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Abstract 

Most of the terrestrial living world, humanity included, spends nearly all of its time in the atmospheric 

boundary layer (the ABL). This thesis addresses some of the limitations in our knowledge of turbulent 

exchange in the ABL. It is relevant to anyone wishing to understand the details of the weather, climate, 

and air quality around cities, forests, and crops. The work pays particular attention to the transport of 

scalar quantities—e.g., pollutants, CO2, or bioaerosols—in patchy, inhomogeneous landscapes, 

especially those comprising canopies of large obstacles, such as forests and cities. This thesis comprises 

three main research sections. The work is presented in order of ‘increasing realism’, with the studies 

becoming less idealised and more realistic and one moves through the thesis. 

 

The first section investigates pollution in an idealised model of a patchy urban area. It uses conceptual 

arguments and large-eddy simulation to identify and diagnose two urban flow regimes based on the size 

of patches of different density. This work: (i) identifies possible locations of pollution hot spots; (ii) 

quantifies what is loosely referred to as the ‘urban background’ in an air-pollution context; and (iii) 

provides a conceptual basis for further research into neighbourhood-scale air-pollution problems and 

the transport of fluid constituents in other porous media. 

 

The second section reviews, synthesises, and discusses current understanding of forest-atmosphere 

exchange around patchy real-world forests. The overarching goal of this broad chapter is to improve 

numerical models of forest-atmosphere exchange by making the model forests less idealised, and more 

like the real world. For example, the transport equations can be modified efficiently to account for patchy 

forests and moving plant elements. The chapter provides rules-of-thumb for forest areas in which edge 

effects dominate, a minimum size constituting a gap from an aerodynamic perspective, and 

recommendations for using computing resources effectively when faced with the dilemma of improving 

a model’s scale versus its resolution. 

 

The third section investigates air-parcel residence times in a mature forest, calculated from observations 

at a free-air carbon dioxide enrichment facility. It shows that median daytime residence times in the tree 

crowns are twice as long when the trees are in leaf versus when they are not. Residence times increase 

with greater atmospheric stability, as does the variability around their central values. Robust 

parametrisations of air-parcel residence times can be obtained using gamma-like distributions, with the 

parameters estimated from widely measured flow variables. Large volumes of pooled air are sometimes 

sporadically and unpredictably vented during calm evenings. Under certain circumstances, simple 

models can be used to model the passage of passive scalar quantities on the mean flow.  
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Chapter 1 – Preface and Thesis Overview 

1.1 Introduction and motivation 

The portion of the atmosphere most affected by the Earth’s surface is known as the atmospheric boundary 

layer (ABL). The ABL never makes up more than a couple of percent of the total depth of the atmosphere, 

and often much less, although it can comprise up to a fifth of the atmosphere’s mass. Despite its modest 5 

depth—tens of metres to a kilometre or two within a total depth of about 100 km of atmosphere—the ABL 

is very important to us indeed. It is where terrestrial plants and animals spend most of their lives. It is where 

we human beings build our cities, plant our crops, experience the weather, and go about our business. The 

ABL is home.  

 10 

The systematic scientific investigation of the ABL has a short but active history. Inquiry began in earnest 

in the late 1950s and, until around the 1980s, was mostly devoted to the simplest situation, the ABL over 

flat, open terrain. Over the past few decades, the development of powerful computers, fast-response sensors, 

and robust theoretical frameworks have allowed researchers and practitioners to address increasingly 

difficult problems. However, many problems remain. The root of most difficulties in ABL research is that 15 

the air in the ABL is nearly always turbulent, containing superimposed three-dimensional swirls, known as 

eddies, whose diameters range from around a millimetre to around a kilometre (Kaimal and Finnigan 1994). 

As Chapter 2 discusses further, these turbulent eddies cause chaotic and seemingly random variations in 

the atmospheric properties, right down to very small time and space scales (Stull 1988). ABL turbulence is 

seldom easy to approximate robustly (Stull 1988; Finnigan 2008). Numerically simulating turbulent flow, 20 

even approximately, is extremely computationally expensive (Bou-Zeid 2014). The situation is particularly 

complex around assemblies of large obstacles, such as in urban areas and forests, and in uneven terrain 

(Belcher et al. 2012). Chapter 2 introduces common numerical methods for approximating or resolving 

turbulent flow. Large-eddy simulation (LES) is discussed in particular detail, because it is used in Chapters 

4 and 5 of this thesis. The essence of LES is that the large-scale motions of turbulent flow (i.e., the large 25 

eddies) are resolved directly from the governing equations and the small-scale motions (i.e., the small 

eddies) are modelled. Despite the seemingly intractable problem of atmospheric turbulence, applications 

across an array of disciplines means that ABL research remains vigorous. For a sense of the known 

unknowns, it is useful to distinguish between two broad areas of application.  

 30 

The first is within the engineering and micrometeorological communities (including air-pollution studies). 

Micrometeorologists and engineers are interested in the atmospheric characteristics in particular locations 

for applications including wind power, building and infrastructure design, vegetation-atmosphere gas 

exchange, storm damage, and pollution assessments. The various sub-disciplines use different techniques 

and have different scales of focus—e.g., micrometeorologists typically seek cases that can be considered 35 
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‘typical’ or ‘general’, whereas extreme events are of particular interest in engineering and insurance 

applications. However, the fundamental question is the same: what are the properties of the small-scale 

turbulent flow at the Earth’s surface, at scales of meters to around a kilometre, and how is it affected by the 

large-scale synoptic conditions?  

 40 

The second area of application of ABL research is in numerical weather prediction (NWP) and general 

circulation models (GCMs) (I include regional and global climate prediction and Earth-system models 

under the broad umbrella of GCMs). The current horizontal spatial resolution of NWP models is at best 

𝒪(1 km) and each time step at least 𝒪(10–100 s) (Boutle et al. 2016). GCMs are coarser still. Therefore, 

even if all the information required for micrometeorological or engineering applications were available, it 45 

could not usefully be applied in NWP. For NWP and GCM applications, the precise details of the surface 

features and the flow over it are of less interest than the net effect of those features on the resolved variables 

at scales of 𝒪(1–1000 km). In particular, ABL turbulence is significant only to the extent that it affects the 

average flow and the average fluxes of matter, momentum, and energy to and from the surface. 

 50 

While the two areas of application overlap, for some time the two communities largely worked on different 

problems and moved in separate professional circles. Over the last decade or so, however, the interests of 

the two areas have begun to converge. The strongest motivations for this convergence are the searches for 

(i) connections between time and space scales in ABL phenomena and (ii) numerically efficient ways to 

make models more realistic, such as including a wider variety of ABL phenomena.  55 

 

For example, micrometeorologists and engineers working at smaller scales wish to reflect that their work 

does not sit in some isolated portion of space but is actually immersed in the messy and chaotic reality of 

the atmosphere. Including more of this reality may alleviate issues encountered when working at smaller 

scales, for example, that real-world micrometeorological observations often do not square with the theory—60 

for example, real-world flows are rarely statistically horizontal and homogeneous (Belcher et al. 2012; Bou-

Zeid et al. 2020; Brunet 2020)—or that engineers’ assessments of the wind environment around buildings 

do not always reflect the winds that occur after construction (Vita et al. 2020).  

 

Similarly, while NWP models and GCMs include approximations of land-surface processes (Sellers et al. 65 

1986; Bonan et al. 2018), the degree of simplification that is sufficient to capture the dominant behaviour 

under all conditions is unclear. In most operational NWP and GCMs, urban areas, forests, and crops are 

represented through canopy-exchange schemes. These schemes reduce the landscape to tiles consisting of 

layers, often a single layer, with predetermined properties regarding the exchange of quantities such as 

radiation, water vapour, and heat with the atmosphere (Bonan et al. 2018, 2021; Garuma 2018). (Earth 70 

system models allow dynamic evolution of surface properties but still within a small number of possible 

surface types (e.g., Hourdin et al., 2017; Shi et al., 2019).) For computational workability, many of these 

canopy-exchange schemes rely on assumptions that are known to be false, e.g., that urban areas and forests 

are spatially homogeneous or that the turbulence within them displays Gaussian statistics. NWP models 
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and GCMs are therefore not suitable for applications where detailed vertical distributions of momentum, 75 

heat and moisture are needed—e.g., for air-quality or plant-response studies—because concentrations and 

fluxes are calculated at insufficient space and time resolutions. 

1.2 Aims and objectives 

This thesis aims to addresses some of these known simplifications and limitations by investigating specific 

aspects of turbulent exchange in the ABL. I pay particular attention to the transport of scalar quantities—80 

e.g., pollutants, CO2, or bioaerosols—in distinction to vector quantities such as wind or fields such as 

pressure. I focus on patchy, inhomogeneous landscapes, particularly those comprising canopies of large 

obstacles, such as forests and urban areas. This investigation is mainly limited to exchange over ground 

that is approximately flat (i.e., topographical effects are not discussed in detail). This thesis focuses 

particularly on timescales of seconds to around an hour, and over length scales of metres to around a 85 

kilometre. I refer to these scales as the ‘neighbourhood scale’ in the context of urban areas, and the 

‘ecosystem scale’ in the context of forests and other vegetated landscapes. 

 

The primary objectives of this study are to: 

1. Formulate and assess a model of flow over a spatially inhomogeneous urban area at the 90 

neighbourhood scale. This model should be able to reproduce important flow statistics, while being 

simple enough to be deployed with large-eddy simulation (LES) turbulence closure (Chapter 4). 

2. Use the urban model with LES to investigate the transport of pollutants in a spatially 

inhomogeneous urban area (Chapter 4). 

3. Review and synthesise current understanding of turbulent exchange around forests, with a 95 

particular focus on patchiness, real forest properties, and scalar quantities (Chapter 5). 

4. Identify ways in which numerical models of forest-atmosphere exchange, especially LES models, 

can be made more realistic without compromising their ability to resolve turbulence (Chapter 5). 

5. Use the observations from a free-air carbon dioxide enrichment (FACE) facility to investigate air-

parcel residence times in a real forest, open to the atmosphere (Chapter 6).  100 

1.3 Thesis overview 

This thesis is organised as follows: 

Chapter 2 presents an overview of the important areas of meteorology and atmospheric physics relevant 

to this work. 
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Chapter 3 is a short chapter that provides additional information the experimental equipment and methods 105 

used in this work. Chapter 3 introduces the Birmingham Institute of Forest Research FACE facility (BIFoR 

FACE), which provides the bulk of the observational data used in this thesis. 

Chapter 4 uses LES to investigate the transport of pollutants in an urban area, where the buildings and 

other obstacles are represented as patches of porous media. 

Chapter 5 reviews and synthesises current understanding of forest-atmosphere exchange at the ecosystem 110 

scale. The chapter then sets out practical ways to make numerical models of forest-atmosphere exchange 

more realistic. 

Chapter 6 presents an investigation of air-parcel residence times using observations from BIFoR FACE. 

Chapter 7 summarises the findings of this work and discusses the implications of those findings. This 

chapter includes novel experiments at BIFoR FACE, which extend existing theory concerning the transport 115 

of scalar quantities through a forest. 

During my PhD, I contributed to projects not wholly contained in this thesis, including Hart et al. (2020) 

(DOI: https://doi.org/10.1111/gcb.14786) and Baird et al. (2022) (DOI: https://doi.org/10.5194/bg-2021-

162). The first pages of these publications are included in Appendix A, and the full open-access documents 

are available via the DOI links. 120 

1.4 Main novel contributions 

The main novel elements of this work can be summarised as follows: 

• Conceptual arguments and large-eddy simulation are used to identify and diagnose two urban flow 

regimes based on the size of patches of different density. These arguments provide: 

o possible locations of pollution hot spots in patchy cities 125 

o quantification of what is loosely referred to as the ‘urban background’ in the air-pollution 

literature 

o a conceptual basis for further research into neighbourhood-scale air-pollution problems and 

fluid flow in other porous media. 

• A thorough review and discussion of the current understanding of forest-atmosphere exchange, 130 

particularly in patchy and inhomogeneous landscapes. This work sets out practical ways to improve 

numerical models of forest-atmosphere exchange, including: 

o synthesising recent work, such as efforts to modify efficiently the transport equations to 

account for patchy forests and moving plant elements 

o assessing whether a given inhomogeneity ought to be modelled, or can be assumed to be 135 

smoothed by averaging 
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o providing rules-of-thumb for forest areas in which edge effects dominate, and a minimum 

size constituting a gap from an aerodynamic perspective 

o suggestions on computing resources effectively when faced with the dilemma of improving 

a model’s scale versus its resolution. 140 

• Air-parcel residence times are calculated from observations at BIFoR FACE. These are among the 

very few reported observational estimates of air-parcel residence times in forests. This is the first 

study to (a) use FACE observations to investigate forest residence times and (b) to include detailed 

observational statistics of air-parcel residence times. The study shows: 

o median daytime residence times in the tree crowns are twice as long when the trees are in 145 

leaf versus when they are not 

o residence times increase with greater atmospheric stability, as does the variability around 

their central values 

o large volumes of pooled air are sometimes sporadically and unpredictably vented during 

calm evenings (evidence of forest venting, under different conditions (i.e., noctural 150 

sustained venting), has previously been reported e.g., Cook et al. (2004)) 

o robust parametrisations of air-parcel residence times can be obtained using gamma-like 

distributions, with the parameters estimated from widely measured flow variables. 

• Evidence that, under certain circumstances, simple models can be used to model the passage of 

passive scalar quantities in forests. To my knowledge, this is the first time these models have been 155 

compared with observations in a real forest.  

1.5 The presentation of this thesis 

1.5.1 Presentation of the research chapters 

This thesis uses the ‘Alternative Format’ pursuant to 7.4.1(g)–(i) Regulations of The University of 

Birmingham 2021–2022 (the ‘Regulations’). Chapters 4–6 consist of published or submitted material.  160 

 

This thesis adopts the Springer Basic Style for references—used in the journal Boundary-Layer 

Meteorology, for example. The Springer Basic Style is based on the Harvard style and the recommendations 

of the Council of Biology Editors. 

 165 

Chapters 4–6 are written as journal-style manuscripts. I am the lead author on each, with contributions, 

guidance or supervision from my co-authors. The work contained in these chapters and elsewhere in this 

thesis is substantially my own. At the beginning of each of Chapters 4–6, I set out the details of the 

publication/submission, and present the specific contributions of my co-authors, in accordance with the 

Regulations. 170 
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Because I wrote Chapters 4–6 as self-standing manuscripts, there is a small amount of repeated information, 

particularly between Chapters 2, 4, and 5, which discuss the method of double-averaging the flow equations 

in surface-layer canopies. The inclusion of these details is necessary for each chapter to properly describe 

the experimental design and the topics being discussed. 175 

 

Chapter 7 also contains novel material that has not been published or submitted for publication outside of 

this thesis. 

 

1.5.2 Stylistic considerations 180 

This thesis uses British English spelling, e.g., ‘centre’ rather than ‘center’, and adopts ‘-ise/-isation’ endings 

rather than ‘-ize/ization’. 

 

Because Chapters 4–6 have been submitted in full or in part as peer-reviewed papers with multiple authors, 

they are written using the first-person-plural or third-person-singular pronouns, which are retained in this 185 

thesis. The remainder of this thesis uses the first person singular ‘I’ to avoid tedious constructions such as 

‘it is this author’s opinion that…’ and over-use of the passive voice. 

 

I have tried to avoid any unnecessarily gendered or otherwise exclusionary language in this thesis. Where 

a characteristic-specific term or connotation remains, please understand it to include people from all 190 

backgrounds and experiences. 

1.5.3 Notation 

This thesis adopts right-handed Cartesian tensor notation. Most discussions of the transport equations use 

the Einstein summation convention, with indices (𝑖, 𝑗, 𝑘) taking values (1, 2, 3) respectively. For example, 

𝑢𝑖 is the velocity in the 𝑥𝑖 direction, with i = 1, 2, 3 representing the streamwise (𝑥), spanwise (𝑦) and 195 

vertical (𝑧) directions. This thesis denotes 𝒙 = (𝑥, 𝑦, 𝑧), (𝑢1, 𝑢2, 𝑢3) = (𝑢, 𝑣, 𝑤), and time as 𝑡. 
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Chapter 2 – Theory and Background 

Abstract. This chapter presents an overview of the important areas of meteorology and atmospheric physics 200 

relevant to this thesis, which focuses on turbulent exchange in and around canopies in the atmospheric 

boundary layer (ABL). Section 2.1 introduces some basic properties of the atmosphere and the ABL. 

Section 2.2 discusses turbulence in the ABL. Section 2.3 introduces the equations governing flow in the 

ABL. Section 2.4 highlights differences between flow in canopies and that elsewhere in the ABL, and 

introduces the porous media model for canopy flow. Section 2.5 introduces helpful conceptual models in 205 

the ABL, most notably the mixing-layer analogy for canopy flow. This chapter outlines the principles of 

common numerical turbulence-closure scheme which are discussed in more detail in Chapters 4–7. 

2.1 The atmosphere and the atmospheric boundary layer (ABL) 

2.1.1 Basic properties of the atmosphere 

The Earth’s atmosphere, i.e., the air, is the gaseous envelope that surrounds the planet. In dry air, nitrogen 210 

accounts for around 78% of the molecules by volume, oxygen around 21%, with the remaining fraction 

composed of a mixture of trace gases, most notably argon (around 0.9%), and carbon dioxide (0.04%). Near 

the Earth’s surface, water vapour usually accounts for 0–5% of the molecules by volume, although this 

proportion varies more in space and time than the proportions occupied by the other major constituents. 

The portion of the atmosphere relevant to meteorology is commonly divided into four layers on the basis 215 

of the layers’ typical vertical profiles of temperature. The layers are, in order from the Earth’s surface, the 

troposphere (0–12 km above the surface), stratosphere (12–50 km), mesosphere (50–80 km), and 

thermosphere (80–700 km), with their upper limits denoted by the suffix -pause (Figure 2.1).  
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Figure 2.1: Schematic of the lower layers of the atmosphere, from Wallace and Hobbs (2006). The vertical 220 
temperature profile (solid black line) is typical of a midlatitude location. 

Beyond the thermosphere is the exosphere (700–10,000 km), which is the final layer of the atmosphere 

before it transitions to outer space. Within the exosphere, the molecules are gravitationally bound to the 

Earth, but at such low densities that collisions are rare.  

 225 

Within the troposphere, stratosphere, and mesosphere, the air pressure 𝑝 decreases approximately 

exponentially with height such that: 

𝑝(𝑧) ≈ 𝑝0𝑒
−𝑧/𝐻𝑠 , (2.1) 

where 𝑝0 is the pressure at some reference level (usually sea level, 𝑧 = 0) and 𝐻𝑠 is the scale height (the e-

folding depth), which ranges from around 7–8km. The air density 𝜌 decreases with height in the same 230 

manner (Wallace and Hobbs 2006).  

 

This thesis considers only the troposphere, particularly the portion closest to the Earth’s surface, which is 

the ABL. The troposphere contains around 80% of the mass of the atmosphere, nearly all of its water, and 

consequently nearly all of its weather. On average, the air temperature, 𝑇, decreases with height in the 235 

troposphere such that 𝜕𝑇/𝜕𝑧 ≈ −6.5 °C km-1.  

2.1.2 Conceptual scales in the troposphere 

Meteorological phenomena in the troposphere are often classified by their characteristic time and horizontal 

space scales, which are usually much larger than the vertical scales, until one considers phenomena of a 

few kilometres or less. Figure 2.2 shows a representative categorisation by horizontal scale, with examples 240 

of the phenomena than can occur at each scale. This thesis focuses on processes occurring over the 
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meteorological microscale and 𝛾–mesoscales. The meteorology of these scales is virtually synonymous 

with the meteorology of the atmospheric boundary layer (ABL). 

 

Figure 2.2: Typical time and space orders of magnitude for meteorological phenomena. Dashed red region 245 
indicates the approximate scales of ecosystem/neighbourhood-scale phenomena. Figure after Orlanski (1975), 

adapted by Xiaoming Cai and the author through the addition of the dashed line and re-naming/ordering 

several of the meteorological phenomena. 

When investigating canopies of obstacles—such as forests, urban areas, and crops—it can be helpful to 

consider spatial scales based on interaction of the obstacles and the flow of air (Figure 2.3). Numerical 250 

conceptual frames, such as the Reynolds number, are introduced below, and canopy flow is also discussed 

in more detail. The spatial scales in Figure 2.3 are conceptual rather than rigidly defined. However, they 

provide a helpful basis for interpreting observations in terms of the relevant physical (and sometimes 

chemical) processes. As mentioned in Chapter 1, this thesis focuses on the ecosystem/neighbourhood scale. 

This scale is interesting for a few reasons. First, it is a scale over which one can anticipate some degree of 255 

statistical homogeneity. The trees, buildings, and other obstacles can be clustered collectively into units, 

with their own distinct geometries and morphologies, with the units together comprising the larger 

landscape or city. Second, it is a scale at which one can often attempt a gross parametrisation of the flow 

based on coherent structures rather than wakes around individual obstacles (see below). Third, the 
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ecosystem/neighbourhood scale approximately corresponds to the horizontal resolution of operational 260 

meteorological models. This suggests that parametrisations at this scale may be used to couple (one way) 

operational models and finer scale processes.  

 

Figure 2.3: Schematic spatial scales of for the interaction of the flow of air with canopies of obstacles in the 

ABL. The names at the top of the figure refer to vegetated and (urban) landscapes. The urban naming protocol 265 
is adapted from Britter and Hanna (2003) and Oke (1978). Presentation of figure adapted from Zhong (2015). 

2.1.3 Basic properties of the ABL 

The ABL accounts for the lowest 10% or so of the troposphere. The portion of the troposphere above the 

ABL is often referred to loosely as the ‘free atmosphere’ (Figure 2.4).  

 270 

Figure 2.4: Schematic of the troposphere from Stull (1988), the lowest sublayer of which is the atmospheric 

boundary layer (ABL). The 𝓞 on the left-hand side denotes ‘in the order of’. The scales are compressed to aid 

presentation. 

In the early 20th century, Ludwig Prandtl and co-workers set out the modern foundations for the dynamics 

of flow across surfaces and around obstacles (Prandtl and Tietjens 1957). Some of the most enduring 275 

insights of this work concern the layers of fluid next to surfaces. Prandtl and co-workers showed that, as a 

viscous fluid flows over a surface, the fluid elements closest to the solid boundary stick to it and therefore 

have no velocity, a phenomenon known as the ‘no-slip condition’. Flow continuity requirements prevent 
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sudden jumps in velocity. The no-slip condition therefore requires there to be a fluid region close to the 

surface within which the flow velocity increases from zero to the freestream velocity. This region is the 280 

boundary layer. As a first approximation, any flow over a surface can be split into two regions: the boundary 

layer, where the effects of the fluid’s molecular viscosity cannot be ignored, and a region outside the 

boundary layer where the molecular viscosity is negligible. 

 

The ABL is this concept applied to the air flowing over the surface of the Earth. For example, eddy viscosity 285 

is to the ABL as molecular viscosity is to Prandtl's boundary layer. The surface of the Earth is the lower 

boundary of the ABL. The ABL has no fixed upper boundary, and its depth varies in space and time from 

a few kilometres during sunny days near the equator, to a few tens of metres on a clear night with weak 

winds. The ABL is an application of what is known in English law as the ‘elephant test’1, which describes 

phenomena that can be recognised easily from their basic features, but which are difficult to define 290 

rigorously. The ABL is the part of the troposphere that is directly influenced by the Earth’s surface, and 

which responds to those forcings on timescales of around an hour or less (Stull 1988). The relevant surface 

forcings include friction, heat transfer, pollutant and volatile organic compound (VOC) emission, 

evapotranspiration, precipitation, and the dynamic effects of hilly terrain.  

 295 

For most applications, the air in the free atmosphere can be treated as a collection of small parcels, which 

behave for a while as closed systems in the thermodynamic sense. Atmospheric motion in the free 

atmosphere is well approximated by resolving the forces acting on the parcels. In the ABL, however, the 

surface forcings generate turbulence that allow mass, momentum, and energy to be exchanged between air 

parcels, and between the Earth’s surface and the air. In the free atmosphere, kinetic energy is concentrated 300 

at periods of a day or more, a consequence of seasonal changes or large-scale disturbances. In the ABL, the 

kinetic energy spectrum displays an additional peak at small scales, over periods in the order of minutes or 

less (Figure 2.5). This additional peak is evidence of turbulence, which section 2.2 discusses further. 

 
1 See, for example, Stuart-Smith, LJ in Cadogan Estates Ltd v Morris [1998] EWCA Civ 1671 
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Figure 2.5: Schematic spectrum of the wind speed in the ABL (see section 2.1.3 for the basic properties of the 305 
ABL, and 2.2.5 for an introduction to atmospheric spectral analysis). Figure from Stull (1988), adapted from 

Van de Hoven (1957). This figure is on conceptual axes, but is derived from measurements in the inertial 

sublayer (ISL) (section 2.1.4). 

2.1.4 Sublayers of the ABL 

Observations and theory suggest the ABL can be separated into sublayers according to the dominant 310 

exchange characteristics of each sublayer (Figure 2.6). The ABL is sometimes divided into an outer region 

and an inner region. In the outer region, the flow is assumed to be independent of the surface obstacles and 

friction forces are neglected, for most applications. However, the outer region is complicated by the vertical 

thermal stability. During the day, the outer region consists of a convective mixed layer and, at night, a 

nocturnal boundary layer. There are transitions between the two forms each morning and evening.  315 

 

The mixed layer, which is characterised by strong convection, develops during the daytime. The ABL 

height, 𝑧𝑖, marks the top of the mixed layer (Figure 2.6). The value of 𝑧𝑖 generally increases throughout the 

day as the ABL entrains air from the overlying free atmosphere. The fluxes of momentum and scalar 

quantities generally decrease with height within the mixed layer. As its name implies, the nocturnal 320 

boundary layer forms at night. It is characterised by statically stable air which forms over the course of the 

night above the radiatively cooling surface. Turbulence is generally weak and intermittent when wind 

speeds are low. In some circumstances, short, intense bursts of turbulent mixing may occur in the nocturnal 

boundary layer as a result of microfronts near the ground, or jets of high velocity air aloft (Mahrt 2014, 

2019). 325 
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Figure 2.6: Conceptual sublayers above large obstacles in the daytime ABL on (a) logarithmic and (b) linear 

scales. 𝒛𝒊 denotes the depth of the ABL, 𝒉𝒄 the mean height of the obstacles/canopy elements, and 𝒛∗ denotes 

the blending height. (a) slightly modified from Rotach (1999) and (b) slightly modified from Roth (2000). The 

ISL and RSL together make up the atmospheric surface layer (ASL). Figure 5.1 presents a figure similar to (b) 330 
to show the daytime ABL above a forest. 

In boundary-layer meteorology, the atmospheric surface layer (ASL) is analogous to the inner layer in wall 

boundary layers, where the effects of friction cannot be ignored. The Coriolis force is negligible in the ASL 

in comparison to the effects of friction and buoyancy. Above rough surfaces, such as forests and urban 

areas, the ASL can be further divided into the inertial sublayer (ISL) and the roughness sublayer (RSL) 335 

(Raupach et al. 1991). In the ISL, the turbulent fluxes of momentum and scalar quantities are approximately 

constant with height. The principal scaling length in the ISL is the height above the ground. The RSL 

extends from the ground up to around 1.5–5 times the mean height of the obstacles ℎ𝑐, known as the 

blending height, 𝑧∗ (Figure 2.6). The lowest part of the RSL, from the ground to 𝑧 = ℎ𝑐, is the canopy layer. 

In the canopy layer, the presence of the obstacles means that the flow dynamics are very different to those 340 

of the ISL (see 2.5.3 below). The value of ℎ𝑐 varies from tens of centimetres for crops, to a few metres in 

suburban neighbourhoods or young forests, up to tens or even a hundred metres for old-growth forests and 

business districts of cities. In general, the canopy layer and the RSL influence the surrounding flow more 

for larger values of ℎ𝑐.  

2.1.5 Scalar quantities in the ABL 345 

Many applied problems in the ABL concern the properties of vectors, particularly the wind velocity. The 

most familiar example is that of operational weather forecasts, which usually try to predict average surface 

wind velocities at points in space and time. For many other applications, however, information on scalars 

is needed. In atmospheric applications, scalars refer to all the quantities in the air that can be described with 

a single number or physical quantity, i.e., they have a magnitude but not a direction, and can be advected 350 

on the flow. Ecologically important gaseous scalars in vegetated landscapes include water vapour, biogenic 

VOCs (BVOCs), carbon dioxide, signalling compounds, and oxidising agents such as hydroxyl (OH) and 
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ozone (O3) (Larcher 1995; Monteith and Unsworth 2008). In urban areas, important scalar quantities include 

the air temperature and the concentration of pollutants. Air pollutants can be broadly classified as primary 

or secondary pollutants. Primary air pollutants are released directly into the atmosphere from emission 355 

sources which, in urban areas, usually means fuel combustion in vehicles and industry (Mayer 1999). 

Common gaseous primary pollutants include nitrogen oxides (NOx), carbon monoxide, and VOCs. 

Secondary air pollutants are produced in the atmosphere when primary air pollutants undergo chemical 

reactions, such as photolysis or thermal decomposition (Jacobson 2005). Although chemical reaction times 

are often longer than the timescales of interest in this thesis—except for the oxidation of the most reactive 360 

biogenic VOCs (Chapter 6)—chemical transformations can be non-negligible when coherent flow 

structures increase the residence times of air near pollution sources (Dai et al. 2021). 

 

Many ABL investigations, particularly in canopies, also concern the formation, transport, reaction, and 

destruction/deposition of particulate matter. In urban areas, these studies are usually motivated by questions 365 

of air quality. Particulate matter in urban areas is usually categorised by size into ‘fine particles’, particulate 

matter with an aerodynamic diameter less than 2.5 μm (PM2 5), and ‘inhalable coarse particles’, with 

aerodynamic diameters between 2.5 and 10 μm (PM10). Further categories include ‘large coarse’ particles, 

with aerodynamic diameters greater than 10 μm, and ultra-fine particles (UFPs), with aerodynamic 

diameters less than 0.1 μm. Most air-quality legislation around the world currently concerns PM2 5 and 370 

PM10, and particles in these categories are the most widely documented. Smaller particles (PM2 5 and UFPs) 

are generally worse for human health because they are thought to be able to penetrate further into the 

respiratory system (Kim et al. 2015). However, the relationship between particulate matter and human and 

environmental health is not straightforward. Particulate matter is also important in the ecologies of forests 

and other vegetated landscapes. This matter includes abiotic particles—e.g., soil, dust, and particles 375 

encroaching from urban areas—and biotic particles, such as plant litter fragments, insect and animal 

detritus, and spores and pollen. Around forests, the oxidation of BVOCs can produce biogenic UFPs 

(Kulmala et al. 2001, 2007) in  high  number  concentrations, which themselves can participate in chemical 

reactions, coagulate, or influence the weather by seeding clouds (Kulmala et al. 2001; Spracklen et al. 2008; 

Pierce et al. 2012; Rap et al. 2018). Bioaerosols are ecologically important in vegetated landscapes, but act 380 

as pollutants in urban areas. 

 

Scalar quantities are often not easy to measure (see section 2.4.1 below regarding measurement difficulties 

in canopies) or even to model. The basic properties of scalar transport in turbulent flow are much less well 

understood than momentum transport (Shralman and Siggia 2000; Katul et al. 2013; Li and Bou-Zeid 2019). 385 

Further, different scalar quantities require different observational and modelling techniques. Many 

numerical investigations of scalar exchange and transport treat the quantities as approximately passive and 

massless, at least over the space and time scales of interest. This is the approach taken in Chapter 4 of this 

thesis. However, these assumptions are not appropriate for reactive chemical species, whose behaviour is 

quite well-documented in urban settings (Jacobson 2005; Zhong et al. 2015; Dai et al. 2021) but much less 390 

well understood for vegetation canopies. Chapter 5 discusses different ways to represent scalar quantities 
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in numerical models of forests, and Chapter 6 discusses some of the implications of air-parcel residence 

times on the probability of chemical species reacting within forests.  

2.2 Turbulence in the ABL 

2.2.1 Basic properties of turbulence in the ABL 395 

There is no single fixed definition of turbulence in fluid flow. We describe a flow as ‘turbulent’ when it is 

(i) comprised of three-dimensional eddies of various sizes; (ii) chaotic, in that small changes to the initial 

conditions result in large changes in the ensuing flow patterns; and (iii) dispersive, in that different parts of 

the fluid are mixed together. A criterion for the onset of turbulence in fluids is the dimensionless Reynolds 

number 𝑅𝑒, which can be interpreted as the ratio of inertial to viscous forces, such that 𝑅𝑒 = 𝕃𝕍/𝜈, where 400 

𝕃 and 𝕍 are length and velocity scales that characterise the flow and 𝜈 is the kinematic molecular viscosity 

(in this case of the air). Flows with Re greater than a critical value of a few thousand are turbulent, provided 

the effect of thermal stratification is low. For air in the ABL, 𝜈 ≈ 1.5 × 10-5 m2 s-1, 𝕃 ≈ 1–1000 m and 𝕍 ≈ 

0.1–10 m s-1, which gives 𝑅𝑒 ≫ 104. The air in the ABL is therefore nearly always turbulent, comprising a 

cascade of rotating eddies of spatial scales 10-3
 to 104 m that exchange mass, heat, and momentum between 405 

air parcels. In fact, the very presence of turbulence near the Earth’s surface is sometimes used to define the 

ABL’s boundaries. 

 

We see evidence of this turbulence in high-resolution observations taken in the ABL. Take Figure 2.7, for 

example, which shows the wind speed at 𝑧 = 25 m at BIFoR FACE on an unremarkable day in August 410 

2019. (See Chapters 3 and 6 for a description of BIFoR FACE.) A few important features can be identified. 

1. The signal is very disorganised and appears to move unpredictably. Certain aspects of the signal 

are quite similar from moment to moment, but the finer details are completely different. It is not 

possible to predict the detailed behaviour of the signal from samples taken only seconds before. 

This quasi-randomness distinguishes turbulence from other complex atmospheric motions, such as 415 

waves. 

2. The signal shows structure across a range of scales, i.e., there appears to be a variety of timescales 

of flow variation superimposed on top of one another. For example, the smallest detectable 

variations in Figure 2.7a are about 0.05 s long. Looking at Figure 2.7b, we see that the time period 

between each local peak in wind speed is about 5 minutes. Assuming each of these variations 420 

roughly corresponds with a different size turbulent eddy (see Taylor’s hypothesis below), we are 

seeing the signature of eddies ranging in diameter from about 0.1 m to about 600 m. In other words, 

we see evidence of the spectrum of turbulence. Notice that both the small (fast) changes and the 

longer timescale changes appear in no certain order. The diameters of eddies in the ABL more 

generally range from 𝒪(10-3–103) m. The largest eddies scale with the height of the ABL, 𝑧𝑖, and 425 

the smallest correspond to the smallest scales over which coherent motion occurs, before the kinetic 

energy is dissipated as heat. 
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3. Despite the complexity of the signal in Figure 2.7, we observe some constraints on the flow’s 

behaviour, for example, that it varies over a limited range of speeds. In other words, the turbulent 

flow has a measurable and definable intensity that is visible in Figure 2.7 as the vertical spread of 430 

the wind speed. This is a clue that certain properties of turbulent flow are reproducible, even if the 

flow appears to behave randomly in its detailed behaviour. This reproducibility is rarely apparent 

from the signal and requires one to look at the flow’s statistics.  

 

 435 

Figure 2.7: Timeseries of the wind speed observed in the early afternoon of 27 Aug 2019 at BIFoR FACE. 

Measurements taken at 𝒛 = 25 m. (a) Shows 2.5 minutes of 20Hz values. (b) Shows 30 minutes of 2-second 

rolling average values, calculated on 20 Hz observations. See Chapters 3 and 6 for details of the equipment 

setup at BIFoR FACE. These observations are taken at the interface between the canopy layer and the 

roughness sublayer (RSL) (section 2.1.4 and Figure 2.6). 440 

2.2.2 The continuum assumption and Reynolds decomposition 

A full knowledge of the movement and properties of individual molecules is not needed for most 

atmospheric applications, and the air can usually be treated as a continuum. This assumption is justified by 

the very low Knudsen number (Kn), which is the ratio of the mean free molecular path 𝜆𝑚 to the 

characteristic length scale of the turbulent motions 𝕃. In the ABL, 𝐾𝑛 = 𝜆𝑚/𝕃 ≪ 1, usually in the order of 445 

10-7–10-11 (the relevant turbulent length scales are in the order of 1–1000 m and the mean free path of air is 

approximately 10-7–10-8 m). This thesis adopts the meteorological convention of treating the atmosphere as 

a continuum. 
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Consider an instantaneous observation of an ABL flow variable 𝛼, for example, a velocity component or a 450 

scalar quantity. To account for the stochastic nature of the turbulent flow, we can consider this variable to 

be random. A complete description of the variable is given by its probability density function (PDF), 𝑃(𝛼), 

where 𝑃(𝛼)𝑑𝛼 is the probability that the variable takes a value between 𝛼 and 𝛼 + 𝑑𝛼, such that 

∫ 𝑃(𝛼)𝑑𝛼
∞

−∞

=  1. (2.2) 

The PDFs are defined such that 𝑃(𝛼) ≥ 0 and 𝑃(−∞) = 𝑃(∞) = 0. We can estimate the PDF of a flow 455 

by constructing a histogram of measurements of 𝛼 at a specific location. The more times we repeat the 

measurements, the more closely the histogram will approximate the PDF. These repetitions may be formal 

repetitions—which is sometimes possible with laboratory experiments and numerical simulations—or 

approximate repetitions where measurements are taken at different points in space or time. 

 460 

In the ABL, it is much easier to measure the flow at fixed points over time than to construct spatial grids of 

sensors or perform ensembles of experiments. The time average is therefore the most commonly used 

operation for ABL applications. All of the statistics in the following definitions refer to time averaged 

quantities, although they can be similarly defined with respect to averages in space or over ensembles (the 

set of all possible states of the given portion of atmosphere). For an instantaneous observation of a variable 465 

𝛼(𝒙, 𝑡) at a location 𝒙 and time 𝑡, the time average (denoted with an overbar) is taken over an interval 𝑇𝑎 

so that 

�̅� =
1

𝑇𝑎
∫ 𝛼(𝒙, 𝑡)𝑑𝑡

𝑇𝑎

𝑡=0

. (2.3) 

This operation is equivalent to the definition of the mean, or expected value, of a random variable 𝛼 with 

reference to its PDF, 470 

⟨𝛼⟩ = ∫ 𝛼𝑃(𝛼)𝑑𝛼.
∞

−∞

 (2.4) 

The averaging operation allows us to split an instantaneous observation into the resolved mean, which 

corresponds to large-scale motions, and the quasi-random turbulent perturbations, denoted with a prime 

𝛼 = �̅� + 𝛼′. (2.5) 

We can consider 𝛼′ a ‘gust’ or turbulent fluctuation superimposed on the mean flow of air. This process of 475 

separating the expectation value (mean) of a quantity from its fluctuations is known as Reynolds 

decomposition (Reynolds 1895). By definition,  

𝛼′̅̅̅ = 0 and  �̅� ̅̅ ̅ = �̅�. (2.6) 

In Equation (2.3), the averaging period 𝑇𝑎 should be much longer than the timescales of the turbulent 

fluctuations but short enough so that the mean is approximately stationary. Micrometeorological 480 

measurements typically use 𝑇𝑎 ≈ 30–60 min, which is justified by the ‘spectral gap’, a theoretical energetic 



33 

 

separation of the synoptic and turbulent scales of motion (Figure 2.5) (Stull 1988; Moncrieff et al. 2004). 

Shorter averaging periods (𝑇𝑎 ≈ 5–30 min) are often used around obstacles such as forests and buildings in 

the canopy layer. Measurements at long-term flux sites suggest, under certain conditions, 𝑇𝑎 values of a 

few hours are needed to capture large-scale motions in the flow, such as gravity waves or drainage flows 485 

in hilly terrain (Moncrieff et al. 2004). The optimal value of 𝑇𝑎 depends on the properties of the 

measurement site, the observational height, and the purpose of the observations. The exact value of 𝑇𝑎 is 

less important for short-term campaigns, provided general properties of the site’s turbulence are considered. 

But the value of 𝑇𝑎 should be chosen carefully for long-term campaigns, particularly when the observations 

are used to calculate the ecosystem exchange of an entire landscape (Finnigan et al. 2003; Baldocchi 2014). 490 

 

Practical constraints require atmospheric scientists to perform the decomposition steps above using time 

averages rather than the mathematically convenient but experimentally unattainable ensemble average. We 

therefore make the ‘ergodic’ hypothesis that the time averages, for practical purposes, equal the ensemble 

averages. The ergodic hypothesis can be expressed as 495 

lim
𝑇𝑎→∞

1

𝑇𝑎
∫ 𝛼(𝑡)𝑑𝑡

𝑇𝑎

𝑡=0

≈∫ 𝛼𝑃(𝛼)𝑑𝛼,
∞

−∞

 (2.7) 

or by saying that time and ensemble averages should approximately converge (Stull 1988). This assumption 

appears to hold for turbulence in laboratory fluids (Galanti and Tsinober 2004) but is less likely to hold in 

canopy sublayers, especially when the atmosphere is stable (Katul et al., 2004). Unfortunately, the violation 

of Equation (2.7) is very difficult to rectify in practice. 500 

2.2.3 Common descriptive statistics 

We can use Reynolds decomposition to consider other statistical moments by 

𝛼′𝑛̅̅ ̅̅̅ =
1

𝑇𝑎
∫ 𝛼′

𝑛(𝑡)𝑑𝑡

𝑇𝑎

𝑡=0

, (2.8) 

where 𝑛 is the ‘order’ of the moment. The variance is the second moment, with 𝑛 = 2, and its square root 

is the standard deviation, 505 

𝜎𝛼 = √𝛼
′2̅̅ ̅̅ . (2.9) 

The higher-order moments are usually presented in non-dimensional form. The third moment, with 𝑛 = 3, 

is known as the skewness. The skewness is a measure of the asymmetry of a variable’s PDF about its mean 

and is defined as  

𝑆𝑘𝛼 =
𝛼′3̅̅ ̅̅

𝜎𝛼
3 . (2.10) 510 
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The fourth moment is known as the kurtosis, which indicates the combined weight of the tails of a variable’s 

PDF relative to the rest of the distribution. The kurtosis is defined as 

𝐾𝑡𝛼 =
𝛼′4̅̅ ̅̅

𝜎𝛼
4 . (2.11) 

For normally distributed, real-valued random variables, 𝑆𝑘𝛼 = 0 and 𝐾𝑡𝛼 = 3, which are the values 

approximately found in isotropic Gaussian turbulence in fluids. For two variables 𝛼 and 𝛽, where 𝛼 ≠ 𝛽, 515 

the general mixed moment is 

𝛼′𝑛𝛽′𝑚̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =
1

𝑇𝑎
∫ 𝛼′𝑛(𝑡)𝛽′𝑚(𝑡)𝑑𝑡

𝑇𝑎

𝑡=0

, (2.12) 

where 𝑛 +𝑚 is the order of the moment. The most useful mixed moment for atmospheric applications is 

the covariance of the two variables, where 𝑛 = 𝑚 = 1. Although 𝛼′̅̅̅ = 0 = 𝛽′̅, the nonlinear product 𝛼′𝛽′̅̅ ̅̅ ̅̅  

is not necessarily zero and can be very important, e.g., in eddy-covariance measurements (Chapter 3). The 520 

correlation coefficient is the covariance scaled by the standard deviation of each variable 

𝑟𝛼𝛽 =
𝛼′𝛽′̅̅ ̅̅ ̅̅

𝜎𝛼𝜎𝛽
(2.13) 

The correlation coefficient 𝑟𝛼𝛽 = 1,−1, and 0, respectively, if 𝛼 and 𝛽 are perfectly positively correlated, 

perfectly negatively correlated, or perfectly uncorrelated.  

2.2.4 Taylor’s hypothesis 525 

It is useful to know the scales of the motion in the ABL, including the size of the eddies. However, it is 

rarely possible to create a snapshot picture of the ABL using observations. Instead, we observe the flow at 

a small number of points in space over a long time, and try to infer spatial patterns from the timeseries. 

Taylor (1938) hypothesised that, for certain cases, turbulent flow may be considered to be ‘frozen’ as it 

moves past a sensor, i.e., the statistics of the turbulent flow are similar to what would be measured if the 530 

turbulent field did not evolve while travelling on the mean flow. In those cases, the total wind magnitude 

(speed) can be used to estimate the size of eddies from timeseries of turbulence measurements. Let 𝑉 denote 

the wind speed such that 𝑉2 = 𝑢2 + 𝑣2 +𝑤2. The eddy diameter 𝜆𝑒 can be estimated as 𝜆𝑒 = 𝑉ℙ, where 

ℙ is the time period over which the eddy passes a sensor. A rough estimate of ℙ can sometimes be obtained 

by observing the period between regular peaks in timeseries. For any variable 𝛼, Taylor’s hypothesis states 535 

that turbulence is frozen when 𝑑𝛼/𝑑𝑡 = 0. Taylor’s hypothesis can also be expressed in terms of a 

wavenumber 𝜅𝑛 and cyclic frequency 𝑓 such that 

𝑓 = 𝜅𝑛𝑉, (2.14) 

where 𝜅𝑛 = 2𝜋/𝜆𝑤 and 𝑓 = 2𝜋/ℙ𝑤, for wavelength 𝜆𝑤 and wave period ℙ𝑤. Taylor’s hypothesis is most 

valid for situations where the time taken for the eddy to advect past a sensor is shorter than the timescale 540 

over which the turbulence evolves. In the ASL, this is most likely to be true when considering eddies with 
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diameters larger than the measurement height (Higgins et al. 2012). As a first approximation, Taylor’s 

hypothesis is reasonable for situations where 𝜎𝑉 ≪ 𝑉/2, where 𝜎𝑉 is the standard deviation of the wind 

speed, using Equation (2.9) (Garde 2010). Taylor’s hypothesis is widely used for scaling arguments in 

boundary-layer meteorology, including in this thesis. 545 

2.2.5 Turbulence spectra in the ABL 

Spectral techniques can be used to estimate how much a certain frequency band contributes to the total 

energy of a turbulent flow. This thesis does not lean heavily on spectral arguments. However, I used spectra 

to test the BIFoR FACE measurements. Spectral arguments are also important throughout boundary-layer 

meteorology, and it is helpful to introduce their basic principles. If Taylor’s hypothesis is assumed to be 550 

approximately true, this information can be used to infer information regarding the size and structure of the 

flow’s eddies from temporal measurements at single locations. The fundamental tool in spectral analysis is 

the Fourier transform, which transforms timeseries or ensemble measurements to the frequency domain 

(and vice versa). During this transformation, the physical reference—the time or space dependency of the 

signal—is lost. However, one gains statistical information on the relative contributions of the different 555 

frequency bands, which can be associated with different eddy sizes. 

 

For some quantity 𝛼, which could be velocity component or a scalar quantity, we have 

∫ 𝐹𝛼(𝜅𝑛)𝑑𝜅𝑛

∞

0

= 𝜎𝛼
2 = ∫ 𝑆𝛼(𝑓)𝑑𝑓,

∞

0

(2.15) 

where 𝐹𝛼 is the Fourier transform of 𝛼, and 𝑆𝛼(𝑓) the power spectral density of 𝛼 (Kaimal and Finnigan 560 

1994). The frequency of the peak in 𝑆𝛼(𝑓) provides an inverse timescale for the most energetic eddies. 

