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Abstract

Physical characterization of atmospheric boundary layer featuring roughness-induced secondary

�ows

Atharva Sunil Sathe

Accurately modeling the atmospheric boundary layer (ABL) remains a central challenge in �uid

dynamics. The ABL governs the exchange of mass, energy, and momentum between the land

surface and the atmosphere, and these �uxes are the crucial drivers of the weather and climate

variability. A major contributor to this modeling dif�culty is the in�uence of complex built

environments. These environments introduce organized motions beyond classical boundary layer

assumptions that substantially affect surface–atmosphere exchanges. This dissertation focuses on

one such important and ubiquitous phenomenon: the generation of roughness-induced secondary

�ows. To investigate these effects, large-eddy simulations (LES) are used, as they resolve the

dominant turbulent motions that shape the aforementioned exchange processes, offering

physically grounded �ow �elds without heavy dependence on empirical closures.

However, because LES remain approximations of reality, careful attention is required when

designing the computational setup to ensure that the physical processes of interest are represented

accurately. The analysis in chapter 2 showed that the choice of the numerical domain can

signi�cantly impact the accuracy of turbulent �ow statistics, potentially causing a mismatch

between numerical studies and experimental data. The study examined the in�uence of

cross-stream aspect ratio (YAR), streamwise aspect ratio (XAR), and scale separation (SS) on

�rst- and second-order �ow statistics and turbulence topology. It is found that domains with a low



YAR underestimate the velocity variance, while those with a low XAR overestimate the variance

value. The study proposed a new approach based on the Buckingham Pi theorem to evaluate the

effect of SS, as the existing method has major limitations for canopy �ows in the presence of

secondary �ows. The results suggested that domains with small SS underpredict the variance

value. To minimize the arti�cial impact of the numerical domain on turbulent �ow statistics, the

study recommended guidelines for future research, including a YAR of 3 or more, an XAR of 6 or

more, and an SS of 12 or more.

Building on secondary �ow insights from chapter 2, chapter 3 focused on uncovering the physical

mechanisms governing these �ows. This study addressed a central question in secondary �ow

research: which surface parameters determine the polarity of these �ows, speci�cally whether

low- or high-momentum �uid aligns with regions of high roughness. Through a systematic series

of LES, the study identi�ed that the spanwise gap between edge-most roughness elements of

adjacent columns is a critical parameter that controls the polarity of mean secondary �ows. In

addition to analyzing the time-averaged structure, the study investigated how variations in polarity

affect the instantaneous dynamics of secondary �ows. Here, it is observed that the regions of

high- and low-momentum �uid created by the secondary �ows alternate in a chaotic, non-periodic

manner over time. Further analysis of the vertical velocity signal showed that variability in

vertical momentum transport is a persistent and intrinsic feature of secondary �ow dynamics.

Taken together, these �ndings provided a comprehensive picture of how the geometric

arrangement of roughness elements governs both the mean structure and temporal behavior of

secondary �ows.

Chapter 4 extended this effort by investigating additional surface parameters that are critical in

governing the secondary �ow polarity. Here, the aerodynamic roughness of the lower surface is

found to play a decisive role in determining the polarity of secondary �ows. When the lower wall

is rougher, the low-momentum pathways align with the cuboids. As the wall is progressively

smoothed, the polarity transitions gradually—�rst entering an intermediate regime with no

preferred alignment, and eventually reaching a reversed state where high-momentum pathways



align with the cuboids. Analysis of the instantaneous secondary �ow dynamics across the three

cases suggested a cycle reminiscent of the self-sustaining process in canonical wall-bounded

turbulence, underscoring its role in shaping the surface-layer response to spanwise heterogeneity.

Here, it is proposed that spanwise variations in roughness topography repeatedly perturb the �ow

with a �xed directional bias, systematically reinforcing streaks of a given orientation, thereby

establishing a preferred polarity. Although simpli�ed, this framework offers a unifying

perspective on the origin, persistence, and polarity of secondary �ows, with the potential to

reconcile diverse observations reported in the literature.



Table of Contents

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiv

Chapter 1: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Background and Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Focus and Structure of the dissertation . . . . . . . . . . . . . . . . . . . . . . . . 4

Chapter 2: Impact of the numerical domain on turbulent �ow statistics: scalings and con-
siderations for canopy �ows . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.1 Simulation algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.2 Dimensional Analysis and Setup of Simulations . . . . . . . . . . . . . . . 14

2.3 Results and observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3.1 Impact of cross-stream aspect ratio . . . . . . . . . . . . . . . . . . . . . 22

2.3.2 Impact of streamwise aspect ratio . . . . . . . . . . . . . . . . . . . . . . 30

2.3.3 Impact of scale separation . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.3.4 Existence of inertial sublayer in canopy �ows . . . . . . . . . . . . . . . . 42

2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

i



Chapter 3: On the structure and dynamics of secondary �ows over multi-column roughness
in channel �ow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.2.1 Simulation algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.2.2 Simulation setup and naming convention . . . . . . . . . . . . . . . . . . . 56

3.3 Time averaged secondary �ows and their characteristics . . . . . . . . . . . . . . . 57

3.3.1 Identifying the critical parameter governing secondary �ow polarity . . . . 58

3.3.2 Disproving the local spanwise gap (B;•�) as the critical parameter . . . . . 68

3.3.3 Disproving the local element alignment as the critical parameter . . . . . . 71

3.3.4 Disproving the width of the wider column (BF •�) as the critical parameter . 72

3.4 Instantaneous secondary �ows and their characteristics . . . . . . . . . . . . . . . 75

3.4.1 Visualization of instantaneous �ow �eld . . . . . . . . . . . . . . . . . . . 76

3.4.2 Conditional averaging of instantaneous �ow �eld . . . . . . . . . . . . . . 78

3.4.3 Characterization of instantaneous vertical velocity distribution . . . . . . . 85

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

Chapter 4: Secondary �ow polarity in turbulent boundary layers shaped by directional bias
from surface roughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.2.1 Simulation algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.2.2 Simulation setup and naming convention . . . . . . . . . . . . . . . . . . . 97

