5, where=8247

denotes the number of collocation nodes per cube edge. In the case of lowest packing density248

accompanied by pronounced secondary 
ows, we have noted that the numerical instability249

of the compressed grid, necessary for boundary layer height-based scaling, has led to the250

generation of unrealistic 
ow patterns. Consequently, in our simulations involving packing251

density of 0.007 and SS of 4 and 8, we have utilized a grid resolution of=1� =2� =3 = 4� 4� 8,252

as detailed in table 5. The error attributed to grid compression was notably lower compared253

to the errors observed in the statistics, thereby validating the appropriateness of employing254

grid compression for the analysis of cases scaled with boundary layer height-based scaling.255

The chosen grid resolution ensures that the study is computationally feasible while providing256

adequate resolution to capture the 
ow dynamics with large domains. The analysis presented257

in appendix A and B shows that the chosen grid resolution yields 
ow statistics that are258

accurate up to second-order moments, based on the scope of this study.259
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Variable Name Variable Name

* mean streamwise velocity � 2 cross-stream width of cuboids

Dg friction velocity � 1 streamwise width of cuboids

! 2 cross-stream extent of the domain B2 cross-stream length of repeating unit

! 1 streamwise extent of the domain B1 streamwise length of repeating unit

! 3 boundary layer height G3 wall-normal distance

� vertical height of cuboids

Table 1: Variables determining 
ow characteristics for open channel 
ow simulations of

ow over cuboids.

2.2. Dimensional Analysis and Setup of Simulations260

This section discusses the setup of simulations and scaling arguments for 
ow statistics261

based on a Buckingham Pi theorem rationale. As mentioned in the Introduction, the study262

aims to analyze the impact of domain geometry on 
ow statistics, with a lens on the YAR263

(! 2• ! 3), XAR (! 1• ! 3), and SS (! 3• � ) parameters. To achieve this objective, a suite of LES264

of 
ow over cuboid arrays is conducted, programmatically varying input parameters for the265

problem. Table 1 shows the quantities governing 
ow statistics; these quantities encompass266

two fundamental dimensions, length! and time) , so the considered 
ow system can be267

completely characterized by a total of 11� 2 = 9 Pi groups (Buckingham 1914).268

Based on the choice of repeating parameters, two di�erent scaling relations can be obtained269

for the 
ow statistics. The merits and limitations of each are discussed in the next sections.270

2.2.1. Canopy length-based scaling271

In the canopy length-based scaling, the vertical height of cuboids (� ) and friction velocity272

(Dg) are chosen as repeating parameters. While all length scales are normalized by� , special273

considerations are needed for! 1 and ! 2 as the 
ow structures in the OL scale with the274

boundary layer height. By combining Pi groups,! 1 and! 2 can be scaled appropriately with275

! 3. Therefore, for example, the normalized mean streamwise velocity can be written in terms276

of non-dimensional groups as:277

* •Dg = 5
�
! 3

�
–

! 2

! 3
–

! 1

! 3
–

� 2

�
–

� 1

�
–

B2

�
–

B1

�
–
G3

�

�
• (2.3)278

279

In order to study the impact of YAR (! 2• ! 3) on the non-dimensional mean streamwise280

velocity, the set of simulations in table 2 are chosen where for a particular packing density,281

only the non-dimensional group! 2• ! 3 is varied across cases. This variation is achieved by282

varying the cross-stream length of the domain! 2 while keeping the boundary layer height! 3283

constant. In order to minimize the impact of SS, the largest available value of! 3 is chosen.284

All the simulations have� 2• � = � 1• � = 1.285

A similar analysis is carried out to study the impact of XAR using the set of simulations in286

table 3. The variation in! 1• ! 3 is achieved by varying! 1 while keeping! 3 constant. Again,287

the largest value of SS (! 3• � ) is chosen to minimize the impact of the blockage e�ect. While288

the largest! 2• ! 3 among the available values is chosen for domains with! 1• ! 3 = 6 and 9,289

! 2• ! 3 = 3•0 is chosen for cases with! 1• ! 3 = 3, since 3:3:1 is a very common aspect ratio290

of the domain found in canopy 
ow literature.291

To study the impact of SS on 
ow statistics, set of simulations in table 4 are chosen where292
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Cross-stream aspect ratio cases Resolution