Equation (2.14) translates between the wavenumber and frequency (assuming Taylor’s hypothesis). In 

practice, Equation (2.15) is calculated on observations using discrete Fourier transform algorithms, such as 

fast Fourier transforms. For meteorological applications, the frequency weighted version of the power 

spectral density,  𝑓𝑆𝛼(𝑓), is usually plotted against 𝑓 in log-log coordinates (see Figure 2.8). Plotting 565 

𝑓𝑆𝛼(𝑓) allows easier scaling than using 𝑆𝛼(𝑓), because 𝑓𝑆𝛼(𝑓) has the same units as the variance 𝜎𝛼
2 (e.g., 

m2 s-2 for a velocity), and also emphasises the peak frequency, which can be difficult to determine in plots 

of 𝑆𝛼(𝑓) against 𝑓. The area under the curve is not proportional to 𝜎𝛼
2 when 𝑆𝛼(𝑓) or 𝑓𝑆𝛼(𝑓) are plotted in 

log-log coordinates. 
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 570 

Figure 2.8: Schematic spectra of a velocity component or turbulence kinetic energy in isotropic turbulence. 

𝒇𝒎𝒂𝒙 denotes the peak frequency. The numbered regions refer to the (1) energy containing range, (2) inertial 

subrange, and (3) dissipation subrange (section 2.2.5). Figure adapted from Christen (2005). 

The spectra of atmospheric velocity components, or of the turbulence kinetic energy (see definition below), 

display three major regions, numbered in Figure 2.8: 575 

1. The energy-containing range, where kinetic energy is produced by buoyancy and shear in the flow. 

This region contains the bulk of the turbulent energy. 

2. The inertial subrange, where kinetic energy is neither produced nor dissipated, but transferred from 

large eddies to progressively smaller eddies.  

3. The dissipation range, where the kinetic energy of the air is dissipated to heat. 580 

 

Together these steps comprise the energy cascade of turbulent flow. The energy-containing and dissipation 

ranges have characteristic length scales. The length scale of the energy-containing range is the Eulerian 

integral length scale Λ𝛼 

Λ𝛼 = 𝑉∫ 𝑅𝛼𝛼

∞

0

(𝜁)𝑑𝜁, (2.16) 585 

where 𝑅𝛼𝛼 is the autocorrelation function for 𝛼 (e.g., where 𝛼 is the velocity component 𝑢), and 𝜁 is some 

lag with respect to time 𝑡. The value of Λ𝑢 ranges from around 10–500 m. The length scale of the dissipation 

range is the Kolmogorov microscale, 𝜂𝑚, such that 

𝜂𝑚 = (
𝜈3

𝜖
)

1
4

, (2.17) 

where 𝜈 is the kinematic viscosity of air and 𝜖 is the rate of dissipation of turbulence kinetic energy. In the 590 

ABL, 𝜂𝑚 ~ 𝒪(10-3) m.  
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Kolmogorov’s theory of high-Re flow states that, if there is a large enough separation between Λ𝛼 and 𝜂𝑚, 

then an inertial subrange will exist (region 2 in Figure 2.8). Here, the spectrum of 𝑢 becomes  

𝑆𝑢(𝑓) = 𝑘1𝜖
2/3𝑓−5/3, (2.18) 595 

where 𝑘1 is the Kolmogorov constant, whose value is estimated 0.5–0.6 (Batchelor 1953; Kolmogorov 

1991). Equation (2.18) gives the well-known -5/3 power law for the inertial subrange (Figure 2.8 displays 

a slope of -2/3, because 𝑓𝑆𝑢(𝑓) is plotted on the y-axis). Kolmogorov’s theory is actually formulated in 

terms of wavenumbers. To obtain Equation (2.18), we assume Taylor’s hypothesis can be used to convert 

between wavenumber and frequency space. This is often not a sound assumption in the high turbulence 600 

intensities of canopy flow. However, Taylor’s hypothesis is a helpful conceptual assumption, because it 

also allows Equation (2.18) to be couched more intuitively: within the inertial subrange, the kinetic energy 

(KE) of the eddies is proportional to a power law of their diameters 𝜆𝑒 

𝐾𝐸 ∝ 𝜆𝑒
5/3
. (2.19) 

2.3 Turbulent flow equations 605 

2.3.1 Conservation equations 

The Navier–Stokes equations express the conservation of mass, momentum, and energy for a viscous fluid, 

such as the air (i.e., the continuity equation, Newton’s Second Law, and the First Law of Thermodynamics, 

respectively). For applications in the ABL, the Navier–Stokes equations can be simplified slightly from 

their most mathematically complete form (Foken 2008). For turbulent motions smaller than the mesoscale, 610 

the air is approximately incompressible, so that the continuity equation 

𝜕𝜌

𝜕𝑡
+
𝜕(𝜌𝑢𝑗)

𝜕𝑥𝑗
= 0 (2.20𝑎) 

simplifies to 

𝜕𝑢𝑗

𝜕𝑥𝑗
≈ 0. (2.20𝑏) 

The momentum equations can also be simplified by ignoring the Coriolis forces and assuming the 615 

Boussinesq approximation, i.e., neglecting the differences in the air’s density 𝜌 except where they appear 

in terms multiplied by the acceleration due to gravity, 𝑔. These assumptions give 

𝜕𝑢𝑖
𝜕𝑡
+ 𝑢𝑗

𝜕𝑢𝑖
𝜕𝑥𝑗

= 𝑔𝛿𝑖3 −
1

�̅�

𝜕𝑝

𝜕𝑥𝑖
+ 𝜈

𝜕2𝑢𝑖

𝜕𝑥𝑗
2 , (2.21) 

where 𝛿𝑖3 is the Kronecker delta, which assumes gravity acts only vertically, because 𝛿𝑖3 = 1 when 𝑖 = 3, 

and is zero otherwise (Stull 1988). Similarly, for the mass concentration of a scalar quantity 𝜙, the 620 

conservation of mass requires 
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𝜕𝜙

𝜕𝑡
+ 𝑈𝑗

𝜕𝜙

𝜕𝑥𝑗
= 𝜈𝜙

𝜕2𝜙

𝜕𝑥𝑗
2 + 𝑆𝜙, (2.22) 

where 𝜈𝜙 is the molecular diffusivity of 𝜙, and 𝑆𝜙 is the source/sink term for the processes not already in 

the equation, such as chemical reactions or deposition. 

 625 

The deterministic momentum equations in Equation (2.21) do not sit comfortably with the randomness that 

can be observed in turbulent flow, e.g., in the timeseries in Figure 2.7. How can randomness arise in the 

apparently deterministic context? The most truthful answer is that we do not know for sure. It has not yet 

been rigorously proven whether or not well-behaved solutions to the Navier–Stokes equations always exist 

in three dimensions in high-Re flow. Some fundamental properties of turbulent flow remain unresolved 630 

(Tao 2008). The details of these issues lie (way) outside of the scope of this thesis. But there are more 

practical considerations, relevant to the task of interpreting observations and making predictions in the 

ABL. The Navier–Stokes equations are nonlinear, second-order, partial differential equations. These 

features make them notoriously difficult to solve exactly, even using modern high-performance computers. 

Resolving each individual eddy to the size of the Kolmogorov microscale would require an enormous 635 

number of numerical cells, ~𝒪(𝑅𝑒9). The equations are acutely sensitive to perturbations in that small 

differences in their initial conditions cause the equations to evolve very differently through time. The 

sensitivity to perturbations imposes limits on the predictability of the atmosphere (Lorenz 1963), with 

important consequences for weather forecasts (Orrell et al. 2001). Small perturbations, including 

observational errors, are unavoidable in practice because we can never measure a flow completely, and to 640 

perfect accuracy and precision. These perturbations mean the detailed behaviour of atmospheric timeseries 

is indistinguishable from randomness, even if the Navier–Stokes equations are eventually proven to be 

entirely deterministic.  

2.3.2 Statistical approaches to the conservation equations 

The difficulties in obtaining exact solutions to the Navier–Stokes equations force us to retreat to statistical 645 

approaches. Reynolds decomposition can be applied to the conservation equations of mass, momentum, 

and scalar quantities to generate forecast equations for the mean flow (see Kaimal and Finnigan (1994) and 

Stull (1988) for derivations and detailed discussion). For example, applying this process to the momentum 

equations in Equation (2.21) separates the variables into their mean and turbulent parts. After some algebra, 

this process gives the following equation for the mean flow 650 

𝜕𝑢�̅�
𝜕𝑡
+ 𝑢�̅�

𝜕𝑢�̅�
𝜕𝑥𝑗

= 𝛿𝑖3𝑔 −
1

�̅�

𝜕�̅�

𝜕𝑥𝑖
+ 𝜈

𝜕2𝑢�̅�

𝜕𝑥𝑗
2 −

𝜕𝑢𝑖
′𝑢𝑗
′̅̅ ̅̅ ̅̅

𝜕𝑥𝑗
. (2.23) 

From left to right, the terms in Equation (2.23) represent the storage of momentum (inertia), advection of 

momentum, vertical gravitational acceleration, pressure gradient forces, viscous stress on the mean 

motions, and the Reynolds stress (i.e., the divergence of turbulent momentum flux). A similar process can 

be applied to the conservation equations of a scalar quantity 𝜙 to give 655 
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𝜕�̅�

𝜕𝑡
+ 𝑢�̅�

𝜕�̅�

𝜕𝑥𝑗
= 𝜈𝜙

𝜕2�̅�

𝜕𝑥𝑗
2 + 𝑆𝜙 −

𝜕𝑢𝑗
′𝜙′̅̅ ̅̅ ̅̅

𝜕𝑥𝑗
. (2.24) 

The usual definition of the kinetic energy is 𝐾𝐸 = 0.5𝑚𝑉2, where 𝑚 is the mass. For fluids such as air, it 

is usually preferable to consider the kinetic energy per unit mass, 𝐾𝐸/𝑚 = 0.5𝑉2. Recalling 𝑉2 =

(𝑢2 + 𝑣2 +𝑤2), Reynolds decomposition allows the kinetic energy per unit mass to be separated into its 

mean, with a turbulent component superimposed on top (Stull 1988) 660 

𝐾𝐸/𝑚 = 0.5(𝑢2 + 𝑣2 +𝑤2) = 0.5[(�̅� + 𝑢′)2 + (�̅� + 𝑣′)2 + (�̅� + 𝑤′)2], (2.25𝑎) 

from which one can extract a portion of the kinetic energy associated the mean flow, i.e., the mean kinetic 

energy (MKE) 

𝑀𝐾𝐸/𝑚 = 0.5(�̅�2 + �̅�2 + �̅�2) (2.25𝑏) 

and an instantaneous turbulence kinetic energy per unit mass, 𝑒𝑚 665 

𝑒𝑚 = 0.5(𝑢
′2 + 𝑣′

2
+𝑤′

2
). (2.25𝑐) 

The value of 𝑒𝑚 varies rapidly with time. To find a variable that is more representative of the overall flow, 

we can define a mean turbulence kinetic energy per unit mass (TKE) by averaging the instantaneous values 

of 𝑒𝑚  

𝑇𝐾𝐸 = 0.5(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅ ̅) = 0.5𝑢𝑖
′𝑢𝑖
′̅̅ ̅̅ ̅̅ . (2.26) 670 

Equations (2.25b) and (2.26) can also be obtained by Reynolds averaging Equation (2.26a) directly, for 

which the average of the product terms equal zero, e.g., �̅�𝑢′̅̅ ̅̅ ̅ = �̅� ⋅ 𝑢′̅ = �̅� ⋅ 0 = 0. 

2.3.3 The closure problem 

The main difference between Equations (2.21) and (2.23) is the appearance of the product of fluctuations 

term, 𝑢𝑖
′𝑢𝑗
′̅̅ ̅̅ ̅̅ , which is associated with the non-linearity of the Navier–Stokes equations. This term looks 675 

innocuous but is actually symptomatic of a serious problem in that it cannot be expressed as a function of 

𝑢�̅� without introducing further assumptions about the flow. Equation (2.23), for 𝑢�̅�, is actually a set of three 

equations, one for each spatial direction. However, 𝑢𝑖
′𝑢𝑗
′̅̅ ̅̅ ̅̅  comprises six unknowns, the unique components 

of the velocity covariance tensor 𝑴𝑖𝑗 

𝑴𝑖𝑗 = 𝑢𝑖
′𝑢𝑗
′̅̅ ̅̅ ̅̅ = (

𝑢′𝑢′̅̅ ̅̅ ̅̅ 𝑢′𝑣′̅̅ ̅̅ ̅̅ 𝑢′𝑤′̅̅ ̅̅ ̅̅

𝑢′𝑣′̅̅ ̅̅ ̅̅ 𝑣′𝑣′̅̅ ̅̅ ̅̅ 𝑣′𝑤′̅̅ ̅̅ ̅̅

𝑢′𝑤′̅̅ ̅̅ ̅̅ 𝑣′𝑤′̅̅ ̅̅ ̅̅ 𝑤′𝑤′̅̅ ̅̅ ̅̅ ̅
) . (2.27) 680 

Deriving equations similar to Equation (2.23) to solve for 𝑢𝑖
′𝑢𝑗
′̅̅ ̅̅ ̅̅  only compounds the problem, because triple 

correlations (third moments) 𝑢𝑖𝑢𝑗𝑢𝑘̅̅ ̅̅ ̅̅ ̅̅ ̅ are introduced. Instead of three equations and six unknowns, we have 

six equations with ten unknowns. This pattern continues as one attempts to resolve the increasingly higher 

order moments. In other words, the number of unknowns in the equations for turbulent flow is always larger 
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than the number of equations (Stull 1988). This is the closure problem of turbulent flow: a complete 685 

statistical description of turbulence is not possible using a finite number of equations (Orszag 1970).  

2.3.4 RANS closure schemes 

Researchers have developed a variety of turbulence closure schemes to navigate this issue. Some of these 

schemes use scaling arguments to simplify the equations before solving them analytically (e.g., Finnigan 

and Belcher, 2004). Many applied problems, however, do not yield easily to analytical solutions. Instead, 690 

researchers use physical models in flumes and wind tunnels, or numerical methods under broad umbrella 

of computational fluid dynamics (CFD), where computers are used to find approximate solutions to the 

equations of motion. The most widely applied CFD turbulence closure schemes deal directly with the 

Reynolds-averaged Navier–Stokes (RANS) equations, such as Equations (2.23) and (2.24). RANS closure 

methods are quite varied in their details. But they share a common basic principle in that the turbulent flow 695 

is expressed using a small number of equations, with the unknowns expressed as approximate functions of 

the known quantities. The simplest RANS method is known as ‘K-theory’ or ‘gradient transport theory’, 

among other names. K-theory is a first-order closure scheme that assumes the Reynolds stress/product of 

fluctuations term in the RANS equations is related to the gradient in the mean flow. For some quantity 𝛼, 

which may be a velocity component or a scalar quantity, K-theory approximates the stress term as 700 

𝑢𝑖
′𝛼′̅̅ ̅̅ ̅̅ = −𝐾𝛼

𝜕�̅�

𝜕𝑥𝑖
 (2.28) 

where 𝐾𝛼 is usually called the ‘eddy viscosity’ when 𝛼 is a velocity component or the ‘eddy diffusivity’ 

when it is a scalar (Stull 1988; Foken 2008). At the crudest level, 𝐾𝛼 is assumed to be a constant, although 

various other approximations have been proposed, most notably those based on Prandtl’s mixing-length 

model (e.g., Harman and Finnigan, 2007; Stull, 1988). This model assumes a fluid parcel conserves its 705 

properties over some characteristic length scale, ℓ𝑚, before it is mixed with the surrounding fluid 

(Obermeier 2006). The mixing length model is most commonly applied in simple (horizontally 

homogeneous and statistically steady) shear flows, where the turbulent shear stress 𝑢′𝑤′̅̅ ̅̅ ̅̅  and the mean 

horizontal shear 𝜕�̅�/𝜕𝑧 are related through 

− 𝑢′𝑤′̅̅ ̅̅ ̅̅ = −𝐾𝛼
𝜕�̅�

𝜕𝑧
= −ℓ𝑚

2 |
𝜕�̅�

𝜕𝑧
|
𝜕�̅�

𝜕𝑧
, (2.29) 710 

which gives 

𝐾𝛼 = ℓ𝑚
2 |
𝜕�̅�

𝜕𝑧
| . (2.30) 

 

In neutral atmospheric conditions away from obstacles, ℓ𝑚 ≈ 𝜅(𝑧 − 𝑑), where 𝜅 ≈ 0.4 is the von Kármán 

constant, and 𝑑 is the displacement height (see section 2.5.2 below).  715 

 

Other popular RANS schemes include ‘1.5–order’ closure based on the transport of the turbulence kinetic 

energy and its (specific) rate of dissipation, often denoted ‘𝑘– 𝜖 closure’ (Katul et al. 2004). Variants of 



41 

 

𝑘– 𝜖 closure have been widely applied in numerical simulations of urban micrometeorology and pollutant 

transport (Wang and McNamara 2006; Toparlar et al. 2017). Researchers have also developed second-order 720 

(and higher) RANS closure schemes, which involve approximating the triple (and higher) covariance terms 

in the RANS equations (Katul et al. 2004; Shirzadi et al. 2020). For many applied problems in land-

atmosphere exchange, RANS closure schemes above the second order provide little practical benefit over 

second-order schemes (Juang et al. 2008). 

2.3.5 Large-eddy simulation and direct numerical simulation 725 

Large-eddy simulation (LES) is another popular CFD technique. LES emerged from early work in NWP 

through the efforts of Smagorinsky, Deardorff, Killy, and colleagues (Killy 1962; Smagorinsky 1963; 

Deardorff 1970). The basic idea of LES is that the equations of motion are filtered, reducing or removing 

the high-frequency signal (the smaller times and space scales) and retaining the low-frequency signal (the 

larger time and space scales). This is achieved by applying a low-pass filter of kernel G to the flow field 730 

variables,  

�̃�(𝒙) = ∫ 𝐺(𝑥 − 𝑦)𝜙(𝑦)𝑑𝑦
∞

−∞

, (2.31) 

where the overtilde denotes ‘resolved’ field variables, corresponding to larger scales of motion (e.g., 

Deardorff, 1970; Nottrott et al., 2014). Motions larger than the filter width Δ𝑓 are resolved directly using 

numerical integration schemes. The filter width Δ𝑓 is greater than or equal to the grid resolution Δ𝑔, with 735 

ratios Δ𝑓/Δ𝑔 = 1 or 2 common in practice (Geurts 2003; Basu and Porté-Agel 2006). The filtered equivalent 

of the RANS momentum equations in (2.23), ignoring buoyancy effects, are 

𝜕𝑢�̃�
𝜕𝑡
+ 𝑢�̃�

𝜕𝑢�̃�
𝜕𝑥𝑗

= −
1

𝜌

𝜕�̃�

𝜕𝑥𝑖
−
𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
+ 𝐷�̃�, (2.32) 

where 𝐷�̃� accounts for forcings such as the geostrophic wind, an imposed pressure gradient, or distributed 

drag from obstacles smaller than the filter width, Δ𝑓 (e.g., Nottrott et al., 2014). The sub-grid scale (SGS) 740 

stress term 𝜏𝑖𝑗 accounts for the unresolved scales, those below Δ𝑓, 

𝜏𝑖𝑗 = 𝑢𝑖𝑢𝑗̃ − 𝑢�̃�𝑢�̃�. (2.33) 

A variety of schemes have been developed to approximate the SGS stresses and fluxes (see Chapters 4 and 

5 for examples). Using LES, the statistics of the flow variables are calculated by averaging the resolved 

quantities in time and space. The turbulent perturbations are taken as the departures from those averages 745 

(again, see Chapters 4 and 5 for examples).  

 

Direct numerical simulation (DNS) involves solving the Navier–Stokes equations without any turbulence 

model. The Navier–Stokes equations are discretised and then solved in space and time (Coleman and 

Sandberg 2010). The strength of DNS compared with LES and RANS is that it resolves all the spatial and 750 

temporal scales of the turbulence, from the Kolmogorov scale 𝜂𝑚 to the integral scale Λ𝛼. DNS therefore 
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provides complete knowledge of all points within the flow, at all times within the simulation period, without 

approximation errors. DNS is an excellent tool for investigating the fundamental properties of turbulent 

flow in simplified settings, e.g., for identifying turbulence structures around idealised rigid obstacles 

(Coceal et al. 2007; Blunn et al. 2022). The main drawback of DNS is its extreme computational expense, 755 

which heavily constrains the Reynolds number of the flow that can be simulated. As an illustration, the total 

operation count for DNS simulations scales with 𝒪 (𝑅𝑒3 (
3

4
log(𝑅𝑒))

3
) (Coleman and Sandberg 2010). 

Increasing the Reynolds number from 𝑅𝑒 ≈ 6000 (Coceal et al. 2007; Sharma and García-Mayoral 2020a) 

to a more realistic ABL value of 𝑅𝑒~𝒪(107) would require more than 32 billion times the already extensive 

computational resources. Further, DNS of real landscapes, particularly those with flexible bodies such as 760 

trees and other plants, would require unfeasibly fine-scale structural and biomechanical information. DNS 

is therefore not yet a viable method for most applied problems in the ABL, particularly at the scale of 

ecosystems or neighbourhoods. 

2.3.6 Application of LES in this thesis 

The suitability of each closure scheme depends on the problem under investigation. K-theory is 765 

conceptually simple and numerically efficient, and it is therefore widely applied in air-pollution (Nguyen 

2014) and ecosystem-exchange models (Ashworth et al. 2015; Banerjee et al. 2017). However, around 

canopies of obstacles, such as in forests and urban areas, K-theory is fundamentally flawed. Here the 

turbulent fluxes do not necessarily correspond to the mean gradients (Finnigan 2000; Monteith and 

Unsworth 2008) and K-theory does not account for transfer by large, coherent turbulent structures (Banerjee 770 

et al. 2017). In complex landscapes, especially those with canopies of vegetation or buildings, K-theory is 

a useful approximation only under a limited range of circumstances, which sections 5.6.1 and 6.3.6 discuss 

in more detail (Finnigan et al. 2015). 

 

Most numerical studies of turbulent exchange in canopies use either RANS or LES. LES is inherently 775 

superior to RANS in that it resolves more of the flow for a given domain and set of boundary conditions. 

However, RANS remains a popular and useful method, especially for engineering applications and 

investigations of urban microclimates. The physics of certain problems, such as channelled winds (Blocken 

2018), do not justify the additional complexity of LES. RANS is also much less computationally demanding 

than LES, meaning larger domains can be simulated, and commercial software packages using RANS have 780 

a more established user base. Although out of the scope of this thesis, researchers have formulated various 

hybrid RANS–LES schemes, particularly for urban applications. Hybrid RANS–LES methods try to 

balance computational expense and accuracy by only using LES in the regions of the flow which are 

challenging to RANS models, with RANS closure used elsewhere (Ashton et al. 2016; Letzgus et al. 2018; 

Wang et al. 2019). 785 

 

This thesis uses LES, for two main reasons. First, the spatial scale of focus—up to a kilometre or two—is 

small enough for LES to be viable. Second, the focus of this work is turbulent exchange in and around 
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canopies in the ABL, which LES resolves better than RANS because of its ability to capture unsteady and 

intermittent fluctuations of the flow field (e.g., Salim, Buccolieri, et al., 2011; Salim, Cheah, et al., 2011; 790 

Tominaga and Stathopoulos, 2013; Zheng et al., 2020 and references therein).  

2.4 Flow through canopies in the ABL 

2.4.1 Description of the flow in canopies of obstacles 

The Earth’s surface is covered by obstacles, such as forests and buildings over land, and waves on the 

ocean. For some applications, particularly at large space and time scales, it is not possible, and sometimes 795 

not necessary, to consider the effect of the obstacles on the flow or the exchange of momentum, mass, and 

energy. However, in many situations, it is important to understand what is happening around and between 

the obstacles, for example, when measuring the air quality of a city, the spread of airborne pathogens 

through crops, or the exchange of CO2 between forests and the atmosphere.  

 800 

When the obstacles are large—such as with buildings and infrastructure, forests, and crops—and relatively 

densely packed, they begin to behave as canopies in that they impart a collective effect on the flow, but air 

is also able to move beneath and between the obstacles. This creates the canopy layer in Figure 2.6. 

Researchers have proposed various thresholds to define when the flow over obstacles transitions from 

wakes around individual elements to collective canopy flow (e.g., see discussion in Brunet, 2020; Monteith 805 

and Unsworth, 2008; Oke, 1978). These transitions occur at quite low densities, smaller than those in most 

forests, crops, and urban areas. The urban areas and vegetated landscapes discussed in this thesis all impart 

a collective canopy effect on the flow. 

 

In situ observations are usually among the most important tools in any ABL investigation. However, it is 810 

not easy to measure the properties of the air in the canopy layer. A major difficulty comes in obtaining 

spatially representative measurements using a realistic number of sensors (Christen 2005; Finnigan 2008; 

Finnigan and Shaw 2008). For example, in a forest or a city, where does one place sonic anemometers to 

measure the wind velocity? If the sensors are placed in clearings or gaps, one may obtain a relatively clean 

timeseries, but it will show the velocity to be higher than the true volume average (Muller et al. 2013a). 815 

Placing the sensors in gaps also discounts the behaviour of the flow at surfaces, where many important 

scalar exchange processes occur. However, there is usually little alternative, because measurements of 

turbulent flow taken very close to surfaces are often very difficult to interpret, at least as regards inferring 

the properties of the ecosystem-scale flow (e.g., it may be possible to detect wake-scale structures, but not 

a local mean wind speed and direction).  820 

 

Physical models in wind tunnels and flumes can help navigate some of these difficulties (a detailed 

discussion of the methodology of physical modelling is outside the scope of this thesis). Physical models 

are particularly useful for investigating the flow velocity and momentum transport, and are an indispensable 

tools in engineering applications (e.g., Baker, 2007) and scientific research (Poggi et al. 2004b; Poëtte et 825 
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al. 2017; Lemone et al. 2019). Physical models do not solve all measurement difficulties, however. Scalar 

exchange processes of interest must be incorporated into the physical model. This is feasible for some 

processes such as pollutant dispersion and heat transport in urban areas (Ahmad et al. 2005; Heist et al. 

2009; Cui et al. 2016), but more difficult for forests, for which scalar exchange processes are more spatially 

diverse than in urban areas. Scale physical models take time to set up and adjust, particularly for complex 830 

landscapes such as real urban areas (as opposed to idealised arrays of cubes (Cheng and Castro 2002)) or 

vegetated terrain. Wind-tunnel scale models of forests also require higher 𝑅𝑒 values than investigations of 

bluff bodies (Gromke 2018). 

 

CFD models offer researchers an additional tool to investigate canopy flow, alongside field observations, 835 

physical models, and theory. In some situations, it is possible to represent canopies at the 

neighbourhood/ecosystem scale by directly resolving the canopy obstacles, using CFD to simulate the flow 

around them, including the exchange of scalar quantities. This approach is sometimes feasible for urban 

areas, particularly those made up of buildings but few other obstacles, such as trees and shrubs, signage, 

and small infrastructure elements. Chapter 4 discusses the strengths and weaknesses of using this resolved-840 

building approach. For forests and other vegetation canopies, resolving the obstacles directly is much more 

difficult. Because trees and crops are smaller than buildings, very high grid resolutions are needed to 

sufficiently resolve each element. This severely constrains the size of the domains that can be simulated to 

well below the ecosystem scale, even using high-performance computing resources. In addition, directly 

resolving flexible, fine-scale plant elements requires one either to specify artificially the elements as a bluff 845 

body, or to try to formulate the elements’ porosity or biomechanics, which is not at all easy (De Langre 

2008, 2019; Spatz and Theckes 2013). Chapter 5 discusses these difficulties in more detail. 

2.4.2 The porous media model of canopy flow 

An alternative approach at the neighbourhood/ecosystem scale is to represent the canopy layer as porous 

media, through which the air can move, rather than attempting to resolve the individual obstacles explicitly. 850 

An overview of the porous-media model is presented here, with further detail in Chapters 4 and 5. In 

particular, Chapter 4 discusses in detail the applicability of the porous-media model to inhomogeneous 

urban areas. Chapter 5 then synthesises and discusses the application of the model to vegetation canopies, 

particularly to real-world forests.  

 855 

The porous-media model is formalised by averaging the momentum and transport equations in time, as for 

the RANS equations, and over a volume (Raupach and Shaw 1982; Howes and Whitaker 1985; Finnigan 

2000; Lien et al. 2004; Finnigan and Shaw 2008). The averaging volume is taken to be large enough in the 

horizontal to include a number of canopy obstacles, but not so large as to smooth out spatial variation in 

the morphology or density of the obstacles. The volume is assumed to be thin in the vertical to properly 860 

resolve the gradients in the flow variables, which can be steep in the canopy layer (Kruijt et al. 2000; 

Monteith and Unsworth 2008). Under the two operations of space and time averages, the prognostic flow 

variables have three components, e.g., for the streamwise velocity 𝑢 these are 
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𝑢 = 𝑈 + 𝑢″ + 𝑢′, (2.34) 

where 𝑈 = ⟨�̅�⟩ denotes the space (angled brackets) and time (overbar) averaged velocity, 𝑢″ = �̅� − 𝑈 is 865 

the spatial variation of the time-averaged flow around the obstacles, and 𝑢′ = 𝑢 − 𝑈 − 𝑢″ is the turbulent 

fluctuation (Finnigan and Shaw 2008). The double-averaged equivalent of the RANS momentum equations 

above (ignoring buoyancy effects and momentum transfer from viscosity) are 

𝜕𝑈𝑖
𝜕𝑡

+ 𝑈𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗

= −
𝜕𝑃

𝜕𝑥𝑖
−
𝜕⟨𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ⟩

𝜕𝑥𝑗
−
⟨𝑢𝑖
″̅̅ ̅𝑢𝑗
″̅̅ ̅⟩

𝜕𝑥𝑗
+ 𝑓𝑖, (2.35) 

where the capital letters denote the double-averaged quantities (𝑃 is the kinematic pressure) and 𝑓𝑖 is a 870 

forcing term that accounts for the aerodynamic drag from the canopy of obstacles (Finnigan 2000; Coceal 

and Belcher 2004; Patton and Finnigan 2012). Analogous equations can be obtained by double averaging 

the scalar transport equations. The term ⟨𝑢𝑖
″̅̅ ̅𝑢𝑗
″̅̅ ̅⟩ on the right-hand side of Equation (2.35) is the dispersive 

flux of mean momentum, which accounts for spatial correlations in the time-averaged velocity field. 

Dispersive fluxes are very difficult to measure using field observations (Patton and Finnigan 2012) and not 875 

easy even using physical models (Poggi et al. 2004a; Poggi and Katul 2008a). Dispersive fluxes are often 

quite small in homogeneous canopies (Poggi et al. 2004a; Patton and Finnigan 2012) and most studies do 

not include them in the budgets of momentum and scalar transport. However, recent evidence shows the 

dispersive fluxes can be quite large in heterogeneous canopies (Boudreault et al. 2017; Li and Bou-Zeid 

2019; Blunn et al. 2022), i.e., most canopies in the real world. Chapter 5 discusses this point further in the 880 

context of forests and other vegetation canopies. 

2.4.3 Approximating the aerodynamic drag term 𝒇𝒊 

The aerodynamic drag term 𝑓𝑖 in Equation (2.35) accounts for the transfer of momentum from the flow to 

the canopy obstacles, such as the trees, plants, or buildings. The transfer of momentum results from two 

mechanisms. The first is viscous drag, which is generated in the thin viscous boundary layers which form 885 

near solid surfaces when the flow is brought to rest at the surface by the no-slip condition. The second is 

pressure or ‘form’ drag, which results from the pressure differences that develop around the canopy 

obstacles. That is, 

𝑓𝑖 = −⟨
𝜕�̅�″

𝜕𝑥𝑖
⟩ + 𝜈 ⟨

𝜕2𝑢�̅�
″

𝜕𝑥𝑗𝜕𝑥𝑗
⟩ . (2.36) 

The most common parametrisation of the drag force 𝑓𝑖 is obtained by spatially averaging the localised drag 890 

from the individual canopy obstacles, assuming the drag force is proportional to the square of the flow 

speed, as is the case around bluff bodies. The viscous component of the drag is assumed negligible because 

the total aerodynamic drag 𝑓𝑖 is dominated by form drag in high-𝑅𝑒 flow (Coceal and Belcher 2004; Hamlyn 

and Britter 2005; Cheng et al. 2007; Patton and Finnigan 2012). 
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For the form-drag term, consider an array of obstacles distributed over a total plan area 𝐴𝑡, where each 895 

obstacle has mean height ℎ𝑐, frontal area 𝐴𝑓 and a drag coefficient 𝐶𝑑(𝑧) (Belcher et al. 2003; Coceal and 

Belcher 2004). The drag force over a thin layer 𝑑𝑧 of each element at height 𝑧 is 

𝜌𝑈2(𝑧)𝐶𝑑(𝑧)𝐴𝑓
𝑑𝑧

ℎ𝑐
. (2.37) 

The thin averaging volume at height 𝑧 is 𝐴𝑡𝑑𝑧. The total force per unit volume (including both the solid 

and fluid elements) is, therefore, 900 

𝜌𝑓𝑖 = 𝜌
𝐶𝑑(𝑧)Σ𝐴𝑓

ℎ𝑐𝐴𝑡
(⟨𝑢𝑗⟩⟨𝑢𝑗⟩)

1
2⟨𝑢𝑖⟩. (2.38) 

This amalgamates the spatially discontinuous drag force from each obstacle into a continuous resistive body 

force throughout the canopy layer (Belcher et al. 2003). In Equation (2.38), 𝐶𝑑(𝑧) is a height-dependent 

sectional drag coefficient, which is difficult to calculate for real canopies such as forests and urban areas. 

Instead, a constant height-averaged sectional drag coefficient 𝐶�̅� is often used (Martilli et al. 2002; Coceal 905 

and Belcher 2004; Belcher et al. 2012), with the morphology of the canopy represented through a frontal 

area per-unit-volume function 𝑎𝑣(𝑧). In urban areas, this may be the height-averaged frontal-area density 

𝜆𝑓/ℎ𝑐 = ∑Af/Atℎ𝑐 (see Chapter 4). In forests and other vegetation canopies, 𝑎𝑣(𝑧) is usually taken as a 

function of the plant area facing the direction of the flow per unit volume (Finnigan and Shaw 2008; Belcher 

et al. 2012). Taking this 𝑎𝑣(𝑧), |𝑈| = (⟨𝑢𝑗⟩⟨𝑢𝑗⟩)
1

2, and cancelling the air density 𝜌, Equation (2.38) 910 

simplifies to 

𝑓𝑖 = −𝐶�̅�𝑎𝑣(𝑧) |𝑈|⟨𝑢𝑖⟩. (2.39) 

Chapter 4 compares flow statistics obtained with this parametrisation to published values for an urban 

canopy. Chapter 5 discusses the formulation of this parametrisation for forests and other vegetation 

canopies, with a particular focus on real-world heterogeneous forests and the reconfiguration of flexible 915 

plant elements. 

2.5 Simplifications and conceptual scalings 

2.5.1 Monin–Obukhov Similarity Theory  

Monin–Obukhov Similarity Theory (MOST) is a type of zero-order turbulence closure in the ASL (in the 

ISL over large obstacles, Figure 2.6) (Monin and Obukhov 1954; Foken 2006). MOST is a special 920 

application of dimensional analysis which assumes that the turbulent fluxes of mass, heat, and momentum 

are approximately constant with height. The local mean gradients and the magnitudes of the second order 

moments are assumed to be dictated by four main parameters: (i) the shear stress τ; (ii) the height above the 

ground, 𝑧; (iii) the kinematic heat flux density 𝑤′𝜃0
′̅̅ ̅̅ ̅̅ ̅ (where 𝜃0 is the surface temperature); and (iv) the 

ratio 𝑔/𝜃0, which accounts for buoyancy effects (Stull 1988; Christen 2005; Foken 2006). These four 925 
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parameters are related in the Obukhov length 𝐿 (Obukhov 1946), which expresses a ratio of shear-produced 

turbulence to buoyancy-produced turbulence in the ASL 

𝐿 = −
𝑢∗
3𝜃0

𝜅𝑔𝑤′𝜃0
′̅̅ ̅̅ ̅̅ ̅
, (2.40) 

where 𝜅 the von Kármán constant and 𝑢∗ = (𝜏/𝜌)
1/2 = (−𝑢′𝑤′̅̅ ̅̅ ̅̅ )1/2 is the friction velocity, a measure of 

surface stress.  930 

 

The Obukhov length can be interpreted as a conceptual height at which shear-produced turbulence is about 

the same magnitude as buoyancy-produced turbulence. For heights 𝑧 < |𝐿|, shear-produced turbulence 

dominates and for 𝑧 > |𝐿|, buoyancy-generated turbulence dominates. 𝐿 → ∞ in statically neutral 

conditions. MOST suggests that vertical profiles of momentum, temperature, and humidity can be derived 935 

using 𝑧/𝐿 (which is sometimes used as a measure of local atmospheric stability, see Chapter 6). The details 

of these approximations are not discussed here. MOST is theoretically sound only for stationary, 

homogeneous turbulence over a flat surface, with a negligible mean vertical velocity. MOST does not hold 

in the RSL, and especially the canopy layer, because the fluxes of momentum and scalars vary with height.  

 940 

Nonetheless, it is helpful to be aware of MOST because it is used in nearly all operational NWP models 

and GCMs (Hari Prasad et al. 2016). MOST scaling parameters such as 𝐿 and 𝑢∗ are also widely used for 

other micrometeorological applications, although their practical definitions may deviate from the theory. 

For example, 𝑢∗ is a helpful scaling variable for many applications, and is used throughout Chapters 4–6. 

Under the MOST assumptions, the measurement coordinates are rotated into a single reference frame, and 945 

the mean vertical velocity is taken as zero. The traditional MOST definition of 𝑢∗ is calculated only on the 

streamwise momentum flux, but practical applications of 𝑢∗ sometimes incorporate a crosswind component 

for measurements for which the MOST assumptions are not appropriate or necessary (e.g., see the 

definitions of 𝑢∗ in Chapters 4 and 6). 

2.5.2 The logarithmic wind profile 950 

Another application of dimensional analysis in the ASL is the mean wind-speed profile. In neutral 

conditions over relatively homogeneous terrain, the wind speed increases approximately logarithmically 

with height (Figure 2.9, left). This relationship is expressed in a coordinate system aligned with the mean 

flow, where the mean wind speed 𝑈 at each height 

𝑈(𝑧) = (
𝑢∗
𝜅
) ln (

𝑧

𝑧0
) , (2.41) 955 

where 𝑧0 is a constant known as the ‘roughness length’, which varies depending on the surface obstacles, 

such that 𝑈 = 0 when 𝑧 = 𝑧0 (Stull 1988; Foken 2008). The value of 𝑧0 varies from around 𝒪(10−2) m to 

𝒪(101) m for crops, forests, and urban areas, and generally increases with the size of the obstacles. 𝑧0 is a 

mathematical convenience to avoid undefined integrals, rather than a physical height.  
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 960 

Figure 2.9: Schematic wind-speed profiles over short grass and a tall crop. The displacement height 𝒅 is marked 

on the right-hand panel (see section 2.5.2). The filled circles indicate representative anemometer measurements. 

Figure from Monteith and Unsworth (2008). 

A more general form of Equation (2.41) accounts for the presence of large obstacles on the surface by 

assuming there exists a height 𝑑, known as the displacement height, at which the mean flow velocity 965 

approaches zero because of momentum absorption by the obstacles (Figure 2.9, right). Using this 

assumption, Equation (2.41) becomes 

𝑈(𝑧) = (
𝑢∗
𝜅
) ln (

𝑧 − 𝑑

𝑧0
) . (2.42) 

If there are no large obstacles on the surface, 𝑑 ≈ 0 but 𝑧0 remains non-zero. The wind speed increases 

faster than logarithmically with height in statically unstable conditions, and slower than logarithmically 970 

with height in stable conditions (Foken 2008; Monteith and Unsworth 2008). 

2.5.3 The mixing-layer analogy for canopy flow 

Experimental evidence shows that canopy flow is very different to that in the ISL, or in the idealised ASL 

envisaged by MOST. The most visible evidence of these differences appears in canopies in the large 

turbulent transport term in the TKE budget (the transport term is approximately zero in the ISL), and in an 975 

inflected mean wind-speed profile (Figure 2.10, right). On the basis of this evidence, the seminal paper of 

Raupach et al. (1996) proposed that canopy flow is more similar to a plane mixing layer than to an 

unobstructed boundary layer. A plane mixing layer forms when two co-flowing streams of different 

velocities are allowed to mix (Figure 2.10, left). This is analogous to fast moving air flowing above a 

canopy, such as a forest or an urban area, with slower moving air flowing within the canopy. Mixing layers 980 

are turbulent and self-preserving, with a depth that scales the vorticity thickness 𝛿𝜔 = Δ𝑈/(𝑑𝑈/𝑑𝑧)𝑚𝑎𝑥, 

where Δ𝑈 = 𝑈1 − 𝑈0 is the difference between the two freestream velocities. 
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Figure 2.10: Schematic of the mixing-layer analogy for canopy flow (section 2.5.3). 𝑼 is the mean wind speed in 

the direction of the flow and 𝜹𝝎 is the vorticity thickness. Note the inflected profile on the right-hand side, as 985 
compared to the logarithmic profile in Figure 2.9. Figure modified from Raupach et al. (1996). 

The elegance of the mixing-layer analogy lies in the observation that the canopy turbulence is reduced to a 

single variable, the vorticity thickness 𝛿𝑤. The same principle is sometimes alternatively expressed using 

the shear length scale 𝐿𝑠 = 𝑈ℎ𝑐/(𝜕𝑈/𝜕𝑧)𝑧=ℎ𝑐, where 𝛿𝜔 ≈ 2𝐿𝑠. The mean wind speed increases 

approximately exponentially with height within canopies and approximately logarithmically above them, 990 

with an inflection point at 𝑧 ≈ ℎ𝑐 (Finnigan 2000; Coceal and Belcher 2004; Brunet 2020). The height of 

this inflection point is sometimes taken as the mean aerodynamic height of the canopy elements.  

 

According to the mixing-layer analogy, turbulent exchange in canopies is dominated by large eddies that 

scale with 𝐿𝑠 (alternatively 𝛿𝜔), rather than fine-scale wakes around individual canopy elements. The flow 995 

statistics in canopies are highly non-Gaussian, evidence of the ejection (where 𝑢′ < 0 and 𝑤′ > 0) and 

sweep motions (where 𝑢′ > 0 and 𝑤′ < 0) that transport most of the momentum and scalar quantities 

within and just above the canopy. A distinctive feature of the large canopy eddies is that they are coherent, 

i.e., the ‘gusts’ superimposed on the flow are correlated. The inflected canopy velocity profile is unstable, 

causing two-dimensional Kelvin–Helmholtz (KH) waves to develop at the top of the canopy, with a 1000 

wavelength proportional to 𝐿𝑠 (alternatively 𝛿𝜔). These KH waves quickly evolve into transverse Stuart-

type ‘roller’ vortices centred at 𝑧 ≈ ℎ𝑐. There is some debate in the literature as to what happens from that 

point. Finnigan et al. (2009) propose that the rollers pair off to form large three-dimensional hairpin 

structures over the canopy, which eventually dissipate. High-resolution LES of flow over a homogeneous 

plant canopy supports this idea (Gavrilov et al. 2013). However, Bailey and Stoll (2016) argue that the 1005 

dominant coherent structures are predominantly two-dimensional, where the main vortices split into smaller 

ones before stretching into hairpins. They suggest, while three-dimensional deformation of the main rollers 

can occur, the overall effect on the flow may be overestimated, depending on how the observational data is 
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filtered. In complex, real-world canopies, this debate is largely irrelevant, because the observational 

resolutions are nowhere near fine enough to test the theories. 1010 

 

The mixing-layer analogy has been demonstrated to be remarkably robust in forests and other vegetation 

canopies, showing excellent agreement with both field observations and physical models (Raupach et al. 

1996; Finnigan 2000; Brunet 2020). As will be discussed in Chapter 5, numerical models formulated with 

the mixing-layer analogy in mind tend to be better at reproducing the mean flow variables than the higher-1015 

order moments such as the skewness and the kurtosis. The applicability of the mixing-layer analogy to 

urban canopies is less clear. There is some evidence that in urban areas with buildings and few other 

obstacles, turbulence length scales are comparatively small around the top of the canopy (Coceal et al. 

2007; Barlow 2014; Blunn et al. 2022), despite there being efficient transport of momentum from the flow 

to the obstacles. This could be because, in urban areas, the buildings are large in relation to 𝐿𝑠 (which is not 1020 

the case with small plant elements), so eddy structures shed from individual buildings are more important 

than the canopy-top eddies (Coceal et al. 2007). However, most ‘urban’ investigations at this level of detail 

have been conducted on very simplified urban forms, such as cuboids with no other obstacles (Coceal et al. 

2007; Castro 2017; Blunn et al. 2022). This approach probably overestimates the contribution of wake 

eddies to turbulent transport, and neglects the momentum transfer onto building adornments, such as 1025 

pitched rooves, balconies, and awnings, and onto other smaller obstacles, such as trees, parked cars, and 

infrastructure. Chapter 4 discusses this point further in the context of representing an urban area as a patch 

of porous media. 
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Chapter 3 – Equipment and Methods  1030 

Abstract. This short chapter provides additional information on the experimental equipment and methods 

used in the main research chapters of this thesis (Chapters 4–6). Section 3.1 describes the motivation for, 

and the basic properties of, the BIFoR FACE facility. Section 3.1 also lists the equipment mounted on the 

BIFoR FACE meteorological towers. Section 3.2 describes the Weather Research and Forecasting model. 

Section 3.3 introduces the principles of eddy-covariance measurements and their application in measuring 1035 

land-atmosphere exchange. Section 3.4 summarises the data management protocol for the results in this 

thesis, with the details presented in the main research chapters. Section 3.4 includes the coordinate rotation 

and de-spiking algorithms used in Chapter 6 for the BIFoR FACE meteorological tower measurements.  

3.1 The Birmingham Institute of Forest Research Free-Air Carbon Dioxide 

Enrichment (BIFoR FACE) facility 1040 

3.1.1 Overview of BIFoR FACE 

There are large gaps in our understanding of how vegetation is likely to respond to increasing levels of 

atmospheric carbon dioxide (CO2). Part of this uncertainty stems from a lack of experimental measurements 

on mature vegetated ecosystems under future elevated CO2 mixing ratios (e[CO2]) (Norby et al. 2016; 

Ellsworth et al. 2017; Hart et al. 2020; Gardner et al. 2021). Most of our experimental understanding in this 1045 

area comes from FACE measurements of young trees and other plants (e.g., McLeod and Long, 1999; 

Norby et al., 2006, 2016). The details of the FACE protocol vary between the various experiments. The 

basic idea is that several large plots in an ecosystem are fumigated with air containing an e[CO2], usually a 

constant increment large enough to stimulate a detectable treatment effect (e.g., +150 𝜇mol mol-1 or +200 

𝜇mol mol-1) or a variable increment to maintain a concentration, such as that expected in around 2050, 1050 

e[CO2] ≈ 550 𝜇mol mol-1
 FACE experiments generally show that e[CO2] stimulates the growth of young 

plants in conditions with adequate nutrient and water availability (Norby et al. 2016; Brodribb et al. 2020), 

as would be expected from our understanding of photosynthesis. The strength of FACE is that it examines 

ecosystem-level responses rather than responses of individual plants (e.g., Norby et al., 2016). 

 1055 

FACE experiments on forests include the Duke FACE measurements in an evergreen loblolly pine stand 

(Hendrey et al. 1999; Schlesinger et al. 2006), the AspenFACE experiment on aspen and poplar seedlings 

(Dickson et al. 2000; Kubiske et al. 2015), and the Oak Ridge National Laboratory FACE in a young 

deciduous sweetgum plantation (Norby et al. 2006). Together, Duke FACE, AspenFACE, and Oak Ridge 

FACE are sometimes referred to as the ‘first-generation’ forest FACE experiments (Norby et al. 2016; Hart 1060 

et al. 2020). This first-generation also includes shorter-lived experiments such as BangorFACE (FACE on 

mixed-species seedlings) and POPFACE (FACE on a poplar plantation) (Miglietta et al. 2001; Hoosbeek 

2016). The pioneering first-generation forest experiments produced many fascinating results regarding the 

growth of young trees under e[CO2]. However, the long-term (years to decades) response of mature forests 

remains relatively unknown. This knowledge gap is concerning because these ecosystems account for a 1065 
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large proportion of the land carbon sink (Friedlingstein et al. 2022). For example, mature seasonal forests 

dominate the sink in the northern hemisphere, where around 40% of the net carbon uptake takes place 

(Luyssaert et al. 2008). The scientific community has for some time called for ‘second-generation’ 

ecosystem‐scale FACE experiments in mature forest ecosystems (Calfapietra et al. 2010; Norby et al. 2016). 