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

ii



4.3.1 Critical role of surface roughness in regulating polarity of secondary �ows . 98

4.3.2 Characteristics and organization of instantaneous secondary �ows . . . . . 101

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

Chapter 5: Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

Appendix A: Validation of the pseudospectral LES solver . . . . . . . . . . . . . . . . . . 125

Appendix B: Grid Resolution Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

iii



List of Figures

2.1 (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). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Mean streamwise velocity pro�les for different packing densities, (a) 0•25, (b)
0•062, (c) 0•028, (d) 0•007. The vertical pro�les for each packing density cor-
respond to different cross-stream aspect ratio cases mentioned in table 2.2. . . . . . 22

2.3 Resolved mean streamwise variance pro�les for different packing densities, (a)
0•25, (b) 0•062, (c) 0•028, (d) 0•007. The vertical pro�les for each packing density
correspond to different cross-stream aspect ratio cases mentioned in table 2.2. . . . 23

2.4 Visualization of error values in table 2.6 for different packing densities, (a) 0•25,
(b) 0•062, (c) 0•028, (d) 0•007. Error values for different layers are represented by
distinct symbols: Square - Urban canopy layer (UCL), triangle - Upper roughness
sublayer (URSL), circle - Outer layer (OL). . . . . . . . . . . . . . . . . . . . . . 24

2.5 Two point correlation '11 contours (a, c, e) and streamwise resolved instantaneous
�ow �eld �uctuations (b, d, f) for cases with packing density 0.028. The cross-
stream aspect ratio is varied as: (a, b) 1.5, (c, d) 3.0, (e, f) 4.5. The wall-parallel
slice shown in all the �gures is taken at G3•! 3 = 0•6. . . . . . . . . . . . . . . . . 26

2.6 Width of turbulent streamwise coherent structures consisting of fast and slow streak
pair. Cases with cross-stream aspect ratio (YAR) of 4.5 are shown in solid lines and
YAR of 3.0 in dashed lines. Colors correspond to different packing densities: 0.25
- red, 0.062 - green, 0.028 - blue, 0.007 - grey. Black vertical lines indicate the
width of the domain: dash-dot - YAR 1.5, dashed - YAR 3.0, solid - YAR 4.5.
Purple horizontal line (dashed) indicates height of the urban canopy layer. . . . . . 27

2.7 Resolved transverse integral length scale for different packing densities, (a) 0•25,
(b) 0•062, (c) 0•028, (d) 0•007. The vertical pro�les for each packing density cor-
respond to different cross-stream aspect ratio cases mentioned in table 2.2. . . . . . 28

iv



2.8 Two point correlation '11 contours (a, c, e), mean streamwise velocity (b), resolved
mean streamwise variance (d), resolved longitudinal integral length scale (f) for
cases with packing density 0.028. The streamwise aspect ratio (XAR) is varied
as: (a) 3.0, (c) 9.0, (e) 27.0. The wall-parallel slice shown in (a, c, e) is taken at
G3•! 3 = 0•6. Domain con�gurations for cases with different XAR are shown in
table 2.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.9 Visualization of error values in table 2.7 for different packing densities, (a) 0•25,
(b) 0•062, (c) 0•028. Error values for different layers are represented by distinct
symbols: Square - Urban canopy layer (UCL), triangle - Upper roughness sublayer
(URSL), circle - Outer layer (OL). . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.10 Mean streamwise velocity pro�les for different packing densities, (a) 0.25, (b)
0.062, (c) 0.028, (d) 0.007. The vertical pro�les for each packing density cor-
respond to different scale separation cases mentioned in table 2.4. . . . . . . . . . . 34

2.11 Flow con�guration for sparsely arranged canopies based on two different sets of
Pi groups. The packing density of the surface is 0.007 in all cases. The scale
separation is varied as (a) 16, (b, c) 8. Con�guration in (b) is scaled down from (a)
based on canopy length-based scaling, whereas con�guration in (c) is scaled down
from (a) based on boundary layer height-based scaling. The green reference line
matches G3•� for (a) and (b) and G3•! 3 for (a) and (c). . . . . . . . . . . . . . . . . 34

2.12 Resolved mean streamwise variance pro�les for different packing densities, (a)
0.25, (b) 0.062, (c) 0.028, (d) 0.007. The vertical pro�les for each packing density
correspond to different scale separation cases mentioned in table 2.4. . . . . . . . . 35

2.13 Visualization of error values in table 2.8 for different packing densities, (a) 0•25,
(b) 0•062. Error values for different layers are represented by distinct symbols:
Square - Urban canopy layer (UCL), triangle - Upper roughness sublayer (URSL). . 36

2.14 Mean streamwise velocity defect pro�les for different packing densities, (a) 0.25,
(b) 0.062, (c) 0.028, (d) 0.007. The vertical pro�les for each packing density cor-
respond to different scale separation cases mentioned in table 2.5. . . . . . . . . . . 39

2.15 Resolved mean streamwise variance pro�les for different packing densities, (a)
0.25, (b) 0.062, (c) 0.028, (d) 0.007. The vertical pro�les for each packing density
correspond to different scale separation cases mentioned in table 2.5. . . . . . . . . 40

2.16 Visualization of error values in table 2.9 for different packing densities, (a) 0•25,
(b) 0•062, (c) 0•028, (d) 0•007. Circle represents error values in the outer layer (OL). 40

v



2.17 Mean streamwise velocity pro�les for different scale separations, (a) 16, (b) 12,
(c) 8, (d) 4. The vertical pro�les for each scale separation correspond to different
packing density cases mentioned in table 2.4. The horizontal lines correspond to
the region between canopy height (G3•� = 1, solid) and the theoretical limit of the
extent of inertial sublayer (G3•! 3 = 0•15, dashed) for packing densities 0.25 and
0.062. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.1 a) Schematic of roughness element arrangement (not to scale; �ow direction: bot-
tom to top) and b) mean streamwise velocity at mid-element height (�ow direction:
left to right) for S2-5-2 case. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.2 Schematic of length scales considered in the roughness element arrangement. B; :
spanwise gap between adjacent elements of the same wider column, BF : width of
the wider column, B0: spanwise gap between adjacent elements of different wider
columns, BH: spanwise gap between centers of different wider columns. . . . . . . . 59

3.3 a) Spatially averaged mean streamwise velocity, b) velocity defect and c) root mean
squared velocity pro�les for the cases considered in table 3.1. The black dashed
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Chapter 1: Introduction

1.1 Background and Motivation

The atmospheric boundary layer (ABL) is the turbulent interface through which the land sur-

face and the atmosphere exchange momentum, heat, moisture, and a wide range of natural and

anthropogenic scalars [1, 2]. These �uxes regulate everything from local microclimates to re-

gional weather patterns and are central to applications such as urban microclimate prediction,

wind-energy harvesting and pollutant dispersion modeling [3, 4, 5, 6]. Despite a century of dedi-

cated efforts [7], the ABL remains one of the most complex geophysical �ows to model accurately.