_? ! 3• � ! 2• ! 3 ! 1• ! 3 B2• � B1• � # 1 � # 2 � # 3

0.25 16 1.5 6 2 2 384� 96� 128
0.25 16 3.0 6 2 2 384� 192� 128
0.25 16 4.5 6 2 2 384� 288� 128
0.062 16 1.5 6 4 4 384� 96� 128
0.062 16 3.0 6 4 4 384� 192� 128
0.062 16 4.5 6 4 4 384� 288� 128
0.062 16 6.0 6 4 4 384� 384� 128
0.028 16 1.5 6 6 6 384� 96� 128
0.028 16 3.0 6 6 6 384� 192� 128
0.028 16 4.5 6 6 6 384� 288� 128
0.028 16 6.0 6 6 6 384� 384� 128
0.007 16 1.5 6 12 12 384� 96� 128
0.007 16 3.0 6 12 12 384� 192� 128
0.007 16 4.5 6 12 12 384� 288� 128

Table 2: Set of simulations to study the impact of cross-stream aspect ratio of the
numerical domain on 
ow statistics. The Pi groups are mentioned in the table based on

(2.3). For all the simulations,� 2• � = � 1• � = 1.

Streamwise aspect ratio cases Resolution

_? ! 3• � ! 2• ! 3 ! 1• ! 3 B2• � B1• � # 1 � # 2 � # 3

0.25 16 3.0 3 2 2 192� 192� 128
0.25 16 4.5 6 2 2 384� 288� 128
0.25 16 4.5 9 2 2 576� 288� 128
0.25 16 4.5 18 2 2 1152� 288� 128
0.25 16 4.5 27 2 2 1728� 288� 128
0.062 16 3.0 3 4 4 192� 192� 128
0.062 16 4.5 6 4 4 384� 288� 128
0.062 16 4.5 9 4 4 576� 288� 128
0.062 16 4.5 18 4 4 1152� 288� 128
0.062 16 4.5 27 4 4 1728� 288� 128
0.028 16 3.0 3 6 6 192� 192� 128
0.028 16 4.5 6 6 6 384� 288� 128
0.028 16 4.5 9 6 6 576� 288� 128
0.028 16 4.5 18 6 6 1152� 288� 128
0.028 16 4.5 27 6 6 1728� 288� 128

Table 3: Set of simulations to study the impact of streamwise aspect ratio of the numerical
domain on 
ow statistics. The Pi groups are mentioned in the table based on (2.3). For all

the simulations,� 2• � = � 1• � = 1.
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Dimensionless groups for� scaling Resolution

_? ! 3• � ! 2• ! 3 ! 1• ! 3 B1• � B2• � # 1 � # 2 � # 3

0.25 4 3.0 6 2 2 144� 72� 48
0.25 8 3.0 6 2 2 288� 144� 96
0.25 12 3.0 6 2 2 432� 216� 144
0.25 16 3.0 6 2 2 576� 288� 192
0.062 4 3.0 6 4 4 144� 72� 48
0.062 8 3.0 6 4 4 288� 144� 96
0.062 12 3.0 6 4 4 432� 216� 144
0.062 16 3.0 6 4 4 576� 288� 192
0.062 24 3.0 6 4 4 864� 432� 288
0.028 4 3.0 6 6 6 144� 72� 48
0.028 8 3.0 6 6 6 288� 144� 96
0.028 12 3.0 6 6 6 432� 216� 144
0.028 16 3.0 6 6 6 576� 288� 192
0.028 24 3.0 6 6 6 864� 432� 288
0.007 4 3.0 6 12 12 144� 72� 48
0.007 8 3.0 6 12 12 288� 144� 96
0.007 12 3.0 6 12 12 432� 216� 144
0.007 16 3.0 6 12 12 576� 288� 192

Table 4: Set of simulations to study the impact of scale separation! 3• � of the numerical
domain on 
ow statistics using canopy length-based scaling. The Pi groups are mentioned

in the table based on (2.3). For all the simulations,� 2• � = � 1• � = 1.

for a particular packing density, only! 3• � is varied across cases. This variation in! 3• �293

was achieved by varying the boundary layer height! 3 while keeping the canopy height�294

constant. It is later shown that! 2• ! 3 = 3 and! 1• ! 3 = 6 are large enough such that they do295

not arti�cially alter the 
ow statistics. Hence, these values are chosen while varying the SS.296

2.2.2. Boundary layer height-based scaling297

In boundary layer height-based scaling, the boundary layer height (! 3) and friction velocity298