So far, two have begun operating. The first, the ‘EucFACE’ experiment in an open, Mediterranean‐type 1070 

sclerophyll forest in Australia (Drake et al. 2016), began fumigating in September 2012. The second, BIFoR 

FACE, began fumigating in Spring 2017 (Hart et al. 2020; MacKenzie et al. 2021). Funding to begin 

building AmazonFACE, in the Amazon rainforest in Brazil, was announced towards the end of 2021 and 

the facility is now under construction (Met Office 2021). 

 1075 

BIFoR FACE is located in Staffordshire, UK (52.801°N, 2.301°W) within a 19 ha patch of mature northern 

temperate broadleaf deciduous woodland. The BIFoR FACE woodland consists of an overstorey dominated 

by English oak (Quercus robur) and a dense, mixed-species understorey. The woodland was planted with 

the existing oak standards in the late 1840s. It has been largely unmanaged for the past 30–40 years. The 

mean canopy height, ℎ𝑐 ≈ 24–26 m. The region is characterised by cool wet winters and warm, relatively 1080 

dry summers. The mean air temperatures in January and July are 4 and 17 °C, respectively. There is a frost-

free growing season from early April to late October. The BIFoR FACE infrastructure comprises nine 

experimental patches of forest, which are approximately circular, with diameters of around 30 m 

(Figure 3.1). There are three ‘fumigated’ patches, in which infrastructure arrays maintain the [CO2] at 

150 μmol mol-1 above ambient during daylight periods of the growing season. There are three further 1085 

‘control’ patches, which are dosed with ambient air only, and three ‘ghost’ patches, which are ecologically 

similar to the fumigated and control patches, but do not contain any of the supporting infrastructure. 

Throughout the growing season, the fumigated patches are treated with air with e[CO2] from dawn (solar 

zenith angle, sza = −6.5°) to dusk (sza= −6.5°). The control patches are treated with air at similar flow rates 

as those in the fumigated patches. However, in the control patches, the air has an ambient [CO2] rather than 1090 

e[CO2]. The BIFoR FACE infrastructure maintains the target e[CO2] within the fumigated patches around 

98% of the time, with adverse weather, faults, and CO2 supply issues accounting for the time lost. There is 

very little contamination of the control and ghost patches by the fumigation (Hart et al. 2020). 
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Figure 3.1: (a) Aerial view of the BIFoR FACE infrastructure, looking north-east. The large circular rings are 1095 
the fumigation and control patches (see section 3.1.1). Image taken from drone footage (copyright Dr Rick 

Thomas and BIFoR FACE). The photograph predates the installation of meteorological towers around the edge 

of the woodland (see (b) and section 3.1.2 below). (b) Schematic of the BIFoR FACE facility. The coloured 

circles indicate the location of the FACE arrays, with green and orange denoting the fumigation and control 

arrays, respectively. The grey translucent circles with dashed circumferences mark the locations of the ghost 1100 
arrays. The meteorological towers on the edge of the forest are labelled Met 1–4. 

The fundamental research questions of the BIFoR FACE experiment are ecological and span a range of 

scientific disciplines: 

1. How does elevated CO2 change carbon flows and storage, nutrient cycles, and water use? 

2. How does elevated CO2 change biodiversity and ecosystem structure and function? 1105 

3. How does elevated CO2 affect susceptibility to biotic and abiotic stress? 
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4. How can lessons from the global network of second-generation forest FACE experiments be 

generalised to other woodlands and forests?  

For example, regarding questions (1) and (2), recent measurements over a three-year period show that the 

light-saturated net photosynthetic rates of the upper-canopy oak leaves is 33 ± 8% higher (mean and 1110 

standard error) in trees grown in the e[CO2] fumigated patches compared with those grown in the control 

patches (Gardner et al. 2021). This suggests that the mature oak trees assimilate more carbon under e[CO2], 

without photosynthetic downregulation, provided the nutrient availability is adequate. It is hoped further 

research will reveal further details on the uptake mechanism and storage location of the extra carbon that 

the trees assimilate. Regarding question (3), understorey plants at BIFoR FACE flower earlier under 1115 

e[CO2], but the length of the flowering period does not change (Crowley et al. 2021). Although no 

significant difference was found in the number of visits made by pollinators to flowering plants under 

e[CO2], or in the amount of seeds those flowers produced, the change in the timing means that a mismatch 

could develop between the plants and their pollinators in the future, which would affect pollination success. 

Optical particle counts of bioaerosols found no significant effect of the e[CO2] treatment on total bioaerosol 1120 

concentrations, but identified a potential suppression of high-concentration bioaerosol events (Baird et al. 

2022). 

 

In addition to the main research questions above, BIFoR FACE also hosts research in atmospheric science, 

biology, plant physiology and pathology, the social sciences, soil and microbial sciences, hydrology, and 1125 

mycology. Hart et al. (2020) provides a detailed description of the FACE infrastructure and its performance. 

Chapter 6 of this thesis provides additional detail on the FACE fumigation, with a particular focus on the 

equipment and measurements relevant to the site’s micrometeorology. MacKenzie et al. (2021) includes a 

detailed description of the BIFoR FACE data and tissue protocols. Figure 3.2 below reproduces Figure 3 

from MacKenzie et al. (2021), which shows a schematic of the sensor deployment, and tissue and data flow, 1130 

through BIFoR FACE and Wood Brook (a stream running through the BIFoR FACE facility). 
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Figure 3.2: A schematic view of the sensor deployment and tissue and data flow through BIFoR FACE and 

Wood Brook. The main experimental infrastructure elements are shown (left); replicates are indicated by ‘n= 

’. Data from electronic sensors are recorded in networked field dataloggers and relayed to the facility server. 1135 
Back-up is carried out on-site and by daily data download to the main University of Birmingham servers with 

Retrospect software (Retrospect Inc. USA). Initial quality assurance is under the control of the BIFoR Data 

Manager (author Giulio Curioni) before data is released to the BIFoR FACE community. A parallel system 

operates for physical samples, the metadata from which enters the BIFoR FACE database via chain-of-custody 

software (Pro-curo Software Ltd, West Sussex, UK). Figure and caption reproduced without modification from 1140 
MacKenzie et al. (2021). 

3.1.2 The meteorological towers at BIFoR FACE 

In 2018, four meteorological masts were installed around the edge of the BIFoR FACE woodland (denoted 

Met 1–4, respectively; Figure 3.1(b)). The towers vary in height, depending on the characteristics of the 

neighbouring trees (Table 3.1). Each tower has one upper platform, and two rest platforms (Figure 3.3). 1145 

Table 3.1: Details of the meteorological towers at BIFoR FACE, including the heights of the platforms. See 

diagram at Figure 3.3 

Tower Lower Platform Mid Platform Upper Platform Max. Height 

Met 1 5.5 m 12.5 m 24.0 m 26.0 m 

Met 2 5.5 m 12.5 m 22.0 m 24.0 m 

Met 3 5.5 m 12.5 m 25.5 m 27.0 m 

Met 4 5.5 m 12.5 m 20.0 m 22.0 m 
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Each tower has a three-dimensional sonic anemometer (R3-100, Gill Instruments, Lymington, UK) 

mounted at 𝑧 ≈ 24 m on boom arms. These anemometers sample the three-dimensional instantaneous 1150 

velocity components and the speed of sound at 20 Hz. In October 2020, three additional three-dimensional 

sonic anemometers (Windmaster Pro, Gill Instruments, Lymington, UK) were added to each mast at heights 

of 7 m, 10 m, and 14 m, sampling the same variables at the same rate as the existing sensors. 

 

Sonic anemometers can resolve atmospheric turbulence with high temporal resolution (here, sampling at 1155 

20 Hz). However, high-resolution measurements are vulnerable to distortion from surrounding obstacles, 

such as buildings and trees, or from the mounting infrastructure, e.g., if they are sited too close to supporting 

towers. At BIFoR FACE the sonics are mounted on boom arms, around 1.5 m away from the platforms, to 

minimise flow distortion from the tower. Despite these efforts, some measurement distortion is inevitable 

at spatially complex sites, because the near-surface flows are strongly deformed (e.g., partially recirculating 1160 

flows in the lee of the forest) (Dellwik et al. 2010, 2014). This near-surface distortion can be reduced, with 

non-trivial effort, by correcting the sonic observations used matrices derived on wind-tunnel 

measurements—e.g., see the process in Christen (2005), which used measurements taken across two 

calibration campaigns.  

 1165 

I had no control over the siting and calibration of the equipment at BIFoR FACE, so this type of correction 

was not possible for the work in this thesis. The meteorological-tower measurements, which are situated 

within metres of the forest edges, therefore likely contain some signal of the deformed flows around the 

forest. This distortion would be difficult to remove entirely, even with careful sensor calibration (Finnigan 

2008; Dellwik et al. 2010; Hayek et al. 2018). Regarding the net effect, the friction-velocity measurements 1170 

are possibly biased slightly high, through the inclusion of wake-generated turbulence as well as 

shear-generated turbulence. I observed mean daytime values of around 0.7 m s-1, around 20% higher than 

other reports—e.g., Fuentes et al. (2016). However, this difference may, in full or in part, result from the 

differing site structure and climate between studies. In any event, the friction-velocity calculations were 

used to observe the overall and directional effect of turbulence on air-parcel residence times (section 1175 

6.3.3.1), and to normalise the PDFs throughout Chapter 6. For both purposes, the exact values of individual 

𝑢∗ measurements are of little consequence, provided any possible net bias is acknowledged. In contrast, the 

calculated Obukhov lengths, 𝐿, are possibly biased slightly small. The kinematic vertical temperature flux 

observations, which appears in the denominator in Equation (2.40), are probably (absolutely) larger than 

their hypothetical stationary values, because they include the effect of recirculating eddies. Is it not possible 1180 

to determine exactly the existence and extent of the bias, because of the inherent difficulties in comparing 

turbulent covariances between complex sites. However, the values of 𝐿 were used only to define very 

accommodating atmospheric stability classes, over a long observational period (see 6.3.3.2), during daylight 

hours. Overall, I do not consider that the possible distortion in the turbulence measurements materially 

affects the conclusions in this thesis. It is worth emphasising here that the meteorological tower 1185 

observations comprise a small component of this work—they are only used in Chapter 6, principally in 

section 6.3.3. That said, additional calibration or data cleaning would be required if the meteorological-
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tower observations were used to, for example, investigate atmospheric processes in the evening transition 

—when it is necessary to determine subtle changes in the value of 𝐿 (e.g., Mahrt 1981, 2017a)—or to use 

𝑢∗ to define thresholds to filter eddy-covariance observations (Gu et al. 2005; Hayek et al. 2018). 1190 

 

The following equipment is also installed on the meteorological towers (but whose data are not a major 

component of this thesis): 

1. LI-190R Quantum photosynthetically active radiation (PAR) sensor (Licor, Lincoln, NE, USA) – 

upper platform 1195 

2. Kipp and Zonen NR Lite 2 Net Radiometer (Kipp and Zonen, Delft, NED) – upper platform 

3. Texas Electronics TR-525m tipping bucket rain gauge (Texas Electronics, Dallas, TX, USA) – 

maximum height and ground level 

4. Vaisala PTB 210 Barometer and pressure port (Vaisala, Vantaa, Finland) – upper platform 

5. Vaisala HMP155 humidity and temperature probe and shield (Vaisala, Vantaa, Finland) – upper 1200 

platform; mid platform; lower platform; 𝑧 ≈ 1.4 m. 

 

The equipment on the rest platforms is mounted on boom arms so that the sensors sit 𝑧 = 1.15 m above the 

height of the platforms listed in Table 3.1 (e.g., the PAR sensor on Met 1 is at 𝑧 = 25.15 m). All the 

equipment is wired into the logger enclosure near the middle platforms (Figure 3.3). Inside the enclosures 1205 

are three data loggers, a Campbell CR1000x and two Campbell CR6s (Campbell Scientific, Shepshed, UK). 

Each logger enclosure has three 12 V power supplies (one per logger), backed up by 12 V batteries to 

maintain power supply in the event of a mains power outage. Each logger has its own data connection to 

large infrastructure cabinets at the base of the meteorological towers. Chapter 6 uses measurements from 

the BIFoR FACE meteorological towers to investigate the effect of the local atmospheric conditions on air-1210 

parcel residence times in the woodland. Chapter 7 uses the measurements in a ‘pulse and trace’ experiment 

to monitor the passage of CO2-rich air across the BIFoR FACE woodland. 
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Figure 3.3: Schematic of the meteorological towers at BIFoR FACE and the equipment mounted on them. 

Tower shown is Met 1 (section 3.1.2 and Figure 3.1). The height of the upper platform the maximum height 1215 
varies slightly from tower to tower (see Table 3.1). Image copyright BIFoR FACE. 

3.2 The Weather Research and Forecasting model  

The Weather Research and Forecasting (WRF) model is an open-source NWP and atmospheric model 

developed and supported by the National Center for Atmospheric Research (NCAR), Boulder, CO, USA. 

WRF is designed for both NWP and research applications. WRF is the world’s most widely-used 1220 

atmospheric model, with more than 36,000 user registrations across 162 countries (Powers et al. 2017). 

WRF was developed from the Pennsylvania State University–NCAR Mesoscale Model (MM5; Grell et al., 

1994) and has been extended by both the NCAR development team and its wide community of users (e.g., 

Powers et al., 2017; Skamarock et al., 2021). WRF currently has two atmospheric-fluid-flow solvers, known 

as cores, which operate within the model’s software. These are the Eulerian Mass (EM) core and the non-1225 
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hydrostatic mesoscale model (NMM) core. The EM core is also known as Advanced Research WRF 

(ARW), and is intended mostly for research applications. The EM core solves the non-hydrostatic 

compressible Euler equations, and is designed to run on parallel networks of computers. The NMM core is 

designed for operational NWP, and has been widely used by private organisations, national weather 

agencies, and research centres for this purpose (Powers et al. 2017). WRF supports a variety of tailored 1230 

configurations, including applications in atmospheric chemistry, hydrological modelling, wildfires, 

renewable energy, and tropical cyclones. WRF also provides 12 idealised scenarios through its ARW core, 

including a large-eddy simulation mode (WRF-LES), which is used in this thesis. 

 

WRF-LES runs using the ARW dynamical solver, which integrates the compressible, nonhydrostatic Euler 1235 

equations. This set of equations is very similar to those in Equations (2.20–2.22), but they are cast in flux 

form using hydrostatic pressure as an independent variable (Skamarock et al. 2021). (The contributions 

from the compressibility of the WRF equations are negligible close to the ground (Kirkil et al. 2012).) The 

ARW equations are formulated using a terrain-following hydrostatic-pressure vertical coordinate, denoted 

𝜂, which—in version 3.6.1 of WRF-LES, used in this thesis—is defined as 1240 

𝜂 =
𝑝𝑑 − 𝑝𝑡
𝑝𝑠 − 𝑝𝑡

, (3.1) 

where 𝑝𝑑 is the hydrostatic component of the pressure of dry air, and 𝑝𝑠 and 𝑝𝑡 respectively denote values 

of 𝑝𝑑 along the surface and top boundaries of the simulated domain. The definition of 𝜂 has been modified 

slightly in the most recent version of WRF, version 4 (Skamarock et al. 2021). This change is not relevant 

to this thesis, which focusses on processes over level terrain. The ARW solver uses a time-split integration 1245 

scheme. Most of the meteorologically significant motions are captured using third-order Runge–Kutta time 

integration (Wicker and Skamarock 2002), a type of finite differences scheme, which is essentially a higher-

order application of the Euler method of solving ordinary differential equations. ARW uses an additional, 

smaller time step to account for high-frequency phenomena such as acoustic waves, which are not 

accounted for in the incompressible flow solvers used for most NWP. WRF-LES models momentum 1250 

transport and mean scalar transport well in both the neutral and convective ABL (Kirkil et al. 2012; Nottrott 

et al. 2014). High spatial resolutions are needed to resolve surface-layer turbulence faithfully in shear driven 

conditions (Kirkil et al. 2012; Nottrott et al. 2014). The model’s performance in stable ABL conditions 

remains relatively untested, at least against field observations. See Skamarock et al. (2021) for full technical 

details of the WRF model, including the governing equations and numerical integration schemes, and 1255 

Powers et al. (2017) for historical overview, context, and the direction of future developments.  

 
The WRF model incorporates several programming languages, including Fortran, C, and Perl. The main 

dynamical solvers are written in Fortran. WRF allows the user to configure the basic details of the 

simulations—e.g., the cell resolution, domain size, time step, and the geostrophic wind speed—using a 1260 

‘namelist’. Namelists are an input/output feature in Fortran that use key-value assignments to specify 

variables (without introducing complications or potential bugs through formatting). The WRF-LES 

namelist allows users to turn on and off features such as the Coriolis force (which is usually not very 
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influential in canopy flows), and to specify options such as the SGS closure scheme, the boundary 

conditions, the surface-layer schemes, at the parametrisations for turbulent transport. In Chapters 4 and 5, 1265 

the source code for WRF-LES physics schemes was modified to include the distributed-drag 

parametrisation. After each substantive modification, the WRF code was cleaned, configured, and re-

compiled (using the parallel mode of an Intel Fortran compiler). The simulations in Chapters 4 and 5 took 

around 50–80 wall-clock hours, running on a single node with 32–64 cores. I found the easiest way to 

navigate long queues on the university high-performance computers, while keeping within a workable 1270 

simulation period, was to use a small number of powerful and large-memory cores. The WRF-LES outputs 

large netCDF binary data files (e.g., hundreds of GB for seven hours of simulation). I performed the 

statistical processing of the netCDF files in Fortran, outputting the time-averaged statistics in .txt files (see 

section 3.4, below).  

3.3 Eddy-covariance measurements 1275 

Eddy covariance is a micrometeorological technique that allows researchers to measure the exchange of 

quantities such as CO2 and water vapour between atmosphere and the Earth’s surface. Eddy covariance is 

the most widely used technique for investigating ecosystem-scale land-atmosphere exchange, at least for 

species for which sufficiently fast sensors exist. The technique is deployed across global networks of long 

term ecosystem-measurement sites, such as those in the FLUXNET programme (Baldocchi et al. 2001; 1280 

Oliphant 2012). This thesis does not rely on eddy-covariance measurements, nor discusses the technique in 

detail. However, the challenges in obtaining robust eddy-covariance observations in certain landscapes and 

weather conditions have motivated a great deal of micrometeorological research, especially LES models of 

vegetated terrain, the focus of Chapter 5. To understand these challenges, it is informative to look at the 

technique’s formulation. 1285 

 

In a turbulent flow, the vertical flux can be expressed as 𝐹 = 𝜌𝑎𝑤𝛼̅̅ ̅̅ ̅̅ ̅, where 𝛼 is the mixing ratio of some 

quantity in the air. This can be decomposed into its mean and turbulent components by Reynolds 

decomposition 

𝐹 = (�̅�𝑎 + 𝜌𝑎
′ )(�̅� + 𝑤′)(�̅� + 𝛼′)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅. (3.2) 1290 

Expanding Equation (3.2) and, simplifying according to the Reynolds averaging rules, gives 

𝐹 = �̅�𝑎�̅��̅� + �̅�𝑎𝑤
′𝛼′̅̅ ̅̅ ̅̅ + �̅�𝜌𝑎

′ 𝛼′̅̅ ̅̅ ̅̅ + �̅�𝜌𝑎
′𝑤′̅̅ ̅̅ ̅̅ ̅ + 𝜌𝑎

′𝑤′𝛼′̅̅ ̅̅ ̅̅ ̅̅ ̅ (3.3) 

For eddy-covariance measurements to be at their best, one assumes that (i) there are no sources or sinks in 

the atmosphere above the surface; (ii) the surface that is horizontally uniform and level (to minimise 

advective effects); (iii) the mixing ratio of the quantity does not vary significantly with time. Density 1295 

fluctuations are also assumed to be negligible. With these assumptions, Equation (3.3) simplifies to 

𝐹 = �̅�𝑎�̅��̅� + �̅�𝑎𝑤
′𝛼′̅̅ ̅̅ ̅̅ , (3.4) 

so that 
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𝐹 ≈ �̅�𝑎𝑤
′𝛼′̅̅ ̅̅ ̅̅ (3.5) 

in level, homogeneous terrain where the mean vertical wind is assumed to be negligible (Baldocchi et al. 1300 

1988; Monteith and Unsworth 2008). The ‘ideal’ assumptions of eddy covariance are rarely satisfied at 

measurement sites because the landscape is not homogeneous, the terrain not flat, and the flow not 

statistically well-behaved. Falsely assuming that the ideal conditions are satisfied can lead to exchange 

estimates that are inaccurate and in, in some conditions, biased (Foken et al. 2011; Oliphant 2012; Hicks 

and Baldocchi 2020). These difficulties are no great secret, and the researchers who formulated the eddy-1305 

covariance technique have been refreshingly open about them since the beginning (e.g., Baldocchi et al., 

1988). However, so far, attempts to fix the difficulties by refining the eddy-covariance methodology have 

not been successful (Wilson et al. 2002; Finnigan 2008; Aubinet et al. 2010; Mauder et al. 2020). There is 

strong evidence that the ideal assumptions of eddy-covariance are often violated by fluid dynamical 

phenomena that arise in complex terrain around hills and forest edges (Belcher et al. 2012; Brunet 2020; 1310 

Finnigan et al. 2020). Physical and numerical models have proved very useful in investigating these 

phenomena. However, models are currently less adept at investigating theoretical violations that arise in 

certain weather conditions, such as during stable nights (Mahrt et al. 1998; Loescher et al. 2006; Mahrt 

2017b). Chapter 5 discusses these points in more detail. 

3.4 Data management and processing in this thesis  1315 

3.4.1 Overview of data management and processing 

WRF-LES is deterministic, and the LES results used in this thesis are reproducible using the model 

configuration and numerical details in Chapters 4 and 5. For convenience, the modified WRF physics 

solvers, namelists, and processing code used for the LES models in Chapters 4 and 5 are also available at 

github.com/foresteddy (open access, on demand). 1320 

 

The BIFoR FACE measurements, including the meteorological-tower observations, are managed according 

to the University of Birmingham and BIFoR FACE protocols set out in Hart et al. (2020) and MacKenzie 

et al. (2021). These measurements include the raw data used in the residence-time analysis in Chapter 6. 

The time-averaged measurements, supporting README files, and visualisation code from Chapter 6 are 1325 

deposited in a permanent, open access repository: https://doi.org/10.25500/edata.bham.00000836. They are 

also available at github.com/foresteddy (open access, on demand). 

 

Chapter 7 presents results from opportunistic ‘pulse and trace’ experiments at BIFoR FACE. The most 

important results are contained in that chapter. The raw datasets can be obtained via the BIFoR FACE 1330 

repository. The processing and visualisation code for Chapter 7 is available at github.com/foresteddy (open 

access, on demand). 
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I processed and visualised the data in this thesis using version 4.0.5 of R (R Core Team 2021) and version 

3 of Python. I am very grateful to the dedicated and talented community of open-source software developers 1335 

in R and Python. 

3.4.2 Processing algorithms used for the BIFoR FACE meteorological tower measurements 

3.4.2.1 Data cleaning and despiking algorithm 

Before any of the BIFoR FACE meteorological-tower measurements were used in this thesis, data points 

corresponding to non-physical values or instrumental failure were removed without replacement. The 1340 

thresholds for data removal were defined on the basis of typical ranges local to the BIFoR FACE site. Data 

points were removed when any of the following conditions were satisfied: 

• any of the velocity components |(𝑢, 𝑣, 𝑤)| > 30 m s-1; or  

• the air temperature (real or sonic) 𝑇 > 45 °C; or 

• the air temperature (real or sonic) 𝑇 < −20 °C.  1345 

Chapter 6 discusses the tolerated quantities of missing or contaminated data for each averaging period and 

day before the entire period was discarded. 

 

After data removal, the sonic data were despiked following the procedure in Højstrup (1993). The procedure 

in Højstrup (1993) is based on the assumption that, for each interval within the dataset, the mean variables 1350 

are normally distributed, independent, and random, and for which means and standard deviations can be 

calculated. Researchers have applied similar protocols across a range of micrometeorological applications, 

including in vegetation, for aircraft measurements, and in urban canopies (Vickers and Mahrt 1997; 

Starkenburg et al. 2016; Barbano et al. 2021). A variety of more sophisticated algorithms have been 

developed for high-frequency atmospheric timeseries (e.g., Jesson et al., 2013; Starkenburg et al., 2016), 1355 

but these were not applied here because sensitivity tests showed the timeseries to be quite clean. 

 

The velocity statistics at BIFoR FACE are non-Gaussian, as is typical around vegetation (Finnigan 2000). 

In particular, the magnitudes of the velocity components are usually positively skewed. To account for this 

pattern, I modified the procedure in Højstrup (1993) so that it made no assumption of normality. This is 1360 

very similar to the despiking procedure outlined in Leys et al. (2013). The modified procedure is as follows: 

1. Absolute values in the measurements above a threshold 𝜁 × 𝐷𝑚𝑒𝑑 were marked as spikes, where 𝜁 

is a discriminant factor and 𝐷𝑚𝑒𝑑 the median absolute deviation over each time interval (5 min, in 

Chapter 6). The median absolute deviation is defined 𝐷𝑚𝑒𝑑 = median(|𝑥𝑖 − �̃�|) for a univariate set 

𝑥1, 𝑥2, … , 𝑥𝑛, with �̃� the set’s median (see Hampel (1974) for a technical discussion of the 1365 

properties of the 𝐷𝑚𝑒𝑑). 

2. A discriminant factor of 𝜁 = 1.4826 × 3.5 was used, where 3.5 is a common discriminant factor 

used in previous studies (e.g., Barbano et al., 2021; Vickers and Mahrt, 1997) and 1.4826 is an 
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additional factor to scale the 𝐷𝑚𝑒𝑑 to the standard deviation, which is used to define the spikes in 

most similar studies2 (if the data are indeed normal, the additional factor means the values of the 1370 

𝐷𝑚𝑒𝑑 and the standard deviation converge). 

3. The spikes were replaced with the median value of each interval. 

3.4.2.2 Coordinate rotation to correct sensor misalignment 

When the sonic anemometers on the BIFoR FACE meteorological towers were installed, the operations 

team made every effort to align the sensors so that the north on the sensors aligned with Geodetic north. 1375 

However, despite these efforts, subsequent testing showed that some of the sensors were slightly out in their 

alignment, as shown in Table 3.2. The angles in Table 3.2 refer to the direction the anemometers are pointed. 

Without correction, the effect of this misalignment is to introduce a bias in the measurements in the opposite 

direction. For example, for the sonic at 10 m on Met 1, a mean wind from 5° appears to be perfectly 

northerly wind (in effect rotating the measurements 5° west). 1380 

Table 3.2: Incorrect alignments of some of the sonic anemometers on the meteorological towers at BIFoR 

FACE. The angle 𝜽 gives the direction in which the ‘north’ on the sonic anemometers is pointed 

Meteorological tower Height Angle (𝜽) 

Met 1 10 m 5° east 

Met 2 7 m 16° west 

Met 2 10 m 5° west 

Met 2 14 m 16° west 

Met 2 25 m 5° west 

Met 3 14 m 5° east 

Met 4 10 m 15° east 

 

The alignments were corrected by rotating the relevant velocity measurements around the 𝑧–axis, with the 

angle 𝜃 serving as a yaw angle (or −𝜃 for the sonics on Met 2, which point 𝜃° west). This is expressed as 1385 

follows  

(

𝑢1
𝑣1
𝑤1
) = (

cos(𝜃𝑟) sin(𝜃𝑟) 0

−sin(𝜃𝑟) cos(𝜃𝑟) 0
0 0 1

)(

𝑢0
𝑣0
𝑤0
) , (3.6) 

where the subscripts 0 and 1 refers to the raw and rotated vector components, respectively, and 𝜃𝑟 is 𝜃 from 

Table 3.2, expressed in radians. The velocity components were rotated after despiking but before calculating 

any of the time-averaged flow statistics.  1390 

  

 
2 The advantage of using the 𝐷𝑚𝑒𝑑  and median over the standard deviation and mean is that the despiking algorithms 

using the former measurements only need to be applied once and make no assumptions as to the data’s normality. 

Those based on the latter may need to be applied multiple times and the time intervals should be chosen carefully to 

ensure that the data are somewhat Gaussian. 
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Chapter 4 – Neighbourhood-Scale Flow Regimes and 

Pollution Transport in Cities 

Publishing details. This chapter is a reproduction of the article ‘Neighbourhood-Scale Flow Regimes and 

Pollution Transport in Cities’ by Edward Bannister, Xiaoming Cai (XMC), Jian Zhong (JZ), and Rob 1395 

MacKenzie (AMRK), published in Boundary-Layer Meteorology (2021) 179:259–289 

https://doi.org/10.1007/s10546-020-00593-y. 

 

Author contributions. I conceived of this study under the supervision of XMC. Under the joint supervision 

of XMC and AMRK, I performed the LES model runs, wrote the processing code, conducted the formal 1400 

analysis and visualisation, wrote the original draft of the manuscript, and revised the manuscript in response 

to reviewers’ comments. I am grateful to JZ for his assistance and expertise in adapting and debugging the 

Fortran code in the LES mode of the WRF model. All authors (a) reviewed and edited drafts; and (b) 

contributed to discussions in which the methodology was refined. I am grateful to two anonymous reviewers 

for constructive comments that helped improve this manuscript. I thank Chantal Jackson for her assistance 1405 

in redrawing Figures 4.1 and 4.9. 

 

Stylistic notes. Throughout this chapter, the mean height of the canopy elements is denoted 𝐻, a common 

shorthand in urban micrometeorology, rather than ℎ𝑐, which is more commonly used for vegetation 

canopies and is adopted elsewhere in this thesis. Appendix 4B is published as electronic supplementary 1410 

material in the version of this article in Boundary-Layer Meteorology. 

 

Abstract. Cities intimately intermingle people and air pollution. It is very difficult to monitor or model 

neighbourhood-scale pollutant transport explicitly. One computationally efficient way is to treat 

neighbourhoods as patches of porous media to which the flow adjusts. Here we use conceptual arguments 1415 

and large-eddy simulation to formulate two flow regimes based on the size of patches of different frontal-

area density within neighbourhoods. One of these flow regimes distributes pollutants in counter-intuitive 

ways, such as producing pollution ‘hot spots’ in patches of lower frontal-area density. The regimes provide 

the first quantitative definition of the ‘urban background’, which can be used for more precisely targeted 

pollution monitoring. They also provide a conceptual basis for further research into neighbourhood-scale 1420 

air-pollution problems, such as parametrisations in mesoscale models, and the transport of fluid constituents 

in other porous media.  

4.1 Introduction 

Air pollution is the greatest environmental threat to human health (World Health Organiytion, 2016), 

particularly in urban areas (Landrigan et al. 2018), where the majority of the world’s population now lives 1425 

(United Nations 2018). However, it is difficult to assess the efficacy of air-pollution policy because in situ 

observations are too sparse to monitor transport processes within a city. Permanent networks usually 
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comprise a handful of sites within an area of hundreds of square kilometres (World Health Organization 

2016; DEFRA 2019; US EPA 2019) and typically avoid observations near large obstacles such as buildings 

and trees (Muller et al. 2013b). Because low-cost sensors require careful calibration (Kelly et al. 2017) and 1430 

have high post-processing and maintenance costs (Kumar et al. 2015; Pope et al. 2018), they cannot simply 

fill the gaps in permanent networks.  

 

Numerical simulation is a useful supplement to in situ measurements, provided the model captures the 

relevant physics of the problem. Numerical models provide flow information at every point in the simulated 1435 

domain—sufficient to investigate the transport equations term by term, which is not usually possible with 

observations. Advances in affordable computing power and accessibility over the last few decades have 

meant numerical simulations have proliferated (Kumar et al. 2011; Tominaga and Stathopoulos 2013; 

Blocken 2014; Toparlar et al. 2017). However, because of the computational demands of simulating the 

turbulent boundary layer, numerical flow models are forced to represent urban areas differently depending 1440 

on their scale of interest (Martilli et al. 2002; Hood et al. 2014; Zhong et al. 2015). The behaviour of 

pollutants, and of other scalar fluid constituents, around the scale of a neighbourhood (1–2 km) remains 

particularly difficult to interpret and model (Belcher 2005; Nikolova et al. 2018). This gap in our 

understanding is unfortunate because neighbourhood-scale processes disperse pollutants from peaks beside 

busy roads to levels treated as the ‘urban background’, and may link urban-pollution models with weather 1445 

forecasts (Xie 2011). Indeed, numerical weather prediction models are beginning to resolve neighbourhood 

scales for certain processes, including the UK Met Office’s London Model, which has been used to forecast 

fog at a horizontal resolution of 333 m (Boutle et al. 2016).  

 

As it is computationally unfeasible to resolve turbulent flow around individual obstacles at the 1450 

neighbourhood scale, for most applications, researchers need a simplified approach. One route is to resolve 

the main features of the urban form, in the sense that boundary conditions are imposed at the surfaces of 

the largest obstacles (usually only the buildings are resolved). A common approach when resolving 

buildings at the neighbourhood scale is to apply the Reynolds-averaged Navier–Stokes (RANS) equations, 

which require the turbulent flow to be parametrised. Such an approach has been widely used to investigate 1455 

how the urban form affects flow and dispersion at the smaller end of neighbourhood scale, such as through 

small networks of streets (Wang and McNamara 2006; Letzel et al. 2008; Carpentieri and Robins 2015). 

Many of the earlier RANS models simulated flow and scalar transport around generic urban-like structures, 

such as networks of cuboids or idealised street canyons (Toparlar et al. 2017 and references therein). More 

recently, resolved-building RANS models have been used to investigate flow in real neighbourhoods 1460 

(Toparlar et al. 2015; Antoniou et al. 2017; Juan et al. 2017; Gao et al. 2018). For more information on 

RANS models of flow in urban areas, see Kumar et al. (2011), Tominaga and Stathopoulos (2013), Blocken 

(2014), and Toparlar et al. (2017). 
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4.2 Porous model of neighbourhood-scale flow 

4.2.1 Use of a porous model in urban areas 1465 

Another way of approximating neighbourhood-scale flow is to treat the urban canopy layer as a porous 

medium. Instead of resolving the buildings and other roughness elements in the urban area, all aerial parts 

of the urban area are represented indirectly through a distributed momentum sink. This is achieved by 

averaging the equations of motion over a volume that contains multiple roughness elements, which 

amalgamates the drag force from each roughness element into a continuous drag force throughout the urban 1470 

canopy layer (UCL). This averaging process introduces additional terms into the momentum equation 

which do not appear in the equations for the freestream flow (Sect. 3 below, Coceal and Belcher 2004, and 

Lien et al. 2005).  

 

The porous-canopy method has been used extensively to study flow and scalar exchange in vegetation, 1475 

particularly in homogeneous stands, from which a theoretical framework has emerged to explain certain 

statistically consistent features (Raupach and Thom 1981; Raupach et al. 1996; Finnigan 2000). A 

characteristic feature of flow through vegetation is that momentum is transferred over the depth of the 

canopy. The momentum transfer creates a strong inflection in the mean streamwise wind-speed profile, 

which is approximately exponential within the canopy and logarithmic above, and a layer of high shear 1480 

around the top of the canopy. This shear generates Kelvin–Helmholtz type instabilities that dominate 

turbulence and ‘coherent’ motions, analogous to the dominant processes in a plane mixing layer (Raupach 

et al. 1996). Using the analogy of vorticity thickness in a mixing layer, Raupach et al. (1996) reduced 

canopy turbulence to a single length scale, 𝐿𝑠 = 𝑈𝐻/𝑈′, where 𝑈𝐻 is the mean streamwise velocity 

component U at the height of the canopy H, and 𝑈′ = 𝑑𝑈/𝑑𝑧 at z = H. The shear length scale 𝐿𝑠 provides 1485 

a rough estimate of the diameter of the turbulent eddies, equating to around 0.5H for medium-density 

vegetation. Eddies of diameter 𝐿𝑠 dominate the exchange of momentum and scalar quantities to and from 

the canopy. The inverse of the length scale 𝐿𝑠 also represents the wavenumber of the fastest-growing 

instability at the top of the canopy. The coherent eddies in the shear layer induce characteristic patterns in 

the spatially averaged vertical profiles of higher-order moments, for example, of the variances or the 1490 

skewness (Finnigan 2000).  

 

Several studies have used the porous-canopy approach in mesoscale models to parametrise the flow through 

and above urban areas (Martilli et al. 2002; Santiago and Martilli 2010). Coceal and Belcher (2004, 2005) 

extended the work of Belcher et al. (2003) to calculate how the boundary layer adjusts upon entering an 1495 

urban area (Sect. 2.3 below). Their model simulated mean velocity profiles that compared well, before and 

after the flow had adjusted, with wind-tunnel and field measurements reported by Davidson et al. (1995, 

1996) and Macdonald (2000). Lien et al. (2005) derived a modified two-equation (𝑘–𝜖) turbulence model, 

where 𝑘 is the turbulence kinetic energy and 𝜖 is the turbulence dissipation rate, to simulate the flow through 

and over an array of buildings, in which clusters of buildings in the array are averaged and treated as a 1500 

porous medium. Compared to high-resolution RANS simulations of flow over resolved cubes, this porous-
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canopy model generated very similar vertical profiles of the mean wind speed, but less satisfactory profiles 

for turbulent variances, particularly in the regions around the tops of the buildings and very close to the 

ground (Lien and Yee 2005). Di Sabatino et al. (2008) adapted the porous model in Macdonald (2000) to 

simulate spatially averaged wind-speed profiles over London, Toulouse, Berlin, and Salt Lake City by 1505 

varying the vertical profiles of the frontal-area density, 𝜆𝑓 (i.e., the total frontal area per unit ground area). 

Hang and Li (2010) derived a modified 𝑘–𝜖 porous model to simulate the flow over arrays of aligned cubes. 

Compared to wind-tunnel observations, their porous model simulated macroscopic properties of the flow 

well, but under-predicted turbulence at the leading edges of the arrays. More recently, porous models have 

been used to investigate wider features of urban microclimates, such as heat-island effects (Hu et al. 2012; 1510 

Wang and Li 2016) and the influence of urban trees on flow and pollutant dispersion (Krayenhoff et al. 

2015; Salim et al. 2015; Wang et al. 2018).  

4.2.2 Applicability of the porous model to the urban boundary layer 

The porous model allows urban areas to be parametrised with a relatively small number of morphological 

variables. Detailed information around individual obstacles is lost, but cities can be represented simply 1515 

enough to make numerical models of the neighbourhood scale, and upwards, computationally feasible. 

However, the model and its supporting theoretical assumptions must be used with caution when 

approximating urban areas. Direct numerical simulation (DNS) of idealized building arrays has shown that 

the eddy structure in the urban canopy shear layer is more spatially complex than its counterpart in 

homogeneous vegetation (Coceal et al. 2007), for example, quasi-coherent eddies may form in the wakes 1520 

of the bluff elements (Böhm et al. 2013). The spatially averaged mean velocity profile in urban-like 

canopies—i.e., between squat, sharp-edged obstacles—is also rarely exponential (Castro 2017), having 

instead a sharp shear layer between the top of the canopy and the flow aloft. 

 

However, the studies revealing the more striking differences between urban and vegetative flows have 1525 

tended to use exaggerated urban forms, such as the use of arrays of cuboids (Coceal et al. 2007; Leonardi 

and Castro 2010; Castro 2017 and references therein). Further, because of the constraints in computational 

resolution and wind-tunnel capacity, even models of real urban areas typically only resolve the simplified 

forms of buildings and the streets (Xie and Castro 2009; Carpentieri et al. 2012; Toparlar et al. 2015; 

Antoniou et al. 2017; Juan et al. 2017). In reality, however, most urban areas are not just networks of 1530 

buildings with small-scale irregular forms, but also have trees, street furniture, and other obstacles, all of 

which absorb momentum. Models of urban flow omitting those features also omit their effects on the flow 

and the transport of scalar quantities. For example, trees strongly influence urban flow and dispersion, 

particularly if they are of comparable height to buildings (Wang et al. 2018). Trees act as a direct momentum 

sink for the mean flow and reduce downwards turbulent transport of high velocity air from above the canopy 1535 

(Giometto et al. 2017) as well as upwards turbulent transport of high-concentration air pollutants emitted 

along streets (Jeanjean et al. 2015). 
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Many of the scaled vertical profiles of flow statistics are similar across vegetation and urban areas 

(Finnigan, 2000; Christen, 2005 Figure 5.1). Several high-resolution studies of urban flow have also 1540 

identified Kelvin–Helmholtz instabilities in the shear layer around the tops of the buildings (Letzel et al. 

2008; Salizzoni et al. 2011; Li et al. 2015), which mix air intermittently with the air aloft (Louka et al. 2000; 

Cui et al. 2004; Cai 2012; Li et al. 2015) in a similar manner to the processes in vegetation. These features, 

together with the comparisons with field and wind-tunnel observations in the studies cited above, support 

the use of the porous model for investigations of flow in urban areas as well as in vegetation. However, the 1545 

results need to be interpreted carefully. While the porous model simulates spatially averaged statistics well, 

it offers no information about the flow or dispersion around the individual obstacles, which may differ 

significantly from spatial averages (Coceal et al. 2007).  

4.2.3 Spatial inhomogeneity and adjustment 

For flow into a city, such as from a rural area, there is an adjustment over a streamwise distance 𝑥𝐴 in which 1550 

the mean flow balances the aerodynamic drag of the urban roughness (Coceal and Belcher 2004). Once the 

flow has adjusted to the presence of the canopy, the net mean vertical velocity component almost totally 

disappears, but the large vertical wind shear generates Kelvin–Helmholtz like instabilities around the top 

of the canopy. It is worth noting that the ‘coherent structures’ generated by these instabilities refer to motion 

transporting a range of smaller vortices, rather than necessarily meaning the well-defined rolls of fluid that 1555 

appear in conceptual diagrams (Bailey and Stoll 2016). The spatial complexity of urban areas may prevent 

coherent structures of a single length scale 𝐿𝑠 from dominating turbulent exchange (Coceal et al. 2007). As 

a rough guide, Okaze et al. (2015) calculated a turbulent length scale 𝕃 ≈ 0.1H using high-resolution large-

eddy simulation (LES) of the flow over an array of cubes. 

 1560 

Most real urban areas are heterogeneous (i.e., patchy) in structure and density. For the flow within a city 

with varying roughness, flow adjustment occurs over a distance 𝑥𝐴 determined by the local characteristics 

of the urban roughness (Coceal and Belcher 2004, 2005). We have some idea of how urban morphology 

affects pollutant transport at the neighbourhood scale. For example, the mean age of air (Buccolieri et al. 

2010) and average pollutant concentration (Yuan et al. 2014) increase with the plan-area density 𝜆𝑝 (i.e., 1565 

the total plan area per unit ground area). Urban areas are also better ventilated with increasing variation in 

the height of obstacles (Hang et al. 2012).  

 

However, we do not have a clear conceptual picture of how changes in neighbourhood-scale urban form 

affect the transport of pollutants and other scalar quantities. Here we present a simple model of 1570 

inhomogeneous flow within an urban area, in which air moves between areas of high and low frontal-area 

density. We use the LES approach to investigate (a) the dynamical adjustment of the flow as it moves over 

a neighbourhood of heterogeneous roughness; and (b) the effect of the adjustment on pollutant transport, 

particularly features that may lead to improved parametrisations in mesoscale models. 



69 

 

4.3 Method 1575 

4.3.1 Transport equations 

We use right-handed Cartesian tensor notation, with the Einstein summation convention, and indices 

(𝑖, 𝑗, 𝑘) take values (1, 2, 3) respectively. For example, 𝑢𝑖 is the velocity in the 𝑥𝑖 direction, with i = 1, 2, 3 

representing the streamwise (𝑥), spanwise (𝑦) and vertical (𝑧) directions. We denote 𝒙 = (𝑥, 𝑦, 𝑧), 

(𝑢1, 𝑢2, 𝑢3) = (𝑢, 𝑣, 𝑤), and time as 𝑡.  1580 

 

We adapt LES models previously used for vegetation canopies by modelling the urban area as a porous 

body, with the obstacles represented as a momentum sink. The representation of the urban form is informed 

by porous models of urban areas, particularly studies by Coceal and Belcher (2004, 2005), which used 

mixing-length closure, and the RANS study of Lien et al. (2005). We used the ‘superficial’ or ‘extrinsic’ 1585 

averaging procedure, i.e., the spatial averaging operation was performed over the total volume 𝑉𝑡 of the 

UCL including both solid obstacles 𝑉𝑠 and fluid parts 𝑉𝑓, where 𝑉𝑡 = 𝑉𝑓 + 𝑉𝑠. For a flow quantity 𝜙 such 

as velocity or stress, 

⟨𝜙⟩ =
1

𝑉𝑡
∫ 𝜙 𝑑𝑉.
𝑉𝑡

(4.1) 

Other LES studies of urban areas have used different procedures—for example, the ‘intrinsic’ average 1590 

where the quantities are averaged only over the fluid volume 𝑉𝑓 (e.g., Giometto et al. 2016). The superficial 

average treats pressure and velocity gradients as continuous in space, making it more straightforward to 

focus on the general dynamical effects of density changes, rather than discontinuities at the top of urban 

canopy layer. The superficial average also generates the simplest form of the averaged transport equations 

(Kono et al. 2010; Xie and Fuka 2018), making it easier to implement in a three-dimensional LES model 1595 

than the intrinsic average. There are other situations where the intrinsic average operation may be more 

appropriate than the superficial, for example, when comparing simulated results to observations, because 

the intrinsic average produces results representative of local conditions within the fluid (Schmid et al. 2019). 

See Lien et al. (2005), Böhm et al. (2013), Xie and Fuka (2018), and Schmid et al. (2019) for further 

discussion of different averaging operations for urban areas. 1600 

 

Here we envisage an urban area comprising roughness elements of various shapes and sizes (buildings, 

trees and plants, signage, infrastructure, parked vehicles, etc.). The averaging is over an area that: (a) covers 

multiple roughness elements, but (b) is small compared with the distance over which the mean 

characteristics of roughness (e.g., the frontal-area density) varies. The vertical volume averaging is very 1605 

thin in order to properly resolve the flow gradients. See Appendix 4A for conceptual background. 