Its dynamics span a large range of spatial and temporal scales, from centimeter-scale eddies in�u-

enced by tree leaves to kilometer-scale motions modulated by synoptic forcing [1, 7]. Capturing

this broad continuum of turbulent motions within a single modeling framework continues to chal-

lenge both high-�delity simulations and operational weather-prediction systems [8, 9].

The dif�culty is further ampli�ed when the ABL interacts with heterogeneous surfaces, as is

routinely the case over cities, wind farms, and other multi-element roughness con�gurations. Un-

like homogeneous rough walls, these environments impose variations in roughness height, spacing,

and planform geometry that fundamentally alter the near-surface �ow [10, 11, 12, 13]. When the

characteristic spanwise length scale of such environments becomes comparable to the height of

the ABL, they generate large-scale streamwise-aligned counter-rotating circulations commonly

known as roughness-induced secondary �ows [14, 15, 16]. These organized motions redistribute

momentum and scalars in ways that cannot be predicted from classical boundary-layer scaling, and

their presence often leads to spatially intermittent �ux patterns that complicate both modeling and

measurement [15, 17, 18].

Motivated by the need to better understand the in�uence of these organized motions in ABL,
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and simultaneously, to better understand the turbulent boundary layers (TBLs) in engineering ap-

plications, the past decade has seen substantial efforts devoted to improving our understanding of

the roughness-induced secondary �ows [19, 14, 20, 15, 16, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30,

18]. Unlike secondary �ows of the �rst kind, which arise from vortex stretching and tilting mech-

anisms typically induced by curvature or rotation in the mean �ow, these are the secondary �ows

of the second kind which arise from gradients in Reynolds stresses and are maintained through

anisotropic turbulent production and dissipation [31, 15]. These circulations were �rst clearly doc-

umented in the experiments of Reynolds et al. [19], who observed spanwise variations in turbulent

statistics arising from periodic surface features that induced streamwise-aligned counter-rotating

motions. At the time, such behavior was considered atypical, and it was suggested that studies

aiming for broad applicability should avoid highly periodic roughness patterns. However, subse-

quent work has demonstrated that similar secondary motions emerge in a wide range of practical

settings, including �ows over damaged turbine blades [14] and irregular rough surfaces [32]. Col-

lectively, these �ndings have established that secondary circulations are far more ubiquitous than

once believed, and that their in�uence must be incorporated into, or used to re�ne, traditional

scaling frameworks for rough-wall turbulence [28].

One of the central challenges that has emerged in recent years is understanding what governs

the polarity of secondary �ows, i.e., whether updrafts or downdrafts and their associated low- and

high-momentum pathways (LMPs and HMPs), form over regions of high surface roughness. In the

early work of Barros and Christensen [14], downdrafts were predominantly observed above rough-

ness peaks, although this alignment was not consistent across all elevated regions. To investigate

this behavior in idealized settings, Anderson et al. [15] used LES to simulate strip-type roughness

and found a consistent alignment between regions of high roughness and strong downdrafts. This

tendency was attributed to localized excess production of turbulent kinetic energy (TKE) relative

to dissipation above the roughness elements. However, in the same year, Vanderwel and Ganap-

athisubramani [16] reported the opposite behavior: in �ows over spanwise-periodic LEGO block

roughness, updrafts were consistently aligned with elevated roughness. This apparent contradic-
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tion was later reconciled by Hwang and Lee [33], who showed that the strip-type and ridge-type

roughness con�gurations are dynamically distinct. In the ridge-type case, the turbulent transport

of TKE is comparable in magnitude to production and dissipation, allowing it to play a decisive

role in setting �ow polarity. In contrast, this term is negligible in the strip-type case and thus plays

no role in setting polarity, thereby giving rise to the contrasting observations.

Following the observation of differing polarities, it has become evident that either updrafts

or downdrafts, and their associated LMPs and HMPs, can align with regions of high roughness

depending on the speci�c arrangement of roughness elements. To accurately capture exchange

processes in the boundary layer, it is therefore crucial to predict apriori how these circulations

align, and how this alignment in�uences key �ow quantities. Despite substantial progress in the

literature, only three studies have successfully isolated geometric parameters that govern secondary

�ow polarity, prior to this dissertation research. The parameters include the spanwise spacing

between roughness elements [22], the relative height difference between smooth and rough regions

[24], and the streamwise separation of roughness elements [29]. Even modest changes in these

parameters can reverse the direction of large-scale circulations and, in doing so, disrupt the scaling

laws typically used to characterize surface roughness.

In addition to the challenge of accurately predicting the directional sense of mean secondary

�ows, a growing body of work has demonstrated that these circulations are highly unsteady. Al-

though long-time-averaged �elds often display coherent, domain-scale vortices, instantaneous

measurements reveal compact, intermittent structures whose collective imprint forms the mean

pattern [21, 23]. Their occurrence can be asymmetric, irregular, and even chaotic [34, 25], un-

derscoring that secondary �ows are not persistent rolls but dynamically evolving motions. Due

to these challenges, the mechanisms governing their formation, polarity, and temporal evolution

remain incompletely understood, particularly in con�gurations representative of real built environ-

ments [32]. Developing a clearer physical picture of these �ows is therefore essential for improving

ABL parameterizations, informing design strategies for engineered landscapes, and advancing our

broader understanding of turbulence over heterogeneous surfaces.
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1.2 Focus and Structure of the dissertation

This dissertation contributes to the broader goal of improving our ability to model the ABL by

examining how the built environment modi�es its structure through the generation of roughness-induced

secondary �ows. LES are used to investigate the in�uence of periodically arranged roughness ele-

ments on key ABL characteristics, with the roughness geometry explicitly resolved. LES is partic-

ularly well suited for this task because it provides detailed, reasonably accurate three-dimensional

�ow �elds and captures the dominant energetic motions that govern turbulence dynamics. Al-

though LES offers signi�cant advantages, it remains an approximation of reality. Accurate predic-

tion therefore requires careful attention to numerical setup, including domain size, grid resolution,

and roughness representation. Until recently, the computational expense of canopy-�ow simu-

lations limited the availability of guidance on how to select these parameters in a systematic and

physically grounded manner. Recent advancements in computing architectures, increased access to

large-scale computational resources, and the development of a parallelized and validated in-house

LES solver created an opportunity to address this gap.