(Dg) are chosen as repeating parameters. While all length scales are normalized by! 3, special299

considerations are needed for� 1 andB1. As the displacement distance is determined by the300

extent to which 
ow can penetrate the canopy layer, the parameter is signi�cantly in
uenced301

by the height of the roughness element (� ), gaps between two elements in the streamwise302

direction (B1) and the portion of the gap occupied by the roughness element (� 1). Thus, to303

preserve the displacement distance, it's more appropriate to scaleB1 and � 1 with canopy304

height� , which can be achieved from a combination of the new set of Pi groups. Also, the305

normalized parameter� • ! 3 can be inverted to have a consistent SS de�nition throughout the306

paper.307

Therefore, for example, the normalized streamwise velocity can be written in terms of308

non-dimensional groups as:309

* •Dg = 5
�
! 3

�
–

! 2

! 3
–

! 1

! 3
–

� 2

! 3
–

� 1

�
–

B2

! 3
–

B1

�
–

G3

! 3

�
• (2.4)310

311

One may also choose to normalize� 1 with B1 and � 2 with B2 to preserve the extent of312
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Dimensionless groups for! 3 scaling Resolution

_? ! 3• � ! 2• ! 3 ! 1• ! 3 � 1• � � 2• ! 3 B1• � B2• ! 3 # 1 � # 2 � # 3

0.25 4 3.0 6 1 0.0625 2 0.125 144� 288� 48
0.25 8 3.0 6 1 0.0625 2 0.125 288� 288� 96
0.25 12 3.0 6 1 0.0625 2 0.125 432� 288� 144
0.25 16 3.0 6 1 0.0625 2 0.125 576� 288� 192
0.062 4 3.0 6 1 0.0625 4 0.25 144� 288� 48
0.062 8 3.0 6 1 0.0625 4 0.25 288� 288� 96
0.062 12 3.0 6 1 0.0625 4 0.25 432� 288� 144
0.062 16 3.0 6 1 0.0625 4 0.25 576� 288� 192
0.028 4 3.0 6 1 0.0625 6 0.375 144� 288� 48
0.028 8 3.0 6 1 0.0625 6 0.375 288� 288� 96
0.028 12 3.0 6 1 0.0625 6 0.375 432� 288� 144
0.028 16 3.0 6 1 0.0625 6 0.375 576� 288� 192
0.007 4 3.0 6 1 0.0625 12 0.75 96� 192� 32
0.007 8 3.0 6 1 0.0625 12 0.75 192� 192� 64
0.007 12 3.0 6 1 0.0625 12 0.75 432� 288� 144
0.007 16 3.0 6 1 0.0625 12 0.75 576� 288� 192

Table 5: Set of simulations to study the impact of scale separation! 3• � of the numerical
domain on 
ow statistics using boundary layer height-based scaling. The Pi groups are

mentioned in the table based on (2.4).

roughness element in the repeating unit. The Pi groups presented in (2.4) ensure that the313

pairs (� 1– B1) and (� 2– B2) are normalized by the same length scale,� and ! 3 respectively.314

This automatically preserves� 1•B1 and� 2•B2 across cases, eliminating the need to modify315

these Pi groups further.316

To study the impact of SS on 
ow statistics, a new set of simulations is proposed in table 5317

based on boundary layer height-based scaling. Variation in! 3• � is achieved similarly by318

varying the boundary layer height! 3 while keeping the canopy height� constant. For the319

cases with! 3• � = 16, surface geometry contains regularly arranged cubes. However, in320

order to preserve� 2• ! 3 across di�erent SSs, the cross-stream extent of the cuboids� 2 must321

be adjusted, which results in distortion of the cube geometry. Therefore, as we decrease322

the domain height, the cuboids become slender in the cross-stream direction, while the323

streamwise extent of the cuboid remains the same, as it scales with the canopy height� .324

The motivation for implementing this scaling technique arises from the inadequacies of325

traditional canopy length-based scaling for canopy 
ows, which fails to isolate the e�ects326

of SS accurately. This alternative approach provides more precise isolation of SS impacts327

across all packing densities, as explained in§ 3.3 and shown in �gure 11.328

3. Results and observations329

This section examines the impact YAR, XAR, and SS on selected turbulent 
ow statistics.330