 

We used the LES mode of version 3.6.1 of the Weather Research and Forecasting model (WRF) 

(Skamarock et al. 2008) to solve the transport equations. The WRF model solves discretized forms of the 
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spatially averaged momentum equations3 using the Runge–Kutta time-integration scheme (Wicker and 1610 

Skamarock 2002), 

𝜕⟨𝑢𝑖⟩

𝜕𝑥𝑖
= 0, (4.2a) 

𝜕⟨𝑢𝑖⟩ 

𝜕𝑡
+
𝜕⟨𝑢𝑖⟩⟨𝑢𝑗⟩

𝜕𝑥𝑗
= −

1

𝜌

𝜕⟨𝑝⟩

𝜕𝑥𝑖
+
𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
+ 𝐵𝑖 + 𝑓𝑐𝜖𝑖𝑗3(⟨𝑢𝑗⟩ − 𝑈𝑔,𝑗) + 𝑓𝑖, (4.2b) 

where the kinematic mean stress tensor, 𝜏𝑖𝑗, represents the subgrid scale (SGS) stresses; ⟨𝑝⟩ is the spatially 

averaged pressure; 𝜌 is the air density; 𝐵𝑖 is the buoyancy force: 𝐵𝑖 = −𝛿𝑖3𝑔𝜃′/�̅�, where 𝛿𝑖𝑗 is the 1615 

Kronecker delta, �̅� is the potential temperature for hydrostatic balance, and 𝜃′ is the temperature variations 

with respect to �̅�; 𝑓𝑐 is the Coriolis parameter; 𝜖𝑖𝑗3 is the alternating unit tensor; and 𝑈𝑔,𝑗 is the geostrophic 

velocity. The term 𝑓𝑖 is related to the drag force (see Sect. 3.2 below). The angled brackets ⟨⋅⟩ denote the 

spatially averaged quantities, for example, ⟨𝑢𝑖⟩ is the i component of the averaged velocity field. Equation 

(4.2b) is closed by parametrising the stress 𝜏𝑖𝑗 as  1620 

𝜏𝑖𝑗 = −2𝜈𝑆𝐺𝑆𝑆𝑖𝑗, (4.3) 

𝑆𝑖𝑗 =
1

2
(
𝜕⟨𝑢𝑖⟩

𝜕𝑥𝑗
+
𝜕⟨𝑢𝑗⟩

𝜕𝑥𝑖
) , (4.4) 

𝑣𝑆𝐺𝑆 = 𝑐𝑘√⟨𝑒𝑆𝐺𝑆⟩(∆𝑥∆𝑦∆𝑧)
1
3, (4.5) 

where ⟨𝑒𝑆𝐺𝑆⟩ is the SGS turbulence kinetic energy (TKE) and 𝑐𝑘 = 0.10 is a modelling constant. The 

prognostic equation for the evolution of the term ⟨𝑒𝑆𝐺𝑆⟩ is, 1625 

𝜕⟨𝑒𝑆𝐺𝑆⟩

𝜕𝑡
+
𝜕⟨𝑢𝑗⟩⟨𝑒𝑆𝐺𝑆⟩

𝜕𝑥𝑗
= 𝜈𝑆𝐺𝑆

𝜕

𝜕𝑥𝑗
(
𝜕⟨𝑒𝑆𝐺𝑆⟩

𝜕𝑥𝑗
) + 𝑃 + 𝐹 −

𝐶𝜖⟨𝑒𝑆𝐺𝑆⟩

(∆𝑥∆𝑦∆𝑧)
1
3

, (4.6) 

where P represents the shear- and buoyancy-production terms (Skamarock et al. 2008), F is a cascade term 

to account for the SGS TKE lost due to the interaction of SGS eddies with the obstacles in the urban area 

(see Equation (4.11) below), and 𝐶𝜖 is the dissipation coefficient (Moeng et al. 2007).  

 1630 

After model spin-up (see Sect. 3.4 for details), we introduce continuous sources of passive scalars to 

represent traffic fumes at the horizontal centres of each grid cell at z = 0.15H. Pollutant fluxes from traffic 

fumes—such as ultrafine particles—vary spatially and temporally (Levy and Hanna 2011). However, at the 

neighbourhood scale, scalars at a particular location can be treated as the sum of releases of many sources 

(Belcher 2005). Here, we focus on ‘road-to-ambient’ scalar processes, up to the neighbourhood scale 1635 

 
3 Strictly, the governing equations in the compressible non-hydrostatic WRF model are expressed in terrain-following 

eta coordinates. However, we present the Cartesian form of the equations here for ease of interpretation. See Chapter 

3, section 3.2 and Skamarock et al. (2008) for further details. 
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(Harrison et al. 2018). We specify a unity-emission source term, Q (in g m-3 s-1), in the filtered advection–

diffusion equation that the LES model solves to model the transport of a passive scalar, 

𝜕⟨𝑐⟩

𝜕𝑡
+ ⟨𝑢𝑖⟩

𝜕⟨𝑐⟩

𝜕𝑥𝑖
=
𝜕

𝜕𝑥𝑖
(𝐾𝑐

𝜕⟨𝑐⟩

𝜕𝑥𝑖
) + 𝑄, (4.7) 

where ⟨𝑐⟩ is the filtered concentration for a passive scalar, and Kc is the SGS eddy diffusivity. We applied 

the 'superficial' averaging operation to all of the variables, meaning the pollutant is diluted in the same 1640 

volume independently of changes to the frontal-area density (see Sect. 4.3.3 below). 

4.3.2 Approximating the drag force 

The parametrisation of the drag force 𝑓𝑖 in Equation (4.2b) is performed by spatially averaging the localised 

drag from the individual elements of the urban area, assuming the drag force is proportional to the square 

of the flow speed. The viscous component of the drag is assumed negligible compared with the much larger 1645 

inertial component (Hamlyn and Britter 2005). For the form-drag component, consider an array of 

roughness elements distributed over a total area 𝐴𝑡, where each element has mean height 𝐻, frontal area 𝐴𝑓 

and drag coefficient 𝐶𝑑(𝑧). The drag force over a thin layer 𝑑𝑧 of each element at height 𝑧 is 

𝜌𝑓𝑖𝐴𝑡𝑑𝑧 = 𝜌𝑈
2(𝑧)𝐶𝑑(𝑧)𝐴𝑓

𝑑𝑧

𝐻
. (4.8) 

The thin averaging volume at height 𝑧 is 𝐴𝑡𝑑𝑧. The total force per unit volume (including both solid and 1650 

fluid elements) is, therefore, 

𝜌𝑓𝑖 = 𝜌
𝐶𝑑(𝑧)Σ𝐴𝑓

𝐻𝐴𝑡
(⟨𝑢𝑗⟩⟨𝑢𝑗⟩)

1
2⟨𝑢𝑖⟩, (4.9) 

which amalgamates the spatially discontinuous drag force from each roughness element into a continuous 

resistive body force throughout the urban area (Belcher et al. 2003). In Equation (4.9), 𝐶𝑑(𝑧) is the sectional 

drag coefficient, which is largely unknown for real urban areas, for which bulk transfer coefficients such 1655 

as 𝑢∗/𝑈 are easier to measure (Nordbo et al. 2013; Peng and Sun 2014). In arrays of cubes, the drag 

coefficient 𝐶𝑑(𝑧) decreases with height because the wind speed increases from the surface (Cheng and 

Castro 2002; Kono et al. 2010; Castro 2017), although the value of 𝐶𝑑(𝑧) can vary by almost an order of 

magnitude depending on whether the cubes are aligned or staggered (Coceal et al. 2006). As a 

simplification, we adopted the common approach of taking a height-averaged sectional drag coefficient 1660 

𝐶�̅�  (Macdonald 2000; Martilli et al. 2002; Coceal and Belcher 2004; Yang et al. 2006b). We assumed 𝐶�̅�  = 

1.3, which is derived from wind-tunnel observations (Coceal and Belcher (20044), who analyse the results 

of Cheng and Castro (2002)), and is within the range of values measured in urban-like canopies (e.g., Castro 

 
4 Coceal and Belcher (2004) calculate the height-averaged sectional drag coefficient, 𝐶�̅� = 2.6. However, Coceal and 

Belcher retain the engineering convention of including a factor of 1/2 in their formulation of the mean drag force. We 

have not included that factor in our notation here, but have incorporated it into the estimate of 𝐶�̅�. 
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2017). Taking the frontal-area density 𝜆𝑓 =  ∑Af/At, |𝑈| = (⟨𝑢𝑗⟩⟨𝑢𝑗⟩)
1

2, and cancelling the density 𝜌, 

Equation (4.9) simplifies to 1665 

𝑓𝑖 = −
𝐶�̅�𝜆𝑓

𝐻
 |𝑈|⟨𝑢𝑖⟩. (4.10) 

We also add a cascade term, 

𝐹 = −2
𝐶�̅�𝜆𝑓

𝐻
|𝑈|⟨𝑒𝑆𝐺𝑆⟩ (4.11) 

into the transport equation for the SGS TKE, ⟨𝑒𝑆𝐺𝑆⟩, in Equation (4.6) to account for additional dissipation 

of kinetic energy from air–obstacle interactions at scales below the spatial filter, bypassing the usual inertial 1670 

cascade (see discussion in Lien et al. 2005 in the context of RANS modelling of urban areas; and Shaw and 

Schumann 1992, Shaw and Patton 2003, and Dupont and Brunet 2008 in the context of LES investigations 

of vegetation canopies). Without this SGS sink, the model overestimates the kinematic turbulent momentum 

flux within the UCL, as well as the TKE above the UCL (Lien and Yee 2005). See Appendix 4A for 

conceptual background and details on how these formulations are included in the WRF model. 1675 

4.3.3 Simulated cases 

We used this model to simulate six different cases comprising: 

i. a homogeneous control case - uniform frontal-area density across the entire neighbourhood; and 

ii. five cases of alternating values of 𝝀𝒇 (4H, 6H, 8H, 12H, and 16H cases) - alternating patches of 

high and low frontal-area density spanning the entire domain east–west and, respectively, extending 1680 

4H (80 m), 6H (120 m), 8H (160 m), 12H (240 m), and 16H (320 m) south–north. 

We simulated these patches of high and low frontal-area density by alternating the value of 𝜆𝑓 in 

Equations (4.10) and (4.11). For each simulated case, we calculate a mean frontal-area density, 𝜆𝑚 =

∑Af/At = 0.25 across the entire domain, which we apply uniformly in the homogeneous case. For the 

alternating cases, we simulated alternating patches of high and low frontal-area density, which we 1685 

respectively refer to as ‘dense’ (𝜆𝑓 = 𝜆𝑑 = 1/3) and ‘sparse’ (𝜆𝑓 = 𝜆𝑠 = 1/6) (Figure 4.1). These were 

chosen as typical values for sparse and dense urban areas (e.g., Oke 1988a; Nakayama et al. 2011; Kanda 

et al. 2013). Each of the alternating-density cases contained equal numbers of sparse and dense patches. 

The horizontal averages of the ratio 𝐶�̅�𝜆𝑓/𝐻 at a given height z in Equations (4.10) and (4.11) are, therefore, 

equal across all the simulated cases. Here we represent the effective heterogeneous frontal-area density 𝜆𝑓 1690 

in neighbourhoods where the plan-area density of the buildings 𝜆𝑝 remains approximately constant. This is 

not possible in the case of flow perpendicular to aligned cubes, the subject of many previous studies of 

urban-like areas, for which 𝜆𝑓 = 𝜆𝑝. However, by considering the effect on the flow of all of the obstacles 

in an urban area, not just the buildings, the value of 𝜆𝑓 varies over small areas even within a neighbourhood 

(e.g., neighbouring streets having very different amounts of vegetation, or signage and infrastructure). In 1695 
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these cases, the presence of non-building obstacles may contribute significantly to the total drag exerted on 

the flow while occupying relatively little plane-surface area and volume in comparison with the buildings 

(i.e., the quantities 𝜆𝑝 and 𝑉𝑠 are approximately constant between patches). Alternating variations of the 

frontal-area density 𝜆𝑓 may also arise due to variations in the size, form, or arrangement of obstacles with 

respect to the wind direction. Formulating the model in terms of alternating variations of the frontal-area 1700 

density 𝜆𝑓 raises the question of whether the drag coefficient 𝐶�̅� also varies between patches. Wind-tunnel 

(Hagishima et al. 2009; Zaki et al. 2011) and LES (Nakayama et al. 2011) studies across a variety of 

building geometries indicate the value of 𝐶�̅� does appear to vary slightly with the frontal-area density 𝜆𝑓, 

with a peak in the range 𝜆𝑓 ≈ 0.15–0.2. However, there is considerable scatter in the results depending on 

the geometry of the modelled urban areas and the value of 𝐶�̅� varies relatively little for the range of 𝜆𝑓 1705 

values considered here. We, therefore, assume 𝐶�̅� is constant across the simulated domain, while 

acknowledging this slightly overestimates the difference in drag between the sparse and dense patches. 

 

Figure 4.1: Schematic of the simulated domain, showing alternating density patches within an urban 

neighbourhood, with 𝝀𝒅 and 𝝀𝒔 referring to the frontal-area densities of the dense and sparse patches, 1710 
respectively. The 12H case (section 4.3.3) is shown from the post-processing frame-of-reference with the x-

direction aligned south–north, approximately with the mean wind direction. 

4.3.4 Numerical details and post-processing 

The simulated domain is 191 × 191 × 79 grid cells in the streamwise, spanwise, and vertical directions, 

respectively (Figure 4.1). The horizontal grid resolution is 10 m in each direction, and increased vertically 1715 

from around 0.67 m within the lower half of the UCL to around 60 m at the top of the domain. The mean 

height of the roughness elements (and therefore the UCL), H, is set to 20 m. We simulated the flow under 

neutral conditions. We included a dampening layer of 300 m at the top of the domain to minimize wave 

reflection because the LES model does not always maintain a deep neutral boundary layer over long 

simulations (Nottrott et al. 2014). The potential temperature 𝜃 was held constant at 283.15 K within the 1720 

neutral layer at the bottom of the domain (up to z = 475 m), increasing to 𝜃 = 291.7 K at the top of the 
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simulated domain. The geostrophic velocity components are set to 𝑈𝑔 = 10 m s-1 and 𝑉𝑔 = 5 m s-1, giving a 

mean wind speed of 1.7 m s-1 from a flow direction of 158o at H = 20 m—i.e., at the top of the canopy—

and at an angle of 22o to the patches (see Figure 4.1). The difference in mean wind direction with respect 

to the geostrophic wind direction result from the balance of the shear stress force, the Coriolis force and the 1725 

surface drag, with the steepest change occurring across the inversion layer at the top of the boundary layer. 

The spin-up time was 9 h, with cyclic boundary conditions for all dynamical variables (u, v, w, 𝑒𝑆𝐺𝑆, T, etc.) 

in both the x- and y-directions. Boundary conditions for the scalars were non-cyclic; at the inlet boundaries, 

all scalars were set to zero and the outlet boundaries were open. In the model set-up, we used the 

meteorological convention where the x-direction is aligned west–east and the y-direction south–north. For 1730 

post-processing, we rotate our frame-of-reference so that the 𝑥-direction is aligned south–north, 

approximately with the mean wind direction, as shown in Figure 4.1. 

 

After the spin-up, we introduced the scalars and ran the simulations for a further 120 min, taking samples 

at intervals of 3 s. We time averaged over the latter 100 min (denoted by 𝑇𝑎) of these samples (i.e., 𝑡0 =1735 

20 min to 𝑡0 + 𝑇𝑎 = 120 min). Sensitivity testing (not shown) indicated scalar concentrations reached local 

pseudo-equilibrium 15–20 min after being introduced, where pseudo-equilibrium was defined as the time 

at which mean concentrations at z = H deviated within ± 5% from those at t = 120 min. The concentrations 

before the time 𝑡0 were therefore excluded from the analysis. This process generated a three-dimensional 

timeseries of 2000 resolved samples in the form 〈𝜙〉(𝑥, 𝑦, 𝑧, 𝑡). We derived the resolved turbulent statistics 1740 

using (a) time averages over the sampling period; and (b) spatial averages along the y-direction (𝐿𝑦 = 1910 

m), over which the turbulent statistics are homogeneous. For each resolved variable, 〈𝜙〉 this generated a 

two-dimensional function, 

[�̅�](𝑥, 𝑧) =
1

𝑇𝑎𝐿𝑦
∫ ∫ 〈𝜙〉(𝑥, 𝑦, 𝑧, 𝑡) 𝑑𝑡𝑑𝑦,

𝑡0+𝑇𝑎

𝑡0

 
𝐿𝑦

0

(4.12) 

where the resolved fluctuating component of 〈𝜙〉 around [�̅�] is defined as 〈𝜙〉′(𝑥, 𝑦, 𝑧, 𝑡) = 〈𝜙〉(𝑥, 𝑦, 𝑧, 𝑡) −1745 

[�̅�](𝑥, 𝑧). The covariance of two resolved variables 〈𝜙〉 and 〈𝜑〉 is in turn defined as  

[𝜙′𝜑′̅̅ ̅̅ ̅̅ ] =
1

𝑇𝑎𝐿𝑦
∫ ∫ 〈𝜙〉′(𝑥, 𝑦, 𝑧, 𝑡)〈𝜑〉′(𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑡𝑑𝑦,

𝑡0+𝑇𝑎

𝑡0

𝐿𝑦

0

(4.13) 

with the autovariance [𝜙′𝜙′̅̅ ̅̅ ̅̅ ] similarly defined. The time-averaged resolved TKE is defined as [�̅�] =
1

2
〈𝑢𝑖〉′〈𝑢𝑖〉′̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅. We use square brackets [⋅] to denote the spatial averaging along 𝑦 ∈ [0, 𝐿𝑦], and we omit the 

angled brackets denoting the volume averaging below. 1750 
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4.4 Results – Dynamics  

4.4.1 Comparison with published data 

We examined a selection of flow statistics: the mean streamwise velocity component 𝑈 = [�̅�], the square 

root of the magnitude of the shear stress 𝐹𝑢 = (−[𝑤
′𝑢′̅̅ ̅̅ ̅̅ ])

1

2, and the streamwise turbulence intensity 𝜎𝑢 =

[𝑢′𝑢′̅̅ ̅̅ ̅̅ ]
1

2. Figure 4.2 presents (a) the vertical profiles of U for the homogeneous control case and the sparse 1755 

patches of the 16H case; (b) 𝐹𝑢 for the homogeneous case; and (c) 𝜎𝑢 for the homogeneous case. The vertical 

axis is normalized by z = H = 20 m, and the velocity moments with either (a) 𝑢𝐻 = |U| at 𝑧/𝐻 = 1; or (b) 

friction velocity 𝑢∗ = ([𝑤
′𝑢′̅̅ ̅̅ ̅̅ ]2 + [𝑤′𝑣′̅̅ ̅̅ ̅̅ ]2)

1

4 at 𝑧/𝐻 = 1. Also plotted are data from Castro et al. 2006 

(hereafter CCR06), a wind-tunnel study; Coceal et al. 2007 (hereafter CDT07) and Leonardi and Castro 

2010 (hereafter LC10), both DNS studies; and Yang et al. 2016 (hereafter YSMM16), an LES study. Each 1760 

of these studies models the flow over arrays of cubes. In both CCR06 and CDT07, measurements were 

taken on top of a cube (which the authors denote position 0), behind (position 1), and in front of a cube 

(position 2), and in the gap between two adjacent cubes (position 3)—see Figure 1 of CCR06 and Figure 1b 

of CDT07. The measurement position 2 and the mean quantities (average of positions 0–3) provide the 

most meaningful comparison to our simulations because the others are strongly influenced by small-scale 1765 

features that the porous model cannot capture. The spatially averaged vertical profiles in Figure 4.2a, using 

data from LC10 and YSMM16, were generated using the superficial averaging operation. 

 

Our simulated U component above the canopy, where the profile is logarithmic, agrees well with both the 

observations at position 2 and the mean profile from CCR065. Within the canopy, the vertical profile of U 1770 

for our homogeneous case is approximately exponential, and closely matches that found by CCR06 for 

position 2 in the top two-thirds of the canopy. However, it deviates from the CCR06 mean and from LC10 

for a frontal-area density 𝜆𝑓 = 0.25, which both reflect the non-exponential behaviour observed in flow 

over cubic arrays (Castro 2017). Our sparse profile (𝜆𝑓 = 1/6) shows qualitative agreement with LC10 for 

a frontal-area density 𝜆𝑓 = 0.16 in that the ratio 𝑈/𝑢𝐻 increases at each height z compared to the case where 1775 

𝜆𝑓 = 0.25, but again our model does not simulate the non-exponential behaviour seen in the cubic arrays. 

We attribute these differences to the different model configurations, i.e., we are simulating flow through a 

porous medium rather than over cubes, and therefore expect a less pronounced shear region at the top of 

the canopy. We also suspect the filter resolution accounts for some of the difference. Our LES mesh is quite 

fine in the vertical (H/20 within the canopy), but coarse in the horizontal (H/2) compared with the DNS 1780 

mesh of H/32 in LC10, for example. We note that our homogeneous profile is very similar to that in 

YSMM16, who simulate the flow over cubes but using a relatively coarse LES mesh (H/8).  

 

Our model simulates greater 𝐹𝑢 and 𝜎𝑢 values above the canopy than were observed in CCR06 and CDT07 

(Figure 4.2b, c), which we attribute to the very low boundary-layer heights (𝐻𝑖) in CCR06 (𝐻𝑖  = 7.4H) and 1785 

 
5 The mean profile for CDT07 is almost identical to that for CCR06 and is not plotted. 
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CDT07 (𝐻𝑖  = 8.0H), whilst ours is much higher at 𝐻𝑖 ≈ 25.0H. If the parameters 𝐹𝑢 and 𝜎𝑢 are scaled 

vertically by (𝐻𝑖 −𝐻) rather than H (not shown), the shapes of the vertical profiles above the UCL differ 

less than in Figure 4.2b, c. We also attribute the smaller 𝜎𝑢 values above the UCL in CCR06 and CDT07 

to the reduced amount of resolved TKE, which decreases with decreasing ratios of 𝐻𝑖/𝐻 (Grylls et al. 

2020). Our simulated vertical profiles of these quantities do eventually decrease with height, as would be 1790 

expected, for 𝑧/𝐻 > 5 (not shown). The most notable difference in the profiles between our simulations 

and CCR06/CDT07 occurs for the turbulence intensity 𝜎𝑢 in the lower part of the canopy (Figure 4.2c) 

where our model predicts less turbulence than was observed in CCR06 and CDT07. The LES model does 

not expressly resolve the smallest eddies (i.e., those < 2𝑑𝑥 = 𝐻 in our case), which likely account for a 

high proportion of the total turbulence in the lower part of the canopy. Figure 4.2c includes only the resolved 1795 

turbulence intensity 𝜎𝑢, and therefore some of the ‘missing’ turbulence is captured by the SGS scheme. 

Because our mean wind direction is not completely perpendicular to the canopy, there is a small spanwise 

(𝑦) component for each variable that we do not present in these results. However, the spanwise components 

exist along the homogeneous y-direction with a cyclic boundary condition, and the impact on the processes 

in the streamwise direction is, therefore, negligible. We also bear in mind that Figure 4.2b, c are not entirely 1800 

direct comparisons. Our results are superficially averaged values throughout a porous medium and the 

published values are vertical profiles from a single position (position 2) in an array of cubes. Overall, our 

simulated profiles show a reasonable agreement with the published data, given that we are not simulating 

flow over cubes, but rather a porous medium of the same mean frontal-area density. Our choice of the 𝐶�̅� 

value in the drag parametrisation in Equation (4.10) appears reasonable in that our simulations do not 1805 

strongly under- or overestimate any of the parameters U, 𝐹𝑢, or 𝜎𝑢 at each height in the domain. Our 

simulated profiles differ most from the flow over cubes at the bottom of the canopy, where reversed-flow 

regions can occur around bluff objects, such as cubes, but only occur at quite high densities in porous media 

(Cassiani et al. 2008). It is also in the lower part of the canopy that our assumption of a height-independent 

drag coefficient is probably least appropriate, through analogy with flow through arrays of cubes (Cheng 1810 

and Castro 2002; Kono et al. 2010; Castro 2017), the subject of the studies to which we compared our 

simulations. Of course, our results and those in the studies cited here are simplified models of urban areas, 

and therefore can only guide the interpretation of flow through real cities. 

 

  1815 
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Figure 4.2 Canopy spatially averaged mean vertical profiles of the (a) mean streamwise velocity component 

𝑼/𝒖𝑯, (b) shear stress 𝑭𝒖/𝒖∗, and (c) streamwise turbulence intensity 𝝈𝒖/𝒖∗. Values of the frontal-area density 

𝝀𝒇 are given in the legends. The sparse profile in (a) is the spatial average of the sparse patches of the 16H case. 

The wind-tunnel (WT), DNS and LES cases in the legends denote the type of model used in each study. The m 1820 
and p2 symbols in the legends for CCR06 and CDT07 (see first paragraph of section 4.4.1) respectively denote 

the mean (average of positions 0–3) and position 2 quantities. 

4.4.2 Adjustment of the flow 

As the flow adjusts between the patches of different frontal-area density, we define the adjustment distance 

𝑥𝐴 as proposed by Belcher et al. (2003) and Coceal and Belcher (2004, 2005), as the distance in the 1825 

streamwise direction at which mean vertical velocity component 𝑊 = [�̅�] ≈ 0 at z = H. Figure 4.3 shows 

the perturbation of mean vertical velocity component 𝑊 by the alternating density patches, with the values 

of W normalized by 𝑢𝑟𝑒𝑓 = |U| at 𝑧/𝐻 = 7.5. The first four patches are pictured (Figure 4.3a–e), with the 

streamwise distance normalized by the patch length 𝐿𝑝. Here 𝑥𝐴 ≈ 8–9.5H, which can be seen most clearly 

in the position of the zero contour lines in the 12H and 16H cases (Figure 4.3d, e) that occur at x / 𝐿𝑝 ≈ 0.8 1830 

and 0.6, respectively, downstream of each patch edge. The adjustment distance 𝑥𝐴 is labelled in the first 

patch of Figure 4.3e. In the 8H case (Figure 4.3c), the magnitude of 𝑥𝐴 is visible as the zero contour lines 

that occur around the end of each patch.  

 

Another measure of the minimum distance over which the flow adjusts uses the urban canopy length scale 1835 

𝐿𝑐, which can be interpreted as the half-distance the flow takes to accelerate or decelerate (Belcher et al. 

2003; Coceal and Belcher 2004). The canopy element drag in Equation (4.10) can be expressed as 

𝑓𝑖 =
𝐶�̅�𝜆𝑓

𝐻
 |𝑈|⟨𝑢𝑖⟩ =

|𝑈|⟨𝑢𝑖⟩

𝐿𝑐
, (4.14) 
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so that 𝐿𝑐 = 𝐻/𝐶�̅�𝜆𝑓. At the transition of the frontal-area density, the mean velocity component adjusts 

over a total streamwise distance 𝑥𝐴 ≈ 3𝐿𝑐ln (𝐾), where 𝐾 = (𝑈𝐻/𝑢∗)/(𝐻/𝐿𝑐) (Coceal and Belcher 2004). 1840 

Using our results, this gives 𝑥𝐴 ≈ 7.8H and 9.2H for the dense and sparse patches, respectively. This 

matches the range obtained using our alternative definition surprisingly well given that Coceal and Belcher 

(2004) derived this formula based on linear-scaling arguments by Belcher et al. (2003) and a very 

approximate linear regression of the variation of the normalized adjustment distance 𝑥𝐴/𝐿𝑐 with ln(𝐾). 

Their formula also assumes the incident wind-speed profile is logarithmic, which is not the case here 1845 

because the presence of the canopy causes the profile to inflect around 𝑧/𝐻 = 1. 



79 

 

 

Figure 4.3: Effect of patchiness on the mean vertical velocity component, W. (a–e) Two-dimensional patterns 

of W in each of the alternating-density cases. Only the first four patches are pictured, with the streamwise 

distance normalized by patch length 𝑳𝒑 and the values of W normalized by 𝒖𝒓𝒆𝒇. The dense patches and the 1850 

sparse patches are bounded by the solid and dashed lines, respectively; (f) vertical profiles of W at x = 3H 

downstream of each patch. The solid and dashed lines represent profiles at x = 3H inside the dense patches and 

x = 𝑳𝒑+ 3H inside the sparse patches, respectively; the magnitude of 𝒙𝑨 is marked on the first patch of (e). 

4.4.3 Dynamical patterns induced by adjustment to density changes 

The alternating-density patches induce clear dynamical patterns in the flow, which affect the exchange 1855 

between the UCL and the air aloft. Figure 4.4 shows the perturbation of the mean streamwise velocity 

component U by the alternating-density patches, relative to the homogeneous control case, with positive 

and negative values representing higher and lower U than the homogeneous case. At the top of the UCL, 

the value of U is higher in sparse patches than in the dense (Figure 4.4a–e). However, the flow adjusts over 

a distance 𝑥𝐴 ≈ 8–9.5H inside the UCL as it moves between patches of different density, as indicated by the 1860 

location of the maxima and minima in U values for the 12H and 16H cases, for which the mean flow fully 

adjusts in each patch. The adjustment distance 𝑥𝐴 is marked on the second patch in Figure 4.4e (the 16H 
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case). The patch length 𝐿𝑝 relative to 𝑥𝐴 determines the magnitude of the perturbations and the effect of 

density transitions on the roughness sublayer above the canopy. For the cases we investigated, the 

magnitudes of the perturbations increase with increasing values of 𝐿𝑝/𝑥𝐴, and vice versa. 1865 

 

For the 4H and 6H cases, where 𝐿𝑝 < 𝑥𝐴, the flow cannot fully adjust between patches, which means that 

each patch reflects the characteristics of the previous patch, particularly in the lower half of the canopy (i.e., 

the value of U is high in the dense patches and low in the sparse). However, for the 8H, 12H and 16H cases, 

where 𝐿𝑝 ≥ 𝑥𝐴, the patches are sufficiently extensive for the mean flow to adjust within each patch. This is 1870 

reflected in the vertical profiles of U (Figure 4.4f) where, for the 12H and 16H cases, the value of U is high 

in the sparse patches and low in the dense at nearly all heights in the canopy. The profiles for the 4H and 

6H cases, however, invert at around z = 0.5H, while the profile for the 8H case shows a transition between 

the two extremes, with the magnitudes of the perturbations in U values increasing with the patch size 

(Figure 4.4f).  1875 

 

The adjustment of the streamwise flow affects vertical exchange. Figure 4.3f shows the peak magnitudes 

of the vertical velocity component W at the upstream edge of each patch increase with patch size for the 4H 

and 6H cases, where 𝐿𝑝 < 𝑥𝐴. However, the profiles are very similar for the 8H, 12H, and 16H cases, where 

𝐿𝑝 ≥ 𝑥𝐴, because the patches are sufficiently extensive for the mean flow to adjust within each patch, 1880 

generating strong mean vertical exchange with the UCL. Generally, the value of W is negative (downwards) 

in and above the sparse patches and positive (upwards) in and above the dense patches, aside from the small 

reversal caused by the sudden pressure changes at the upstream edge of each patch (Figure 4.3a–e). Patch 

density affects the value of W above the UCL up to around z = 5H in the 4H and 6H cases, rising to around 

z = 15H in the 12H and 16H cases.  1885 
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Figure 4.4 Effect of patchiness on the mean streamwise velocity component U. (a–e) Two-dimensional 

perturbations of U in each of the alternating-density cases. Only the first four patches are pictured, with the 

streamwise distance normalized by the patch length 𝑳𝒑 and the values of U normalized by 𝒖𝒓𝒆𝒇.  The dense 

patches and the sparse patches are bounded by the solid and dashed lines, respectively; (f) mean vertical profiles 1890 
of U in the dense and sparse patches. The solid and dashed lines represent profiles at x = 3H inside the dense 

patches and x = 𝑳𝒑 + 3H inside the sparse patches, respectively; the magnitude of 𝒙𝑨 is marked on the second 

patch of (e). 

 

The alternating density of the urban form also affects the turbulent components of the flow. Figure 4.5 1895 

presents normalized vertical profiles of resolved TKE, [�̅�], and 𝐹𝑢 = (−[𝑤
′𝑢′̅̅ ̅̅ ̅̅ ])

1

2 as the perturbation of each 

variable by the alternating-density cases relative to the homogeneous control case. For a resolved variable 

𝜙, profiles of 𝜙𝑎𝑙𝑡 − 𝜙ℎ𝑜𝑚 are shown, where subscripts alt and hom refer to the alternating-density and 

homogeneous cases. Appendix 4B presents two-dimensional plots of perturbations of the parameters [�̅�] 

and 𝐹𝑢 analogous to those for the velocity components W and U in Figure 4.3 and 4.4. 1900 
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Figure 4.5: Vertical perturbation profiles of (a) ([�̅�]𝒂𝒍𝒕 − [�̅�]𝒉𝒐𝒎)/𝒖∗
𝟐 and (b) (𝑭𝒖𝒂𝒍𝒕 − 𝑭𝒖𝒉𝒐𝒎)/𝒖∗ (see section 

4.4.3 for definitions). The solid and dashed lines represent profiles at x = 3H inside the dense patches and x = 

𝑳𝒑 + 3H inside the sparse patches, respectively. 1905 

Figure 4.5a shows that the resolved TKE [�̅�] is high in the sparse patches and low in the dense, with peak 

positive and negative perturbations occurring just below z = H. The profiles for the sparse and dense patches 

are not symmetrical. In all cases, positive perturbations (high [�̅�]) in the sparse patches extend through the 

depth of the UCL, while negative perturbations (low [�̅�]) are pronounced only at the top of the UCL. The 

profiles show slightly higher peak magnitude perturbations for the 6H and 8H cases, because, for those 1910 

cases, the spatial average includes the strongest perturbations in turbulence that occur at the upstream edge 

of each patch (Figure 4A.1) but only very little adjusted flow, where the perturbations are weaker (as in the 

12H and 16H cases towards the downstream edge of each patch). The value of 𝐹𝑢 is high in the sparse 

patches and low in the dense patches at most heights within the UCL (Figure 4.5b). The height at which the 

greatest mean perturbations of 𝐹𝑢 occur decreases with patch size from around z = 0.8H for the 4H case to 1915 

z = 0.5H for the 16H case. As previously observed for the TKE [�̅�], the profiles show slightly higher peak 

magnitude perturbations for the 6H and 8H cases, again due to the proportion of adjusting versus adjusted 

flow that is captured in the spatial average.  

4.5 Results – Behaviour of pollutants 

4.5.1 Two-dimensional patterns in pollutant concentration 1920 

Figure 4.6 presents two-dimensional plots of normalized pollutant concentration [𝑐̅]/(𝑄𝐻/𝑢∗) in each of 

the alternating-density cases. We used non-cyclic boundary conditions for the passive scalar. The scalar has 

a fixed inlet of zero at the upstream edge of the domain and is open at the downstream edge, meaning the 

scalar concentration increases across the domain. Figure 4.6 presents the final four patches of each domain 

where the scalar concentration is highest, and by which point the patterns in concentration and fluxes have 1925 

had the greatest distance to establish themselves downstream of the fixed inlet.  

 

For the 12H and 16H cases, where 𝐿𝑝 > 𝑥𝐴, concentration maxima occur in the dense patches and minima 

in the sparse (Figure 4.6d, e and vertical profiles in 6f). However, for the 4H and 6H cases, where 𝐿𝑝 < 𝑥𝐴, 
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pollutant-concentration maxima occur in sparse patches and minima in the dense patches (Figure 4.6a, b 1930 

and vertical profiles in 6f). This pattern is consistent whether a sparse or a dense patch occurs at the 

beginning of the modelled domain. In the 8H case, where 𝐿𝑝 ≈ 𝑥𝐴, maxima and minima occur on the 

boundaries at the trailing edge of the dense and sparse patches, respectively (Figure 4.6c). At the very top 

of the canopy, the pollutant concentration in the sparse patches is slightly higher than that in the dense 

patches for all cases (Figure 4.6f). We attribute this to the higher turbulent exchange in the sparse patches, 1935 

meaning the scalar transported from the release height at the bottom of the canopy is more apparent against 

the low background concentrations at this height.  
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Figure 4.6: Effect of patchiness on pollutant concentration. (a–e) Two-dimensional plots of normalized 1940 
pollutant concentration [�̅�]/(𝑸𝑯/𝒖∗) in each of the alternating-density cases. The final four patches of each 

domain are pictured, with the streamwise distance normalized by the patch length 𝑳𝒑. The dense patches and 

the sparse patches are bounded by the solid and dashed lines, respectively. The wavy black lines denote 

contours in the values of [�̅�]/(𝑸𝑯/𝒖∗); (f) Normalized mean vertical profiles of pollutant concentration in the 

sparse patches subtracted from that in the dense patches ([�̅�]𝒅 − [�̅�]𝒔)/(𝑸𝑯/𝒖∗). Profiles include the entirety 1945 
of each patch rather than a single x location. 

4.5.2 Two-dimensional patterns in the kinematic turbulent pollutant flux 

Figure 4.7 presents two-dimensional patterns of the kinematic turbulent concentration flux, 𝐹𝑐 = [𝑐
′𝑤′̅̅ ̅̅ ̅̅ ] 

across the final four patches of each domain. The values of 𝐹𝑐 are normalized by 𝑢∗𝑐∗ where the 

concentration scale 𝑐∗ = √[𝑐
′𝑐′̅̅ ̅̅ ̅]𝐻 , corresponding to the square root of the scalar variance at z = H. 1950 

Figure 4.7a–e shows the difference between the flux 𝐹𝑐 in the alternating cases versus the flux 𝐹𝑐 in the 

homogeneous case; i.e., positive and negative values indicate regions where the magnitude of 𝐹𝑐 is, 

respectively, higher and lower in the alternating case than in the homogeneous case. In each of the 

alternating-density cases, there is a clear peak in the value of 𝐹𝑐 at the upstream edge of the sparse patches, 
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at around x = 2.5H downstream of the dense-to-sparse transition. Regions of low 𝐹𝑐 values occur at the 1955 

upstream edge of the dense patches. The magnitude of the positive perturbations, the regions of high 𝐹𝑐 

values centred at x = 𝐿𝑝+ 2.5H inside the sparse patches, are around three times those of the negative 

perturbations, the regions of low 𝐹𝑐 values centred at x = 2.5H inside the dense patches (Figure 4.7f). The 

magnitudes of the perturbations are similar for each of the cases, other than the 4H case, for which they are 

slightly lower. The regions of high and low values of 𝐹𝑐 extend from z ≈ 0.4H within the UCL to z ≈ 2H 1960 

for low values of 𝐹𝑐 to z > 4H for high values of 𝐹𝑐. 
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Figure 4.7: Effect of patchiness on the kinematic turbulent concentration flux 𝑭𝒄. (a–e) Two-dimensional plots 

of perturbations of 𝑭𝒄 in each of the alternating-density cases. The final four patches of each domain are 

pictured, with the streamwise distance normalised by the patch length 𝑳𝒑. The dense patches and the sparse 1965 

patches are bounded by the solid and dashed lines, respectively; (f) normalized mean vertical profiles of 

perturbations of the flux 𝑭𝒄. The solid and dashed lines represent profiles at x = 2.5H inside the dense and x = 

𝑳𝒑 + 2.5H inside the sparse patches, respectively. 

4.5.3 Adjustment of scalar concentrations and fluxes 

Figure 4.8 presents streamwise profiles of (a) pollutant concentration and (b) turbulent fluxes of momentum 1970 

(solid line) and pollutants (dashed line) from the 16H case at z = 0.5H. Again, we consider the variables as 

adjusted once they are in equilibrium; i.e., their values lie within ±5% of those at the downstream edge of 

each patch, indicated by the two shaded areas in Figure 4.8a. Scalar concentration maxima and minima 

(marked with the vertical dotted lines in Figure 4.8a) occur at around x = 8H = 0.5𝐿𝑝 in the dense patch 

and x = 𝐿𝑝+ 0.69H = 1.43𝐿𝑝 in the sparse patch. Here 𝐿𝑝 = 16H, so the maxima and minima occur at 1975 

𝑥 ≈ 𝑥𝐴. However, equilibrium is reached slightly later (marked with the vertical dot-dash lines in 
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Figure 4.8a), occurring at 𝑥 ≈ 12𝐻 = 0.73𝐿𝑝 and 𝑥 ≈ 𝐿𝑝+ 12H = 1.77𝐿𝑝, respectively, for the dense and 

sparse patches. As turbulent scalar fluxes adjust to flow variations more slowly than momentum fluxes, the 

turbulence tends to transfer momentum more efficiently than scalar quantities (Kanani-Sühring and Raasch 

2015; Li and Bou-Zeid 2019; Ma et al. 2020). This can be seen in Figure 4.8b, where the momentum flux 1980 

has adjusted by 𝑥 ≈ 10 to 12H = 0.62 to 0.75𝐿𝑝 (marked with the vertical dotted lines in Figure 4.8b), but 

the turbulent scalar flux only fully adjusts around 𝑥 ≈ 16H, although it takes very small absolute values 

before this point. To summarise section 4.5.3, maxima and minima of scalar concentration occur at around 

𝑥 ≈ 𝑥𝐴 downstream of the density transitions, and scalar concentration almost fully adjusts by 𝑥 ≈ 1.2𝑥𝐴. 

 1985 

Figure 4.8: Adjustment of (a) the normalized scalar concentration [�̅�]/(𝑸𝑯/𝒖∗) at z = 0.5H; and (b) normalized 

turbulent fluxes of momentum (−[𝒖′𝒘′̅̅ ̅̅ ̅̅ ])/𝒖∗
𝟐 (solid line) and scalars 𝑭𝒄/𝒖∗𝒄∗ (dashed line) at z = 0.5H. Both 

fluxes in (b) are presented as perturbations relative to the homogeneous control case. Only two patches are 

shown, with streamwise distance normalized by the patch length 𝑳𝒑. Blue shaded areas show values ±5% of 

those at the downstream edge of each patch. In (a), dotted vertical lines show the approximate positions of peak 1990 
scalar concentration downstream of each patch edge, and dot-dash lines show the approximate adjustment 

distance in scalar concentration. In (b), vertical dotted lines show estimates for 𝒙𝑨 downstream of each density 

transition. 
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4.6 Discussion and conclusions 1995 

4.6.1 Neighbourhood-scale flow regimes  

Using these results, we propose two conceptual regimes of neighbourhood-scale flow that emerge from the 

interaction of the flow dynamics with the patch size. The first is the neighbourhood-ventilation regime, 

which occurs in neighbourhoods whose frontal-area density varies in patches for 𝐿𝑝 > 𝑥𝐴. In 

neighbourhoods of this type, the mean streamwise velocity component fully adjusts to the change in density 2000 

for flow between patches, inducing a strong vertical velocity component for 𝑥 < 𝑥𝐴 (Figure 4.3f) and weak 

vertical velocity component for 𝑥 ≫ 𝑥𝐴 (see downstream edge of the patches in Figure 4.3d, e). The second 

is the neighbourhood-percolation regime, which occurs in neighbourhoods whose frontal-area density 

varies in patches such that 𝐿𝑝 < 𝑥𝐴. In these neighbourhoods, the patches are too small for the mean flow 

to adjust fully within each patch, which constrains the magnitude of the vertical velocity component around 2005 

the top of the UCL (Figure 4.3f). Consequently, the transport of emitted pollutants within one patch is 

dominated by advection to the next patch. In our case, we take the 4H case as an example of a 

neighbourhood for which the percolation regime applies, and the 16H case as one for which the ventilation 

regime applies. Figure 4.9 presents a schematic of the percolation and ventilation regimes and the 

competing dynamical processes, illustrating enhanced turbulent vertical exchange in the sparse patches in 2010 

both regimes. The dominant eddies are always small relative to the patches because turbulent exchange in 

urban areas is dominated by eddies much smaller than the patches, even in the 4H case (Okaze et al. 2015).  

 

Figure 4.9: Inflected wind-speed profile between dense and sparse patches of an urban neighbourhood. Top 

shows the ventilation regime and the bottom the percolation regime (see section 4.6.1). The shaded volume 2015 
indicates the urban canopy. Turbulent exchange is high in the sparse patches, regardless of patch length. The 

numbers and sizes of the arrows are conceptual and do not map directly onto a numerical scale. 
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4.6.2 Pollutant concentrations  

The emergence of the percolation and ventilation regimes profoundly affects the distribution of pollutants. 

In neighbourhoods subject to the percolation regime, maximum and minimum pollutant concentrations 2020 

occur in the sparse and dense patches, respectively, which can be seen by comparing the 4H and 16H cases 

in Figure 4.6a, e and f. This is contrary to the common interpretation that ventilation is lower, and the 

pollution concentration higher, in dense urban patches (Buccolieri et al. 2010). The counter-intuitive 

behaviour arises in neighbourhoods with the percolation regime (i.e., density changes in small patches) 

because turbulent exchange is suppressed in the dense patches. Therefore, pollutant accumulates over the 2025 

length of the dense patch and is advected into the neighbouring sparse patches. Conversely, in the sparse 

patches, turbulent exchange is high and the patches better ventilated (Figure 4.7f), meaning less pollutant 

is advected downstream into the neighbouring dense patches.  

 

However, in neighbourhoods with the ventilation regime (i.e., density changes in larger patches), maximum 2030 

pollutant concentrations occur in the dense patches (Figure 4.6e, f). The exact locations of the maxima and 

minima in the ventilation regime reflect the importance of both the mean flow and turbulent exchange. The 

turbulent pollutant flux is high at the upstream edge of the sparse patches and low at the upstream edge of 

the dense patches (Figure 4.7). Therefore, pollutant-concentration minima at 𝑧 ≈ 0.5H occur at shorter 

distances downstream of the edge of sparse patches (x ≈ 5.5H) compared with maxima downstream of 2035 

the edge of the dense patches (x ≈ 7.5H) (Figure 4.10). In neighbourhoods where the frontal-area density 

varies in patches where 𝐿𝑝 ≈ 𝑥𝐴 (the 8H case), we see a smooth transition between the two regimes. 

Pollutant-concentration maxima and minima occur around the leading edge of sparse and dense patches, 

respectively. The mean flow is perturbed more than in the percolation regime, but less than in the ventilation 

regime. 2040 

 

4.10 Location of concentration maxima and minima at 𝒛 = 𝟎. 𝟓H downstream of the leading edge of the dense 

(red) and sparse (grey) patches (section 4.3.3). Values of 𝒙/𝑳𝒑 > 1 indicate maxima/minima downstream of the 

transition occur in the neighbouring patch (for example, scalar maxima in the sparse patches in the 4H case). 
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4.6.3 Limitations and effect of other variables 2045 

Here we present a quasi-two-dimensional model of flow in an inhomogeneous urban area, by altering a 

single variable (frontal-area density), and the streamwise distance over which the density changes occur. 

The wind direction was held constant, and therefore our model does not capture the variations that the wind 

direction can induce in scalar fields even in idealised models of urban areas (Philips et al. 2013). For 

example, we would not expect our results to hold for flow parallel to the alternating-density patches in 2050 

Figure 4.1. In real urban areas—particularly those with deep street canyons—the wind direction and urban 

form interact, for example, regions of high ventilation may occur at different locations depending on the 

prevailing wind direction (Yim et al. 2014). We also assume a constant mean obstacle height. In real urban 

areas, the heights of the buildings and the other obstacles vary, which affects the distance over which the 

flow adjusts from one patch or neighbourhood to another (Coceal and Belcher 2005) and the rate at which 2055 

the UCL is ventilated (Hang et al. 2012). We also approximate the drag coefficient 𝐶�̅� as constant (Sect. 

3.2), which would not be a suitable simplification for a very tall canopy, for which a more empirical 

approach based on a real urban structure is likely to be more appropriate (Gutiérrez et al. 2015). We 

considered only neutral atmospheric conditions. Atmospheric stability can profoundly affect the flow, even 

at the neighbourhood scale; for example, in unstable conditions, scalars are transferred more efficiently 2060 

with increasing instability (Wang et al. 2014). Further, while our model provides a helpful way to 

approximate the dynamics of air pollutants at the neighbourhood scale, careful consideration of the urban 

form and the behaviour of pedestrians, such as their mode of transport, is needed to assess the exposure of 

the population to those pollutants (Kingham et al. 2013; Tenailleau et al. 2015). 

 2065 

Our approximation of pollutants as a homogeneous source of passive scalar may also be inappropriate for 

certain applications, such as for investigating species with short lifetimes, which may require a coupled 

chemistry scheme (Zhong et al. 2015), or for considering species with very heterogeneous sources and 

sinks, such as water vapour and CO2, which behave very differently even in the same neighbourhood under 

the same conditions (Nordbo et al. 2013; Ramamurthy and Pardyjak 2015). In real urban areas, emission 2070 

rates of even passive pollutants also vary spatially, depending on factors such as the location of busy roads. 