Motivated by these developments, Chapter 2 focuses on establishing reliable simulation strate-

gies for capturing the physical quantities of interest in canopy-�ow LES. A large, �rst-of-its-kind

dataset is generated using a range of domain sizes and roughness packing densities, including con-

�gurations that generate secondary �ows, and the arti�cial in�uence of domain size on turbulent

statistics is assessed in detail. In this chapter, the total vertical extent of the domain is separated

into three distinct layers: the urban canopy layer, the upper roughness sublayer, and the outer layer.

This framework allows researchers to tailor domain dimensions to the speci�c region of interest

while controlling the computational cost. Overall, the chapter provides essential data and guidance

for selecting appropriate numerical domain sizes in LES of the ABL, thereby enabling researchers

to anticipate and mitigate domain-induced distortions in their statistical pro�les.

Building on the simulation strategies developed to reliably capture the physical processes of

interest, Chapter 3 applies these insights to investigate which surface parameters govern the po-
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larity of secondary �ows. Until now, most studies have focused on canonical con�gurations in

which each streamwise-aligned high-drag zone corresponds to a single roughness element in the

spanwise direction [16, 22, 33, 29, 30]. While such setups have revealed important characteristics

of secondary circulations, the insights gained from them are not directly transferable to more com-

plex, real-world environments. In practice, built environments often exhibit roughness clustering

and directional bias in surface patterns, prompting a key question: how does the presence of clus-

tered roughness—where multiple closely spaced elements collectively act as a single high-drag

zone—in�uence the structure and dynamics of secondary �ows? To address this question, Chap-

ter 3 examines a multi-column roughness con�guration that serves as a regularized analogue of

roughness clustering. This setup enables precise control over geometric parameters and facilitates

a systematic exploration of roughness clustering on secondary �ow topology. Overall, this study

aims to deepen our understanding of clustering effects on secondary �ow dominated boundary lay-

ers, by analyzing both time-averaged structure and instantaneous dynamics of these �ows within a

controlled, yet physically relevant framework.

Although previous studies have identi�ed geometric surface features that in�uence secondary

�ow polarity, an understanding of the fundamental mechanism through which these parameters

exert their in�uence still eludes us. Chapter 4 seeks to uncover this underlying mechanism by

examining both the mean and instantaneous characteristics of secondary �ows in greater detail.

In this chapter, the surface consists of streamwise-aligned cuboids that represent idealized urban

roughness, and the role of their aerodynamic properties in shaping the structure and dynamics

of the circulations is systematically analyzed. Overall, this study aims to develop a simpli�ed

framework that provides a unifying perspective on the origin, persistence, and polarity of secondary

�ows, with the potential to reconcile the diverse observations reported across the literature.

Chapters 2 through 4 are self-contained studies, each accompanied by an introduction that

articulates its speci�c objectives and describes the numerical setup relevant to that investigation.

Finally, the chapter 5 concludes the dissertation by summarizing the key �ndings and re�ecting

on their broader implications.
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Chapter 2: Impact of the numerical domain on turbulent �ow statistics:

scalings and considerations for canopy �ows

2.1 Introduction

The urbanization process profoundly impacts the urban boundary layer (UBL) due to impervi-

ous man-made structures that alter the aerodynamic and hydrothermal properties of the land sur-

face. These changes affect mass, energy, and momentum transfer with the overlying atmosphere,

which are the main drivers of urban weather and climate variability. These exchange processes

play a crucial role in applications related to urban climate [1, 3], urban ecohydrology [5], air qual-

ity [6], urban resilience [35], and public health [36], to name a few. The interaction between the

urban environment and atmospheric turbulence regulates these exchanges over a broad continuum

of scales, ranging from tens of meters over the roof of a building to the kilometer scale over an

urban neighborhood [37, 38]. Motivated by the need to address open challenges in these �elds

and improve our interaction with the environment, the past decades have seen signi�cant efforts to

advance our understanding and ability to model turbulent transport in urban settings.

Scienti�c discovery in the �eld of microscale meteorology has historically relied on three pil-

lars: �eld observations [39], wind-tunnel experiments [40], and numerical simulations [41]. This

paradigm has provided useful insight into how urban morphology affects �ow statistics in the UBL,

but the alignment between �ndings from these three �elds is not always optimal. An instance of

this is where a range of values for the von Kármán constant ^ have been proposed by different

�eld measurements and laboratory studies, with values varying from 0.33 to 0.43. This is compre-

hensively documented by [42]. In addition, [43] have pointed out several challenges in matching

parameters of the underlying system, which hinder the accurate alignment of experimental data

with numerical simulations. One such obstacle is the use of different methods to compute the re-
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peating parameters, such as friction velocity, which cannot be uniformly applied across different

�elds. They also demonstrate that the vertical pro�le of the experimental data can often be accu-

rately matched up to a certain height above the ground, beyond which signi�cant deviations occur.

This partial matching approach has also been utilized in other research studies, [see, e.g., 44, 45],

which serves to delimit the region of interest. Another factor contributing to the discrepancy be-

tween pro�les is the sensitivity of �ow statistics to changes in initial and boundary conditions and

input parameters. This phenomenon often makes it challenging to establish connections between

research �ndings within the same �eld [see, e.g., 46].