Statistics are discussed on a per-layer basis for the three layers depicted in �gure 1(c). To331

estimate the height of the RSL (G3A), we utilize a formula proposed by Chunget al. (2021),332

Rapids articles must not exceed this page length
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i.e.,333

G3A =
B2

2
¸ 3 – (3.1)334

where3 is the aerodynamic displacement height of the given surface. Values for3 are chosen335

from the values reported for square con�gurations in Kandaet al. (2004). This estimate is336

useful in predicting the extent of the RSLa priori; however, it tends to overestimate the337

height of RSL for densely packed con�gurations. For the purpose of our study, such shifts in338

the prediction of the extent of RSL have no signi�cant impact on the error magnitudes, thus339

justifying the use of (3.1). Additionally, an analysis of the existence of an inertial sublayer is340

also presented in this section for cases with varying scale separations and packing densities.341

In this study, the operation of time-averaging is denoted by¹�º, while the process of spatial342

averaging in the horizontal directions is denoted byh�i. The averaging operation in the UCL is343

de�ned as a super�cial average, where the 
ow statistics are normalized by the total volume,344

which includes the solid canopy elements (Schmidet al. 2019). A 
uctuation from space345

and time-averaged quantity is denoted by the symbol¹�º0. It is important to note that all346

the second-order statistics under discussion are computed using the resolved portion of the347


ow �eld. The present study does not include a detailed examination of SGS stresses. This348

decision is based on their limited contribution, comprising less than 2% of the total Reynolds349

stress (Tianet al.2023). Moreover, given that SGS stresses arise from small-scale motions,350

it is anticipated that the in
uence of domain boundary conditions on these stresses will be351

of negligible signi�cance.352

3.1. Impact of cross-stream aspect ratio353

This section discusses the impact of YAR on �rst and second-order 
ow statistics as well354

as on the structure of turbulence through two-point correlation maps. To investigate the355

in
uence of YAR, simulations were conducted using three YAR values: 1.5, 3.0, and 4.5.356

These simulations were performed at four di�erent packing densities, as outlined in table 2.357

Additionally, for packing densities of 0.062 and 0.028, simulations were carried out with a358

YAR value of 6.0. The discrepancy between the pro�les obtained with YAR 4.5 and YAR359

6.0, concerning the �rst and second-order statistics considered in this subsection, does not360

exceed 1% across all layers. This satisfactory agreement between the results obtained using361

YAR 4.5 and YAR 6.0 suggests that the data derived from YAR 4.5 can con�dently serve as362

the ground truth for the subsequent analysis presented in this subsection. Consequently, the363

following analysis exclusively focuses on the cases corresponding to YAR values of 1.5, 3.0,364

and 4.5.365

Figure 2 shows pro�les of mean streamwise velocity for di�erent YAR values and packing366

densities. Di�erences in the pro�les can be solely attributed to the arti�cial e�ects of the367

cross-stream width of the domain. Table 6 shows the error norms in di�erent parts of the368

boundary layer, which are also visualized in �gure 4. The results indicate that the velocity369

pro�le of the narrow domain (i.e. YAR 1.5) can estimate this quantity within 2% error when370

compared to the velocity pro�le of the largest domain across all the layers and all the packing371

densities. Marginal improvements are seen in the error magnitudes when YAR is increased372

to 3.0.373

Figure 3 shows pro�les of resolved mean streamwise variance for the same cases considered374

in �gure 2 and errors in the di�erent parts of the boundary layer are shown in table 6. It is375

observed that in UCL and URSL, the narrow domain is capable of predicting the resolved376

variance within 10% of the largest domain, except for the case with packing density of377

0.028, where the narrow domain results in a noticeable deviation in URSL, leading to an378

error of 17%. In the OL, the error in this quantity exceeds 14% for all cases except for the379
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Figure 2: Mean streamwise velocity pro�les for di�erent packing densities, (a) 0•25, (b)
0•062, (c) 0•028, (d) 0•007. The vertical pro�les for each packing density correspond to

di�erent cross-stream aspect ratio cases mentioned in table 2.