This patchiness in pollutant emissions affects concentrations within the UCL. As an illustration, we 

simulated a further case with the same urban form as the homogeneous control case, varying the emission 

rate of a passive pollutant between high (Q = 1.5 g m-3 s-1) and low (Q = 0.5 g m-3 s-1) rates in patches 

with 𝐿𝑝 = 16𝐻. Figure 4.11 shows the normalized concentration [𝑐̅]/(𝑄𝐻)/𝑢∗ at z = 0.5H. Because the 2075 

urban area is homogeneous in form, there are no dynamical patch effects induced by density transitions as 

in the previous subsections. However, the concentration still adjusts as it moves between patches of 

different emission rates. The adjustment occurs over a distance of around 𝑥𝐴, the point at which the 

concentration comes within 5% of that at the downstream edge of each patch (marked with the vertical 

dotted lines in Figure 4.11). Many cities worldwide have implemented measures to improve air quality, 2080 

creating, for example, low emission zones in which the traffic of older vehicles is limited, with the inevitable 

leakage of pollutants from surrounding areas. The adjustment distance 𝑥𝐴 appears to provide an 



91 

 

approximate distance over which this contamination occurs, even in the absence of dynamical effects 

induced by changes in density.  

 2085 

Figure 4.11: Adjustment of pollutant concentration between patches of different emission rates into an area 

with a homogeneous urban form. Only two patches are shown, with the streamwise distance normalized by the 

patch length 𝑳𝒑. Solid line shows normalized concentration [�̅�]/(𝑸𝑯)/𝒖∗ at z = 0.5H, blue shaded areas show 

concentrations ±5% of those at the downstream edge of each patch, and grey shading and no shading, 

respectively, show the high- and low-emission patches.  2090 

4.6.4 Applications and outlook 

While mean pollutant concentrations and fluxes are spatially highly variable between and within different 

parts of a city (Figure 4.6, 4.7), in patchy neighbourhoods subject to the ventilation regime (i.e., where the 

frontal-area density varies in large patches), point observations at a distance > 𝑥𝐴 downstream of a density 

transition in the direction of the prevailing wind direction should represent pseudo-equilibria well. The 2095 

adjustment distance 𝑥𝐴 therefore represents an approximate lower bound for fetch requirements for ‘urban 

background’ micrometeorological and flux observations. Further, our results suggest neighbourhood ‘hot 

spots’ of pollution, such as contamination downstream of a small dense patch with heavy traffic, may not 

be captured by relying on only roadside or ‘urban background’ observations. 

 2100 

A porous-medium approach to neighbourhood-scale processes provides a good balance between 

computational efficiency and flow resolution, provided the porous model is formulated to capture the 

characteristics of the urban area in question. The percolation and ventilation regimes (a) capture the mean 

and turbulent components of the transport terms for pollutants and other scalar quantities; and (b) can be 

described using a range of geometrical variables simple enough to be deployed in high-Reynolds-number 2105 

flow models. Further, in the quasi-two-dimensional case we present here, the broad characteristics of the 

regimes are insensitive to the frontal-area density in the quantity 𝑓𝑖 and the SGS sink in Equation (4.11). A 

greater density contrast between the sparse and dense patches would lead to more pronounced examples of 

the regimes but would not materially change the adjustment distance 𝑥𝐴 either side of which the regimes 

emerge. A lesser contrast would simply blur the transitions between sparse and dense patches, eventually 2110 

approaching flow in a homogeneous urban area. The effect of stochastic porosity and patch-scale changes 

on the flow dynamics would depend on the patch size. In large patches, once the flow has adjusted, it has 

very little ‘memory’ of the preceding urban form. To approximate flow dynamics in neighbourhoods with 
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small patches, we would need to know the size of the patch of interest and its density relative to the 

neighbouring patch upstream.  2115 

 

Neighbourhood-scale processes provide potential boundary conditions to couple micro-scale urban-

transport models and mesoscale meteorological forecasts (Xie 2011). However, parametrisations of 

neighbourhood-scale processes must be flexible enough to capture the effect of inhomogeneity in the urban 

form on flow and dispersion. Here, the specifics of the urban form were captured entirely in the drag-force 2120 

parametrisation in Equation (4.10). This approach adapts LES models previously used for vegetation 

canopies, with the representation of the urban form informed by porous models of cities, specifically a 

vertically homogeneous frontal-area density 𝜆𝑓 and a higher drag coefficient than in vegetation models. 

Further in situ observations and experiments in wind tunnels (preferably both) would help to determine the 

extent to which this approach holds for real urban areas. For example, we suspect our approach would be 2125 

more appropriate for irregular cities comprising vegetation and obstacles of various shapes and sizes, rather 

than regularly spaced buildings with few other features, for which a vertically varying value of 𝜆𝑓 or the 

drag coefficient may yield better results. Further testing may allow the percolation and ventilation regimes 

to be adapted to link neighbourhood and city/mesoscale models. Urban air quality motivated this study, and 

therefore we concentrated on scalar quantities representing pollutants emitted near the ground in urban 2130 

areas. However, with modifications, this framework could be used to model processes in other 

environments, such as forests, or other scalar quantities, such as temperature. For example, in forests, after 

adding a scalar sink throughout the canopy, this framework could be used to investigate the transport of 

pollutants, such as ozone, into a patchy forest (Ma and Liu 2019; Ma et al. 2020). This type of investigation 

is extremely difficult using observations, even with an extensive network of sampling equipment (Aubinet 2135 

et al. 2010). 
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Appendix 4A – Conceptual background to the porous-media model 

4A.1 Conceptual background 

A porous medium is a material that contains a large number of voids (pores). These voids may allow fluids 2140 

to flow through the material, under certain conditions (Bear and Bachmat 1990). A porous medium is most 

often characterised by its ‘porosity’ i.e., the fraction of the material that the voids occupy, as a proportion 

of the material’s total volume. All other things equal, a fluid flowing through porous media is less obstructed 

as the material’s porosity increases. Fluid flows through porous media are studied and used across a variety 

of subfields of engineering, Earth sciences, hydrology, and many others (Bear and Bachmat 1990).  2145 

 

The porous-media method in micrometeorology was developed from techniques in engineering and fluid 

mechanics (Whitaker 1973; Howes and Whitaker 1985). The method is most useful when one is interested 

in the flow statistics or turbulent processes around dense canopies of obstacles (e.g., urban areas and 

vegetation canopies), especially when the detailed morphology of the obstacles is not known, or when 2150 

spatially representative measurements are unavailable (Finnigan 2008; Finnigan and Shaw 2008; Schmid 

et al. 2019). The porous-media method assumes we have a fluid (in this case the air) flowing through a 

fixed solid phase (in this case, the urban area). Instead of trying to model the obstacles directly, we focus 

attention on their net effect on the flow. This is achieved by treating the canopy volume as a porous 

medium—picture an incompressible sponge—whose size, height, and density/porosity approximately 2155 

reflect the urban area in question. The solid fraction is assumed to be comprised of small, randomly shaped 

elements, whose properties are constant within a single averaging volume (Figure 4A.1 and section 4.3.1). 

However, the bulk properties of a medium may change within a porous medium, provided that the changes 

occur on scales large relative to the size of each averaging volume (Figure 4A.1 and Chapter 5, where the 

density of a forest represented by a porous medium varies with height in the canopy). 2160 

 

 

Figure 4A.1: Overview and detail of a porous medium with the total averaging region 𝑽𝒕 centred at 𝒙 containing 

both fluid (𝑽𝒇, white) and solid (𝑽𝒔, grey) regions (see section 4.3.1). In this example, the density of the material 

decreases from the left to right i.e., the porosity increases. In the work in the main text however, the density of 2165 
the porous medium is constant within each patch, with a step change in density at the boundary between patches 

(section 4.3.3). Figure adapted from Schmid et al. (2019). 
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4A.2 Implementation in WRF 

The porous medium (the urban area) is included the WRF model by spatially averaging the localised drag 

from the individual solid volume elements, assuming the drag force is proportional to the square of the flow 2170 

speed (see section 4.3.2 for background and derivation). We modified the dynamical solvers of the WRF 

model to include this additional drag force term in the momentum equations 𝑓𝑖 = −
𝐶̅𝑑𝜆𝑓

𝐻
 |𝑈|⟨𝑢𝑖⟩, 

Equation (4.10). A similar term was added to the solver for the TKE (Equation (4.11)). Using the values in 

our study (section 4.3.3), this represents the urban area through a vertically homogeneous profile of drag 

(Figure 4A.2), because we assume a constant drag coefficient (see discussion in section 4.3.2). We contrast 2175 

this to the vertical profiles typically used in LES simulations of vegetation canopy flows, which often vary 

with height to indicate the region in which most of the plant area is located (Figure 4A.2 and Chapter 5). 

 

 

Figure 4A.2: Vertical profiles of the area density 𝑨 used in the drag parametrisation in Equations (4.10) and 2180 
(4.11). For the urban area, 𝑨 = 𝝀𝒇/𝑯, where 𝝀𝒇 = 𝝀𝒅 = 𝟏/𝟑 for the ‘dense’ patches (solid red line) and 𝝀𝒇 =

𝝀𝒔 = 𝟏/𝟔 for the ‘sparse’ patches (dashed grey line) (see section 4.3.3). We contrast this to a typical vertical 

profile used in LES of forest flow (green and brown line), where the canopy has a similar net density but with 

a very different vertical distribution. For the example forest, 𝑨 is the plant area density, calculated using the 

formula derived by Lalic and Mihailovic (2004), with a plant area index of 3 (see section 5.5). 2185 
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Appendix 4B 

 

Figure 4B.1: Effect of patchiness on TKE [�̅�]/𝒖∗
𝟐. (a–e) Two-dimensional patterns of TKE in each of the 

alternating-density cases. Only the first four patches are pictured, with the streamwise distance normalized by 2190 
patch length 𝑳𝒑. The dense patches and the sparse patches are bounded by the solid and dashed lines, 

respectively. 
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 2195 

Figure 4B.2: Effect of patchiness on the square root of magnitude of the shear stress 𝑭𝒖/𝒖∗. (a–e) Two-

dimensional patterns of 𝑭𝒖/𝒖∗ in each of the alternating-density cases. Only the first four patches are pictured, 

with the streamwise distance normalized by patch length 𝑳𝒑. The dense patches and the sparse patches are 

bounded by the solid and dashed lines, respectively. 

  2200 
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Chapter 5 – Realistic Forests and the Modelling of 

Forest-Atmosphere Exchange 

Publishing details. This chapter is a reproduction of the article ‘Realistic Forests and the Modelling of 

Forest‐Atmosphere Exchange’ by Edward Bannister, Xiaoming Cai (XMC), and Rob MacKenzie (AMRK), 

published in Reviews of Geophysics (2022), 60(1) https://doi.org/10.1029/2021RG000746   2205 
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reviewed and synthesised the literature, performed the LES model runs, wrote the processing code, 

conducted the formal analysis and visualisation, wrote the original draft of the manuscript, and revised the 

manuscript in response to reviewers’ comments. All authors reviewed and edited manuscript drafts. 2210 
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Abstract. Forests cover nearly a third of the Earth’s land area and exchange mass, momentum, and energy 

with the atmosphere. Most studies of these exchanges, particularly using numerical models, consider forests 

whose structure has been heavily simplified. In many landscapes, these simplifications are unrealistic. 2220 

Inhomogeneous landscapes and unsteady weather conditions generate fluid dynamical features that cause 

observations to be inaccurately interpreted, biased, or over-generalised. In Part I, we discuss experimental, 

theoretical, and numerical progress in the understanding of turbulent exchange over realistic forests. Scalar 

transport does not necessarily follow the flow in realistic settings, meaning scalar quantities are rarely at 

equilibrium around patchy forests, and significant scalar fluxes may form in the lee of forested hills. Gaps 2225 

and patchiness generate significant spatial fluxes that current models and observations neglect. Atmospheric 

instability increases the distance over which fluxes adjust at forest edges. In deciduous forests, the effects 

of patchiness differ between seasons; counter intuitively, eddies reach further into leafy canopies (because 

they are rougher aerodynamically). Air-parcel residence times are likely much lower in patchy forests than 

homogeneous ones, especially around edges. In Part II, we set out practical ways to make numerical models 2230 

of forest-atmosphere exchange more realistic, including by accounting for reconfiguration and realistic 

canopy structure, and beginning to include more chemical and physical processes in turbulence resolving 

models. Future challenges include: (i) customising numerical models to real study sites; (ii) connecting 

space and time scales; and (iii) incorporating a greater range of weather conditions in numerical models. 

 2235 
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5.1 Introduction 

5.1.1 A sense of scale 

Forests cover about 30% of the Earth’s surface and interact with the atmosphere in a variety of ways. Some 

of these interactions are familiar enough to appear in the poetry and stories of most cultures. Fluttering 2240 

leaves and swaying branches are among the most obvious visual manifestations of wind. Trees split the 

wind into flows of different velocities which, if the wind is strong enough, howl when they are reunited. 

Other interactions, which occur across scales outside of human perception, are apparent only in careful 

measurements. The timescales of interest in forest-atmosphere interactions begin at approximately 10−2 s 

for leaf fluttering and photosynthetic processes. The period of tree and branch swaying is typically from 2245 

10−1 to 10 s. Phenomena with longer timescales include boundary-layer turbulence (10-1–104 s), weather 

systems (103–106 s), and ecosystem–climate feedbacks (107–1012 s). Similarly, the smallest relevant space 

scales are roughly 10−6 m, which is the size of stomatal openings, airborne spores, and small pollens. Tree 

elements, such as such as seeds, leaves, and branches seeds range from 10−3 m (seeds) to 102 m (entire large 

trees). Individual ecosystems scale from 102 m (small clumps of trees and plants) to 107 m (entire forested 2250 

landscapes, such as in the Amazon and Congo basins, or the Taiga forests of the Northern Hemisphere). 

Boundary-layer turbulence contains eddies with diameters 10-3–103 m, and processes relevant to meso and 

synoptic weather systems scale 103–106 m. No set of mathematical equations describes these various 

interacting phenomena completely or, often, even approximately. There is also no single correct time or 

space scale at which to view forest-atmosphere interactions. The most important features of the interactions 2255 

depend on the scale of interest, as does the theory, experimental methods, and tools available to researchers 

to study them. In this review, we concentrate on forest-atmosphere interactions across length scales of 10-1–

103 m and timescales of 1–103 s. We refer to this as the ‘ecosystem scale’, which approximately corresponds 

to the ecological scales from ‘individuals’ to ‘patches’ (Scholes 2017) and the meteorological micro– and 

𝛾–mesoscales (Stull 1988). 2260 

 5.1.2 The extent of the literature 

At the ecosystem scale, we assume the overall landscape properties to be stationary, because drivers such 

as fragmentation, tree senescence, and extensive plant growth typically occur on timescales much longer 

than those of plant movement or boundary-layer dynamics. With these assumptions in mind, researchers 

typically approach ecosystem-scale forest-atmosphere interactions from one of two directions. The first 2265 

approach focuses on the effect of the atmosphere on trees and other plants, such as on plant biomechanics 

(De Langre 2008, 2019; Gosselin 2019), leaf microclimates (Vogel 2009), or water-use efficiency 

(Schymanski and Or 2016). The second approach, which we use in this review, focuses on the effect of 

forests on the atmosphere, especially on the structure of the turbulence and the transport of momentum and 

scalar quantities (Finnigan 2000; Katul et al. 2013; Brunet 2020).  2270 

 

Previous reviews of ecosystem-scale turbulent transport around forests have discussed land-atmosphere 

interactions more generally (e.g., Bou-Zeid et al., 2020; Fisher and Koven, 2020) and ecosystem exchange 
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at long-term monitoring sites (e.g. Baldocchi, 2008; Hicks and Baldocchi, 2020; Oliphant, 2012). These 

reviews, and the work they discuss, attempt to estimate the net ecosystem exchange of carbon and other 2275 

scalar quantities, sometimes for scaling up into Earth-system and other large-scale models. Other reviews 

focus on the detailed structure and statistics of the turbulence in forests and other vegetated landscapes. The 

early work in this area was motivated by applied problems in agriculture and forestry, such as minimising 

crop lodging and the windthrow of trees (e.g., Inoue, 1955; Ruth and Yoder, 1953). In the 1970s and 1980s, 

pioneering investigations of the transport equations moved the field from empirical observations to 2280 

obtaining precise knowledge about certain features of the turbulence, especially in horizontally uniform 

canopies on flat ground (Raupach and Thom 1981; Van Gardingen and Grace 1991; Kaimal and Finnigan 

1994; Raupach et al. 1996; Finnigan 2000). Katul et al. (2013) supplement these reviews with their survey 

of scalar turbulence in uniform canopies. Lemone et al. (2019) and Brunet (2020) provide comprehensive 

background to boundary-layer measurements, including in plant canopies, and update earlier reviews of the 2285 

flow in homogeneous plant canopies with results obtained using high-performance computers. Other recent 

reviews discuss the flow and transport of scalar quantities around forest edges (Belcher et al. 2012), the 

measurement and modelling of ecological processes such as evapotranspiration (e.g., Katul et al., 2012), 

and hill-induced dynamical effects on the flow and scalar fields around forests and other vegetation (e.g., 

Belcher et al., 2012; Finnigan et al., 2020). 2290 

5.1.3 The scope of this review 

The majority of existing work considers forests whose structure has been ‘idealised’ in some way. Often 

this idealisation step occurs when physical and numerical models are configured, although occasionally 

study sites are chosen on the basis of strict criteria. While there is no single definition of ‘idealised’ in the 

context of forest-atmosphere exchange, the majority of the literature assumes forests to be horizontally 2295 

homogeneous, with closed canopies, no large patches or gaps, and without site specific morphological or 

ecological detail. Below, we describe a forest as ‘idealised’ if most of these properties are assumed. Forests 

in the real world rarely fit these assumptions. For example, forests around the world are becoming 

increasingly fragmented (Fahrig 2003; Bogaert et al. 2011; Taubert et al. 2018). Edge regions differ from 

the forest interior both in their mean local climate (e.g., less humid) and in the range of meteorological 2300 

extremes they experience (Magnago et al. 2015). Even in intact ecosystems, most forest canopies comprise 

a patchwork of openings of many shapes and sizes, formed by senescence, disease, and windthrow 

(Whitmore 1989; Hirons and Thomas 2018). These gaps are significant ecologically and structurally. The 

floras of the northern temperate forests, for example, include many species that depend on gaps and 

patchiness (Fox 1977; Tinya et al. 2009). The divergence between theory and reality causes, for example, 2305 

estimates of ecosystem exchange to be inaccurate or biased (Wilson et al. 2002; Baldocchi 2008; Aubinet 

et al. 2010; Stoy et al. 2013). This is no secret, and most studies end with calls for further experiments in a 

wider range of ecosystems, using more detailed techniques and models. 

 

In this review, we focus on the ecosystem-scale exchange of momentum, energy, and mass between the 2310 

atmosphere and heterogeneous forests. We split our review into two parts. Part I (sections 5.2–5.4) discusses 
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experimental, theoretical, and numerical progress in our understanding of turbulent exchange over realistic, 

patchy forests. Section 5.2 summarises the methodology behind numerical investigations of forest–

atmosphere exchange, and the turbulence structure around idealised forests, including the effects of 

atmospheric stability. The remainder of Part I discusses how structural heterogeneity and patchiness affects 2315 

the exchange of momentum (section 5.3) and scalar quantities (section 5.4). We concentrate principally on 

forests on level ground, although section 5.4 briefly discusses recent progress in investigating scalar 

transport around forested hills. (See Finnigan et al. (2020), for example, for a comprehensive treatment of 

terrain induced effects on land-atmosphere exchange.) Part II (sections 5.5–5.6) sets out practical ways to 

make numerical models of forest-atmosphere more realistic, including by accounting for reconfiguration 2320 

and realistic canopy structure (section 5.5) and beginning to include more chemical and physical processes 

in turbulence resolving models (section 5.6). We conclude in section 5.7 and provide recommendations for 

further research under the broader goals of (i) customising numerical models to real study sites; (ii) 

connecting space and time scales; and (iii) incorporating a greater range of weather conditions in numerical 

models. 2325 

Part I: Forest-atmosphere exchange around heterogeneous forests 

We begin Part I by summarising the important fluid dynamical properties of forest-atmosphere exchange 

in idealised landscapes, before moving on to look at exchange in more realistic landscapes. 

5.2 The flow in and around idealised forests 

5.2.1 Definition of terms 2330 

We use right-handed Cartesian tensor notation, with the Einstein summation convention, and indices (𝑖, 𝑗, 𝑘) 

take values (1, 2, 3) respectively. For example, 𝑢𝑖 is the velocity in the 𝑥𝑖 direction, with i = 1, 2, 3 

representing the streamwise (𝑥), spanwise (𝑦) and vertical (𝑧) directions. We denote 𝒙 = (𝑥, 𝑦, 𝑧), 

(𝑢1, 𝑢2, 𝑢3) = (𝑢, 𝑣, 𝑤), and time as 𝑡. For a quantity, 𝜙, ⟨𝜙⟩ denotes a spatial average and �̅� denotes a 

time average such that 𝜙(𝒙, 𝑡) = ⟨𝜙⟩(𝑡) + 𝜙″(𝒙, 𝑡) and 𝜙(𝒙, 𝑡) = �̅�(𝒙) + 𝜙′(𝒙, 𝑡). We refer to the 2335 

quantities 𝜙″(𝒙, 𝑡) and 𝜙′(𝒙, 𝑡) as the ‘dispersive’ and ‘turbulent’ quantities, respectively, which reflect 

local departures from the space and time averages. The nth moment, where n is a positive integer, is given 

by 𝜙′𝑛̅̅ ̅̅ ̅, when the time averaging operation is used. These moments can be similarly defined using other 

expectation operators, such as a spatial average. The standard deviations of the velocity components are 

𝜎𝑢𝑖 = (𝑢𝑖
′2̅̅ ̅̅ )

1

2, the mean turbulence kinetic energy (TKE) =
1

2
𝑢𝑖
′𝑢𝑖
′̅̅ ̅̅ ̅̅ , skewness 𝑆𝑘𝑢𝑖 = 𝑢𝑖

′3̅̅ ̅̅ /𝜎𝑢𝑖
3 , kurtosis 2340 

𝐾𝑡𝑢𝑖 = 𝑢𝑖
′4̅̅ ̅̅ /𝜎𝑢𝑖

4 ,, and the friction velocity, 𝑢∗ = (𝑢
′𝑤′̅̅ ̅̅ ̅̅ 2 + 𝑣′𝑤′̅̅ ̅̅ ̅̅ 2)

1

4
.  

 

Forests are located in the atmospheric boundary layer (ABL), the layer of atmosphere that is directly 

influenced by the Earth’s surface. Figure 5.1 presents a schematic of the structure of the daytime ABL. The 
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top of the daytime ABL, at height 𝑧𝑖, caps the mixed layer, within which variables such as humidity and 2345 

potential temperature are approximately constant with height. The lowest 10% or so of the ABL is known 

as the atmospheric surface layer (ASL), analogous to the ‘inner region’ in wall boundary layers. Above 

rough surfaces, such as forests and urban areas, the ASL can be further divided into the inertial sublayer 

(ISL) and the roughness sublayer (RSL) (Raupach et al. 1991). Within the ISL, the turbulent fluxes of 

momentum and scalar quantities are approximately constant with height. These constant fluxes are used as 2350 

scaling parameters in a set of relationships known as Monin–Obukhov similarity theory (MOST) (Monin 

and Obukhov 1954; Stull 1988; Foken 2006). MOST is widely used in surface-layer parametrisations for 

numerical weather prediction and climate modelling (Skamarock et al. 2008; Hari Prasad et al. 2016). The 

RSL extends from the ground up to around 1.5–5 times the mean height of the obstacles ℎ𝑐, known as the 

blending height. The lowest part of the RSL, from the ground to 𝑧 = ℎ𝑐, is the canopy layer, in which 2355 

obstacles and air are intimately intermingled. In neutral atmospheric conditions, turbulent structures that 

scale with the mean canopy height ℎ𝑐 control the exchange of momentum and scalar quantities between the 

flow and the surfaces of the obstacles. The friction velocity 𝑢∗ is a scaling variable that is often used as a 

shorthand for ASL turbulence, with higher values indicating more turbulent conditions. The friction 

velocity is easiest to interpret in when most of the turbulence is mechanically generated by friction over 2360 

level ground, for example, in the ISL in statically neutral conditions. In conditions where 𝑢∗ varies slowly 

in the 𝑥, 𝑦 plane, 𝑢∗ measured at the canopy top (𝑢∗𝑧=ℎ𝑐
) acts as a local velocity scale, a state known as 

‘moving equilibrium’ (Yaglom 1979). This scaling allows landscapes, such as forest stands, to be 

represented as homogeneous patches, with each patch characterised by its own velocity (𝑢∗) and length (ℎ𝑐) 

scales (Katul et al. 1999). In these patches, the local turbulence statistics scaled by 𝑢∗𝑧=ℎ𝑐
become 2365 

independent of their horizontal position. The moving equilibrium hypothesis approximately holds for flow 

over simplified vegetated hills in neutral conditions (Chen et al. 2019a), although it has unfortunately not 

been widely tested. However, in terrain and atmospheric conditions where the turbulence structure varies 

strongly in the 𝑥, 𝑦 plane—for example, around patchy forests, or in strongly stable or unstable conditions—

then 𝑢∗ alone provides limited information about the turbulence (Wharton et al. 2017). 2370 
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Figure 5.1: Sublayers of the daytime atmospheric boundary layer (ABL) over a forest. The figure follows the 

classification in Oke (1988) for an urban boundary layer. The height of the mixed layer, which typically 

accounts for around 90% of the daytime ABL height, is suppressed to aid presentation. The variables 𝒛𝒊 and 2375 
𝒉𝒄 denote the depth of the ABL and the mean height of the forest, respectively.  

5.2.2 The double-average method 

Early models of flow in vegetation canopies accounted for the presence of the plants through empirical drag 

terms based on spatially averaged velocity measurements (Inoue 1963; Cionco 1965). In the 1970s and 

1980s, researchers developed a more formal basis for the plants’ presence, often referred to as the ‘double-2380 

average method’, which proceeds directly from the transport equations (Wilson and Shaw 1977; Raupach 

and Shaw 1982; Finnigan 1985; Raupach et al. 1986). This is achieved using a volume average operation 

such that, for a quantity 𝜙, 

⟨𝜙⟩(𝒙, 𝑡) =
1

𝑉
 ∭𝜙(𝒙 + 𝒓, 𝑡)𝑑𝒓. (5.1) 

The spatial average in Equation (5.1) is over a volume that (a) includes multiple trees and plants, but (b) is 2385 

small compared to the distance over which the structure of the forest varies. The vertical resolution is high 

in order to properly resolve the flow gradients (Finnigan and Shaw 2008). Around the same time, 

researchers applied similar procedures to investigate mass transfer in engineering applications (Whitaker 

1973; Howes and Whitaker 1985). Because plant elements occupy a small proportion of the available 

volume, no distinction is typically made between the ‘superficial’ averaging operation (including air and 2390 
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plant elements in the average) and the ‘intrinsic’ average (within the body of fluid only). This distinction 

can be important in urban areas (Schmid et al. 2019) and probably also in dense monoculture plantations 

where the tree crowns overlap, although this has not been tested. The averaging operation is followed by a 

time average over a period sufficient to capture the dominant scales of motion, but short enough for the 

flow to be approximately stationary. Applying the two operations to the continuity and momentum 2395 

equations, ignoring the Coriolis force and the momentum transfer from viscosity, gives  

𝜕𝑈𝑖
𝜕𝑥𝑖

= 0, (5.2a) 

𝜕𝑈𝑖
𝜕𝑡

+ 𝑈𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗

= −
𝜕𝑃

𝜕𝑥𝑖
+
𝑔

𝜃0
⟨�̅�𝑣⟩𝛿𝑖3 −

𝜕〈𝑢𝑖
′𝑢𝑗
′̅̅ ̅̅ ̅̅ 〉

𝜕𝑥𝑗
−
𝜕〈𝑢�̅�"𝑢�̅�"〉

𝜕𝑥𝑗
+ 𝑓𝑖, (5.2b) 

where P is the kinematic pressure, g is the gravitational acceleration, 𝜃0 is a reference temperature, 𝜃𝑣 is 

the virtual potential temperature, and 𝛿𝑖𝑗 is the Kronecker delta (the second term on the right-hand side of 2400 

Equation (5.2b) is non-zero when 𝑖 = 3). Capital letters denote the double-averaged quantities, which we 

refer to as the mean quantities—e.g., the mean streamwise velocity component U. The term −𝜕〈�̅�𝑖"�̅�𝑖"〉/𝜕𝑥𝑗 

is the dispersive flux of mean momentum, which accounts for spatial correlations in the time-averaged 

velocity field. The dispersive flux is usually assumed to be low in homogeneous forests and is therefore 

typically disregarded in numerical models (Patton and Finnigan 2012). However, recent evidence suggests 2405 

that the dispersive fluxes of momentum and scalar quantities can be significant around patchy forests (see 

section 5.6.4). See Finnigan (2000) and Finnigan and Shaw (2008) for more formal discussion of the 

double-average method. 

5.2.3 The double-average method in numerical models 

In applications as complex as forest-atmosphere exchange, numerical models will only ever serve as 2410 

incomplete models, rather than mini versions of the real world, or even computational wind tunnels. 

Nonetheless, numerical models have emerged as one of the most powerful tools to investigate forest-

atmosphere exchange, supplementing experimental observations, theory, and physical models. Their main 

advantage is that the flow is defined at every cell within the simulated domain, allowing timeseries of 

interest to be extracted easily. With post-processing and visualisation software, numerical models also 2415 

provide a picture of the flow that is impossible to replicate with observations or physical models. 

Researchers have adopted various approaches to approximate solutions to the double-averaged equations, 

including first-order analytical closure (Finnigan et al., 2015, and references therein), modified gradient-

diffusion theory (Zeng and Takahashi 2000), Reynolds-averaged Navier–Stokes (RANS) solvers 

(Boudreault et al., 2015; Brunet, 2020, and references therein; Katul and Albertson, 1998), and large-eddy 2420 

simulation (LES) (Shaw and Schumann 1992). RANS methods span first-order closure, ‘1.5–order’ closure 

based on the transport of the turbulence kinetic energy and its (specific) rate of dissipation, and second-

order and higher closure schemes (Katul et al. 2004). For a variety of applications dealing with land-

atmosphere exchange, second-order closure appears to be sufficient (Juang et al. 2008). Direct numerical 

simulation (DNS) has recently been used for small, idealised plant canopies (Sharma and García-Mayoral 2425 
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2020a, b). However, the computational expense of DNS means it can still be employed only for relatively 

low Reynolds number (Re) flow and that it remains unsuitable for ecosystem-scale investigations around 

forests. LES has emerged as the most popular method for investigating ecosystem-scale exchange around 

forests, although analytical closure schemes and RANS remain popular for situations that do not require 

the turbulence to be resolved.  2430 

 

Using LES, a low-pass filter of kernel G is applied to the flow field variables,  

�̃�(𝒙) = ∫ 𝐺(𝑥 − 𝑦)𝜙(𝑦)𝑑𝑦
∞

−∞

, (5.3) 

where the overtilde denotes ‘resolved’ field variables, whose prognostic equations are solved. The filter in 

Equation (5.3) directly resolves motion larger than the filter width Δ𝑓, which is greater than or equal to the 2435 

grid resolution Δ𝑔, with ratios Δ𝑓/Δ𝑔 = 1 or 2 common in practice (Geurts 2003; Basu and Porté-Agel 

2006). The filtered equivalent of the averaged momentum equations in Equation (5.2b) are 

𝜕𝑢�̃�
𝜕𝑡
+ 𝑢�̃�

𝜕𝑢�̃�
𝜕𝑥𝑗

= −
1

𝜌

𝜕�̃�

𝜕𝑥𝑖
+
𝑔

𝜃0
𝜃�̃�𝛿𝑖3 −

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
+ 𝐷�̃�, (5.4) 

where 𝐷�̃� accounts for forcings such as an imposed pressure gradient, the geostrophic wind, or distributed 

drag from vegetation and other obstacles smaller than the filter width, Δ𝑓. The sub-grid scale (SGS) stress 2440 

term 𝜏𝑖𝑗 accounts for unresolved scales, those smaller than Δ𝑓, 

𝜏𝑖𝑗 = 𝑢𝑖𝑢𝑗̃ − 𝑢�̃�𝑢�̃�. (5.5) 

The SGS stresses and fluxes must be parametrised, for which a variety of schemes have been developed 

(section 5.6.5) (Kirkil et al. 2012; Rozema et al. 2015; Gadde et al. 2021; Moser et al. 2021). Once the LES 

model has been ‘spun up’—i.e., the flow reaches a statistical equilibrium— the statistics of the flow 2445 

variables are generated by averaging the resolved quantities, usually in space and time (e.g., Cai et al., 2008; 

B. Chen et al., 2019). The turbulent perturbations are calculated as the departures from those averages (see 

Appendix 5A for an example). The main advantage of LES over RANS and analytical models is that LES 

expressly resolves the largest scales of turbulent motion in the simulated domain. Provided that Δ𝑓 and the 

model’s forcings are chosen carefully, LES also allows a visualisation and term-by-term analysis of the 2450 

turbulent flow of air that is impossible to achieve using observations or physical models. To avoid 

distracting switches between notation, we use the double-average notation throughout this manuscript. 

References to LES results and models should be interpreted as referring to the resolved variables, unless 

otherwise stated.  

5.2.4 Representing forests through distributed drag 2455 

The aerodynamic drag of the forest (per unit mass of air) is accounted for through the term 𝑓𝑖 (m s-2) on the 

right-hand side of Equation (5.2b). This term is the net sum of (i) the form drag from pressure differences 

either side of each plant element, and (ii) the viscous boundary layers that develop over each plant element,  
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𝑓𝑖 = −⟨
𝜕�̅�″

𝜕𝑥𝑖
⟩ + 𝜈 ⟨

𝜕2�̅�″

𝜕𝑥𝑗𝜕𝑥𝑗
⟩ , (5.6) 

where 𝜈 is the kinematic viscosity of air. This term is typically parametrised6 by spatially averaging the 2460 

localised drag from the individual plant elements as 

𝑓𝑖 = −𝐶𝑑𝑎(𝑧)|𝑈|⟨𝑢𝑖⟩, (5.7) 

where |𝑈| = (𝑈𝑗𝑈𝑗)
1

2 and 𝐶𝑑 is a dimensionless drag coefficient. This parametrisation, which we refer to 

as the ‘distributed-drag parametrisation’, assumes the aerodynamic drag from the forest increases with the 

square of the velocity, as is the case around bluff bodies (Wilson and Shaw 1977; Shaw and Schumann 2465 

1992). The viscous component of the drag is usually neglected in the approximation of 𝑓𝑖 because form 

drag dominates in high-Re flow through forests (Thom 1971; Shaw and Patton 2003). The local forest 

density 𝑎(𝑧) is typically assumed to be a function of the plant area density (PAD), the total one-sided plant 

area per unit layer volume (m2/m3). The plant area index (PAI) is the PAD integrated over the height of the 

forest ℎ𝑐, i.e., PAI = ∫ 𝑎(𝑧)𝑑𝑧
ℎ𝑐
0

.  2470 

 

It is difficult to determine a robust approximation of the drag per unit volume, 𝑓𝑖, in real forests. The 

parametrisation is based on the form drag imposed by the frontal area of the various tree and plant elements 

(Wilson and Shaw 1977). In closed canopies such as forests, it is typically assumed that more of the plant 

material is sheltered from the flow than in clumps of leaves or isolated trees, resulting in a lower value of 2475 

the product 𝐶𝑑𝑎(𝑧) for closed canopies (Sogachev and Panferov 2006; Queck et al. 2012). Relatively low 

values of 𝐶𝑑 are often used in modelling studies to accommodate this shelter effect, with values ranging 

from 0.1–0.5 (Table 5B.1). These values are usually assumed to be constant and invariant with height. 

Although sheltering effects, and therefore low values of 𝐶𝑑, have been observed at moderate to high wind 

speeds (Amiro 1990a; Koizumi et al. 2010), there is much more scatter at low wind speeds (Koizumi et al. 2480 

2010; Queck et al. 2012). This is probably because the leaves of the trees and plants are mostly relaxed at 

low wind speeds, but will streamline temporarily in response to gusts, significantly altering the drag. At 

higher wind speeds, the plant elements spend more time in the streamlined position, so there is less scatter 

in the drag measurements during the passage of gusts. We discuss this reconfiguration in more detail in 

section 5.5. 2485 

5.2.5 The turbulence structure around forests 

As the air moves through a forest, momentum is transferred from the flow to the aerial parts of the plants 

and trees. This reduces the streamwise wind speed throughout the depth of the canopy and a region of high 

 
6 This parametrisation is based on the aerodynamic drag equation, used in fluid mechanics and engineering 

applications. In the fluid mechanics literature, the drag equation (per unit mass) is usually written with a factor of ½, 

which originates from the formula for the kinetic energy of the fluid in front of the body. By meteorological 

convention, the factor of ½ is included in the drag coefficient and does not appear expressly here. 
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wind shear forms around the crown top. The shear region is evidenced by an inflection in the mean 

streamwise wind-speed profile, which is approximately exponential within the canopy and logarithmic 2490 

above it (Raupach et al. 1996; Finnigan 2000). Below the main crown, a secondary wind-speed maximum 

may occur (Shaw 1977), especially near edges and in forests with sparse understories (Dupont et al. 2011). 

The source of this secondary maximum is not certain, although it may result from the turbulent transport of 

momentum from the upper canopy (Shaw 1977) or mesoscale pressure gradients (Holland 1989). The high 

shear around the crown top generates Kelvin–Helmholtz-type instabilities, which in turn generate coherent 2495 

large eddies around the tops of the trees, analogous to the dominant processes in a plane mixing layer 

(Raupach et al. 1996). Using this mixing-layer analogy, Raupach et al. (1996) reduce canopy turbulence to 

a single length scale, 𝐿𝑠 = 𝑈ℎ𝑐/(𝜕𝑈/𝜕𝑧)ℎ𝑐, where 𝑈ℎ𝑐 is the mean streamwise velocity component U at 

𝑧 = ℎ𝑐. The shear length scale 𝐿𝑠, which equates to around 0.5ℎ𝑐 for medium density vegetation, provides 

a rough estimate of the diameter of the dominant turbulent eddies. It is difficult to determine the value of 2500 

𝐿𝑠 exactly for real forests because 𝑑𝑈/𝑑𝑧 varies quickly with height around the crown top (i.e., 𝑑2𝑈/𝑑𝑧2 

is not easily defined). However, 𝐿𝑠 can be estimated from the spectral energy peaks in wavelet cospectra of 

momentum and scalar quantities (Katul et al. 1998). 

 

The second-order moments 〈𝑢′2̅̅ ̅̅ 〉, 〈𝑤′2̅̅ ̅̅ ̅〉, 〈𝑢′𝑤′̅̅ ̅̅ ̅̅ 〉 and the TKE increase with height within plant canopies, 2505 

but are roughly constant above the canopy (Raupach et al. 1996; Brunet 2020). The turbulent velocity 

components 𝑢′ and 𝑤′ are more correlated and skewed in the RSL than they are in the ISL above, where 

many velocity statistics display approximately Gaussian behaviour. Streamwise and vertical skewness (Sku 

and Skw) are approximately zero in the ISL but take values 0.5 ≤ 𝑆𝑘𝑢 ≤ 1 and −1 ≤ 𝑆𝑘𝑤 ≤ 0 in forests 

(Amiro 1990b; Lee and Black 1993; Raupach et al. 1996; Kruijt et al. 2000; Villani et al. 2003). The values 2510 

of Sku and Skw may be higher, absolutely, at forest edges (Dupont and Brunet 2008b). The association of 

positive Sku and negative Skw values indicates that turbulent transfer is dominated by strong but infrequent 

downward penetrations of air into the canopy, known as ‘sweep motions’ (𝑢′ > 0 and 𝑤′ < 0). Frequent 

upward motions of low-momentum air from within the canopy, known as ‘ejections’ (𝑢′ < 0 and 𝑤′ > 0), 

also account for a large proportion of the turbulent transfer (Shaw and Patton 2003), although sweep 2515 

motions contribute more to the total transfer of momentum around the crown top (Shaw and Tavangar 1983; 

Raupach et al. 1996). Together sweep motions and ejections account for between 60% and 80% of the 

exchange of scalar quantities from homogeneous forest canopies to the atmosphere aloft (Gao et al. 1989). 

The greater magnitudes of the skewness statistics around forest edges reflect the significant differences in 

momentum and scalar exchange in patchy and gappy forests as compared to homogeneous canopies. 2520 

 

The mixing-layer analogy—where shear generated eddies around the crown top dominate turbulent 

exchange—has proved remarkably robust in forests and other vegetation. However, current understanding 

of canopy turbulence is far from complete. Further LES studies and targeted observations will help to reveal 

to what extent three-dimensional structures dominate the turbulence and the conditions under which the 2525 

mixing-layer analogy breaks down when the canopy is patchy. Another knowledge gap concerns forest 

density. The vast majority of reported investigations have been on relatively dense tropical, Taiga, and 
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northern temperate forests, usually in the growing season. In these forests, mixing-layer-type turbulence 

has been observed at low densities (Brunet 2020). However, other sparse tree-dominated landscapes—say, 

the Guinea Savannah or temperate deciduous forests in winter—have similar mean densities (e.g., PAI 1–2530 

2) (Xiao et al. 2017) but entirely different structural and meteorological drivers. These important landscapes 

remain poorly understood. For further discussion of plant-canopy turbulence see Finnigan (2000) for flow 

statistics and technical background, Finnigan et al. (2009) and Bailey and Stoll (2016) for the emergence 

of coherent fluid structures, Belcher et al. (2012) for scaling analysis in complex terrain, and Brunet (2020) 

for historical background and a review of recent studies in homogeneous plant canopies. 2535 

5.2.6 Atmospheric stability and the turbulence structure 

Air in the ASL is, on average, statically unstable during the day and stable at night, although the true 

dynamics are more complicated (Stull 1991). The mixing-layer analogy of canopy turbulence assumes near-

neutral conditions, with the dynamics controlled by the high shear in the mean wind velocity around the 

tops of the trees. However, in strongly stable or unstable conditions, the velocity shear can be much less 2540 

influential (Brunet and Irvine 2000; Lemone et al. 2019). As the ABL becomes more unstable, the 

turbulence structure around forests transitions from a shear-driven to a convection-driven regime, i.e. 

thermal cells govern the flow dynamics, and the mixing-layer type turbulence becomes less prominent 

(Mahrt 2000; Dupont and Patton 2012; Lemone et al. 2019). Conversely, when the ABL is stable, the 

buoyancy of the air dampens vertical motion. Mixing-layer-type coherent structures may still develop 2545 

around a forest, but they are smaller and less energetic than those that form in near-neutral conditions 

(Dupont and Patton 2012). ABL turbulence is generally more intermittent in space and time in stable 

conditions (Mahrt 2014). In very stable conditions, fluxes of scalar quantities are driven by an interaction 

of mesoscale phenomena, such as gravity waves and nocturnal jets, and the local turbulence. This 

interaction is observed in the large, intermittent variations in temperature and CO2 concentration around 2550 

forest that occur when extended calm periods are interrupted by short bursts of intense turbulence 

(Wohlfahrt et al. 2005; Heinesch et al. 2007; Aubinet 2008). 

 

Simulations of flow around idealised forests in non-neutral conditions are beginning to add detail to this 

general picture. Patton et al. (2016) used LES to investigate the entire ABL over an interactive forest 2555 

canopy, across five stability classes (near neutral to free convection). In strongly unstable conditions, 

thermal plumes may bubble up from the forest floor or the canopy top, and the vertical profiles of the 

atmosphere in the RSL approach those predicted by MOST. As stability decreases from near neutral to free 

convection, the dominant turbulent structures around the forest change from shear layer vortices to thermal 

plumes, and momentum and scalar fluxes become less correlated. It is not clear whether this transition is 2560 

gradual, with shear and thermally driven structures coexisting, or sudden, with a flip between regimes upon 

reaching a stability threshold. Nascent research indicates the transition may be sudden (Brunet 2020). In 

unstable conditions, scalar quantities are transported predominantly by thermal plumes. The Canopy 

Horizontal Array Turbulence Study (CHATS) observations provide the strongest observational evidence as 

to the effect of atmospheric stability on exchange in a tree dominated landscape (Dupont and Patton, 2012; 2565 
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Patton et al., 2011). These measurements found the velocity variances, momentum stresses, and momentum 

transport efficiency decrease as the atmosphere becomes less stable, indicating that thermal plumes become 

increasingly influential.  

 

In stable conditions, wind shear at the crown top is higher than in unstable or neutral conditions, and 2570 

momentum penetrates less deeply into the forest (Su et al. 2008; Nebenführ and Davidson 2015; Chaudhari 

et al. 2016). Within the forest, turbulence is much weaker and more intermittent than in neutral or unstable 

conditions, and the pressure transport term of the TKE budget becomes more significant with greater 

stability (Nebenführ and Davidson 2015). In open forests, intermittent turbulence, driven by shear in the air 

aloft, may penetrate into the canopy and dramatically alter the distribution of scalars (Wharton et al. 2017). 2575 

These intermittent events in stable conditions are not well understood and are seldom resolved well by 

numerical models because they do not result from resolved shear generated turbulence at the microscale or 

the MOST parametrisations used in larger scale models. The events are thought to result from nonturbulent 

‘submeso’ motions, which fall between the scale of the largest turbulent ABL eddies (∼𝒪(100 m)) and the 

smallest 𝛾–mesoscale (∼𝒪(2 km)) (Mahrt 2014). There is some evidence that parametrisations of submeso 2580 

motions may be possible by analogy with ‘self-organised criticality’, the tendency of dynamical systems to 

organise their microscopic behaviour to be scale independent (Cava et al. 2019). However, this remains an 

active area of future research, requiring careful comparison between numerical model results and 

observations (Sun et al. 2015). 

 2585 

The atmospheric stability within forests often differs to that of the surrounding atmosphere. For example, 

on a sunny day, warm convective thermals may form above a forest, while the air within it remains stable 

(Ramos et al. 2004; Stull 2006). At night, the situation is reversed when the forest crown loses heat through 

radiative cooling, forming a capping layer of very stable air around the tops of the trees that can decouple 

the forest air space from its surroundings (Nebenführ and Davidson 2015; Xu et al. 2015; Paul-Limoges et 2590 

al. 2017). The decoupling is sensitive to site-specific meteorological conditions, such as local temperature 

gradients (Alekseychik et al. 2013; Russell et al. 2016). When the ABL and forest air space decouple, eddy-

covariance measurements are difficult to interpret because CO2 and other scalars can accumulate within the 

canopy, and the measured turbulent flux is unrepresentative of the forest as a whole (Massman and Lee 

2002; Aubinet 2008). In hilly terrain, the decoupling can trigger drainage flows, transporting CO2, heat, 2595 

and water vapour to and from forests (Sun et al. 2012; Xu et al. 2015; Wharton et al. 2017; Finnigan et al. 

2020). Drainage flows and other below-canopy transport contribute a large proportion to the total scalar 

transport in certain meteorological conditions, such as during stable nights with weak winds (McHugh et 

al. 2017; Paul-Limoges et al. 2017).  

 2600 
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5.3 Realistic landscape effects 

5.3.1 Adaptation to wind loading 

Wind affects all aerial parts of forests on time and space scales from those of the smallest eddy to those of 

climate variation and tree lifetimes. Many plants respond to wind by reducing their surface area to minimise 

drag, and therefore lowering the likelihood of damage from wind loading. On longer timescales, plants may 2605 

apportion biomass in such a way as to acclimate to the wind’s prevailing direction and intensity, a process 

known as thigmomorphogenesis. Figure 5.2 presents examples of trees that show thigmomorphogenetic 

changes as a result of sustained wind loading. For example, trees at the upstream edge of a forest may have 

stiffer wood than those further inside the stand (Cucchi et al. 2004; Brüchert and Gardiner 2006), and trees 

exposed to high winds develop lower crown densities, comprising a smaller number of smaller leaves 2610 

(Telewski and Pruyn 1998; Telewski 2009). This adaptation is a trade-off for the trees, with increased 

resistance to wind loading and other environmental stresses coming at the expense of slower growth (Hirons 

and Thomas 2018). For further background on the permanent response of trees to wind loading, see, for 

example, Telewski and Pruyn (1998), Telewski (2009), Hirons and Thomas (2018). 