In the context of numerical simulations, direct numerical simulations (DNS) and large eddy

simulations (LES) of open channel �ow over surface-mounted cuboids have been the workhorse

for studying turbulent transport in the UBL [41, 47, 48, 49, 50, 51, 24]. In these simulations, in ad-

dition to the aforementioned sources of discrepancies, one crucial factor affecting the accuracy and

reliability of model results is the selection of the numerical domain size [52, 53]. Wall-bounded

turbulence is characterized by coherent structures with a high correlation in the streamwise direc-

tion and a lower but still non-negligible correlation in the cross-stream direction. Thus, excessive

periodization in the horizontal directions can compromise the accuracy with which these struc-

tures are captured [52]. Furthermore, in real-world environments, the scale separation between the

inversion layer and the height of the canopies is often signi�cant, and the presence of a free-slip

top boundary condition too close to the surface may result in spurious effects encompassing the

entire UBL. Hence, it is crucial to exercise caution during the simulation design stage to ensure the

precise capturing of statistics in the region of interest.

Past DNSs and LESs have been conducted using a range of computational domains, whose

size is typically dictated by the available computational resources [41, 47, 24]. To facilitate the

comparison of the various domain sizes used, the concept of aspect ratio and scale separation is

employed in this study. The naming convention used to describe the dimensions of the computa-

tional domain is graphically illustrated in �gure 2.1(a, b), with the subscripts 1, 2, and 3 referring

to the streamwise, cross-stream, and vertical directions, respectively. The aspect ratio of a 3D
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Figure 2.1: (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).

computational domain is de�ned as !1•! 3:! 2•! 3:1, where !1•! 3 de�nes the streamwise aspect

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

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

height of the underlying surface topography.

One of the early DNS studies of �ow over cuboids was performed by [41] to analyze turbu-

lent �ow statistics and unsteady effects in the roughness sublayer (RSL). This study represents a

pivotal contribution to the understanding of canopy �ow dynamics, achieved through the use of

high-resolution DNS. However, as is common in such studies, the need for high resolution ne-

cessitated the selection of a smaller domain to ensure computational feasibility. For their open

channel �ow setup, they used a numerical domain with an aspect ratio of 1:1:1 with an SS of 4.

To showcase domain size independence, they compared selected statistics with a domain of as-

pect ratio 2:2:1 and found the �rst-order statistics as well as second-order Reynolds stressD0
1D0

3 to

match well. However, it is well known that the pro�le ofD0
1D0

3 in the bulk of the �ow is primarily

determined by the imposed pressure gradient and has to vary linearly, as seen from the Navier-

Stokes streamwise momentum balance equation; hence the accurate collapse ofD0
1D0

3 for domains

with the same boundary layer height does not necessarily indicate the accurate capturing of other

second-order moments. Also, as the focus of this study was on the canopy con�gurations with high
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packing density, the domain used cannot be deemed as suf�cient for the shown statistics to study

RSL dynamics in general, as the extent of the RSL, as well as the turbulence characteristics of the

RSL depend on the underlying surface con�guration [54]. [47] performed LES simulations with

domain 1:1:1 and SS of 4 and found that their simulations were underpredicting the streamwise

RMS velocity ¹DA<Bº when compared to corresponding DNS as well as experimental results. Later

in this study (§2.3.1), it will be shown that this underprediction is due to a direct consequence of

limiting YAR of the domain and not due to differences between LES and DNS rithms. [48] used

various domain sizes with SS of 8 and aspect ratios ranging from 1:0•75:1 to 1•25:1•25:1 using

DNS. The choice of XARs and YARs was purely driven by the need to accommodate a suf�cient

number of repeating patterns for different con�gurations. [51] used a domain with SS of 4 and

aspect ratio 1•5:1•5:1 to study the impact of solid volume fraction on turbulent �ow statistics us-

ing LES. [50] used LES to analyze the physics of roughness-induced secondary �ows by using

domains with SS of 15 and 20 while keeping the aspect ratio of the domain as c:c:1. They show-

cased that domain with aspect ratio 2c:2c:1 produces similar results. However, this choice of high

SS and high aspect ratio to reduce the arti�cial impacts of the numerical domain resulted in fewer

nodes being used to resolve the cubes, which introduces an additional source of error. [24] used

DNS to study the polarity of secondary �ows by using a domain with an SS of 23.25 and an as-

pect ratio of 8:4:1. These studies demonstrate an apparent disparity in the employed domain sizes.

From these observations, we infer the presence of a general trend towards maintaining a similar

extent of the domain in both the streamwise and cross-stream directions. However, due to the

asymmetrical nature of the turbulent �ow structures and their extended presence in the streamwise

direction compared to the cross-stream direction, it remains uncertain whether these domains will

have an arti�cial impact on the �ow statistics.

The presence of roughness-induced secondary �ows, a topic which has received increased at-

tention over the past decade [20, 55, 16, 50, 56, 25, 24, 57], also calls for special attention when

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

suf�ciently large, it results in streamwise-aligned time-invariant counter-rotating vortices predomi-
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nantly occupying the RSL. The size of these vortices is in�uenced by both the spacing of roughness

elements in the cross-stream direction and the height of the domain. As demonstrated (see §2.3.3),

these circulations signi�cantly affect the �ow dynamics and necessitate a specialized approach to

evaluate the effect of SS, as the height of the domain plays a critical role in governing these �ows.

In the context of channel �ow over aerodynamically smooth surfaces, analysis done by [58] and

[59] guided early numerical studies to determine the optimal domain size to reduce the arti�cial

impact of periodic boundary condition in the horizontal directions [52]. [58] conducted two-point

correlation measurements of velocity �uctuations and found that the correlation became negligible

at a separation of 3•2X in the streamwise direction and 1•6X in the cross-stream direction, where X

is the height of the half channel. [59] and [52] later suggested that to reduce the arti�cial impact

of periodic boundary conditions, the size of the simulation domain should be approximately twice

as large as these dimensions. [53] conducted an extensive domain size analysis for plane channel

�ow using DNS at '4 g = 4200. They showed that the computational box with aspect ratio 2c:c:1

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

domain aligns with the arguments provided by [59] and [52]. [60] conducted a series of LES to

examine the impact of domain size on pollutant dispersion in street canyons with periodic boundary

conditions applied only in the cross-stream direction. The study recommends a SS of 7.5 with a

width of at least 0•33!3, an upstream domain length of 0•67!3, and a downstream domain length

of 1•33!3. These guidelines, however, are based on the 2.5D geometry of cross-stream-aligned

bars and cannot be generalized to LES simulations of open channel �ow over cuboids or more

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

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

channel �ow setup with LES.