Figure 3: Resolved mean streamwise variance pro�les for di�erent packing densities, (a)
0•25, (b) 0•062, (c) 0•028, (d) 0•007. The vertical pro�les for each packing density

correspond to di�erent cross-stream aspect ratio cases mentioned in table 2.

hD1i• Dg hD0
1D0

1i• D2
g ! 22

_? YAR UCL URSL OL UCL URSL OL UCL URSL OL
0.25 1.5 0.0036 0.0032 0.0116 0.0060 0.0043 0.0543 0.0261 0.0528 0.2048
0.25 3.0 0.0012 0.0004 0.0050 0.0008 0.0031 0.0388 0.0065 0.0163 0.0605
0.062 1.5 0.0014 0.0017 0.0159 0.0036 0.0066 0.1433 0.0414 0.0549 0.3490
0.062 3.0 0.0008 0.0010 0.0094 0.0013 0.0013 0.0203 0.0169 0.0063 0.0787
0.028 1.5 0.0192 0.0165 0.0165 0.0417 0.1722 0.2069 0.0428 0.0325 0.2574
0.028 3.0 0.0020 0.0011 0.0061 0.0088 0.0287 0.0263 0.0067 0.0088 0.0514
0.007 1.5 0.0136 0.0094 0.0105 0.0597 0.0563 0.1382 0.0514 0.0647 0.2187
0.007 3.0 0.0157 0.0159 0.0104 0.0721 0.0612 0.0522 0.0622 0.0243 0.0336

Table 6: Relative error (;2 norm) of mean streamwise velocity, resolved mean streamwise
variance and resolved transverse integral length scale in urban canopy layer (UCL), upper

roughness sublayer (URSL) and outer layer (OL) for simulations with di�erent
cross-stream aspect ratios (YAR). Results from the largest domain (YAR 4.5) are

considered as ground truths.
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Figure 4: Visualization of error values in table 6 for di�erent packing densities, (a) 0•25,
(b) 0•062, (c) 0•028, (d) 0•007. Error values for di�erent layers are represented by distinct

symbols: Square - Urban canopy layer (UCL), triangle - Upper roughness sublayer
(URSL), circle - Outer layer (OL).

densely packed case, for which the error remains within 6%. This observed error can be380

attributed to the tendency of the narrow domain to underestimate the value of variance. In381

contrast, the domain with YAR 3.0 can predict this quantity with an error magnitude that is382

approximately 7% or lower when compared to the pro�les of the largest domain across all the383

layers and all the packing densities, indicating a reduced in
uence of arti�cial periodization384

in the cross-stream direction. This also indicates that the periodic boundary condition in the385

cross-stream direction has a lesser impact on the �rst-order statistics compared to the second-386

order statistics. In order to investigate the underlying cause of the observed statistical shifts387

in the narrow domain, we now use two-point correlation to assess the impact of restricting388

cross-stream width of the domain on the topology of turbulence.389

Figure 5 shows two-point correlation (' 11) contours and instantaneous 
ow �eld 
uctua-390

tions for di�erent YAR atG3• ! 3 = 0•6. For brevity, only the cases with packing density of391

0.028 are shown here. This packing density is chosen to qualitatively assess the reason behind392

the narrow domain noticeably underpredicting the resolved mean streamwise variance, as393

seen in �gure 3(c). The color bar is not shown here as the values are not used for inference;394

however, it is kept constant for all the 
ow �eld visualizations to get an appropriate sense395

of fast (red) and slow (blue) turbulent streaks. The two-point correlation between any two396

quantities is de�ned as397

' UV¹� G1–� G2– G3º =
D0

U¹G1– G2– G3ºD0
V¹G1 ¸ � G1– G2 ¸ � G2– G3º

f DU f DV

(3.2)398

wheref DU is the standard deviation of the resolved 
uctuating �eldD0
U. It is important to399

note that the presence of repeated indices in this context does not denote summation. From400

�gure 5(a, c, e), we see that the streamwise extent of correlation for the narrow domain is much401

smaller compared to cases with YAR 3.0 and 4.5. This observation is strongly supported by402

the resolved streamwise instantaneous 
ow �eld 
uctuations shown in �gure 5(b, d, f). For403

the cases with YAR 3.0 and 4.5, we observe long streamwise turbulent structures of the order404

of the corresponding domain extent, justifying a more signi�cant streamwise correlation.405

However, as shown in �gure 5(b), no such structures are observed for the case with YAR406

1.5. This shows that the narrow cross-stream width of the domain can signi�cantly alter the407

growth of turbulent 
ow structures in the streamwise direction.408

As these coherent structures scale with the separation distance from the wall and as �gure 5409

only illustrates the case whereG3• ! 3 = 0•6, a more detailed analysis is needed to comment410
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