 2615 

 

Figure 5.2: (a – left) A wind modified hawthorn (Crataegus monogyna) on the Isle of Wight, UK; and (b – right) 

windswept trees at Slope Point, South Island, New Zealand (Aotearoa). 

Windbreaks, also known as shelter belts, exploit the ability of trees and shrubs to adapt to windy 

environments. Windbreaks have been used for centuries to shelter coastal buildings, to modify the 2620 

microclimates around crops and grazing land, to protect woodland and wildlife, and, more recently, to 

modify pollutant transport around urban or industrial areas (Palmer et al. 1997; Pearce et al. 2021). 

Figure 5.3 shows a sketch of the streamlines around a windbreak for wind blowing from left to right. The 

‘quiet zone’ is the region behind the barrier where the mean wind speeds are low and turbulence is 

dominated by recirculating eddies (Raine and Stevenson 1977). The quiet zone extends 𝑥/ℎ𝑐 ≈ 8–17 2625 

downstream of the windbreak, with higher values observed in conditions with low atmospheric turbulence. 

The ‘wake region’ is above the quiet zone. The air in the wake region is highly turbulent because of the 

interaction of downward fluxes of momentum, and sharp velocity gradients as the flow adjusts around the 

barrier (Finnigan and Bradley 1983). The sizes and energies of the vertical fluctuations are enhanced in the 
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wake region compared to the incoming stream, whereas those of the vertical components are suppressed 2630 

(McNaughton, 1989; H. Wang et al., 2001 and references therein). 

 

 

Figure 5.3: Flow streamlines around a shelter belt standing perpendicular to the flow of air from left to right. 

Strong turbulent mixing occurs in the wake region. Figure after McNaughton (1989). 2635 

5.3.2 Flow adjustment around forest edges 

Compared to the flow around relatively isolated windbreaks, the flow around a forest is more complicated. 

Figure 5.4 presents a schematic of the statistical patterns in momentum transfer that emerge as the flow 

adjusts around a small forest in neutral atmospheric conditions (Belcher et al. 2003, 2012; Dupont and 

Brunet 2008b, 2009).  2640 
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Figure 5.4: Dynamical flow patterns around a small forest in neutral atmospheric conditions. Each pictured 

tree represents approximately three trees in the streamwise direction. Figure after Belcher et al. (2003) and 

Dupont and Brunet (2009).  

In the impact region, (i) in Figure 5.4, the forest acts as a step-change in porosity, inducing a pressure 2645 

gradient to slow the flow. Just downstream of the forest edge is the adjustment region, (ii) in Figure 5.4, in 

which the drag from the trees decelerates the flow over a distance 𝑥𝐴 proportional to a canopy-drag length 

scale 𝐿𝑐 = 1/𝐶𝑑𝑎(𝑧). The length scale 𝐿𝑐 emerges from quasi-inviscid solutions to the momentum 

equations in one-dimensional flow. It can be interpreted as a distance constant over which the velocity and 

drag adjust to balance the pressure gradient (Finnigan and Brunet 1995). At the edge of homogeneous 2650 

canopies, assuming constant shear and neutral atmospheric conditions, the canopy-drag length scale 𝐿𝑐 is 

related to the shear length scale 𝐿𝑠 by 

𝐿𝑐 ≈ 𝐿𝑠/2𝛽
2, (5.8) 

where 𝛽 = 𝑢∗/𝑈 measured at the canopy top (𝑧 = ℎ𝑐) (Ross and Vosper 2005; Brunet 2020). Because 𝐿𝑐 

is inversely proportional to the plant density, the flow adjusts more quickly with increasing forest density7, 2655 

provided the density varies on scales greater than the volume averaging operation. The length scale 𝐿𝑐 is 

only an approximation for three-dimensional flow around real forests, for which the variables 𝐶𝑑 and 𝑎(𝑧) 

may not be clearly defined (section 5.5). Nonetheless, numerical simulations, field observations, and flume 

investigations of vegetation canopies show the adjustment distance 𝑥𝐴 downstream of a forest edge is indeed 

proportional to 𝐿𝑐, with 𝑥𝐴 ≈ 4–6𝐿𝑐 ≈ 8–10ℎ𝑐  (Morse et al. 2002; Yang et al. 2006b; Rominger and Nepf 2660 

2011; Belcher et al. 2012). The canopy-drag length scale permits an alternative expression for the PAI of a 

forest: PAI/ℎ𝑐 = 𝑎(𝑧) ≈ 𝑎, so that PAI ≈ ℎ𝑐/𝐶𝑑𝐿𝑐. This is only a rough approximation, because it assumes 

 
7 Planted forests are planted at a high density and then thinned repeatedly over the years to reach the final stocking 

density. It’s not unusual for new forests to be planted at 1,000 stems per ha, or 3 m spacing (U.S. Department of 

Agriculture 1982; Forestry Commission 2021)(U.S. Department of Agriculture 1982; Forestry Commission 2021). 

Diameter at breast height measurements can then convert stand number density into basal area (i.e. m2 (stem) ha-1). 

Converting basal area into PAD requires knowledge of the allometry (i.e., size and shape) of the trees in the stand 

from standard models or remote sensing (section 5.5.2, below). Variations from the planted-and-thinned density arise 

from introduction of rides for timber extraction, topographic features, and mortality from disease and windthrow. 
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the plant area is evenly distributed in all directions. Modelling studies have used PAI values in the range 

1–8, with most studies concentrating at the low-to-medium end of the range (Table 5B.1). The relative 

scarcity of studies using PAI > 5 is surprising given that values in tropical and conifer forests often fall in 2665 

the range 8–12 (Lefsky et al. 1999; Fleischbein et al. 2005). In the canopy-flow region, (iii) in Figure 5.4, 

the flow is fully adjusted to the presence of the forest. The canopy-shear layer (iv) is characterised by the 

shear-generated turbulent eddies that exchange most of the energy, mass and momentum between the forest 

and the atmosphere. These eddies are generated by processes analogous to those in a plane mixing layer 

(section 5.2.5 above) (Raupach et al. 1996). Downstream of the adjustment region, an internal boundary 2670 

layer may begin to develop above the trees, known as the roughness-change region (v).  

 

If there is low vegetation or a large clearing in the lee of the forest, an exit region (vi) forms, within which 

mean wind speed increases, with a corresponding downwards flow, over a streamwise distance 1–4ℎ𝑐. The 

exit region may or may not contain a quiet zone of recirculating eddies, as behind windbreaks. Quiet zones 2675 

are more likely to form in the lee of dense forests, especially those with an extensive understorey, because 

the mean wind speed in the canopy flow region is typically low, meaning there is little exit flow at the 

leeward edge (Cassiani et al. 2008; Detto et al. 2008). However, because forest edges are typically more 

porous than purpose-built windbreaks, the recirculating eddies are more time intermittent than those behind 

windbreaks (Bergen 1975; Cassiani et al. 2008). Recirculating eddies become increasingly common in 2680 

forest lees as the forest density increases, although Cassiani et al. (2008) report a threshold PAI ≈ 6 after 

which further increases in density have little effect on the turbulence structure in the lee. The formation and 

strength of the recirculating eddies appears to be relatively independent of a forest’s foliage distribution 

(Ma et al. 2020), although the influence of edge morphology has not been carefully tested. A turbulent wake 

region (vii) occurs above the exit region. Because tree foliage creates substantial drag, the air above forests 2685 

is typically more turbulent than that over the bare ground, sea, or fields typically found upstream of 

windbreaks. This higher turbulence decreases the distance over which the wake region reaches the ground 

behind forests as compared to windbreaks. The quiet zone is therefore relatively smaller behind forests 

(𝑥/ℎ𝑐 = 2–5) than behind windbreaks (𝑥/ℎ𝑐 = 8–17) and wake turbulence decays faster in the former. 

Banerjee and co-workers offer interesting arguments as to why the edge regions in Figure 5.4 appear to be 2690 

so reproducible. Provided the forest is dense enough, the main features in Figure 5.4 are recovered from 

turbulently inviscid solutions of the momentum equations (Banerjee et al. 2013). This suggests that the 

local forest structure and corresponding turbulence modifies the details of the features in Figure 5.4, but 

not their existence. In other words, the turbulently inviscid solution determines the spatial patterns in the 

mean flow field and turbulence displaces them locally or smooths them. 2695 

5.3.3 The edge regions in context  

Only about half of the world’s remaining forest area, mostly in the Amazon and the Congo Basin, lies more 

than 500m from the nearest edge (Haddad et al. 2015). In much of the Northern Hemisphere, forests are 

small and patchy because they are located close to areas where large populations of humans have lived for 

centuries. As an extreme example, approximately three-quarters of English woodland lies less than 100 m 2700 
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from the nearest edge (Riutta et al. 2014). Simple geometric considerations indicate the area of forest subject 

to edge effects, the ‘edge region’, is surprisingly large. Among two-dimensional shapes with the same area, 

a circle has the shortest perimeter, i.e., it is the most compact shape in terms of its edge to area ratio. By 

approximating the plan of a forest stand as a circle, we obtain a lower limit to the area of the edge region 

from the annulus of width 𝑥𝐴, where 𝑥𝐴 is the flow’s adjustment distance. The lower limit for the ratio 𝑅0 2705 

of the area of the edge region to the total stand area is therefore 

𝑅𝑜 =
𝑥𝐴(2𝑟 − 𝑥𝐴)

𝑟2
=

𝜋. 𝑥𝐴 (2√
𝐴
𝜋 − 𝑥𝐴)

𝐴
; 𝑟 ≥ 𝑥𝐴 > 0, (5.9)

 

where A is the area of the forest stand and r is the radius of the equivalent-area circle. Taking 𝑅0 > 1/2 in 

Equation (5.9) shows the edge region comprises over half the forest stand where √𝐴/𝜋 < (2 + √2)𝑥𝐴, i.e., 

where 𝐴 < (6 + 4√2)𝜋𝑥𝐴
2. Because most forest stands are not even approximately circular, the area subject 2710 

to edge effects is substantially larger than this minimum. As a conservative heuristic for non-circular forests, 

we suggest edge effects dominate an area 25% greater than the area of the equivalent-area circle, therefore, 

where 𝐴 < 1.25 × (6 + 4√2)𝜋𝑥𝐴
2 ≈ 46𝑥𝐴

2. Taking 𝑥𝐴 ≈ 8ℎ𝑐—the lower end of reported values of 𝑥𝐴—

provides a rule-of-thumb that edge effects dominate in forest stands where 𝐴 < ~3000ℎ𝑐
2. Since forested 

areas are usually reported in hectares and canopy heights in meters, a dimensional version of the rule-of-2715 

thumb is 

𝐴(ℎ𝑎) < 0.3[ℎ𝑐(𝑚)]
2. (5.10) 

For example, for a mature forest with a canopy height of 20 m, edge effects dominate for patches whose 

area are less than 120 ha. In many parts of the world (Haddad et al., 2015), edge effects dominate most of 

the forested area.  2720 

5.3.4 Patches and gaps 

Most real forests contain openings of all shapes and sizes, some examples of which are shown in Figure 5.5. 

At which scale do these openings begin to influence forest-atmosphere exchange? As regards light 

penetration, Zhu et al. (2015) propose three categories of gap sizes in temperate forests: ‘small’ 0.49 <

𝑅𝑂𝑑/ℎ𝑐 ≤ 1; ‘medium’ 1 < 𝑅𝑂𝑑/ℎ𝑐 ≤ 2; and ‘large’ gaps, 2 < 𝑅𝑂𝑑/ℎ𝑐< 3.5, where 𝑅𝑂𝑑/ℎ𝑐 is the ratio of the 2725 

opening’s diameter (𝑂𝑑) to the mean height of the trees surrounding the gap. Openings with diameters such 

that 𝑅𝑂𝑑/ℎ𝑐 ≥ 3.5 are considered clearings with their own edges. Small openings, such that 𝑅𝑂𝑑/ℎ𝑐 ≤ 0.49 

are not treated as gaps, because they remain in shade for much of the day. Regarding the flow of air, it is 

not clear at which size a canopy opening is a ‘pore’, in that the filtering operations smooth out its effect on 

the flow, and at which size it is a ‘gap’, in that it induces non-random dynamical effects. Determining a 2730 

numerical threshold between pores and gaps is not possible using observations alone because of the 

difficulties inherent in obtaining spatially-representative velocity observations in forests (Finnigan 2000; 

Finnigan and Shaw 2008), and is not straightforward even using idealised LES models, because the 

threshold likely to be around the scale of, or smaller than, the spatial filter. We propose, as a first 
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approximation, that openings with horizontal diameter greater than or equal to the shear length scale (𝑂𝑑 ≥2735 

𝐿𝑠) can be considered ‘gaps’, because they are likely to induce fluid dynamical effects on the scale of the 

dominant turbulent eddies. Openings where 𝑂𝑑 ≪ 𝐿𝑠 can be considered ‘pores’ in that they have only wake-

scale effects on the flow and contribute little to the overall TKE budget (Raupach and Shaw 1982; Raupach 

et al. 1996; Finnigan 2000). The length scale 𝐿𝑠 is most soundly defined in homogeneous, dense vegetation 

canopies, so this is only rough approximation for patchy forests. Because 𝐿𝑠 ≈ 0.5ℎ𝑐, this dynamical 2740 

definition of canopy gaps corresponds to the minimum size of the ‘small gaps’ proposed by Zhu et al. 

(2015), which they determined with respect to light penetration rather than fluid dynamics.  
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Figure 5.5: Openings in various forest canopies. In-canopy (a) and aerial (b) views of the BIFoR FACE facility, 2745 
situated in a mature deciduous woodland in the United Kingdom (Hart et al. 2020). The FACE infrastructure is 

sited in natural gaps in the forest canopy. Note the variation in foliage colour and density in (b), which was 

caused by insect herbivory during an outbreak of the European winter moth; (c) canopy openings in the 

understorey layer of a tropical rainforest in Suriname; (d) canopy openings in the understorey layer of a boreal 

forest in British Columbia, Canada. 2750 

Few studies have modelled the effects of patchiness on ecosystem-scale exchange. Bohrer et al. (2009) use 

a virtual canopy generator (Bohrer et al. 2007) to simulate three-dimensional deciduous canopies, including 

gaps smaller than a tree crown. The heterogeneity caused turbulent fluxes to become spatially correlated in 

some parts of the forests, such as stronger and more frequent ejection events occurring over shorter trees. 

Bohrer et al. (2009) also show that canopy gaps affect the flow differently depending on season. In winter, 2755 

when deciduous forests are sparse, heterogeneity in the forest canopy causes the dominant turbulent eddies 

to penetrate less deeply into the canopy relative to the homogeneous case. This decreases the forest’s 

roughness length 𝑧0, a common measure of surface roughness, and the displacement height 𝑑, which reflects 

the height of the bulk sink of momentum. By the end of spring, however, when the PAI is higher, gaps in 

the forest canopy cause the dominant turbulent eddies to penetrate further into the canopy, and the values 2760 
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of 𝑧0 and 𝑑 to increase. In other words, in winter, the flow perceives a patchy forest as smoother than a 

homogeneous one but, after spring leaf-out, it perceives a patchy forest as rougher. This probably results 

from there being a smaller density contrast between the gaps (high eddy penetration) and full canopy cover 

(low eddy penetration) in winter, as well as lower wind speeds in spring. It is not clear why Bohrer et al. 

(2009) focused on spring rather than summer as their leaf-out season, since, for deciduous forests, spring is 2765 

a time of rapid change in terms of weather and canopy structure. The changes to the values of 𝑧0 and 𝑑 

induced by the transitions in canopy morphology are relevant to large-scale atmospheric models, which 

employ these parameters to represent forests’ effect on the atmosphere. Bohrer et al. (2009) propose that 

variables such as the maximum PAI and the fractional area of gaps may be used in regional models to adjust 

the parametrised values of 𝑧0, 𝑑, and the eddy penetration depth, each of which may vary by around 25% 2770 

in patchy forests relative to homogeneous forests of the same density. Maurer et al. (2015) find that varying 

𝑧0 and 𝑑 seasonally, as a function of the canopy structure, produces more precise and less biased estimates 

of 𝑢∗ than models taking constant values of those parameters. In section 5.6.4, we discuss the dispersive 

fluxes arising from canopy gaps and patchiness. 

5.4 Scalar quantities in realistic landscapes 2775 

Scalar processes remain far less well understood than velocity adjustment and momentum transport, in 

terms of both the fundamental flow statistics (Shralman and Siggia 2000) and in geophysical applications 

around forests (Katul et al. 2013; Bou-Zeid et al. 2020). However, the desire to understand forest-

atmosphere scalar exchange is a major motivation for measuring and modelling forests in the first place. 

Important scalar quantities in forest ecology include energy; trace gases such as CO2, water vapour, ozone, 2780 

and volatile organic compounds (VOCs); ultrafine particles (UFP); litter fragments; soil particles; insect 

and animal detritus; and spores and pollen. In this section we focus on the numerical modelling of species 

that can be approximated as being passive and massless at the ecosystem scale. These include CO2, as well 

as other gases and UFPs whose lifetimes are longer than the longest air-parcel residence times (Petroff et 

al. 2008; Janhäll 2015; Kanani-Sühring and Raasch 2015; Bannister et al. 2021). Other scalars, such as 2785 

litter, animal detritus, and certain pollens, are much larger and must be treated differently (section 5.6 

below). For a scalar quantity 𝜙𝑖, the conservation equation (neglecting molecular diffusion) is 

𝜕𝜙𝑖
𝜕𝑡

+ 𝑈𝑗
𝜕𝜙𝑖
𝜕𝑥𝑗

= −
𝜕𝜏𝑗𝜙𝑖
𝜕𝑥𝑗

+ 𝑆𝜙𝑖 , (5.11) 

where 𝜏𝑗𝜙𝑖 is the SGS scalar flux (this term is not present when the equation is not spatially filtered, see 

section 5.2.2 above). The term 𝑆𝜙𝑖 is a source/sink accounting for the emission, deposition, and production 2790 

or destruction of the scalar quantity. Equation (5.11) can be double filtered into mean, turbulent and 

dispersive components, as for Equation (5.2). We retain the forest edge terminology from section 5.3 

(Figure 5.4) in this section. 
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5.4.1 Scalar transport at the upstream edges of forests  

Scalar quantities accumulate in the adjustment region at the upstream edge of the forest (region (ii) in 2795 

Figure 5.4) over a streamwise distance 𝑥 ≈ 9–12𝐿𝑐 ≈ 2𝑥𝐴 ≈ 16–20ℎ𝑐. Here, concentrations of the scalar 

quantity can be several times higher than in the air upstream of the forest. This pattern appears consistent 

across field observations of heat transport around forest edges (Klaassen et al. 2002), and in RANS 

(Sogachev et al. 2008) and LES (Kanani-Sühring and Raasch 2015; Ma et al. 2020) models of flow around 

idealised forests. The turbulent fluxes of scalar quantities above the adjustment region are 1.2–3.8 times 2800 

larger than the surface source rate, and are therefore compensated by horizontal fluxes from elsewhere in 

the forest (Kanani-Sühring and Raasch 2015). The location of the peak scalar concentrations and turbulent 

fluxes is dictated by (a) the adjustment of the flow and (b) the streamwise turbulent scalar transport. The 

mean and turbulent fluxes are of the same order, with the turbulent component more influential in sparser 

forests. Strong turbulent fluxes occur above the end of the adjustment region at 𝑥 ≈ 𝑥𝐴, and 𝑧 ≈ 1.5ℎ𝑐 2805 

(Kanani-Sühring and Raasch 2015; Ma et al. 2020). Ma et al. (2020) attribute these fluxes to scalar-rich air 

being swept upwards by the mean and turbulent components of the flow (𝜎𝑤
2  is high in this region). 

Horizontal and vertical advection, which eddy-covariance measurements do not usually account for 

(Aubinet et al. 2010), dominate CO2 transport in the adjustment region (Ma et al. 2020). 

 2810 

Concentration peaks are more pronounced in forests with a higher mean density and are located closer to 

the upstream edge, for example, at 𝑥 ≈ 9–12𝐿𝑐 ≈ 8ℎ𝑐 for PAI ≈ ℎ𝑐/𝐶𝑑𝐿𝑐 = 8 but 𝑥 ≈ 5–6𝐿𝑐 ≈ 14ℎ𝑐 for 

PAI = 2. Forest succession and management, both of which can change PAI will, therefore, greatly 

influence scalar concentration gradients close to edges. This is because denser forests impose more drag on 

the flow than sparser ones, which suppresses turbulent mixing and causes the flow to adjust more quickly, 2815 

i.e., the canopy-drag length scale 𝐿𝑐 is reduced. Turbulent scalar fluxes are greater in magnitude and located 

closer to the edge with increasing density. The magnitude of the fluxes increases with increasing wind speed 

but, because the turbulent components 𝑤′ and 𝜙′ vary inversely with increasing wind speed, the locations 

of the fluxes do not change. Higher concentrations and scalar fluxes occur at the upstream edges of forests 

in which the foliage is distributed uniformly than those in which the foliage is concentrated in the upper 2820 

canopy (Ma et al. 2020). Forest management induces a step-change in the aerodynamics of the forest by 

substantially decreasing forest density. The subsequent flow pattern must then continuously adjust as the 

forest density increases steadily over the timescale of the management period, 𝒪(10 years). 

 

As to the vertical distribution of sources and sinks, scalar concentrations in the lower two-thirds of the 2825 

canopy are generally higher for scalars with ground sources than for those with canopy sources (Edburg et 

al. 2012). The turbulent fluxes of scalar quantities are high throughout the depth of the canopy for ground 

sources, but their magnitudes decrease sharply towards the ground for scalars with canopy sources. Scalar 

quantities with canopy sources are stirred by the large turbulent eddies near the tops of the trees, whereas 

ground sources of scalars require intermittent turbulent motions to permeate the entire canopy depth. Scalars 2830 

emitted from the canopy are therefore more evenly mixed vertically throughout the forest and have shorter 
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residence times compared with those emitted from the ground (Edburg et al. 2012). With decreasing source 

height, there are larger variations in the concentrations and turbulent fluxes of scalar at the upstream edges 

of forests (Ross and Harman 2015; Ma et al. 2020). This is primarily due to low wind speeds and thus less 

turbulent mixing within the lower canopy layers, resulting in local accumulation of scalar concentration 2835 

and large gradients. The lowest scalar concentrations coincide with the vertical locations of the sinks, if one 

exists (e.g. for CO2, in the upper canopy during the daytime in the growing season). The depth of the region 

of low concentration increases with distance from the upstream edge.  

 

Around forest edges, the TKE and momentum transfer are much higher in unstable conditions than when 2840 

the ABL is approximately neutral, and the flow takes longer to adjust upon meeting the canopy (Ma and 

Liu 2019). In the adjustment region, the skewness of the streamwise 𝑆𝑘𝑢 and vertical 𝑆𝑘𝑤 velocity are 

smaller in magnitude in unstable conditions than in neutral conditions, indicating that sweep motions do 

not penetrate as easily into the forest canopy when the air is buoyant. In neutral conditions, CO2 accumulates 

in the adjustment region at the upstream edge of the forest, and water vapour in the canopy flow region, but 2845 

these patterns largely vanish in unstable conditions (Ma and Liu 2019). 

 

Scalar fluxes appear to adjust more slowly than momentum as the flow meets the forest, but the patterns in 

scalar transport are not always intuitive. Scalars are represented in models through the source term S in 

Equation (5.11) as either a concentration or flux boundary condition. In numerical models specifying flux 2850 

boundary conditions, such as those discussed in the previous few paragraphs, one would expect scalar 

quantities to be slave to the flow because no additional length scales are introduced in the model. Based on 

Sogachev et al. (2008), Belcher et al. (2012) suggest scalar concentrations and fluxes ought to reach 

equilibrium after a distance of 𝑥 ≈ 2𝑥𝐴 downstream of the edge, where the value of 𝑥𝐴 decreases with 

increasing forest density. Following this reasoning, we expect the fluxes of scalars to adjust more rapidly 2855 

in denser forests. However, Kanani-Sühring and Raasch (2015) find the opposite: scalar fluxes adjust more 

slowly with increasing PAI, 𝑥/𝑥𝐴 ≈ 2 for sparse forests, where PAI ≈ ℎ𝑐/𝐶𝑑𝐿𝑐 = 1–2, and 𝑥/𝑥𝐴 ≈ 3–4 

for forests with PAI = 4.5–8. The relative sizes of sparse and dense patches of heterogeneity in forests may 

also affect scalar concentrations. For example, for flow through idealised porous media, maximum scalar 

concentrations occur in sparse patches where the patch size is less than the adjustment distance 𝑥𝐴, but 2860 

occur in in the dense patches where the patch size is greater than 𝑥𝐴 (Chapter 4). The patterns in scalar 

transport are likely to be ecologically significant. For example, the simulations of Ma et al. (2020) indicate 

the air can be a few degrees warmer at the upstream edge of the forest. If this temperature variation is 

correct, a forest edge in the prevailing wind direction may provide very different habitats to forest only tens 

of meters away (Zellweger et al. 2020). Turbulent fluxes of scalar quantities adjust slowly around patchy 2865 

forests and in other complex terrain. For example, turbulent fluxes of water vapour and CO2 respectively 

adjust over distances 𝑥 ≈ 30ℎ𝑐 ≈ 38𝐿𝑐 and 𝑥 ≈ 60ℎ𝑐 ≈ 76𝐿𝑐 downstream of a forest edge (Ma et al. 

2020). This amounts to some 500–1000 m for mature forests which, given the abundance of edges in 

contemporary forested landscapes, indicates scalar concentrations and fluxes are out of equilibrium for 

much of the world’s forested area. 2870 
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5.4.2 Scalar transport in the lee of forests 

The area behind the leeward edges of forests shares some obvious similarities with that in the lee of 

windbreaks in that they are both sheltered from the flow of air. Because of the long history of windbreaks, 

their micrometeorology is quite established, and gives some idea of what to expect in the lee of forests, for 

which little observational evidence exists. The turbulent transport of scalar quantities is generally enhanced 2875 

in the wake region behind windbreaks but is suppressed in the quiet zone (McNaughton 1989), i.e. for a 

uniform ground source, we expect higher scalar concentrations in the quiet zone and lower concentrations 

in the wake region, compared to the landscape mean. LES studies of scalar transport in forest lees supports 

this assessment. Kanani-Sühring and Raasch (2017) show that scalars accumulate in the exit region over a 

distance 𝑥/ℎ𝑐 ≈ 2 downstream of the trailing edge of the forest, with peak concentrations up to twice as 2880 

high as those at a reference point far downstream. Ma et al. (2020) obtained similar results using a coupled 

radiation-LES model, although the magnitudes of the concentration and fluxes depended on the 

specification of the sources and sinks. Turbulent transport accounts for around half the total scalar transport 

in the exit and wake regions. The locations of the highest concentrations and turbulent fluxes do not vary 

with wind speed. Higher concentrations in the exit region occur at lower wind speeds, but the magnitudes 2885 

of the turbulent fluxes are not affected (Kanani-Sühring and Raasch 2017). In the exit region, the 

magnitudes of both the concentrations and turbulent fluxes increase non-linearly with forest density. For 

example, the magnitude of the turbulent fluxes for forests of PAI ≈ ℎ𝑐/𝐶𝑑𝐿𝑐 = 8 are around two and a half 

times those of forests with PAI = 2.  

5.4.3 Topographical effects on forest-atmosphere exchange 2890 

Topographical effects on forest-atmosphere exchange are not random and can introduce notable horizontal 

fluxes that are not captured by eddy covariance or smoothed out by time averaging. In heavily populated 

regions, forests are overwhelmingly confined to land of marginal agricultural value, which often means 

sloping land (Sabatini et al. 2018). The effect of topography on forest-atmosphere interactions is therefore 

of wide applicability. Finnigan et al. (2020) review boundary-layer flow in hilly terrain, including sections 2895 

discussing flows around vegetated hills. We refer readers to their paper for a thorough overview of 

topographical effects on land-atmosphere exchange. Before moving on, however, we highlight notable 

results from recent studies that relate to ecosystem-scale forest-atmosphere exchange of scalar quantities.  

5.4.3.1 Boundary-layer flow over hills and forest-atmosphere exchange  

A large proportion of the literature investigating land-atmosphere exchange over complex terrain studies 2900 

the flow over simplified topography, such as two-dimensional Gaussian hills or sinusoidal ridges. These 

studies reveal phenomena around forested hills that appear remarkably robust, despite the studies’ differing 

treatments of the physics (Katul et al. 2006; Ross and Harman 2015; Chen et al. 2019a; Finnigan et al. 

2020). In the lee of a forested hill, an in-canopy recirculation region (ICR) may form within the forest, 

particularly when (a) the hills are steep, so there is a large pressure gradient at the upstream slope; and (b) 2905 

in tall, dense forests, in which there is little mixing of high momentum air from above the forest with that 
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near the forest floor. Another ICR may form at the foot of the slope at the upstream side of the hill. The 

ICRs result from a balancing act between the aerodynamic drag, the pressure perturbation induced by the 

hill, and the shear stress induced by the forests. A helpful scale to interpret flow in hilly terrain is the hill 

half length, 𝐿ℎ, defined in Finnigan and Belcher (2004) as a quarter of the wavelength of the topography. 2910 

The ICR upstream of the hill occurs at 𝑥/𝐿ℎ ≈ −1 to 0 , and another in the lee of the hill at 𝑥/𝐿ℎ ≈ 2–4 

(Figure 5.6) (Ross and Harman 2015; Chen et al. 2019a). The air in the wake of the lee ICR is often highly 

turbulent (Finnigan et al. 2020). Forests absorb lots of momentum, meaning ICRs are more common in 

forested landscapes than in those with low vegetation, and may form in the lee of even gentle hills (Finnigan 

and Belcher 2004; Patton and Katul 2009). Both the forest density, through its effect on the canopy-drag 2915 

length scale 𝐿𝑐, and the absolute height of the canopy influence the likelihood of ICRs forming. In ‘shallow’ 

canopies, where ℎ𝑐/𝐿𝑐 < 2𝛽
2 ≈ 0.2 (Poggi et al. 2008), not all of the momentum is absorbed by the foliage 

and ICRs are less likely to form than for ‘deep’ canopies, where ℎ𝑐/𝐿𝑐 ≫ 0.2.  

  

Figure 5.6: Schematic of the flow over a forested hill. A region of high scalar flux occurs at the upwind edge of 2920 
the in-canopy recirculation region (ICR) in the lee of the hill. This region acts as a chimney for air parcels 

leaving the forest air space (section 5.4.3.1). 

Figure 5.6 shows the region of strong vertical fluxes of scalar quantities forms between the crest of the hill 

and the upstream edge of the lee ICR. In this region, scalar fluxes may be up to nearly an order of magnitude 

larger than the mean landscape flux, depending on the emission location and sampling height (Ross and 2925 

Harman 2015; Chen et al. 2020). Scalar fluxes around the lee ICR are stronger for ground sources of scalars 

than for canopy sources, because the topography affects the flow and turbulent mixing more near the forest 

floor (Ross and Harman 2015). In models for which multiple sources and sinks are specified, the net effect 

of the sources depends on the balance of the individual transport terms. Chen et al. (2019) propose two 

pathways by which air parcels leave the forest: (i) the ‘local’ pathway, where ejection events transport air 2930 

parcels out the forest, approximately vertically; and (ii) the ‘advection’ pathway, where parcels are 

transported horizontally until they encounter and are entrained into the lee ICR, before turbulent fluxes 

eject them from the forest. The local and advection pathways are, respectively, the dominant passages for 
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air parcels moving from the upper and lower parts of the forest air space. The whole forest air space 

contributes air parcels that leave via the advection pathway, although sources from the forest floor 2935 

contribute a greater proportion of the total escape. The region of high flux acts as a chimney for air parcels 

leaving the forest. This behaviour is amenable to observational testing but has not been verified by field 

measurements. Zeri et al. (2010) observed higher CO2 concentrations around a forested hill when the wind 

blew from certain directions, which they attributed to CO2 accumulating in the hill’s lee. However, the 

accumulation region fell just outside of the observational area, so the authors could not investigate this 2940 

behaviour further. LES simulations over realistic topography show a region of enhanced fluxes develops 

downstream of hill crests, near the separation point, consistent with the chimney effect that has been 

observed for simplified two-dimensional terrain (Chen et al. 2020). 

5.4.3.2 Looking forward  

Few recent studies have modelled boundary-layer flow over hilly terrain using topographical data from real 2945 

sites (Grant et al. 2015; Liu et al. 2016; Chen et al. 2020), highlighting difficulties in interpreting 

measurements in complex terrain, even when armed with theory and conceptual models. Measurement 

towers are typically sited on the tops of hills. When considering simplified topography, this decision is not 

controversial. The fluxes at the crest of the hill are similar to the landscape flux, although the terrain may 

induce biases that cause the flux measurements to be higher or lower than the landscape mean (Chen et al. 2950 

2020). Over realistic topography, while the crest usually remains the best observational location, 

measurements consistently underestimate the landscape flux and there is a large variability in flux 

measurements at different hill locations (Chen et al. 2020). Further testing at other sites will reveal whether 

this tendency to underestimate flux measurements is a common problem. Chen et al. acknowledge that they 

performed their experiments in neutral conditions; mixing promoted by daytime buoyancy may alleviate 2955 

some of the discrepancy between the crest measurements and the mean landscape flux. 

 

Flows induced by gravity—as opposed to pressure perturbations in the flow, as in Figure 5.6—are an 

important topic of ongoing research in forest-atmosphere exchange. In mountainous regions, gravity flows 

often interact with one another across time and space scales larger than the focus of this review, so we do 2960 

not discuss these flows in detail here (see Oke (1978) for an introduction to gravity flows, Mahrt (1982) 

and Belcher et al. (2012) for related scaling analysis, and Finnigan et al. (2020) for a review of recent 

studies and wider discussion). Downhill (katabatic) flows can occur at night when valley surfaces emit 

long-wave radiation, causing the air near the surface to cool and accelerate downslope under the influence 

of gravity. Katabatic flows tend to decouple soil CO2 fluxes from eddy-covariance measurements above the 2965 

canopy (Aubinet et al. 2003; Feigenwinter et al. 2008), which can introduce significant errors into diurnal 

carbon budgets (Van Gorsel et al. 2011). In stable conditions, even gentle slopes can generate strong gravity 

flows (Belcher et al. 2012), meaning that, at certain sites, advection complicates the interpretation of eddy-

covariance measurements at night but not during the day (Leuning et al. 2008). However, night-time 

advection it is not easily addressed even with careful measurements within the forest (Aubinet et al. 2010). 2970 

An interesting line of future research would be to compare low-wind night-time eddy-covariance 
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observations around forested hills to high-resolution LES simulations. This type of work may reveal much-

needed scaling laws to determine the onset of gravity flows, the strength and even direction of which are 

sensitive to the balance of the inertial forces and the buoyancy (Belcher et al. 2012; Finnigan et al. 2020). 

5.4.4 Air-parcel residence times 2975 

Once a molecule or particle enters a forest from outside, or is released from a leaf or the soil, it is mixed 

within the forest air space. This is easiest to visualise in terms of the stretching and dissipation of small air 

parcels. During the passage of these air parcels, the molecules or particles contained within may react, 

diffuse across leaf boundary layers, or deposit on surfaces. Air-parcel residence times therefore affect forest 

ecology—e.g. influencing chemical signalling (Szendrei and Rodriguez-Saona 2010) and VOC chemical 2980 

processes (e.g., Pugh et al. 2011; Batista et al. 2019), or varying the likelihood of nutrients (Fowler et al. 

2009) or fungal spores (Norros et al. 2014; Pan et al. 2014a) being deposited. The lifetimes of some VOCs 

emitted by forests are on the order of tens of minutes (Wolfe et al. 2011), similar to the residence times of 

parcels moving from close to the ground. Reactive scalar quantities emitted from the ground are therefore 

more likely to be chemically transformed within the forest than scalars emitted in the tree crowns.  2985 

 

The initial vertical position of an air parcel affects its residence time, with parcels ‘released’8 near the 

ground having much longer residence times than those released higher in the forest canopy (Fuentes et al. 

2007; Edburg et al. 2012). Estimates of parcel residence times vary from a few seconds for parcels moving 

from the crown, to around 30 minutes for parcels moving from the forest floor, with spatially averaged 2990 

values in the order of a few minutes (Fuentes et al. 2007; Edburg et al. 2012; Gerken et al. 2017; Hart et al. 

2020). The density and morphology of vegetation influences air-parcel residence times. For example, in a 

short, trellis-trained crop, parcel residence time increases with canopy PAI, other than for parcels released 

high in the canopy (Bailey et al. 2014). Residence times increase with increasing PAI, because mixing-

layer-type eddies and TKE do not penetrate as deeply into the canopy (Gerken et al. 2017). Air parcels 2995 

remain in the canopy for longer when they are released from approximately the height at which most of the 

plant area is located. For example, for parcels released in the upper canopy, residence times are longer for 

top-heavy PAI profiles, such as pine plantations, than for forests with more plant area lower down. We 

expect longer residence times in stable atmospheric conditions, such as at night or on overcast days, because 

turbulent mixing is suppressed. We are not aware of any previous investigations into stability effects on 3000 

parcel residence times in forests (see Chapter 6). Observations and RANS simulations in urban areas 

indicate parcel residence times generally increase with greater atmospheric stability, although they also 

heavily influenced by the wind velocity and the geometry of local obstacles (Mavroidis et al. 2012). 

 

 
8 Numerical models allow the flow to be studied from a Eulerian or Lagrangian point of view. The Eulerian 

specification of the flow focuses on specific locations in space through which the air flows with time, whereas the 

Lagrangian specification follows an individual air parcel as it moves through space and time. Studies looking at 

particle residence times in plant canopies often adopt a Lagrangian point of view. 
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The next challenge in this line of enquiry is to explain quantitatively how forest canopy turbulence affects 3005 

air-parcel residence times. As rough approximation in homogeneous forests, Gerken et al. (2017) propose 

that the parcel residence time (𝜏) is proportional to the reciprocal of the friction velocity, i.e. 𝜏 ∝ 1/𝑢∗. 

Unfortunately, this relationship is unlikely to hold in all landscapes. Around forest edges, and in other 

complex terrain, the flow is spatially variable (e.g., Figures 5.3 and 5.6). This variation means that we 

cannot infer residence times across the whole forest from single variables such as 𝑢∗, i.e. we cannot assume 3010 

a moving equilibrium (Yaglom 1979). While there have been no investigations of the effect of forest 

heterogeneity on air-parcel residence times, in vineyard-type canopies, heterogeneity generally decreases 

residence times (Bailey et al. 2014). Lagrangian investigations in urban settings show that heterogeneity 

induces spatial variations in the residence times of scalar quantities (Lo and Ngan 2015, 2017) and this 

method may be applied to forested environments. 3015 

Part II: Improving ecosystem-scale models of forest-atmosphere exchange 

In Part II we focus on recent attempts to improve numerical modelling techniques from developments in 

theory and experiments. Many of these topics, particularly those in section 5.6, are important aspects of 

atmospheric science in their own right, which deserve their own reviews. However, certain techniques can 

be readily adapted to improve understanding of how forests and our atmosphere interact. We focus on the 3020 

application of these topics in turbulence resolving models, rather than attempting to review each area 

exhaustively.  

5.5 Canopy structure 

5.5.1 Drag and plant reconfiguration 

The distributed-drag parametrisation was introduced in the 1970s and remains the starting point for 3025 

ecosystem-scale numerical investigations of forest-atmosphere exchange (see Table 5B.1), usually through 

the approximation 𝑓𝑖 = −𝐶𝑑𝑎(𝑧)|𝑈|⟨𝑢𝑖⟩, i.e., Equation (5.7). The distributed-drag parametrisation 

accounts for the average aerodynamic drag the plants impose over some spatial scale larger than individual 

twigs and leaves. For some applications, this averaging process is sufficient. Using this method, RANS and 

LES models can accurately resolve the mean flow through homogeneous forests and around bluff bodies 3030 

(Yang et al., 2006). However, the method poorly reproduces higher-order flow statistics around forests and 

in other vegetation canopies (Dupont and Brunet 2008b; Pan et al. 2014a; Ma and Liu 2019). The reason 

for this discrepancy may be lie in the fact that there is little in the formulation to account for the detailed 

morphology and mechanics of plants and trees. In this section, we look at numerically efficient ways to 

improve the drag parametrisation to represent a more realistic range of forest structures. 3035 

 

Trees and other plants reconfigure elastically to reduce drag over short timescales, visible in the everyday 

observation of leaves curling and tree branches thrashing in high wind (e.g., Figure 5.7). The 
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reconfiguration of large trees is less extreme than of many smaller plants, which can bend elastically 

throughout their whole body in strong wind, significantly reducing their mean height. However, even large 3040 

hardwood trees are softer geometrically and mechanically than most human-made structures, and should 

not be approximated as being rigid. Measurements of isolated trees in wind tunnels show that streamlining 

reduces the trees’ frontal area by up to 54%, depending on tree species and wind speed (Rudnicki et al. 

2004; Vollsinger et al. 2005). Measuring the effect of reconfiguration is more difficult in forests than on 

isolated trees. Trees deep inside forests are exposed to lower wind speeds than those around edges, but they 3045 

are also usually suppler than edge trees (Gardiner et al. 2016). High-frequency velocity measurements in 

conifer forests show that trees reconfigure at the stand scale, especially around edges, large clearings, and 

in the region of high shear around the top of the canopy (Queck et al. 2012; Dellwik et al. 2014). The 

reconfiguration of dense forests and other plant canopies is also evident in coherent ‘honami’ waves passing 

through a field of wheat (Inoue 1955; Maitani 1979), from wavelet analysis of pine plantations (Schindler 3050 

et al. 2012), and in video footage of forests taken above the crowns (Harper, BIFoR FACE site, private 

communication 2021).  

 

At low wind speeds, the movement of individual leaves dominates foliage reconfiguration (Tadrist et al. 

2018), e.g., curling up to form cones and cylinders (Vogel, 1989). This foliage-dominated configuration 3055 

could account for the scatter observed in the measured values of the drag coefficient 𝐶𝑑 at low wind speeds. 

At low speeds, the total plant area exposed to the wind varies more than at higher speeds—at low speeds, 

some leaves will be sheltered only until a gust rolls though the forest. Measuring drag coefficients using 

instantaneous velocity measurements—i.e., calculating the drag as being proportional to |𝑈|𝑢̅̅ ̅̅ ̅̅  rather than 

𝑈2—reduces scatter in estimations of 𝐶𝑑 and the wind-speed dependency of the product 𝐶𝑑𝑎(𝑧) (Cescatti 3060 

and Marcolla 2004; Queck et al. 2012). 

 

 

Figure 5.7: (a – left) leaves of a cottonwood (Populus deltoides) curling in high wind. (b – right) trees at the edge 

of a forest reconfiguring under wind loading  3065 

Plant reconfiguration is particularly relevant in patchy forests because the flow is constantly adjusting and 

readjusting as it moves across gaps and clearings. Capturing this reconfiguration directly in ecosystem-

scale models is currently unworkable because of the computational expense of simulating the motion of 

flexible bodies in turbulent flow. However, it may be partly captured by modifying the drag parametrisation 
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in Equation (5.7). For example, one could consider the PAD, represented in 𝑎(𝑧) in Equation (5.7), as 3070 

varying with velocity (Speck 2003), or replace the drag coefficient 𝐶𝑑, with a shape factor that varies with 

the flow (Gaylord and Denny 1997). However, these approaches require a detailed three-dimensional 

knowledge of the forest structure and its response to wind loading. A more empirical approach is to proceed 

from the observation that reconfiguration leads to a lower increase of drag with velocity than could be 

expected by assuming 𝑎(𝑧) and 𝐶𝑑 both take constant values (Vogel 1989). Therefore, instead of having 3075 

the drag 𝑓𝑖 ∝ 𝑈
2, we have 𝑓𝑖 ∝ 𝑈

2+𝐵, where B is known as the Vogel number (De Langre 2008; Vogel 

2020). B therefore acts as an empirical modification to Equation (5.7) to account for the variation of 𝑎(𝑧) 

and 𝐶𝑑 with velocity. Negative values of B imply that, because of reconfiguration, plant drag increases with 

velocity more slowly than the usual assumption of velocity squared. Where the plants do not reconfigure, 

𝐵 → 0 and the drag increases approximately with the square of the velocity.  3080 

 

Pan et al. (2014a) use LES to model the reconfiguration of a wheat canopy. They maintain the quadratic 

dependence of drag on velocity in the drag parametrisation in Equation (5.7), accounting for plant 

reconfiguration using a velocity-dependent drag coefficient 𝐶𝑑 = (|𝑈|/𝐴𝑣)
𝐵, where 𝐴𝑣 is a velocity scale 

related to the shape and rigidity of the plants. Using the variable 𝐶𝑑, their LES model simulated flow with 3085 

more accurate higher order statistics than the same model with a constant 𝐶𝑑 value (with similar 

performance with respect to the mean velocities, momentum transfer and TKE). Using a variable 𝐶𝑑 value 

also improved estimates of momentum transport by sweep motions penetrating the canopy. In similar work, 

Pan et al. (2014b) show plants reconfigure more at higher flow velocities, reflecting the results of lab 

investigations on isolated plants (Tadrist et al. 2018). In both Pan et al. (2014a, 2014b), the absolute values 3090 

of Sku and Skw increase with a more negative Vogel number—i.e. simulating more reconfiguration—as did 

the ratio of sweeps to ejections. To see why, taking 𝐵 = −0.74 from Pan et al. (2014a) gives 𝑓𝑖 ∝ 𝑈
1.26 in 

Equation (5.7) rather than 𝑓𝑖 ∝ 𝑈
2. The drag force therefore increases more slowly with increasing velocity, 

leading to a greater contrast of TKE inside and above the canopy. The decrease in the velocity exponent 

also increases the frequency and strength of sweep motions because strong events (𝑢′ > 0) penetrate further 3095 

into the canopy. The canopy-drag length scale 𝐿𝑐 increases when the value of 𝐶𝑑 is smaller because gusts 

are able to penetrate further into the forest before drag halts their progress. 

 

Field studies of plant reconfiguration typically focus on time-averaged adaptation over long time intervals, 

although measurements in poplar crowns show 𝐶𝑑 values decrease with increasing wind speed across 3100 

averaging periods as short as 1 s (Koizumi et al. 2010). Measurements in a patchy conifer canopy found 

𝐵 ≈ −0.8, although this value varied with the wind direction (Queck et al. 2012). Pan et al. (2014b) ran 

simulations using 𝐵 = 0, −2/3, −1, and −4/3, finding that a non-zero Vogel number improved the 

agreement of the simulations with flume observations, with the greatest fidelity obtained using 𝐵 = −1. 

Other estimates for B include −1 < 𝐵 < –2/3 from biomechanics theory (Gosselin et al. 2010). 𝐵 ≈ −1 3105 

appears to be a robust measurement for poroelastic structures, including forests and other vegetation 

canopies (Gosselin, 2019 and references therein). We suggest 0 and −1 as approximate upper and lower 

bounds for the Vogel number B. 
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5.5.2 Terrestrial laser scanning 

Most studies assume that the local foliage density 𝑎(𝑧) varies only with height, if at all (Table 5B.1). For 3110 

example, Figure 5.8a shows 𝑎(𝑧) derived using the parametrisation by Lalic and Mihailovic (2004), as 

employed by Yan et al. (2020), among many others. The forest is assumed to be horizontally homogeneous 

at each height, reducing the forest morphology to a single dimension (𝑧), typically with most of the density 

confined to the tree crowns. This is a reasonable approximation for certain forests, such as unthinned conifer 

plantations (Figure 5.8c). However, it is a poor approximation for many forests, such as oak-dominated 3115 

temperate forests (Figure 5.5) and certain tropical forests (Figure 5.9), which have dense understorey layers 

in which the PAD is similar to that of the crown layer or multiple modes of leaf density (Zhao et al. 2011; 

Schneider et al. 2019). Most models also assume that forest edges are structural continuations of the main 

body of the canopy (Dupont and Brunet 2008b; Kanani-Sühring and Raasch 2015; Ma et al. 2020). Unless 

the forest has been recently disturbed, this assumption is unrealistic because many trees and understorey 3120 

plants grow into the light to maximise the leaf area available for photosynthesis, thereby forming an almost 

closed edge (Figure 5.8b). 