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

investigation. In the existing literature, it is commonly observed that researchers prefer smaller

domain sizes when focusing on regions close to the surface, as capturing accurate statistics for the

entire domain is not always necessary [61, 62]. In this study, we introduce the Urban Canopy Layer
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(UCL), Upper Roughness Sublayer (URSL), and Outer Layer (OL) as illustrated in Figure 2.1(c) to

facilitate the examination of �ow statistics on a per-layer basis. Here, URSL is de�ned as a distinct

component of the RSL, separate from the UCL, to avoid overlap when comparing �ow statistics.

Notably, we intentionally omit the inertial sublayer in our error analysis, as the study examines

diverse packing densities and scale separations, where the presence of an inertial sublayer is not

always guaranteed. We discuss this aspect in § 2.3.4. Hence, we incorporate the inertial sublayer,

whenever present, in the OL for the purpose of our investigation.

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

addresses the aforementioned knowledge gap by providing extensive guidelines for researchers

based on the packing density of the underlying con�guration and the region of interest in a given

study. The aim is to equip researchers with the essential data necessary for determining the optimal

size of their numerical domain in LES simulations of UBL �ows, thereby allowing them to predict

any changes to their statistical pro�les that may occur due to limitations in domain size.

The structure of chapter is organized as follows: Section 2.2 outlines the methodology em-

ployed in this study, which includes the details of the simulation algorithm (§2.2.1) and the dimen-

sional analysis and simulation setup (§2.2.2). The �ndings and observations from the simulations

are presented in Section 2.3. Finally, Section 2.4 provides the conclusions drawn from the study.

2.2 Methodology

2.2.1 Simulation algorithm

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

code [63, 64, 65, 66, 55, 67, 68, 69]. The �ltered Navier-Stokes equations are solved in their

rotational form [70] to ensure the conservation of mass and kinetic energy in the inviscid limit,

i.e.,
m ~D8
mG8

= 0 – (2.1)

m ~D8
mC

¸ ~D9¹
m ~D8
mG9

�
m ~D9
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where ~D1, ~D2, and ~D3 are the �ltered velocities along the streamwise G1, cross-stream G2, and

wall-normal G3 directions, respectively and d is the reference density. The deviatoric component

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

dynamic (LASD) Smagorinsky model [65]. Extensive validation of the LASD model has been

carried out in both wall-modeled simulations of unsteady atmospheric boundary layer �ow [71, 72]

and in simulations of �ow over surface-resolved urban-like canopies [55, 68, 69, 73]. Validation

for the setup used in this study is also shown in appendix A. Viscous stresses are neglected in

the current study, and the skin friction is evaluated via an inviscid equilibrium logarithmic law

of the wall for �ow over aerodynamically rough surfaces [69]. Neglecting viscous stresses is

valid under the assumption that SGS stress contributions are predominantly from the pressure

�eld. Here, ~?� = ~? ¸ 1
3dg(�(

88 ¸ 1
2d ~D8~D8 is the modi�ed pressure, which accounts for the trace

of SGS stress and resolved kinetic energy. The �ow is driven by a spatially uniform pressure

gradient. The magnitude of friction velocity Dg is calculated based on imposed pressure gradient

such that ¹�r?•dº+ 5 = D2
g � B, where +5 is the volume of the �uid in the open channel and �B is

the surface area. This allows the friction velocity to be an input parameter for this study. While

different de�nitions of friction velocities are employed in the literature [74], we use the pressure

gradient based de�nition of friction velocity in this study given its widespread usage in the open

channel �ow literature [75, 43, 76, 50, 24]. The wall-parallel directions have periodic boundary

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

as D3 = 0– mD1•mG3 = 0 and mD2•mG3 = 0. The lower surface represents an urban landscape

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

boundary method (IBM) is used [77, 78, 69], where an arti�cial force �8 is employed to bring the

velocity to zero within the cuboids. An algebraic equilibrium wall-layer model, based on the law

of the wall, is applied over a narrow band at the �uid-solid interface, i.e. on the surfaces of the

cuboids, as well as on the solid base wall.

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

spectral collocation method that relies on truncated Fourier expansions [79]. Conversely, in the
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wall-normal direction, a second-order staggered �nite difference scheme is implemented. The

time integration process involves the adoption of a second-order Adams-Bashforth scheme. To

deal with non-linear advection terms, the 3•2 rule is utilized for de-aliasing [80, 81]. Additionally,

to ensure the enforcement of the incompressibility condition (3.1), a fractional-step method [82]

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

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

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

below 0.1, ensuring numerical stability.

A large number of domain sizes are considered to study the impact of YAR, XAR, and SS.

The size of the computational domain is »0– !1¼ � »0– !2¼ � »0– !3¼, with !3•� taking values

f4– 8– 12– 16– 24g. Here � is the height of cuboids, kept constant and equal to 1 across all simu-

lations. !2•! 3 takes values f1•5– 3•0– 4•5– 6•0g while !1•! 3 takes values f3•0– 6•0– 9•0– 18•0– 27•0g.

An aerodynamic roughness length of I0 = 10�6 � is prescribed at the cube surfaces and the lower

surface via the wall-layer model. With the chosen value of I0, the SGS pressure drag is a negli-

gible contributor to the overall momentum balance [83]. The �ow is in fully rough aerodynamic

regime with a roughness Reynolds number '4g � D g�•a = 10 5. The domain is discretized using a

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

in table 2.2 and 2.3, and =1 � = 2 � = 3 = 6 � 6 � 12 for cases shown in table 2.4 and 2.5, where

=8 denotes the number of collocation nodes per cube edge. In the case of lowest packing density

accompanied by pronounced secondary �ows, we have noted that the numerical instability of the

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

unrealistic �ow patterns. Consequently, in our simulations involving packing density of 0.007 and

SS of 4 and 8, we have utilized a grid resolution of =1 � = 2 � = 3 = 4 � 4 � 8, as detailed in table 2.5.

The error attributed to grid compression was notably lower compared to the errors observed in the

statistics, thereby validating the appropriateness of employing grid compression for the analysis of

cases scaled with boundary layer height-based scaling. The chosen grid resolution ensures that the

study is computationally feasible while providing adequate resolution to capture the �ow dynam-
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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 2.1: Variables determining �ow characteristics for open channel �ow simulations of �ow
over cuboids.

ics with large domains. The analysis presented in appendix A and B shows that the chosen grid

resolution yields �ow statistics that are accurate up to second-order moments, based on the scope

of this study.

2.2.2 Dimensional Analysis and Setup of Simulations

This subsection discusses the setup of simulations and scaling arguments for �ow statistics

based on a Buckingham Pi theorem rationale. As mentioned in the introduction, the study aims to

analyze the impact of domain geometry on �ow statistics, with a lens on the YAR (!2•! 3), XAR

(! 1•! 3), and SS (!3•�) parameters. To achieve this objective, a suite of LES of �ow over cuboid

arrays is conducted, programmatically varying input parameters for the problem. Table 2.1 shows

the quantities governing �ow statistics; these quantities encompass two fundamental dimensions,

length ! and time ), so the considered �ow system can be completely characterized by a total of

11 � 2 = 9 Pi groups [84].

Based on the choice of repeating parameters, two different scaling relations can be obtained for

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

Canopy length-based scaling

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

(Dg) are chosen as repeating parameters. While all length scales are normalized by �, special
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considerations are needed for !1 and !2 as the �ow structures in the OL scale with the boundary

layer height. By combining Pi groups, !1 and !2 can be scaled appropriately with !3. Therefore,

for example, the normalized mean streamwise velocity can be written in terms of non-dimensional

groups as:

*•D g = 5
�
! 3

�
–

! 2

! 3
–

! 1

! 3
–

� 2

�
–

� 1

�
–
B2

�
–
B1

�
–
G3

�

�
• (2.3)

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

the set of simulations in table 2.2 are chosen where for a particular packing density, only the non-

dimensional group !2•! 3 is varied across cases. This variation is achieved by varying the cross-

stream length of the domain !2 while keeping the boundary layer height !3 constant. In order

to minimize the impact of SS, the largest available value of !3 across all the packing densities is

chosen. All the simulations have �2•� = � 1•� = 1.

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

table 2.3. The variation in !1•! 3 is achieved by varying !1 while keeping !3 constant. Again, the

largest value of SS (!3•�) across all the packing densities is chosen to minimize the impact of the

blockage effect. While the largest !2•! 3 among the available values is chosen for domains with

! 1•! 3 � 6, ! 2•! 3 = 3•0 is chosen for cases with !1•! 3 = 3, since 3:3:1 is a very common aspect

ratio of the domain found in canopy �ow literature.

To study the impact of SS on �ow statistics, set of simulations in table 2.4 are chosen where for

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

by varying the boundary layer height !3 while keeping the canopy height � constant. It is later

shown that !2•! 3 = 3 and !1•! 3 = 6 are large enough such that they do not arti�cially alter the

�ow statistics. Hence, these values are chosen while varying the SS.
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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 2.2: 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.
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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 2.3: 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 2.4: 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.
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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 2.5: 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).
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Boundary layer height-based scaling

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

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

considerations are needed for �1 and B1. As the displacement distance is determined by the extent

to which �ow can penetrate the canopy layer, the parameter is signi�cantly in�uenced by the height

of the roughness element (�), gaps between two elements in the streamwise direction (B1) and the

portion of the gap occupied by the roughness element (�1). Thus, to preserve the displacement

distance, it's more appropriate to scale B1 and �1 with canopy height �, which can be achieved

from a combination of the new set of Pi groups. Also, the normalized parameter �•!3 can be

inverted to have a consistent SS de�nition throughout the chapter.

Therefore, for example, the normalized streamwise velocity can be written in terms of non-

dimensional groups as:

*•D g = 5
�
! 3

�
–

! 2

! 3
–

! 1

! 3
–

� 2

! 3
–

� 1

�
–

B2

! 3
–
B1

�
–

G3

! 3

�
• (2.4)

One may also choose to normalize �1 with B1 and �2 with B2 to preserve the extent of rough-

ness element in the repeating unit. The Pi groups presented in (2.4) ensure that the pairs (�1– B1)

and (�2– B2) are normalized by the same length scale, � and !3 respectively. This automatically

preserves �1•B1 and �2•B2 across cases, eliminating the need to modify these Pi groups further.

To study the impact of SS on �ow statistics, a new set of simulations is proposed in table 2.5

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

ing the boundary layer height !3 while keeping the canopy height � constant. For the cases with

! 3•� = 16, surface geometry contains regularly arranged cubes. However, in order to preserve

� 2•! 3 across different SSs, the cross-stream extent of the cuboids �2 must be adjusted, which re-

sults in distortion of the cube geometry. Therefore, as we decrease the domain height, the cuboids

become slender in the cross-stream direction, while the streamwise extent of the cuboid remains

the same, as it scales with the canopy height �. The motivation for implementing this scaling tech-
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nique arises from the inadequacies of traditional canopy length-based scaling for canopy �ows,

which fails to isolate the effects of SS accurately. This alternative approach provides more pre-

cise isolation of SS impacts across all packing densities, as explained in § 2.3.3 and shown in

�gure 2.11.

2.3 Results and observations

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

Statistics are discussed on a per-layer basis for the three layers depicted in �gure 2.1(c). To estimate

the height of the RSL (G3A), we utilize a formula proposed by [54], i.e.,

G3A =
B2

2
¸ 3 – (2.5)

where 3 is the aerodynamic displacement height of the given surface. Values for 3 are chosen

from the values reported for square con�gurations in [85]. This estimate is useful in predicting the

extent of the RSL a priori; however, it tends to overestimate the height of RSL for densely packed

con�gurations. For the purpose of our study, such shifts in the prediction of the extent of RSL

have no signi�cant impact on the error magnitudes, thus justifying the use of (2.5). Additionally,

an analysis of the existence of an inertial sublayer is also presented in this section for cases with

varying scale separations and packing densities.