 

Figure 5.8: (a) Vertical profile of PAD, 𝒂(𝒛), calculated using the formula derived by Lalic and Mihailovic 

(2004); (b) the southern edge of the oak-dominated woodland at the Birmingham Institute of Forest Research 3125 
(BIFoR) free-air carbon dioxide enrichment (FACE) facility; and (c) open trunk space of an even-aged Pinus 

taeda monoculture plantation.  
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Terrestrial laser scanning (TLS), also known as terrestrial LiDAR, has been a major technological leap 

since the first LES investigation of forest-atmosphere interactions (Shaw and Schumann 1992). TLS 

provides non-destructive, in situ information of the three-dimensional structure of trees and forests, down 3130 

to a resolution of millimetres. (Calders et al. 2020). See, for example, a captivating example of a TLS scan 

of an Australian notophyll vine forest in Figure 5.9 (Calders et al. 2020). Note the variety of plant forms, 

stem diameters, and leaf sizes for this uneven-aged, biodiverse, forest. Note also, in the right-hand panel of 

Figure 5.9, the pronounced increase in PAD at about 2 m, suggestive of a herbivore ‘browse line’ 

(Hazeldine and Kirkpatrick 2015), the relatively sparse canopy between 2 m and 10 m, and the slow drop-3135 

off of PAD with height above about 28 m, typical of a biodiverse forest. TLS is currently used for a range 

of ecological applications (Ashcroft et al. 2014; Momo Takoudjou et al. 2018), but has yet to be adopted 

widely in models of forest-atmosphere exchange. 

 

Figure 5.9: 3D complexity of a Simple Notophyll Vine Forest (Robson Creek, Australia) captured using a time-3140 
of-flight RIEGL VZ-400 instrument. Left panel: The colours represent the distance from the scanner. Right 

panel: Derived plant area volume density as a function of canopy height derived for the same scan using (Calders 

et al. 2015). Figure and caption reproduced without modification from Calders et al. (2020) under Creative 

Commons License CC BY 4.0. ‘Plant area volume density’ refers to PAD. 

TLS combined with LES has the potential to revolutionise ecosystem-scale models of forest-atmosphere 3145 

exchange. TLS allows real sites to be reconstructed numerically by splitting the forest volume into cells, 

each of which is assigned a plant density value calculated from TLS point clouds (Queck et al. 2012; Calders 

et al. 2015; Raumonen et al. 2015; Boudreault et al. 2015). The few studies that have used this approach in 

heterogeneous forests show how much information that can be missed by assuming heterogeneity. Schlegel 

et al. (2015, 2012) use TLS measurements in an LES model of flow around a large forest gap. They show 3150 

that small-scale plant heterogeneity creates sustained upwards motion in denser patches of forest and 

downwards motion in clearings and large gaps. Failing to account for the true structure of forest edges 

strongly overestimates the penetration of air into the forest (Schlegel et al. 2012, 2015), and neglects the 

possibility of dispersive fluxes of momentum and scalar quantities (Boudreault et al. 2017; Li and Bou-

Zeid 2019). TKE and Reynolds stresses decay faster behind closed edges and strong cross flows may 3155 

develop. Away from the edges, large gaps and clearings deflect the flow downwards, creating advective 

fluxes within the forest air space (Queck et al. 2016). Boudreault et al. (2017) use TLS measurements 

(outlined in Boudreault et al., 2015) and LES to model air flow across a forest edge. Compared to a 

homogeneous edge, the gaps induce variations in the flow, for example, the streamwise (U) and vertical 

(W) velocity components respectively vary by around 20% and 5% of their spatial means at 𝑧 = 0.5ℎ𝑐. The 3160 



128 

 

turbulent momentum fluxes are likewise higher in the heterogeneous case, for example 𝜎𝑤 varies by around 

40% of its spatial mean, because air is forced through patches of low density.  

5.5.3 Stochastic drag forcing  

The product 𝐶𝑑𝑎(𝑧) in Equation (5.7) is typically approximated as a smoothly varying function of height, 

with 𝐶𝑑 taken as constant. However, Finnigan and Shaw (2008) raise the important point that the dominant 3165 

large eddies around forests have diameters in the order of 𝐿𝑠 ∝ ℎ𝑐 (Raupach et al. 1996; Bailey and Stoll 

2016). To resolve the structure of these eddies in numerical models, the vertical filter needs to be much 

smaller than ℎ𝑐, for example, a filter of ℎ𝑐/25 is taken in the model in Appendix 5A. At this resolution, we 

can no longer assume 𝑎(𝑧) is a smooth function—for example, notice the structural variation of the forest 

understories in Figures 5.5 and 5.8. Finnigan and Shaw (2008) propose representing 𝐶𝑑𝑎(𝑧) through a 3170 

stochastic variation overlaying a smooth background trend, thereby introducing a stochastic forcing into 

the resolved momentum equations. 

 

To illustrate this argument, we consider a small, horizontally homogeneous forest patch, represented using 

the drag parametrisation in Equation (5.7), with the transport equations solved using LES (see Appendix 5A 3175 

for numerical details). We define two cases, with the same dimensions and mean density. For Case 1, 

𝐶𝑑𝑎(𝑧) is uniform throughout the domain. For Case 2, 𝐶𝑑𝑎(𝑧) varies randomly in space throughout the 

forest by ±2% of the value for Case 1, a small variation in comparison to the natural variation of forests. 

The random spatial variation of 𝐶𝑑𝑎(𝑧) is almost imperceptible in the mean variables and second-order 

statistics such as the TKE and kinematic turbulent momentum flux. However, Figure 5.10a shows the 3180 

streamwise velocity skewness 𝑆𝑘𝑢 at the upstream edge of the forest (𝑥/ℎ𝑐 ≈ 0–5) is less negative for Case 

2 than it is for Case 1. The value of 𝑆𝑘𝑢 above the forest is more negative for Case 2 than it is for Case 1. 

The streamwise velocity kurtosis 𝐾𝑡𝑢 at the upstream edge of the forest (𝑥/ℎ𝑐 ≈ 0–5) is smaller for Case 

2 than it is for Case 1 within the forest, and larger for Case 2 than it is for Case 1 above the forest 

(Figure 5.10b). These statistics indicate the small stochastic forcing in Case 2 decreases the coherence of 3185 

the flow at the upstream edge—i.e., the upstream edge behaves less like a bluff body than the homogeneous 

Case 1—leading to fewer lulls in the streamwise velocity within the forest but more lulls just above the 

canopy. We do not generalise these results further because the cases are idealised. But they support the 

conclusions of Dupont and Brunet (2008a) and  Pan, Chamecki, et al. (2014), for example, that the 

probability distribution of gusts indicated by higher-order statistics are sensitive to the model setup, 3190 

including any stochastic element. This sensitivity needs careful testing. 
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Figure 5.10: (a) Percentage difference in 𝑺𝒌𝒖; and (b) 𝑲𝒕𝒖 between Case 1 and Case 2, as a total of the maxima 

for Case 1. The changes are induced by the stochastic variations in 𝑪𝒅𝒂(𝒛) for Case 2. The green dashed line 

shows the presence of the forest. The x-axis is scaled so that 0 coincides with the upstream edge of the forest. 3195 
𝚫𝑲𝒕𝒖 is around 25 % for a few resolved cells in (b). These values are suppressed to 15% to aid presentation. 

5.5.4 Waving plants and biological backscatter 

The velocity spectra of airflow around forests and other vegetation canopies often contain peaks that 

correspond to plant movement (Finnigan 1979a, b; Cava and Katul 2008; Dupont et al. 2018). These peaks 

indicate energy is transferred in two directions—the flow perturbs the plants, but the plants also perturb the 3200 

flow. The latter effect is usually ignored in models at the ecosystem scale and above on the assumption 

(usually implicit) that the turbulent structures generated by plant movement are much smaller and less 

energetic than the dominant mixing-layer eddies. However, this neglects the possibility of resonant effects 

occurring when the passage frequency of the dominant eddies approaches the natural frequency 𝑓0 of the 

moving plants, as has been observed in crops (Py et al. 2006). Trees near the edges of forests, such as in 3205 

patchy landscapes and around clearings, are more susceptible to resonance effects than those further inside 

forest stands (Dupont et al. 2018). 

 

Accounting for this two-way transfer of energy is not straightforward at the ecosystem scale. Dupont et al. 

(2010) use LES to model a crop canopy as a poroelastic continuum, with plant movement incorporated into 3210 

the momentum equations as small mechanical oscillations of rigid stems. Other researchers had previously 

developed models coupling wind flow and plant swaying in a similar way, but with analytical solutions 

obtained from simplified velocity statistics rather than through LES (Gosselin and de Langre 2009; Webb 

and Rudnicki 2009). Pivato et al. (2014) extend this approach, using LES to model the movement of pine 

trees as simplified flexible cantilever beams. Their model includes the possibility large tree deflections by 3215 

strong gusts, which Dupont et al. (2010) did not account for in their crop model. The model of Pivato et al. 

(2014) performed well against field observations and more complex small-scale plant models in terms of 

the instantaneous tree response to gusts.  

 

The direct approaches of Dupont et al. (2010) and Pivato et al. (2014) require the plant architectures to be 3220 

heavily simplified to be computationally feasible. This is not a major problem for tall, slender trees such as 

maritime pine, the subject of Pivato et al. (2014). However, decurrent trees, which include many broadleaf 

species, are structurally more complex and can have modes of vibration across several scales, for example, 
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𝑓0 ≈ 0.5 Hz in the trunks and several Hz in the branches (Schindler et al. 2013). Capturing these interactions 

at the scale of an entire forest would be very demanding computationally. A possible workaround in patchy 3225 

landscapes is to proceed from the observation that wind velocity spectra at forest edges contain peaks 

around 𝑓0, the natural frequency of the trees (Dupont et al. 2018). This motion is especially visible in the 

spanwise direction because the turbulent velocity perturbations are smaller than those in the streamwise 

direction. From a modelling point of view, the trees’ movement transfers energy from the SGS to the 

smallest resolved scales (Piomelli et al. 1991), a process known as ‘backscatter’. In general, backscatter is 3230 

most apparent where small but energetic eddies are present (Mason and Thomson 1992), such as around 

forests and other complex structures. Studies of urban canopy flow provide a template of how backscatter 

could be incorporated into forest models. For example, O’Neill et al. represent the stochastic effects of 

backscatter in their LES simulations of the neutral surface layer (O’Neill et al., 2015) and street canyon 

flow (O’Neill et al., 2016) by incorporating random acceleration fields 𝑎𝑖 in the momentum equations. This 3235 

gives 

 

𝜕𝑈𝑖
𝜕𝑡

= ⋯+ 𝑓𝑖 +
𝜕

𝜕𝑥𝑖
{𝜈𝑆𝐺𝑆 (

𝜕𝑈𝑖
𝜕𝑥𝑗

+
𝜕𝑈𝑗

𝑥𝑖
)}

⏟              
SGS terms

+ 𝑎𝑖, (5.12)
 

where 𝜈𝑆𝐺𝑆 is SGS eddy viscosity and the ellipsis represents the other terms carried over from 

Equation (5.2b). Here, the Smagorinsky SGS scheme is shown (section 5.6.5). In principle, this approach 3240 

could be adopted for an LES of forest canopy flows, ideally with the acceleration terms 𝑎𝑖 spaced at 

frequencies corresponding to the movement of tree parts, while ensuring zero divergence. Selino and Jones 

(2013) adopt a similar approach for a very different purpose, using synthetic SGS turbulence to improve 

video animations of trees moving in wind. 

5.5.5 Resolved trees 3245 

The difficulties involved in incorporating realistic structure into the distributed-drag parametrisation, 

discussed above, raise the question of whether it is possible to model the forest elements directly. Poggi 

and co-workers approximate plants as rigid circular cylinders in water-flume experiments, finding the 

wakes in the lee of the vegetation stems perturbed the dominant mixing-layer type eddies at the crown top 

(Poggi et al. 2004a, 2008; Poggi and Katul 2008a). Yue et al. (2007) model corn plants as stems surrounded 3250 

by leaves, applying a distributed-drag parametrisation at the leaf points and, at the stem points, a force 

calculated as drag around a cylinder. Chester et al. (2007) and Chester and Meneveau (2007) use LES to 

investigate the flow around isolated, solid tree-like fractals, finding that model’s predictions of the drag 

imposed by the fractals were sensitive to the orientation of the branches. Böhm et al. (2013) modelled trees 

in a wind tunnel as cylindrical trunks below spherical crowns. They conclude similarly to Poggi et al. (2004) 3255 

that the partially coherent wakes of the bluff canopy elements modify the dominant eddies at the crown top, 

and that the flow within the canopy divides into wake and non-wake regions, where the wake regions scale 

with the stem diameter (Ghannam et al. 2020). Yan et al. (2017) performed high-resolution LES studies of 
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a regular array of bluff elements, specified similarly to the wind-tunnel model of Böhm et al. (2013). In a 

series of separate simulations, Yan et al. (2017) configure the trees as (a) entirely bluff bodies; (b) solid 3260 

trunks with the crown represented as distributed drag; and (c) as entirely distributed drag. The spatially 

averaged flow statistics were similar across the three cases, with slightly higher turbulence in the shear 

layer using the bluff-body representations. As an interesting alternative, Schröttle and Dörnbrack (2013) 

use LES to simulate flow around 16 Pythagoras trees9, treated as immersed boundary layers with the outer 

tree branches 3.35 K warmer than their surroundings. They show the thermally driven vortices from the 3265 

trees, of diameter roughly ℎ𝑐 and turnover time of around 30 s, interfere with the shear-generated coherent 

structure at the tops of the trees. However, the study was a method prototype, and its results reveal little 

about real forests. 

 

For the time being, because of the computational expense of simulating turbulent flow, resolving forest 3270 

structure directly remains out of reach for ecosystem-scale investigations of forest-atmosphere exchange. 

For example, Yan et al. (2017) use an extremely high resolution model to discretize the trees (𝑑𝑥 = 𝑑𝑦 =

0.03ℎ𝑐), which severely constrains the number of trees that can be simulated. Further, treating the trees as 

bluff bodies does not account for plant reconfiguration, may overestimate the scales of vortical wakes 

behind tree crowns, and excludes the possibility of resolving the cooperative waving motion that occurs in 3275 

real vegetation. There are no theoretical constraints on the number of trees that can be included in wind-

tunnel models, although practical considerations to preserve scale relationships may of course impose 

limits. It is also difficult to include canopy exchange and other ecological processes in physical models. It 

is challenging to maintain flow with sufficiently high Re values around model forests, for which higher 

values are needed than in many engineering applications (Gromke 2018). Results from bluff-body models 3280 

may be useful to derive drag parametrisation schemes for use in larger scale simulations. Böhm et al. (2013) 

motivate this approach by identifying that wake-scale TKE in bluff-body canopies is around 1/5 𝐿𝑠 rather 

than 1/100 to 1/10 𝐿𝑠 typical of vegetation canopies. This implies momentum is transferred more efficiently 

to vegetation than to canopies of bluff bodies. Further, information theoretical analysis of flume 

experiments suggests the von Kármán streets formed in the wake of stems can cause scalar variance to be 3285 

transferred from small to large scales (Ghannam et al. 2020), i.e. opposing the usual turbulent cascade 

characterised by constant fluxes of energy and scalar variance from the scales of production down to 

dissipation. 

5.6 Atmospheric physics and chemistry  

5.6.1 Modelling in-canopy chemistry  3290 

BVOCs are ecologically important in forests (Niinemets 2010; Visakorpi et al. 2018) and influence air 

quality, meteorology, and the climate through their interactions with oxidants such as O3 and OH (Lelieveld 

et al. 2008; Peñuelas and Staudt 2010; Rap et al. 2018). Plants release a wide variety of compounds from 

 
9 A type of fractal constructed iteratively from a right-angled triangle with squares erected on each of its sides. 
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tissues above and below ground. Flowers and fruits release the widest variety of compounds, while leaves 

generally have the greatest mass emission rates (Laothawornkitkul et al. 2009). The most important class 3295 

of BVOCs for air quality and climate is the terpenoid class of compounds, particularly the five-carbon (C5) 

hemi-terpene, isoprene, the C10 monoterpenes such as - and -pinene, and the C15 sesquiterpenes such 

as -caryophyllene. Leaf-scale emissions of isoprene depend sensitively on temperature and light (and, 

hence, on forest structure). Emissions of terpenoids vary exponentially with leaf temperature (Guenther et 

al. 2006). This class of compounds displays a great range of lifetimes with respect to reaction with OH and 3300 

O3, from several tens of minutes for isoprene for reaction with OH (Apel et al. 2002) to 2 minutes for the 

reaction of -caryophyllene with O3 (Shu and Atkinson 1994). BVOC molecules must be well mixed at the 

molecular scales in order to react. Because the source of oxidants (i.e., OH and O3) for the degradation of 

BVOCs is outside the forest, imperfect mixing acts as an apparent brake on reaction rates, a process known 

as segregation (Krol et al. 2000; Butler et al. 2008; Pugh et al. 2011). Fluxes of unreacted terpenoids out of 3305 

forest patches therefore depend sensitively on air-parcel residence times, which vary with position within 

the canopy, as discussed above in section 5.4.4. 

 

Studies investigating BVOC chemistry in forests are usually interested in time and space scales that are too 

large for the turbulent flow to be resolved by DNS, LES or RANS, requiring the turbulent exchange to be 3310 

parametrised (Ashworth et al. 2015; Forkel et al. 2015; Wang et al. 2017). These parametrisations are 

typically based on K–theory, which should be used cautiously in forests and other vegetation canopies 

(Finnigan 2000; Monteith and Unsworth 2008). K–theory works well in situations where the sum of the 

flux transport and buoyancy terms of the scalar flux budget is small compared to the production term (Bash 

et al. 2010; Freire et al. 2017)—e.g. in neutral conditions, where there is a strong vertical gradient in the 3315 

scalar concentration, such as investigating isoprene released from leaves. However, the gradient diffusion 

assumptions in K–theory often fail in real forests—for example, in stable atmospheric conditions or when 

considering scalars with multiple and temporally varying sources and sinks. Model predictions of BVOCs 

and their oxidation products are very sensitive to the turbulence parametrisation used (Bryan et al. 2012; 

Makar et al. 2017). It is therefore important to make the parametrisations as robust as possible. 3320 

 

Ecosystem-scale LES models can simulate counter-gradient transport and are therefore likely to be 

indispensable tools in developing chemistry parametrisations that scale to large space and time resolutions. 

Due to the complexity of the task, there have been few attempts to investigate forest chemistry while 

resolving turbulence. However, the urban literature is an excellent source of relevant techniques (e.g., 3325 

Bright et al., 2013; Buccolieri et al., 2018; Khan et al., 2020; Kwak et al., 2015; Liao et al., 2014; Zhong et 

al., 2016, and references in each). One possible path is to couple chemistry models to LES, a technique 

which has recently been used to investigate chemical transformation, transport, and deposition of air 

pollutants in realistically shaped urban areas (Khan et al. 2020). However, the computational expense of 

the coupled approach heavily restricts the resolution of the domain and the number of chemical species that 3330 

can be investigated in each run. Another approach is to model chemistry inside a forest air space using ‘box 

models’, which treat the air space as a fixed volume into which species are emitted and are able to react. 
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Box models require the characteristics of the turbulence to be specified a priori, such as through an exchange 

velocity between the box and its surroundings. This simplification allows computing resources to be 

reallocated to more complex chemistry or particle microphysics than is possible when the turbulence is 3335 

highly resolved using RANS or LES. Box models are widely used to model street-canyon chemistry 

(Holmes and Morawska 2006; Murena 2012; Zhong et al. 2016) and have been used for one-dimensional 

investigations of forest-atmosphere exchange across large homogeneous canopies (Pugh et al. 2011; 

Ashworth et al. 2015). In patchy landscapes, multiple boxes would be required to account for the fluid 

dynamical regions that form around forest edges and clearings. The urban literature offers a precedent for 3340 

dividing air spaces into dynamical regions. For example, models of street-canyon chemistry have used 

multiple boxes to represent the ‘compartmentalisation’ of fluid dynamical phenomena such as counter-

rotating vortices (Murena 2012; Kwak and Baik 2014; Zhong et al. 2016, 2018; Dai et al. 2021).  

5.6.2 Modelling particle deposition  

Ecosystem-scale investigations of forest-atmosphere interactions are often motivated by questions 3345 

concerning trace gas exchange, usually representing the species of interest as passive scalars (see 

section 5.4). However, the behaviour of many biologically important particles cannot be approximated in 

this way. For example, many pollens and spores have substantial mass and are subject to inertial forces 

different to those on a trace gas molecule (see, e.g., Hinds, 1999; Seinfeld and Pandis, 2016). Freshly 

nucleated UFPs, resulting from the oxidation of BVOCs (Kulmala et al. 2001, 2007), are produced in high 3350 

number concentrations around forests and may coagulate (Kulmala et al. 2001; Pierce et al. 2012). These 

processes introduce physics requiring a different mathematical approach to that for fluid flow or particle 

growth/evaporation (Jacobson 2005; Spracklen et al. 2006; Seinfeld and Pandis 2016).  

 

Many studies of scalar quantities (Poggi et al. 2006) and particles (Aylor and Flesch 2001) in vegetation 3355 

adopt a Lagrangian stochastic modelling (LSM) approach, which requires the vertical profiles of turbulence 

statistics to be specified a priori. However, around patchy forests, determining a priori vertical profiles is 

extremely difficult because the dynamics are so spatially varied. There have been a handful of attempts to 

incorporate non-Gaussian turbulence in an LSM framework, with varying success (e.g., Reynolds, 2012). 

More recently, several groups have adopted an Eulerian specification of the flow field to model particle 3360 

deposition. Around patchy forests, Eulerian models offer the advantage of resolving the velocity statistics 

directly down to the scale of their grids. This does not necessarily affect the predictive ability of the models 

around vegetation. For example, Gleicher et al. (2014) simulated more accurate concentrations of spores in 

a homogeneous maize canopy using an Eulerian LES model than using their equivalent LSM. However, an 

inherent difficultly using LES is that canopy deposition occurs at spatial scales much finer than the spatial 3365 

filter and therefore must be parametrised. One method is to include a sink term in the conservation equation, 

𝑆 = 𝐸𝜙𝛼𝜙𝑙|𝑈|, (5.13) 

where α is the attenuation coefficient—which accounts for the flow’s response to the forest density (Cionco 

1978)—𝜙𝑙 the resolved local particle concentration, and 𝐸𝜙 the efficiency of particle deposition 
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(Friedlander 2000; Lin et al. 2012, 2018a). Pan et al. (2014a) use a similar approach, modifying the 3370 

deposition model in Aylor and Flesch (2001) to generate a sink term linked to the PAD, 

𝑆 = 𝐸𝜙(𝑃𝑥 + 𝑃𝑦)𝑎(𝑧)𝜙𝑙|𝑈|. (5.14) 

This formulation considers the distribution of the forest density directly though the incorporation of the 

PAD, as 𝑎(𝑧), and the projection coefficients 𝑃𝑥 and 𝑃𝑦, which respectively account for the PAD facing the 

streamwise and spanwise directions. The ground deposition of particles can be modelled using a surface 3375 

flux boundary condition. Lin et al. (2018) and Pan et al. (2014a) use slightly different formulations for the 

deposition efficiency 𝐸𝜙 based, respectively, on a parametrisation of molecular diffusion and on 

observations of particle impaction onto cylinders. The deposition efficiency term 𝐸𝜙 accounts for the 

momentum and size of the particles, so that Equations (5.13) and (5.14) are solved separately for each 

particle size, with the only difference between the solutions resulting from the approximation of the 3380 

deposition efficiency. The same is true for the surface-flux parametrisation representing ground deposition.  

 

The mechanisms of particle deposition, and hence deposition velocities, are highly size-dependent for the 

size ranges of particles commonly encountered in forests (Litschike and Kuttler 2008). Lin et al. (2018) 

found the deposition velocity decreased sharply with increasing particle size for the range of sizes they 3385 

investigated (diameters 10–50 nm). Pan et al. (2014a) investigate size indirectly through the ratio of the 

particle settling velocity 𝑤𝑠 to the friction velocity 𝑢∗, with ‘light’ particles having 𝑤𝑠/𝑢∗ ≈ 0.04 ≪ 1, and 

‘heavy’ particles 𝑤𝑠/𝑢∗ ≈ 0.2. They show, for large values of 𝑤𝑠/𝑢∗ (heavy particles) and sources near the 

ground, few particles escape the canopy, reflecting their empirical observation that plant diseases initiated 

deep within a canopy move upward to the canopy top before spreading. Unsurprisingly, more particles are 3390 

deposited in denser vegetation (Branford et al., 2004), particularly at 𝑧 ≈ ℎ𝑐, and therefore lower 

concentrations of particles occur deep in the canopy. The rate of dry deposition generally increases with 

increasing turbulence because the thickness of the quasi-laminar boundary layers around plant elements is 

reduced, therefore increasing the probability of impaction (Fowler et al. 2009). However, the rate at which 

particles are deposited depends on the tree species. Studies of urban trees indicate deposition onto conifers 3395 

is more efficient than onto broadleaf trees (Chen et al. 2017; Pace and Grote 2020). Beyond these general 

observations, there appears to be no clear dependence of fluxes or deposition of fine particles on broad-

brush measures of the canopy morphology (Katul et al. 2011; Lin et al. 2018a). Deposition patterns appear 

to depend strongly on the complex arrangement of plant area in forests and other plant canopies (Fowler et 

al. 2009).  3400 

 

A future task, straddling in-canopy chemistry and trace-gas deposition, is to investigate how forest 

patchiness and more complicated weather conditions affect the rate of deposition and stomatal uptake of 

trace gases. For example, particle impaction can be several times higher in unstable conditions versus stable 

ones (Pryor et al. 2008; Fowler et al. 2009; Chiesa et al. 2019). This suggests leaf related removal by forests 3405 

is likely much lower at night than measurements taken during the day would suggest; impaction is much 

lower in stable, nocturnal conditions and the stomata are mostly closed at night. Local atmospheric stability 
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gradients, such as from patchy heating from sunlight, may produce apparent fluxes when particles and gases 

trapped in stable conditions are eventually released in convective plumes (Chiesa et al. 2019). Most models 

of spore dispersal in forests consider only dry deposition, which is a major simplification in many climates 3410 

where forests are found, and pay little attention to the resuspension of deposited particles. However, the 

rates of particle removal by rain and resuspension by depend on species composition and the local 

meteorological conditions, such as the frequency and intensity of rainfall events (Chen et al. 2017). 

Airborne fungal-spore concentrations in forests are generally higher in wet conditions (Crandall and Gilbert 

2017), which are physiologically favourable to certain fungal species such as Ganoderma spp. (Stępalska 3415 

and Wołek 2009). Air vortex rings, which can carry dry-dispersed spores away from the host plant, form 

around the impact site when raindrops hit plant surfaces, (Kim et al. 2019). This process, which is not 

accounted for in current models, is likely significant in the transmission of fungal spores because particles 

transported by the air vortices can reach beyond the laminar boundary layer around plant surfaces, enabling 

long-distance transport in the turbulent flow. 3420 

5.6.3 Heterogeneous sources and sinks of scalar quantities 

Section 5.4 considered investigations where scalar quantities were approximated as having horizontally 

homogeneous sources and sinks. This approach provides a good conceptual template for certain processes 

around forests, such as the encroachment of pollutants from surrounding areas, or the release of isoprene, 

which is overwhelmingly from sunlit leaves in the canopy from a monoculture stand (Sharkey et al. 1996). 3425 

However, in mature forests, most scalars have multiple sources and sinks, whose distribution varies 

temporally and spatially. This heterogeneity often requires dense networks of equipment to measure, and 

is therefore not widely reported, despite the known difficulties in generating spatially representative 

observations in forests (Massman and Lee 2002; Aubinet 2008; Finnigan 2008). Visible examples of this 

heterogeneity include the water vapour plumes that form over forests after it has rained, e.g. during periods 3430 

of high convection but a low lifting condensation level height over tropical forests (Jiménez-Rodríguez et 

al. 2021). Less obvious examples include the steep temperature gradients that can form within forests on 

clear days. In direct sunlight, broad leaves may be 20 °C warmer than their surroundings (Schuepp 1993; 

Monteith and Unsworth 2008; Vogel 2009) and can therefore act as highly localised heat sources.  

 3435 

We are not aware of numerical investigations of how patchy sources and sinks affects scalar transport within 

forests. LES of unevenly heated generic surfaces suggests thermal heterogeneities drive the local mean flow 

in certain conditions, such as when the geostrophic wind is weak. In these conditions, the dispersive fluxes 

of heat account for more than 40% of the total sensible heat flux at 𝑧 = 100 m and up to 10% near the 

surface (Margairaz et al. 2020). The effect of differential heating is not easy to constrain in models of forests 3440 

because the locations of sunflecks (brief periods of high photon flux density) change quickly depending on 

branch movement (Way and Pearcy 2012). The radiative properties of the leaves may even vary between 

the sun and shade sides of a tree (Vogel 1968). One possible approach is to combine the modelling 

techniques of thermal transfer in urban areas (e.g., Martilli et al. 2002; Salamanca et al. 2010) and radiation 

transfer in vegetation (Ma and Liu 2019). For example, the leaves of the forest may be represented using a 3445 
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probability density function (PDF) of small, flexible, surfaces with high absorptance, and the trunks through 

a PDF of vertically aligned cylinders of varying thickness and low absorptance. This type of testing is 

probably best carried out in uniform canopies to begin with, so as to differentiate between patterns in scalar 

transport resulting from terrain effects and those resulting from spatially heterogeneous sources and sinks. 

For uniform sources around forest edges, the patterns of scalar concentrations and fluxes are most 3450 

complicated in the adjustment region where they are influenced by the strong turbulence, the inflow 

concentration from the surrounding environment, and the vertical distribution of the sources and sinks. 

Eventually, however, it may be possible to investigate the effect of heterogeneous source and sinks on scalar 

transport in patchy landscapes. Section 5.7.1 revisits this point again in the context of customised numerical 

models of real study sites. 3455 

5.6.4 Calculations of dispersive fluxes 

Acknowledging the spatial heterogeneity of real forests raises the question of how to handle the dispersive 

fluxes of momentum and scalars that result from the double averaging of the momentum and transport 

equations. The dispersive fluxes are the spatial correlations in the time-averaged statistics; the dispersive 

flux of momentum, for example, is given by the term −𝜕〈�̅�𝑖"�̅�𝑖"〉/𝜕𝑥𝑗 in Equation (5.2b). The dispersive 3460 

fluxes are usually excluded from analyses of forest-atmosphere exchange (Kaimal and Finnigan 1994; 

Patton and Finnigan 2012), which is a reasonable assumption in dense, homogeneous canopies in which 

the dispersive fluxes of momentum are usually small (Poggi et al. 2004a; Poggi and Katul 2008b; 

Moltchanov et al. 2011). However, in sparse canopies—roughly comparable to the densities found in 

savannahs—dispersive fluxes can be ≈ 30% of the conventional momentum flux, even when the canopy is 3465 

homogeneous (Poggi and Katul 2008b). Further, investigations in model canopies show structural 

inhomogeneities can generate large dispersive fluxes of momentum (Moltchanov et al. 2011, 2015; Harman 

et al. 2016). Boudreault et al. (2017) show that spatial variability in forest-canopy structure induces 

dispersive fluxes that account for 10–70% of the total variances of U and W at the upstream edge of the 

forest, across a streamwise distance of 𝑥/ℎ𝑐 = 0–8 ≈ 0–𝑥𝐴. Here, the dispersive momentum fluxes and 3470 

skewness are greater than their turbulent counterparts, for example, with the dispersive flux of momentum 

accounting for over 50% of the total momentum flux. Away from the edges, gaps and other patchiness 

decrease the efficiency of momentum transfer at the crown top. This suggests gap-induced flow phenomena 

interfere with the mixing-layer-type coherent structures that form around the tops of the trees. Bailey et al. 

(2014) observed a similar result in row-structured versus homogeneous trellis-trained crops. This 3475 

interference is probably strongest when the structural inhomogeneities are of a size ≈ 𝐿𝑠, so that the vortices 

shed around them are of a similar scale to the coherent structures that develop around the crown top. In a 

more idealised example, Q. Li and Bou-Zeid, (2019) use LES to show that rough, heterogeneous surfaces—

comprising cuboids of various dimensions and orientations—affect the dispersive fluxes of momentum and 

scalar quantities more than the turbulent components of the fluxes. As in Boudreault et al. (2017), Q. Li 3480 

and Bou-Zeid (2019) show the dispersive components can comprise most of the total momentum flux.  
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Wind-tunnel measurements in homogeneous plant canopies found the dispersive scalar fluxes to be small 

(Legg et al. 1986). However, dispersive fluxes of scalar quantities generated by patchiness or spatially 

heterogeneous source/sinks have not been studied in real forests. Recent studies in urban areas and 3485 

generalised porous media suggest the dispersive fluxes of scalar quantities should not be dismissed out of 

hand. Philips et al. (2013) use LES in an urban canopy to show that the dispersion of a scalar quantity is 

sensitive to the geometry of the obstacles surrounding the source (they observe a plume’s evolution directly, 

rather than investigating time-averaged quantities). Q. Li and Bou-Zeid (2019) show the dispersive fluxes 

of scalar quantities do not always follow the flow of momentum, with obstacle geometry typically affecting 3490 

dispersive fluxes of momentum more than those of scalars. The authors attribute this difference to the 

physical mechanisms involved. The air’s velocity decreases before it reaches the upstream face of an 

obstacle, and therefore pressure affects the momentum transfer away from the surfaces. However, the air 

must touch an obstacle’s surface to deposit or take up scalars, so scalar transport is much more spatially 

confined. Another important difference between the treatment of momentum and scalar quantities is that 3495 

the former is effectively continuous in atmospheric flows (see section 2.2.2). This contrasts with most 

atmospheric scalar quantities which, aside from the temperature and the mixing ratios of a modest number 

of unreactive gasses, are spatially and temporally intermittent. LES studies of ABL flow over homogeneous 

landscapes indicate dispersive fluxes of heat are modulated by two broad flow regimes. The first is where 

surface heterogeneities, such as unevenly heated ground, drive the dispersive fluxes. The second is where 3500 

dispersive fluxes are driven by turbulent coherent structures in high-shear conditions (Inagaki et al. 2006; 

Margairaz et al. 2020). Numerical investigations of patchy forests should include calculations of the 

dispersive fluxes. Ignoring these fluxes may mean ignoring over half of the total momentum flux, for 

example, by focusing only on deviations from the time average and neglecting spatial deviations. Real 

forests channel air into gaps and patches, creating spatially coherent structures whose contributions can be 3505 

as large as those induced by turbulence. 

 5.6.5 A note on the resolution and domain size in LES models 

Scientists continually face a trade-off between scale and resolution. This choice is particularly relevant to 

fluid modelling because of the extreme computational expense of simulating turbulence. LES of ecosystem-

scale interactions around forests currently use around 106–107 cells (e.g., Ma et al., 2020), although Patton 3510 

et al. (2016) deployed some 4 × 109 cells in an enormous computational effort. Researchers decide how to 

deploy those cells most effectively. Two competing demands must be balanced: (i) the LES domains should 

be large enough to simulate the largest boundary-layer eddies; but (ii) should have a filter width fine enough 

to resolve the smallest eddies sufficiently (Wood 2000). As to the first requirement, we denote the domain 

size (𝐿𝑥 , 𝐿𝑦, 𝐿𝑧), where 𝐿𝑖 is the domain length in the 𝑖𝑡ℎ direction, and 𝑧𝑖 the boundary-layer depth. For 3515 

neutrally stratified conditions, a domain size of at least (≈ 3𝑧𝑖 , ≈ 3𝑧𝑖, 𝑧𝑖) is probably sufficient (Mason and 

Thomson 1987; Wurps et al. 2020). Larger horizontal domains—e.g. (8𝑧𝑖, 8𝑧𝑖, 𝑧𝑖)— are needed to capture 

the largest eddies in free convection conditions. In stable conditions, smaller domains are required in an 

absolute sense, because the largest ABL eddies scale with 𝑧𝑖, which may be 100 m or less, compared with 

𝑧𝑖 ≈ 1–2 km in highly unstable conditions (Basu and Porté-Agel 2006; Wurps et al. 2020). However, using 3520 
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too small a value of 𝐿𝑧, particularly over obstacles, artificially negates any interaction of the boundary layer 

and the residual layer aloft (Grylls et al. 2020); 𝐿𝑧 ≥ 3𝑧𝑖 appears to be a reasonable minimum for stable 

conditions (Basu and Porté-Agel 2006; Wurps et al. 2020). 

 

Determining an appropriate filter resolution for LES requires careful consideration of the atmospheric 3525 

conditions, the forest structure, and the topography. A useful rule-of-thumb for ABL investigations is that 

a filter width Δ𝑓 < 𝑧𝑖/60 is sufficient for the first- and second-order flow statistics to be well resolved 

(Sullivan and Patton 2011). This equates to Δ𝑓 ≈ 2.5 m, 10 m, and 20 m for stable, neutral, and convective 

conditions, respectively, over unvegetated ground (Wurps et al. 2020). However, for LES models of forests, 

we need to consider the dominant turbulent eddies in the shear layer at the top of the canopy. In neutral 3530 

conditions, the length scale for these eddies is 𝐿𝑠 ≈ 2𝛽
2/𝐶𝑑𝑎(𝑧) (by rearranging Equation (5.8)), giving 

𝐿𝑠 ≈ 7 m for 𝛽 = 0.35, 𝐶𝑑 = 0.2, and 𝑎(𝑧) ≈ 0.18 m2 m-3, typical daytime values for mature forests. To 

resolve the eddies’ structure, we need the vertical filter width to be significantly smaller than 𝐿𝑠, say 𝐿𝑠/8. 

A vertical filter width within the canopy of around a metre or less is a good first approximation. The 

dominant eddies have a mean streamwise spacing of around 8.1𝐿𝑠 ≈ 50 m (Raupach et al. 1996; Finnigan 3535 

2000), requiring a horizontal filter width of around 5 m. Smaller filters may be required in the lee of hills, 

around which 𝐿𝑠 can take smaller values (Finnigan 2000; Ross 2008). If gaps are to be simulated explicitly 

(i.e., openings with 𝑂𝑑 ≥ 𝐿𝑠), then a horizontal filter width of around 𝑂𝑑/8 or smaller is required to 

adequately resolve the turbulent structures in the gaps. Slightly coarser resolutions than those suggested 

may suffice for very unstable conditions, but finer filters may be required in very stable cases, because 𝐿𝑠 3540 

decreases with increasing stability. In very stable and very unstable conditions around forests, mixing-layer-

type eddies cease to dominate the turbulence structure. In very unstable conditions, the filter width should 

be chosen to scale with the dominant convective plumes, rather than 𝐿𝑠. It is not clear whether the 

distributed-drag parametrisation is appropriate to model forest-atmosphere exchange in very stable 

conditions, during which the turbulent exchange can be dominated by intermittent bursts rather than 3545 

mechanically generated eddies (section 5.2.6) (Mahrt 2014). 

 

Although LES resolution has increased more slowly than the general semiconductor capacity predicted by 

Moore’s law (Bou-Zeid 2014), computing capacity is expected to increase with time for the foreseeable 

future. This raises the question of whether the extra capacity should be applied towards increasing the 3550 

resolution or the size of the simulated domain. In many fluid applications, the answer to this question is 

‘both’. However, the distributed-drag parametrisation assumes the averaging volume—the filter width for 

LES—to be much larger than the individual tree and plant elements so that their presence is accounted for 

statistically. For mature forests, where the tree trunks can have diameters of a metre or more, decreasing 

the horizontal filter widths below a few meters makes little physical sense without a formal re-think of the 3555 

averaging operations. In many cases, the increased computational capacity could be used more productively 

(i) to increase the simulated ABL height, thereby increasing the total amount of resolved TKE (Grylls et al. 

2020), (ii) to increase the size of the simulated domain, (iii) to include a wider range of physical and 

chemical processes, or (iv) to account for plant movement. However, there may be instances for which a 



139 

 

very fine filter is required, such as to investigate turbulent transfer in small gaps, in the lee of steep hills, or 3560 

in stable conditions. 

 

Outside of these specific applications, the workhorse spatial resolution of Δ𝑥 = Δ𝑦 ≈ 5 m, and Δ𝑧 ≈ 1 m, 

means a forest volume of up to tens of cubic meters is accounted for by a single grid cell, with the smallest 

resolved eddies ≈ 5 m in diameter. This implies a need for robust SGS schemes if LES simulations are to 3565 

be useful. Although LES has become popular over the last few decades, the development of SGS schemes 

has been slow (Moser et al. 2021). The most widely used SGS parametrisation is the Smagorinsky scheme, 

in which closure is achieved using empirical arguments and theory (Smagorinsky 1963). This scheme 

assumes the turbulence is isotropic, which is not the case in forests (and in many other ASL applications). 

Recently, more suitable schemes have been developed by determining the minimum energy dissipation 3570 

needed to balance the turbulence production at SGS scales (Rozema et al. 2015; Gadde et al. 2021), but 

these schemes have not yet been widely adopted. Improving SGS schemes for forest applications is an 

important line of future research. Eddies larger than the plant elements lose TKE to heat and fine-scale 

TKE, which short cuts the usual eddy cascade that is assumed by Kolmogorov’s –5/3 law (Finnigan 2000). 

Shaw and Patton (2003) show this effect can be accounted for in LES using a TKE cascade term, without 3575 

the need for extra modifications to account for wake-scale kinetic energy transfer. However, the effect of 

this short cut to fine scales has not been tested in patchy vegetation canopies, with moving plants, or with 

a view to determining its impact on scalar exchange across the boundary layers of leaves. 

5.7 Future challenges  

It is an exciting time to investigate forest-atmosphere exchange. There is a growing body of high-quality 3580 

observations from micrometeorological campaigns (e.g., Butterworth et al., 2021; Patton et al., 2011), long-

term ecosystem monitoring sites (e.g., Hicks and Baldocchi, 2020; Oliphant, 2012), and ecosystem-scale 

FACE experiments (e.g., Drake et al., 2016; Hart et al., 2020; Norby et al., 2006). These observations allow 

researchers to investigate an increasingly diverse range of physical and biological phenomena in an 

increasingly diverse range of ecosystems. Numerical models, if deployed correctly, offer a fourth pillar in 3585 

ecosystem-scale investigations, alongside measurements, theory, and physical models. However, fulfilling 

the potential of observational networks and new modelling techniques requires a concerted effort across 

scientific disciplines. Moving beyond idealised cases and moderate atmospheric conditions is not easy. 

Firstly, the idealisations and simplifications are usually for good reason, for example, to reduce the 

dimensionality of investigations, or to attempt to reveal canonical processes rather than the idiosyncrasies 3590 

of individual sites. Second, because many of the experimental and modelling techniques were developed 

from studies of idealised forests in moderate conditions, attempting to interpret results outside of these 

scenarios is not always straightforward because the techniques are not at their best (Wilson et al. 2002; 

Baldocchi 2008; Belcher et al. 2012; Stoy et al. 2013; Brunet 2020). Third, research into ecosystem-scale 

forest-atmosphere interactions is motivated by scientific questions across disciplines including forest 3595 

ecology, fluid mechanics, plant physiology, meteorology and climatology, air and water quality, as well as 
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policy and commercial need. The literature is therefore vast and widely dispersed. In a sense this dispersion 

is exciting because it suggests that progress may lie at the intersections of these scientific disciplines. 

However, it is also a barrier to progress because results familiar to one scientific community may be 

unknown in another, even when they relate to important coupled phenomena. We conclude by framing 3600 

progress and outstanding challenges under three overlapping headings. 

5.7.1 Customised numerical models of real sites  

Advances in non-destructive scanning techniques, computing power, and theory are poised to allow 

researchers to investigate forest-atmosphere exchange at real sites, using models capable of resolving 

turbulence. These models could be calibrated to study a variety of ecosystem-scale processes, including the 3605 

wind dispersal of spores, turbulent fluxes of important scalar quantities, or the forest’s microclimate. 

Regarding the structural element of this challenge, TLS allows researchers to include detailed, site-specific 

morphological detail in their models (Raumonen et al. 2015; Boudreault et al. 2015; Wang et al. 2020), and 

virtual canopy generators can be used to generate realistic forest canopies from a small number of structural 

variables (Bohrer et al. 2007). Researchers should include a careful description of the forest morphology in 3610 

their numerical models, particularly when assessing simulated results against observations, or in forests 

with a high proportion of edge region. Ecosystem-scale exchange models should account for the 

streamlining of plants in high wind conditions. This can be accounted for efficiently in LES simulations by 

incorporating the Vogel number B into the parametrisation of the aerodynamic drag 𝑓𝑖. Plant movement at 

an ecosystem scale can be incorporated through poroelastic and mechanical parametrisations (Dupont et al. 3615 

2010; Pivato et al. 2014) or by the inclusion of a stochastic forcing into the momentum equations at a 

frequency corresponding to plant movement. 

 

However, two important knowledge gaps need to be narrowed before these customised models can be used 

to investigate the exchange of scalar quantities at real sites. The first is that there are few public datasets 3620 

against which nascent models can be tested. The ability of turbulence-resolving models to simulate scalar 

transport in real landscapes therefore remains essentially unknown. The CHATS observations are the 

apogee of surface measurements in a tree dominated landscape (Patton et al. 2011; Dupont and Patton 2012) 

and a valuable resource for model developers (Ma and Liu 2019). However, the CHATS measurements 

were made in a homogeneous orchard on level ground and are therefore unsuitable for testing models’ 3625 

ability to handle patchiness, species diversity, and undulating topography. More measurements are needed, 

especially of scalar quantities such as CO2, water vapour, pollutants, and spores in patchy forests. For 

practical reasons, these measurements may not be on the scale of CHATS. However, existing eddy-

covariance and FACE facilities have generated extensive timeseries that may be exploited, especially if 

combined with experiments of opportunity and targeted observational campaigns around edges, gaps, and 3630 

hills. For example, further experimental testing will determine the extent to which scalar fluxes reach an 

approximate equilibrium in patchy landscapes, and whether the chimney effect in the lee of hills is observed 

in nature as well as in numerical models. 
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The second gap concerns the soil–forest–atmosphere coupling of scalar quantities. Researchers are 3635 

beginning to incorporate multi-layer canopy exchange schemes in ecosystem-scale LES models (Patton et 

al. 2016; Ma and Liu 2019) and in models designed for slightly larger space and time scales (Xu et al. 2017; 

Yan et al. 2020; Bonan et al. 2021). These schemes include parametrisations of phenomena such as 

evapotranspiration, soil fluxes, and the photosynthetic uptake of CO2 that are designed to hold 

approximately across different ecosystems. A potentially fruitful area of research would be to modify these 3640 

schemes to reflect observations at individual sites, for example, by adjusting the underlying 

parametrisations, or through some combination of Bayesian data assimilation and machine learning. A point 

of caution is that observations in forests tend to be sparse in space (e.g., wind measurements) and sometimes 

time (e.g., spore releases), and are often measured using proxies or with indirect techniques (e.g., 

photosynthetic capacity) (Gardner et al. 2021). Machine-learning techniques should therefore be carefully 3645 

adapted to account for uncertainty in our knowledge of the underlying physical processes (Geer 2021). 