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

averaging in the horizontal directions is denoted by h�i. The averaging operation in the UCL is

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

includes the solid canopy elements [51]. A �uctuation from space and time-averaged quantity

is denoted by the symbol ¹�º0. It is important to note that all the second-order statistics under

discussion are computed using the resolved portion of the �ow �eld. The present study does not

include a detailed examination of SGS stresses. This decision is based on their limited contribution,

comprising less than 2% of the total Reynolds stress [74]. Moreover, given that SGS stresses arise
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Figure 2.2: Mean streamwise velocity pro�les for different packing densities, (a) 0•25, (b) 0•062,
(c) 0•028, (d) 0•007. The vertical pro�les for each packing density correspond to different cross-
stream aspect ratio cases mentioned in table 2.2.

from small-scale motions, it is anticipated that the in�uence of domain boundary conditions on

these stresses will be of negligible signi�cance.

2.3.1 Impact of cross-stream aspect ratio

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

as on the structure of turbulence through two-point correlation maps. To investigate the in�uence

of YAR, simulations were conducted using three YAR values: 1.5, 3.0, and 4.5. These simulations

were performed for four different packing densities, as outlined in table 2.2. Additionally, for

packing densities of 0.062 and 0.028, simulations were carried out with a YAR value of 6.0. The

discrepancy between the pro�les obtained with YAR 4.5 and YAR 6.0, concerning the �rst and

second-order statistics considered in this subsection, does not exceed 1% across all layers. This

satisfactory agreement between the results obtained using YAR 4.5 and YAR 6.0 suggests that the

data derived from YAR 4.5 can con�dently serve as the ground truth for the subsequent analysis

presented in this subsection. Consequently, the following analysis exclusively focuses on the cases

corresponding to YAR values of 1.5, 3.0, and 4.5.

Figure 2.2 shows pro�les of mean streamwise velocity for different YAR values and packing

densities. Differences in the pro�les can be solely attributed to the arti�cial effects of the cross-
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Figure 2.3: Resolved mean streamwise variance pro�les for different packing densities, (a) 0•25,
(b) 0•062, (c) 0•028, (d) 0•007. The vertical pro�les for each packing density correspond to differ-
ent cross-stream aspect ratio cases mentioned in table 2.2.

stream width of the domain. Table 2.6 shows the error norms in different parts of the boundary

layer, which are also visualized in �gure 2.4. The results indicate that the velocity pro�le of the

narrow domain (i.e. YAR 1.5) can estimate this quantity within 2% error when compared to the

velocity pro�le of the largest domain across all the layers and all the packing densities. Marginal

improvements are seen in the error magnitudes when YAR is increased to 3.0.

Figure 2.3 shows pro�les of resolved mean streamwise variance for the same cases considered

in �gure 2.2 and errors in the different parts of the boundary layer are shown in table 2.6. It is

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

within 10% of the largest domain, except for the case with packing density of 0.028, where the

narrow domain results in a noticeable deviation in URSL, leading to an error of 17%. In the

OL, the error in this quantity exceeds 14% for all cases except for the densely packed case, for

which the error remains within 6%. This observed error can be attributed to the tendency of the

narrow domain to underestimate the value of variance. In contrast, the domain with YAR 3.0 can

predict this quantity with an error magnitude that is approximately 7% or lower when compared

to the pro�les of the largest domain across all the layers and all the packing densities, indicating a

reduced in�uence of arti�cial periodization in the cross-stream direction. This also indicates that

the periodic boundary condition in the cross-stream direction has a lesser impact on the �rst-order
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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 2.6: Relative error (;2 norm) of mean streamwise velocity, resolved mean streamwise vari-
ance and resolved transverse integral length scale in urban canopy layer (UCL), upper roughness
sublayer (URSL) and outer layer (OL) for simulations with different cross-stream aspect ratios
(YAR). Results from the largest domain (YAR 4.5) are considered as ground truths.

Figure 2.4: Visualization of error values in table 2.6 for different packing densities, (a) 0•25, (b)
0•062, (c) 0•028, (d) 0•007. Error values for different layers are represented by distinct symbols:
Square - Urban canopy layer (UCL), triangle - Upper roughness sublayer (URSL), circle - Outer
layer (OL).
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statistics compared to the second-order statistics. In order to investigate the underlying cause of

the observed statistical shifts in the narrow domain, we now use two-point correlation to assess the

impact of restricting cross-stream width of the domain on the topology of turbulence.

Figure 2.5 shows two-point correlation ('11) contours and instantaneous �ow �eld �uctuations

for different YAR at G3•! 3 = 0•6. For brevity, only the cases with packing density of 0.028 are

shown here. This packing density is chosen to qualitatively assess the reason behind the narrow

domain noticeably underpredicting the resolved mean streamwise variance, as seen in �gure 2.3(c).

The color bar is not shown here as the values are not used for inference; however, it is kept constant

for all the �ow �eld visualizations to get an appropriate sense of fast (red) and slow (blue) turbulent

streaks. The two-point correlation between any two quantities is de�ned as

' UV¹�G1– �G2– G3º =
D0

U¹G1– G2– G3ºD0
V¹G1 ¸ �G 1– G2 ¸ �G 2– G3º

f DUf DV

(2.6)

where fDU is the standard deviation of the resolved �uctuating �eld D0
U. It is important to note that

the presence of repeated indices in this context does not denote summation. From �gure 2.5(a, c, e),

we see that the streamwise extent of correlation for the narrow domain is much smaller compared

to cases with YAR 3.0 and 4.5. This observation is strongly supported by the resolved streamwise

instantaneous �ow �eld �uctuations shown in �gure 2.5(b, d, f). For the cases with YAR 3.0 and

4.5, we observe long streamwise turbulent structures of the order of the corresponding domain

extent, justifying a more signi�cant streamwise correlation. However, as shown in �gure 2.5(b),

no such structures are observed for the case with YAR 1.5. This shows that the narrow cross-stream

width of the domain can signi�cantly alter the growth of turbulent �ow structures in the streamwise

direction.

As these coherent structures scale with the separation distance from the wall and as �gure 2.5

only illustrates the case where G3•! 3 = 0•6, a more detailed analysis is needed to comment on

the suitability of the domain with YAR 1.5 to accommodate a pair of these structures at different

vertical positions and across all packing densities [86, 87, 44]. To address this matter, we analyze

the typical width of such structures and investigate the ability of the domain with YAR 1.5 to
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