5.7.2 Connection to larger scales  

Developments in theory and computing capacity allow researchers to begin incorporating ecosystem-scale 

phenomena into numerical weather prediction and earth system models (Shao et al. 2013; Bonan et al. 2018, 

2021; Arthur et al. 2019; Yan et al. 2020). To be computationally feasible, these schemes rely on simplified 3650 

versions of the forest canopy (Yan et al. 2020), a priori turbulence parameters (Chen et al. 2016), or 

modifications of MOST with mixing-layer length scales (Bonan et al. 2018). These approximations perform 

best when the atmosphere is neutral and the surface homogeneous. Further work is needed to determine 

whether the length scales and approximations can be modified to account for patchy landscapes and a larger 

range of atmospheric conditions. Robust parametrisations for scalar quantities are especially difficult to 3655 

find. Missing theoretical links may become apparent through further testing of customised LES models 

against high-quality field measurements, as outlined above. Another relatively unexplored approach is to 

reject the assumption that the scalar statistics should always relate to those of the velocity field. For 

example, understanding the movement of water vapour around at fragmented forest at dusk is a problem 

that may not yield to a deterministic, drag-based treatment or approximate vertical turbulence profiles. The 3660 

geometries of velocity and scalar timeseries are often much less scale-dependent than their accompanying 

physics (Belušić and Mahrt 2012; Kang 2015; Chen et al. 2019b). Turbulent events in these timeseries can 

also be clustered by their statistical properties, with no assumption of the underlying physical structures 

(Kang et al. 2015; Sun et al. 2015). The timeseries of well-chosen turbulence measurements may reveal 

scale-independent behaviours to parametrise forest-atmosphere exchange in terrain and conditions that are 3665 

beyond the reach of current approaches. Spectral analysis of long-term eddy-covariance measurements over 

mixed hardwood forests showed smaller eddies are relatively more efficient in transporting sensible heat 

than momentum, while larger eddies are relatively more important in transporting momentum (Su et al. 

2004). It would be fascinating if this type of analysis were conducted over even longer measurement 

periods, with a larger diversity of ecosystems.  3670 
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5.7.3 Challenging weather and atmospheric conditions  

Numerical models permit low dimensionality experiments that are difficult to perform in the open 

atmosphere. A common simplification is that of an isolated forest in neutral atmospheric conditions. This 

removes all aspects of the atmosphere, other than a velocity field that is recycled using periodic boundary 

conditions. In nature, however, forests are subject to all sorts of weather, climatic, atmospheric conditions. 3675 

Atmospheric stability can change quickly in time, such as around dusk, and in space, such as when the 

forest air space decouples from the surrounding ABL. Simulations of the entire ABL will help explore these 

effects further (Patton et al. 2016; Ma and Liu 2019; Yan et al. 2020). Local effects around gaps and areas 

of uneven heating should not be discounted and, with time, may be possible to resolve in site-specific 

models. However, further research is needed into the effect of submeso motions on forest-atmosphere 3680 

exchange. These motions are difficult to model because they often manifest as intermittent turbulent bursts, 

but do not result from mixing-layer-type eddies, and therefore must be generated using mesoscale coupling 

or synthetic turbulence. Submeso motions are common in the atmospheric conditions that tend to be most 

problematic for eddy-covariance measurements, such as during stable nights, and discounting their effect 

from models introduces an unwelcome bias. Rainfall is a significant source of momentum into forests, 3685 

affecting myriad ecological processes as well as the plants’ mechanical response to the flow. Raindrop-

induced vortices can carry small particles away from plant surfaces and into the turbulent flow. Wet 

conditions provide a major unexplored area for numerical investigations of forest-atmosphere exchange, 

especially given that much of the world’s forested area is situated in climates where precipitation is 

common. 3690 

Appendix 5A: Numerical details of LES model  

5A.1 Drag parametrisation and simulated cases  

We simulate flow across small forests, with the presence of the aerial parts of the forests represented using 

the drag parametrisation in Equation (5.7), 𝑓𝑖 = −𝐶𝑑𝑎(𝑧)|�̃�|⟨�̃�𝑖⟩ (the overtilde denotes the resolved 

variables, as in section 5.2). We specified a height-averaged equational drag coefficient 𝐶�̅� = 0.2, a value 3695 

commonly used in previous studies (Table 5B.1). Figure 5.11 shows the mean vertical profile of the LAD, 

𝑎(𝑧), which was derived from terrestrial lidar surveys of the BIFoR FACE facility (Hart et al. 2020), using 

the method in Raumonen et al. (2015), giving PAI ≈ 5. Contrast this to the urban parametrisation in 

Chapter 4, which assumed the density of the porous medium to be constant with height (section 4.3.2 and 

Appendix 4A). 3700 
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Figure 5A.1: Vertical profile of PAD 𝒂(𝒛) (PAI ≈ 5) used in the LES model. Colouring indicates that the trunks 

account for much of the PAD in the lower part of the canopy, and the leaves account for much of the PAD in 

the upper part of the canopy. The colouring is illustrative only and does not reflect the detailed composition of 3705 
the BIFoR FACE facility. 

We specified two cases: 

 

• Case 1 – We apply the distributed-drag parametrisation over a patch extending 500 m in the 

streamwise direction, and across the entire domain in the spanwise direction, to simulate flow 3710 

across a small, isolated forest.  

• Case 2 – As for Case 1 but, for each forested cell, 𝐶�̅�𝑎(𝑧) taking a random number (uniformly 

distributed) within the range 𝐶�̅�𝑎(𝑧) (Case 1) ±2%. This introduces a small spatial stocastic 

forcing into the momentum equations solved by the LES model via the drag term in Equation (5.7). 

The stochastic forcing does not directly vary with time using this formulation.  3715 

5A.2 Transport equations 

We solved the transport equations using the LES mode of WRF version 3.6.1 (Skamarock et al. 2008). The 

WRF model solves discretized forms of the spatially averaged momentum equations using the Runge–Kutta 

time-integration scheme (Wicker and Skamarock 2002), 

𝜕�̃�𝑖
𝜕𝑥𝑖

= 0, (5A. 1a) 3720 
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𝜕�̃�𝑖 

𝜕𝑡
+
𝜕�̃�𝑖�̃�𝑗

𝜕𝑥𝑗
= −

1

𝜌

𝜕�̃�

𝜕𝑥𝑖
+
𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
+ 𝐵𝑖 + 𝑓𝑐𝜖𝑖𝑗3(�̃�𝑗 − 𝑈𝑔,𝑗) + 𝑓𝑖, (5A. 1b) 

where 𝜌 is the air density; �̃� is the resolved pressure; 𝜏𝑖𝑗 is the kinematic mean stress tensor, which 

represents the SGS stresses; 𝐵𝑖 is the buoyancy force: 𝐵𝑖 = −𝛿𝑖3𝑔𝜃′/�̅�, where �̅� is the potential temperature 

for hydrostatic balance, and 𝜃′ is the temperature variations with respect to �̅�; 𝑓𝑐 is the Coriolis parameter; 

𝜖𝑖𝑗3 is the alternating unit tensor; and 𝑈𝑔,𝑗 is the geostrophic velocity. Equation (5A.1b) is closed by 3725 

parametrising the SGS stress tensor 𝜏𝑖𝑗 as  

𝜏𝑖𝑗 = −2𝜈𝑆𝐺𝑆𝑆𝑖𝑗, (5A. 2) 

𝑆𝑖𝑗 =
1

2
(
𝜕�̃�𝑖
𝜕𝑥𝑗

+
𝜕�̃�𝑗

𝜕𝑥𝑖
) , (5A. 3) 

𝑣𝑆𝐺𝑆 = 𝑐𝑘√𝑒𝑆𝐺𝑆(∆𝑥∆𝑦∆𝑧)
1
3, (5A. 4) 

where 𝑒𝑆𝐺𝑆 is the SGS TKE and 𝑐𝑘 = 0.10 is a modelling constant. The prognostic equation for the 3730 

evolution of the term 𝑒𝑆𝐺𝑆 is, 

𝜕𝑒𝑆𝐺𝑆
𝜕𝑡

+
𝜕�̃�𝑗𝑒𝑆𝐺𝑆

𝜕𝑥𝑗
= 𝜈𝑆𝐺𝑆

𝜕

𝜕𝑥𝑗
(
𝜕𝑒𝑆𝐺𝑆
𝜕𝑥𝑗

) + 𝑃𝑟 + 𝐹 −
𝐶𝜖𝑒𝑆𝐺𝑆

(∆𝑥∆𝑦∆𝑧)
1
3

, (5A. 5) 

where 𝑃𝑟 represents the shear- and buoyancy-production terms (Skamarock et al. 2008), 𝐶𝜖 is the dissipation 

coefficient (Moeng et al. 2007). The term F is a cascade term, which accounts for additional dissipation of 

kinetic energy from air–forest interactions at scales smaller than the spatial filter (Shaw and Schumann 3735 

1992; Shaw and Patton 2003), with 

𝐹 = −2𝐶�̅�𝑎(𝑧)|�̃�|𝑒𝑆𝐺𝑆. (5A. 6) 

5A.3 Drag parametrisation and simulated cases  

The simulated domain is 1435 × 1435 × 1000 m in the streamwise, spanwise, and vertical directions, 

respectively, comprising 287 × 287 × 79 grid cells. The horizontal grid resolution is 5 m in each direction, 3740 

and the vertical resolution is increased from around 0.67 m in the lower half of the forest to around 60 m at 

the top of the simulated domain. The mean height of the forest ℎ𝑐 = 25 m. The upstream edge of the forest 

is situated approximately 600 m from the inflow edge of the domain. We simulate flow under neutral 

conditions, with the initial profile of potential temperature 𝜃 specified as a constant at 283.15 K at the 

bottom of the domain (up to z ≈ 475 m) followed by a linear increase to 291.7 K at the top of the domain. 3745 

We include a dampening layer of 𝑧 ≈ 300 m at the top of the domain to minimise wave reflection (Nottrott 

et al. 2014). The geostrophic velocity components above the boundary layer top are set to 𝑈𝑔 = −6 m s-1 

and 𝑉𝑔 = −9.3 m s-1, and this specification yields a mean wind speed of 1.6 m s-1 from a flow direction of 

343° (approximately a northerly wind) at the crown top (𝑧 = ℎ𝑐). We use the meteorological convention 

where the x-direction is aligned west–east and the y-direction south–north.  3750 
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Spin-up was 5 h, with cyclic boundary conditions for all dynamical variables in both horizontal directions. 

After the spin-up, we ran the simulations for a further 120 min, taking samples at intervals of 3 s. We time-

averaged over the latter 100 min (denoted by T) of these samples (i.e., 𝑡0 = 20 min to 𝑡0 + 𝑇 = 120 min). 

This process generates a three-dimensional timeseries of 2000 resolved samples in the form 3755 

�̃�(𝑥, 𝑦, 𝑧, 𝑡). We derived the resolved turbulent statistics using (a) time averages over the sampling period; 

and (b) spatial averages along the y-direction (𝐿𝑦 = 1435 m), over which the turbulent statistics are 

homogeneous. For each resolved variable, �̃�, the averaging process generates a two-dimensional function, 

Φ̅(𝑥, 𝑧) =
1

𝑇𝐿𝑦
∫ ∫ �̃�(𝑥, 𝑦, 𝑧, 𝑡) 𝑑𝑡𝑑𝑦,

𝑡0+𝑇

𝑡0

 
𝐿𝑦

0

(5A. 7) 

from which we calculate the statistics presented in Figure 5.10. The resolved fluctuating component of �̃� 3760 

around Φ̅ is defined as 𝜙′(𝑥, 𝑦, 𝑧, 𝑡) = �̃�(𝑥, 𝑦, 𝑧, 𝑡) − Φ̅(𝑥, 𝑧), with the skewness 𝑆𝑘𝑢𝑖 = 𝑢𝑖
′3̅̅ ̅̅ /𝜎𝑢𝑖

3  and 

kurtosis 𝑡𝑢𝑖 = 𝑢𝑖
′4̅̅ ̅̅ /𝜎𝑢𝑖

4 .  

  



146 

 

Appendix 5B: Summary of modelling investigations of flow around forests 3764 

Table 5B.1: Chronological summary of highly cited modelling investigations of flow around forests at the ecosystem scale. PAD and PAI, respectively, 3765 
refer to the plant area density/index, 𝒂(𝒛) is a height-dependent function of the PAD, and 𝑪𝒅 is the drag coefficient  3766 

 3767 

Study 
Equations/ 

model 
Distribution of PAD as 𝒂(𝒛) 𝑪𝒅 

PAI 

range 

(m2/m2) 

Additional Features 

Shaw and Schumann (1992) LES Artificially generated vertical profile for a deciduous forest.  0.15 2, 5  

Dwyer et al. (1997) LES Artificially generated vertical profile for a deciduous forest 0.15 2, 5 
Numerical setup based on Shaw and Schumann 

(1992) 

Su et al. (1998) LES Artificially generated vertical profile for a deciduous forest 0.15 2 
Numerical setup based on Shaw and Schumann 

(1992) 

Shaw and Patton (2003) LES Artificially generated vertical profile for a deciduous forest 0.15 2  

Watanabe (2004) LES Uniform vertical distribution 0.2 2  

Finnigan and Belcher (2004) 
Mixing-length 

closure 
Uniform vertical distribution 0.25 ≈ 4 

Drag parameters are approximations. Analysis is 

mostly expressed in dimensionless terms 

Katul et al. (2006) 
Mixing-length 

closure 
Uniform vertical distribution 0.2 3 

Investigated carbon dioxide exchange over forested 

hills 

Yang et al. (2006b, a) LES Artificially generated vertical profile for a deciduous forest 0.15 2 
Numerical setup based on Shaw and Schumann 

(1992) 

Dupont and Brunet (2008a) LES 

Four cases: (1) approximately vertically uniform; (2) sparse 

trunk space and dense crown; (3) very dense crown and very 

sparse trunk space; and (4) undergrowth in trunk space 

≈ 0.5 2 
PAI chosen so that the product 𝑐𝑑𝑎(𝑧) was the same 

as in Raupach et al. (1987), where PAI ≈ 5 

Dupont and Brunet (2008b) LES Uniform vertical distribution 0.2 2 
Structure of the upstream edge of the forest was 

varied across seven shapes and densities  

Dupont and Brunet (2008c) LES 
Three cases: (1) approximately vertically uniform; (2) sparse 

trunk space and dense crown; (3) undergrowth in trunk space 
0.2 1–5  

Cassiani et al. (2008) LES Artificially generated vertical profile for a deciduous forest 0.2 2–8 
Forest structure approximately based on that of Duke 

Forest (Katul and Albertson 1998)  
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Sogachev et al. (2008) RANS Foliage distribution based on beta probability density function 0.2 0.5–3 Investigated scalar transport around a forest edge 

Ross (2008) LES Uniform vertical distribution 0.15 5 Simulated flow over forested ridges 

Bohrer et al. (2009) LES Randomly generated heterogeneous canopy 0.15 1.4–3 
1,000 virtual canopies generated for each simulation, 

with randomised gaps of approximately crown width 

Dupont and Brunet (2009) LES Artificially generated vertical profile for a deciduous forest 0.2 2, 5 
Canopy structure approximately based on deciduous 

forest reported in Neumann et al. (1989) 

Dupont et al. (2011) LES 
Dense canopy with sparse trunk space to approximate pine 

plantation  
0.26 2 

Includes five additional cases with the vertical profile 

gradually relaxed towards a uniform distribution  

Edburg et al. (2012) LES Artificially generated vertical profile for a deciduous forest 0.5 1  

Schlegel et al. (2012) LES 
Forest dominated by Picea abies. PAD varied across 

simulated domain 
0.15 ≈ 7.1 PAD distribution derived from terrestrial Lidar  

Mueller et al. (2014) LES 
Simplified vertical profiles estimates from observations in a 

pine plantation and a deciduous forest 
0.26 2 

Setup taken from Sylvain Dupont et al. (2011) and 

Hong Bing Su et al. (1998) 

Boudreault et al. (2015) RANS 
Forest dominated by Picea abies. Frontal area density varied 

across simulated domain 
0.2 ≈ 2.9 

Vertical profile derived from aerial lidar scans of the 

forested area 

Xu et al. (2015) RANS 
Vertical profile from measurements in a forest dominated by 

spruce and pine 
≈ 0.3 3.3 

Two-dimensional investigation of stably stratified 

flow around an idealised forested hill  

Kanani-Sühring and Raasch 

(2015) 
LES Artificially generated vertical profile for a deciduous forest 0.2 1–8 

Used LES to investigate scalar transport around a 

forest edge 

Schlegel et al. (2015) LES 
Forest dominated by Picea abies. PAD varied across 

simulated domain 
0.15 ≈ 7.1 

PAD distribution derived from terrestrial lidar. 

Developed preliminary work in Schlegel et al. (2012) 

Ross and Harman (2015) LES Uniform vertical distribution 0.25 4 Simulated flow and scalar transport over forested hills 

Kanani-Sühring and Raasch 

(2017) 
LES Artificially generated vertical profile for a deciduous forest 0.2 1–8 

Investigated scalar transport in the lee of the forest, 

with multiple sources and sinks 

Yan et al. (2017) LES 
Simplified deciduous trees. Three cases: (1) bluff objects; (2) 

bluff trunks and porous crowns; (3) fully porous trees 
≈ 0.2 ≈ 5 

Numerical details couched in terms of bluff objects 

(e.g. frontal area index) to be compared more easily to 

wind-tunnel observations in Böhm et al. (2013) 

Boudreault et al. (2017) LES 
Two cases: (1) heterogeneous PAD derived from terrestrial 

lidar; and (2) spatially homogeneous 𝑎(𝑧) from averaged data 
0.2 6 Heterogeneous case included tapered upstream edge 

Chen et al. (2019) LES 
Horizontally homogeneous. Profile derived from leaf area 

measurements in the Amazon rainforest 
0.2 7 

Simulated flow and scalar transport over forested 

hills. PAD profiles generated from observations 

reported in Tóta et al. (2012) and Fuentes et al. (2016) 
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Ma and Liu (2019) LES Uniform vertical distribution 0.2 2.5 
LES coupled with multiple‐layer canopy exchange 

model 

Watanabe et al. (2020) 

LES (Lattice 

Boltzmann 

method) 

Uniform vertical distribution 0.2 2 

The equations of motion are resolved using the lattice 

Boltzmann method rather than solving the 

incompressible Navier–Stokes equations 

Ma et al. (2020) LES 
Three cases: (1) vertically uniform (2) sparse trunk space and 

dense crown; (3) very sparse trunk space and dense crown 
0.25 4 

LES coupled with a multiple‐layer canopy exchange 

model used to investigate transport of different scalars 

across a forest edge 

Yan et al. (2020) LES 
Profile generated using empirical relationship in Lalic and 

Mihailovic (2004) 
0.15 4.3 

LES coupled to the mesoscale Weather Research and 

Forecasting model. Grid resolution at the mesoscale 

B. Chen et al. (2020) LES 
Horizontally homogeneous. Profile derived from 

measurements in the Amazon (as for Chen et al. (2019)) 
0.2 7 

Simulated flow and scalar transport over forested 

hills, including realistic terrain 

 3768 
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Appendix 5C: Image acknowledgements  

Figure 5.2b seabirdnz on Flickr. “Slope Point”. 18 February 2008. Online image with Creative Common License 3770 

CC-BY-2.0. https://www.flickr.com/photos/seabirdnz/5460426633.  

 

Figure 5.5c -JvL- on Flickr. “Brownsberg jungle path”. 22 October 2016. Online image with Creative Common 

License CC-BY-2.0. https://www.flickr.com/photos/-jvl-/33153976490/.  

 3775 

Figure 5.5d R.V. on Flickr. “Forest, British Columbia, Canada”. 6 July 2013. Online image with Creative 

Common License CC-BY-2.0. https://www.flickr.com/photos/bluegruen/9601965057. 

 

Figure 5.8c Soil-Science.info on Flickr. “Pinus taeda plantation”. 21 May 2008. Online image with Creative 

Common License CC-BY-2.0. https://www.flickr.com/photos/22503286@N06/2512091836.  3780 

 

Figure 5.9 and caption reproduced without modification from Calders et al. (2020) under Creative Commons 

License CC-BY-4.0 
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Chapter 6 – Air-parcel Residence Times in a Mature Forest: 3785 

Observational Evidence From a Free-Air CO2 Enrichment 

Experiment 

Submission details. This chapter is a reproduction of the article ‘Air-parcel Residence Times in a Mature 

Forest: Observational Evidence From a Free-Air CO2 Enrichment Experiment’ by Edward Bannister, Mike 

Jesson (MJ), Nicholas J. Harper (NJH), Kris M. Hart (KMH), Giulio Curioni (GC), Xiaoming 3790 

Cai (XMC), and A. Rob MacKenzie (AMRK), which was submitted on 29 April 2022 to Atmospheric 

Chemistry and Physics for peer review. 

 

Author contributions. I conceived of this study, wrote the processing code, conducted the formal analysis and 

visualisation, and wrote the original draft, under the supervision of ARMK, MJ, and XMC. KMH, MJH, GC 3795 

are responsible for the operation of the BIFoR FACE facility and the curation of the data arising from it. All 

authors contributed to reviewing and editing the manuscript. The phenocam data used for Figure 6.2 was 

processed by Tom Downes at BIFoR FACE. 

 

Abstract. In forests, air-parcel residence times—the inverse of first-order exchange rates—influence in-canopy 3800 

chemistry and the exchanges of momentum, energy, and mass with the surrounding atmosphere. Accurate 

estimates are needed for chemical investigations of reactive trace species, such as volatile organic compounds, 

some of whose chemical lifetimes are in the order of average residence times. However, very few observational 

residence-time estimates have been reported. Little is known about even the basic statistics of real-world 

residence times or how they are influenced by meteorological variables such as turbulence or atmospheric 3805 

stability. Here, we report opportunistic investigations of air-parcel residence times in a free-air carbon dioxide 

enrichment (FACE) facility in a mature, broadleaf deciduous forest with canopy height ℎ𝑐 ≈ 25 m. Using nearly 

50 million FACE observations, we find that median daytime residence times in the tree crowns range from 

around 70 s when the trees are in leaf to just over 34 s when they are not. Air-parcel residence times increase 

with greater atmospheric stability, as does their variability. Residence times scale approximately with the 3810 

reciprocal of the friction velocity, 𝑢∗. During some calm evenings in the growing season, we observe distinctly 

different behaviour: pooled air being sporadically and unpredictably vented—evidenced by sustained increases 

in CO2 concentration—when intermittent turbulence penetrates the canopy. In these conditions, the concept of 

a residence time is less clearly defined. Parameterisations available in the literature underestimate turbulent 

exchange in the upper half of forest crowns and overestimate the frequency of long residence times. Robust 3815 

parametrisations of air-parcel residence times (or, equivalently, fractions of emissions escaping the canopy) 

may be generated from inverse gamma distributions, with the parameters 1.4 ≤ 𝛼𝑠 ≤ 1.8 and 𝛽𝑠 = ℎ𝑐/𝑢∗ 

estimated from widely measured flow variables. In this case, the mean value for 𝜏 becomes formally defined as 

�̅� = 𝛽𝑠/(𝛼𝑠 − 1). For species released in the canopy during the daytime, chemical transformations are unlikely 

unless the reaction timescale is in the order of a few minutes or less.  3820 
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6.1 Introduction 

Forests cover nearly a third of the Earth’s land surface and exchange momentum, energy, and mass with the 

atmosphere. Forest-atmosphere exchanges are fundamental to forest ecology, involving transfers of water 

vapour, carbon dioxide (CO2), trace gases including biogenic volatile organic compounds (BVOCs), and 

particles such as pollen and spores. Forest-atmosphere exchanges also influence air quality, meteorology, and 3825 

the climate, for example, through BVOCs interacting with oxidants such as O3 and OH (Fuentes et al. 2000; 

Peñuelas and Staudt 2010; MacKenzie et al. 2011; Pyle et al. 2011; Rap et al. 2018).  

 

Turbulent motions transport the air from the boundary layers around the forest elements into the canopy airspace 

and out into the surrounding atmosphere. The properties of these turbulent motions depend on factors such as a 3830 

forest’s structure and the atmospheric conditions (Finnigan 2000; Brunet 2020; Bannister et al. 2022). The 

turbulent exchange determines the extent to which a forest is ventilated, i.e., how quickly the air within the 

forest is replaced by air from the surroundings. The rate at which a forest is ventilated is especially pertinent 

when considering reactive compounds, such as many BVOCs, whose chemical lifetimes can be in the order of 

a few minutes (Kesselmeier and Staudt 1999). In this context, it is helpful to consider a ‘residence time’, which 3835 

refers to a representative amount of time air parcels spend within the forest air space. During this time, the air 

parcels can exchange mass with the forest and one another, and the gases within them may participate in 

chemical reactions. Accurate estimates of air-parcel residence times in forests are needed to scale leaf-level 

chemistry and meteorology to the regional and global scales relevant to commerce and policy (Guenther et al. 

2012; Forkel et al. 2015). Residence times and other time-scale estimates are commonly used in urban studies, 3840 

for example, to quantify how well a city is ventilated, or the time over which pedestrians are exposed to 

pollutants (e.g., Cai, 2012; Lau et al., 2020; Lin et al., 2014; Lo and Ngan, 2017).  

 

There is no single definition of an air-parcel residence time in forests, although a Lagrangian approach probably 

offers the simplest conceptual picture. For example, one can imagine an air parcel passing over a source of a 3845 

BVOC, such as a sunlit leaf, then passing through the forest air space, and eventually leaving the forest. Tracking 

the trajectories of lots of air parcels in this way allows one to derive a statistical residence time. The first attempts 

to investigate the statistics of air parcels in forests adopted a Lagrangian stochastic modelling (LSM) approach 

to exploit this basic idea (Strong et al. 2004; Fuentes et al. 2007). These LSM studies suggest that air-parcel 

residence times depend strongly on the parcel’s release height. The mean residence times range from a few 3850 

seconds, for parcels travelling from the forest crown, to several minutes for parcels travelling from near the 

forest floor (Strong et al. 2004; Fuentes et al. 2007). Long residence times—ten minutes or more—have been 

calculated to occur almost exclusively for parcels travelling from the lower third of the canopy.  

 

The numerical simulations of Gerken et al. (2017) (hereafter GCF17) offer the most complete published 3855 

statistical account of air-parcel residence times in forests. GCF17 propose an elegant model for the distribution 

of residence times by adapting the inverse-Gaussian distribution and representing turbulent transport using 

eddy-diffusivity closure. The residence times, 𝜏, have a probability density function (PDF) given by the 

distribution of first passage through a plane at 𝑧 = ℎ𝑐, where ℎ𝑐 is the mean height of the forest. For a given 

release height, 𝑧𝑟𝑒𝑙, the PDF is 3860 
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𝑝(𝜏; 𝑧𝑟𝑒𝑙) =
|ℎ𝑐 − 𝑧𝑟𝑒𝑙|

√4𝜋𝐾𝑒𝑞
𝜏−
3
2 exp [−

(ℎ𝑐 − 𝑧𝑟𝑒𝑙)
2

4𝐾𝑒𝑞𝜏
] , (6.1) 

 

where 𝐾𝑒𝑞 is a constant eddy diffusivity at each 𝑧𝑟𝑒𝑙 (but may differ for different 𝑧𝑟𝑒𝑙). GCF17 use 

Equation (6.1) to define turbulent transport timescale 

𝜏𝑡𝑢𝑟𝑏(𝑧𝑟𝑒𝑙) =
(ℎ𝑐 − 𝑧𝑟𝑒𝑙)

2

4𝐾𝑒𝑞(𝑧𝑟𝑒𝑙)
. (6.2) 3865 

Equation (6.1) predicts an exponential increase in probability with increasing 𝜏, followed by a heavy-tailed τ−3/2 

power-law decrease beyond the mode (i.e., as 𝜏 becomes large relative to 𝜏𝑡𝑢𝑟𝑏, the exponential term approaches 

unity). In forests and other plant canopies, eddy-diffusivity closure is imperfect and may be unsuitable for 

certain applications (Finnigan 2000; Monteith and Unsworth 2008; Bannister et al. 2022). However, it remains 

widely adopted in larger scale models because it allows in-canopy turbulent transfer to be estimated from a 3870 

modest number of variables, without the prohibitive computational expense of more sophisticated closure 

schemes. GCF17 acknowledge the limitations of eddy-diffusivity closure and find support for Equation (6.1) in 

that it agreed quite well with results obtained using large-eddy simulations (LES) of idealised forest canopies, 

particularly for parcels travelling from low down in the canopy (LES does not rely on the same closure 

assumptions as Equation (6.1)).  3875 

 

GCF17 find that the median values of 𝜏 range from a few seconds in the upper crowns to around 30 minutes 

near the forest floor, with the spread in 𝜏 values decreasing rapidly with height. GCF17 also showed that the 

density and morphology of vegetation influences air-parcel residence times. The values of 𝜏 values increase 

with the leaf area index (LAI)—the ratio of total projected leaf area per unit ground area—other than for parcels 3880 

released high in the canopy. Bailey et al. (2014) obtained similar results in LES investigations of exchange 

around short, trellis-trained crops. Bailey et al. (2014) also found residence times were longer in homogeneous 

canopies than heterogeneous ones. In an LES investigation of flow over forested hills, residence times of 

Lagrangian air parcels emitted in the lower part of the canopy were shorter than those moving over flat terrain 

(Chen et al. 2019a).  3885 

 

Researchers have also used Eulerian frameworks to investigate residence times in forests. Edburg et al. (2012) 

use LES to calculate mean residence times of 8.6, 3.6, and 5.6 min for ground, canopy, and mixed sources of 

passive scalars released in a homogeneous forest, within the range of reported values using LSMs. Wolfe et al. 

(2011) use a simple canopy resistance model to estimate air-parcel residence times of around 2 min for a 3890 

ponderosa pine plantation.  

 

Because of the challenges in calculating air-parcel residence times from point observations, field estimates are 

rarely reported, meaning there is little data against which modelling estimates can be tested. A handful of studies 

have used 222Rn, a radioactive gas produced along the 𝛼-decay chains of uranium, as an inert tracer. Because 3895 

222Rn is inert and originates in the soil, provided the ground flux is known, its concentration in the forest airspace 

can be used to infer a canopy ventilation rate (Trumbore et al. 1990; Martens et al. 2004; Simon et al. 2005). 

Trumbore et al. (1990) used 222Rn measurements to calculate mean canopy residence times of 𝜏 ≤ 1 h and 
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𝜏 ≤ 3.4–5.5 h for day- and night-time conditions, respectively, in a mature Amazon Rainforest site (ℎ𝑐 ≈ 30 m). 

Subsequent measurements at other Amazonian locations have reported mean residence times ranging from 3900 

around a minute during the day to several hours at night (Martens et al. 2004; Rummel 2005; Simon et al. 2005). 

Measurements in a young ponderosa pine plantation (ℎ𝑐 = 5.7 m) in California, USA found daytime summer 

residence times ranging from 70–420 s (Farmer and Cohen 2008). It is possible to estimate residence times 

through indirect methods, such as calculating the mean time between scalar ramps in the ejection–sweep cycle 

that dominates turbulent exchange between forests and the atmosphere (Paw U et al. 1995; Katul et al. 1996; 3905 

Rummel et al. 2002). These methods have been used to estimate air-parcel residence times of a minute or two 

during the day to around an hour at night (Rummel et al. 2002). However, there are no field reports of air-parcel 

residence time statistics beyond their mean values, which provide limited information in, for example, 

calculating the probability of a BVOC reacting during its passage out of a forest. Further, little is known about 

the influence of even basic meteorological variables on air-parcel residence times in forests. 3910 

 

Here, we report opportunistic investigations of air-parcel residence times in the mature, broadleaf deciduous 

forest at the Birmingham Institute of Forest Research (BIFoR) free-air carbon dioxide enrichment (FACE) 

facility. The primary experiment at BIFoR FACE observes forest ecosystem behaviour under future atmospheric 

composition. This is achieved by using large-scale infrastructure to elevate the CO2 mixing ratio, without 3915 

containment, to 150 μmol mol-1 above ambient in several large patches of the forest (Hart et al. 2020; 

MacKenzie et al. 2021). BIFoR FACE is one of two ‘second-generation’ FACE experiments on mature, 

ecosystem-scale forests, the other being the ‘EucFACE’ experiment in an open sclerophyll forest in Australia 

(Drake et al. 2016). If we focus our attention on timescales of seconds to hours, over which the CO2 is 

approximately passive, the normal course of operation of BIFoR FACE also offers a unique, daily dispersal 3920 

experiment. Across several patches of the mature woodland, the CO2 mixing ratio is elevated around sunrise, 

held at 150 μmol mol-1 above ambient during daylight hours, and allowed to return to ambient after sunset, when 

the CO2 release is stopped. We use three years’ data (just under 50 million observations) to investigate the effect 

of canopy structure and the surrounding atmospheric conditions on air-parcel residence times in a mature 

temperate forest. 3925 

6.2 Methods 

6.2.1 Site description 

The BIFoR FACE facility is located in a mature deciduous broadleaf forest patch (≈19 ha) in central England, 

United Kingdom (latitude, longitude: 52.7996, -2.3039). The BIFoR FACE woodland is dominated by Quercus 

robur (pedunculate oak), with a dense heterogeneous understorey layer of Corylus avellana (hazel), Crataegus 3930 

monogyna (common hawthorn), Acer pseudoplanatus (sycamore), and Ilex aquifolium (holly). Below the 

heterogeneous understorey, the woodland supports ground flora, including Phegopteris connectilis (beech fern), 

Rubus fruticosus (bramble), Hedera spp. (ivy), Lonicera periclymenum (honeysuckle), and, where the canopy 

has been opened for access rides, various grass species (G. Platt, private communication, 2019). The BIFoR 

FACE woodland shows evidence of historical coppicing but it has not been managed for at least 30 years. The 3935 

largest oaks were planted in 1850. Hanging and fallen deadwood is left in place except where it poses a direct 

risk to human safety. The highest point of the facility is situated in the east of the forest, at around +112 m above 

sea level (a.s.l.) and the lowest point at the site offices and CO2 storage plant, at +92 m a.s.l. The terrain below 
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the areas of experimental interest is quite level, at +108 ± 2.7 m a.s.l. (see contour maps in MacKenzie et al. 

(2021)). 3940 

 

The BIFoR FACE facility comprises nine experimental patches of forest, which are approximately circular, 

with an internal radius of around 17 m (Table 6.1). There are three ‘fumigated’ (f) patches, in which 

infrastructure arrays maintain the CO2 mixing ratio (denoted [CO2] hereafter) at 150 μmol mol-1 above ambient 

during daylight periods of the growing season. There are three further ‘control’ (c) patches, which are dosed 3945 

with ambient air only, and three ‘ghost’ patches, which are ecologically similar to the fumigated and control 

patches, but do not contain any of the supporting infrastructure (Figure 6.1). In the fumigated arrays, premixed 

air/CO2 is released in the upwind quadrant from perforated vent pipes, supported by 16 free‐standing lattice 

towers (Figure 6.1). The wind direction and speed are updated in the FACE control program (FCP) every 

second, based on 20 Hz sonic anemometer measurements at the canopy top on the northernmost tower of each 3950 

fumigated array (Hart et al. 2020). The forest arrays are paired, so that a control array mimics the actions of its 

corresponding fumigated array, but doses the forest patch with ambient air only. The pairings are numbered 1(f) 

and 3(c), 4(f) and 2(c), 6(f) and 5(c) (Figure 6.1). For more background on the BIFoR FACE facility and its 

operation, see Hart et al. (2020). Details of the measurements and data and tissue curation pipelines are provided 

in MacKenzie et al. (2021). 3955 

Table 6.1: Geometries of the BIFoR FACE control (c) and fumigation (f) arrays. The internal radius is defined as 

the mean distance between the central tower and the inside edge of the towers supporting the perforated vent pipes. 

Array 

Infrastructure 

tower heights 

(m) 

Central tower 

height (m) 

Height of 

CO2 sample 

inlet 

Internal radius 

(m) 

Research 

ground area 

(m2) 

Array volume 

(m3) 

1(f) 26.7 26.0 21.5 17 724 24,815 

2(c) 25.6 24.9 22.5 16 628 21,107 

3(c) 26.2 25.5 21 16 661 22,138 

4(f) 27.2 26.5 22 17 702 24,406 

5(c) 27.3 26.6 22.5 17 688 24,207 

6(f) 24.7 24.0 19.8 17 678 21,641 
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Figure 6.1: (a) schematic of the Birmingham Institute of Forest Research free-air carbon dioxide enrichment 3960 
(BIFoR FACE) facility (see section 6.2.1 for site description). The coloured circles indicate the location of the FACE 

arrays, with green and orange denoting the fumigated and control arrays, respectively. The grey translucent circles 

mark the locations of the ghost arrays. The meteorological towers on the edge of the forest are labelled Met 1–4. (b) 

The perforated FACE vent pipes in array 4. (c) The two-dimensional sonic anemometer in array 1 (see section 

6.2.2.2 for details of meteorological measurements). 3965 

6.2.2 Observational details  

6.2.2.1 Observation period and canopy density 

The FACE arrays operate up to 18 hours a day (04:30–21:30), depending on day length, and from budburst 

(around 1 April) to leaf fall (around 31 October). We investigate observations from 1 April–31 October in the 

years 2019–2021. We refer to the April fumigation period as ‘leaf-off’, because the dominant canopy oaks put 3970 

out most of their leaves in May, and the period from 1 May to 31 October as ‘leaf-on’. Together the leaf-on and 

leaf-off periods, as defined, make up the CO2 fumigation period at BIFoR FACE. The LAI is much greater 

during the leaf-on period than the leaf-off period—see, for example, the hemispheric photographs in Figure 6.2. 

The LAI ≈ 7–8 during the leaf-on period, calculated using extensive leaf-litter measurements throughout the 
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season. The plant area index (PAI)—the total projected plant area per unit ground area—is approximately 1–2 3975 

for the leaf-off period, however, this is only a rough estimate. Deriving PAI estimates from digital photographs, 

for example, is problematic in tall multi-layered forests (Yan et al. 2019) and leaf litter observations are not 

available. To show the broad phenological changes at BIFoR FACE, Figure 6.2 presents timeseries of the green 

chromatic coordinate (GCC) for the investigation period. The GCC (normalised to take values from 0–1) 

measures the ‘greenness’ of the canopy from repeated digital photographs (Woebbecke et al. 1995). Figure 6.2 3980 

shows that the greenness of BIFoR FACE forest increases sharply towards the end of April, as the canopy oaks 

begin to put out their leaves, peaks in May–June, declines slowly across the leaf-on period as the leaves mature, 

before declining sharply in November when the dominant oaks drop their leaves. A note of caution: although 

the GCC is a helpful tool to monitor seasonal canopy-scale dynamics (Toomey et al. 2015), it is not a proxy for 

plant-area density in multi-layered deciduous forests. For example, in Figure 6.2, the sharp changes in GCC in 3985 

spring and autumn correspond to changes in leaf density, but the gentle decrease in GCC over the leaf-on period 

is not reflected by changes in canopy density (i.e., the leaves become less green over the summer, but their 

number remains approximately constant). 

 

Figure 6.2: Timeseries of the green chromatic coordinate (GCC) derived from PhenoCam measurements (section 3990 
6.2.2.1). The hemispheric photos are taken by cameras around 50 cm above the ground in array 1 (Figure 6.1 and 

site description in section 6.2.1). Shaded grey and green regions show the leaf-off and leaf-on periods, respectively 

(as defined in section 6.2.2.1). 

6.2.2.2 Fumigation and meteorological measurements 

The FCP determines, based on solar elevation, the times at which the fumigation is started and shut down each 3995 

day. Array pairings are switched on in sequence 1(f) + 3(c), 2(c) + 4(f) and 5(c) + 6(f) (Figure 6.1). Wind 

velocities for the FCP are monitored at 1 Hz using two-dimensional sonic anemometers (WMT700, Vaisala 

Oyj, Vantaa, Finland), mounted at a height 𝑧 ≈ 1 m above the canopy on the northernmost tower of each 
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fumigated array. The FCP logs 1-min averages of the wind speed and direction, and of other variables including 

the air temperature, atmospheric pressure, and solar elevation. There are four meteorological masts around the 4000 

edge of the forest (denoted Met 1–4, respectively; Figure 6.1), with three-dimensional sonic anemometers (R3-

100, Gill Instruments, Lymington, UK) mounted at 25 m on each. These anemometers sampled the three-

dimensional instantaneous velocity components and the speed of sound at 20 Hz throughout the entire 

observational period. In October 2020, three additional three-dimensional sonic anemometers (Windmaster Pro, 

Gill Instruments, Lymington, UK) were added to each mast at heights of 7 m, 10 m, and 14 m, sampling the 4005 

same variables at the same rate as the existing sensors. The [CO2] is measured at 1 Hz using infrared gas 

analysers (IRGA, LiCor 840A, LiCor Lincoln) with inlets situated in the centre of the fumigation and control 

arrays, just below the top of the canopy for each array (Table 6.1).  

 

The FCP automatically records 1-min and 5-min averages of the 1 Hz [CO2] observations. The software halts 4010 

fumigation when the canopy‐top 1-min average air temperature is <  4°C because broadleaf forests uptake little 

carbon below this threshold (Larcher 1995). Fumigation is also stopped during periods of high winds—where 

the 15-min average wind speed, 𝑉, at the canopy top exceeds 8 m s-1—because of the high cost of maintaining 

the elevated [CO2]. When 𝑉 < 0.4 m s-1, the FCP introduces CO2-enriched air all around the array via alternate 

vent pipes, rather than in the upwind quadrant, as under normal wind speeds. This is because advection of the 4015 

enriched gas flow is ineffective at very low wind speeds.  

6.2.3 Calculation of residence times  

We calculate residence times from the FACE data using a mass balance approach. We treat each fumigated 

array as a reservoir of ‘additional’ CO2, i.e., as a reservoir of air with a CO2 mixing ratio that is elevated (e[CO2]) 

compared to the ambient CO2 mixing ratio, a[CO2]. The residence time represents the average time each 4020 

additional molecule of CO2 spends in the fumigated arrays before it is transported out by turbulent and advective 

fluxes, or is taken up by the trees and other plants. Provided we choose a time period over which the mass of 

the additional CO2 in each fumigated array is approximately steady, the residence time can be interpreted 

equivalently as the time it would take to increase the CO2 mixing ratio from a[CO2] to e[CO2] in the absence of 

significant sinks. First, we find the mixing ratio of the additional CO2 in each fumigated array (𝜒𝑒𝐶𝑂2) during 4025 

fumigation, i.e., the difference between the elevated and ambient mixing ratios:  

𝜒𝑒𝐶𝑂2  (𝜇mol mol
−1) = e[CO2] − a[CO2]. (6.3) 

The value of 𝜒𝑒𝐶𝑂2 is then used together with the ideal gas equation to calculate the mass of additional CO2 in 

each fumigated array during fumigation: 

𝑀𝐶𝑂2 = 𝑉𝑎𝑀𝑟𝜒𝑒𝐶𝑂2
𝑝

ℛ𝑇
, (6.4) 4030 

where 𝑀𝐶𝑂2 (g) is the mass of the additional CO2, 𝑉𝑎 (m3) is the effective volume of each fumigated array 

(Table 6.1), 𝑀𝑟 is the molar mass of CO2 (g mol-1), 𝑝 is the atmospheric pressure (Pa), ℛ is the molar gas 

constant (8.314 m3 Pa K-1 mol-1), and 𝑇 is the air temperature (K). For the residence time analysis across the 

entire study period, we treat 𝑉𝑎 as constant for each array. However, when examining individual events such as 

venting in stable atmospheric conditions (section 6.3.7), this assumption is called into question. We define a 4035 

residence time by dividing the mass of additional CO2 in each array by the flow rate required to sustain it: 
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𝜏 =
𝑀𝐶𝑂2
𝐹𝑖𝑛

, (6.5) 

where 𝜏 (s) is the residence time and 𝐹𝑖𝑛 (g (CO2) s-1) is the CO2 flow rate into each fumigated array from the 

FACE infrastructure. Equation (6.5) ignores other sources of additional CO2 into each fumigated array, most 

notably the soil fluxes (𝐹𝑠𝑜𝑖𝑙). This is justified because 𝐹𝑖𝑛 ≫ 𝐹𝑠𝑜𝑖𝑙  during fumigation—𝐹𝑖𝑛 ≈ 50–4040 

550 g (CO2) s-1 in each array, compared with 𝐹𝑠𝑜𝑖𝑙 < 0.1 g (CO2) s-1
 (Von Arnold et al. 2005). 

 

We consider the conditions under which Equation (6.5) offers a reasonable estimate of residence times. In a 

quasi-infinite model of a uniform forest, such as in GCF17, the only path for air parcels to leave the canopy is 

through vertical venting out of the top, which we denote 𝐹𝑜𝑢𝑡(𝑡𝑜𝑝). The BIFoR FACE arrays, however, are not 4045 

closed at the sides, and air parcels can also exit the arrays horizontally, i.e., there is some non-zero horizontal 

flux, 𝐹𝑜𝑢𝑡(ℎ𝑜𝑟), of air out of the array. In a quasi-infinite, uniform forest, we expect 𝜏 = 𝑀𝐶𝑂2/𝐹𝑖𝑛 ≈

𝑀𝐶𝑂2/𝐹𝑜𝑢𝑡(𝑡𝑜𝑝). In reality, however, 𝜏 = 𝑀𝐶𝑂2/𝐹𝑖𝑛 = 𝑀𝐶𝑂2/(𝐹𝑜𝑢𝑡(𝑡𝑜𝑝) + 𝐹𝑜𝑢𝑡(ℎ𝑜𝑟) + 𝐹𝑜𝑢𝑡(𝑠𝑖𝑛𝑘)), where 

𝐹𝑜𝑢𝑡(𝑠𝑖𝑛𝑘) denotes CO2 sink terms, most notably photosynthetic uptake. We do not include 𝐹𝑜𝑢𝑡(𝑠𝑖𝑛𝑘) in our 

calculations below because 𝐹𝑜𝑢𝑡(𝑠𝑖𝑛𝑘) ≈ 0.5–2 g (CO2) s-1 during the day (Gardner et al. 2021), typically less 4050 

than 1% of the total flux. Long-term analysis of the BIFoR FACE observations shows contamination events 

between the arrays are rare and mostly small (Hart et al. 2020), usually occurring in strong winds. This suggests 

that, although 𝐹𝑜𝑢𝑡(ℎ𝑜𝑟) is always non-zero, it is likely small in conditions with weak advection. Unfortunately, 

horizontal fluxes in forests are difficult to measure or even estimate (Aubinet et al. 2010). Therefore, rather than 

trying to assign a numerical value to 𝐹𝑜𝑢𝑡(ℎ𝑜𝑟), we identify meteorological conditions under which 𝐹𝑜𝑢𝑡(𝑡𝑜𝑝) ≫4055 

𝐹𝑜𝑢𝑡(ℎ𝑜𝑟), and therefore 𝜏 = 𝑀𝐶𝑂2/𝐹𝑖𝑛 ≈ 𝑀𝐶𝑂2/𝐹𝑜𝑢𝑡(𝑡𝑜𝑝). Figure 6.3 presents probability density functions of 

𝜏 during the lowest 50% of wind speeds of the leaf-on period (solid black), during the highest 25% of wind 

speeds of the leaf-on period (dashed), and GCF17’s model in Equation (6.1) (navy). The PDF for GCF17 takes 

𝐾𝑒𝑞 = 1.2 m2 s-1, calculated using Equations (6A.1–6A.3) in Appendix 6A, ℎ𝑐 = 25 m, and 𝑧𝑟𝑒𝑙 = 15 m, which 

reflects that the majority of the CO2 is released in the upper two-thirds of the canopy (see section 6.2.4 below).  4060 

 

Figure 6.3 shows, at low wind speeds, our method generates PDFs of 𝜏 in reasonably close agreement to GCF17, 

especially given the very different assumptions used to calculate each PDF. Under these conditions, the one 

notable deviation between our results and GCF17’s theory is in the right tails of the PDFs (Figure 6.3b), which 

we discuss further in section 6.3.6. In the strongest winds, however, the limited diameters of the BIFoR FACE 4065 

arrays constrains our method. In these conditions, the mostly small values of 𝜏—visible in the sharp peak of the 

PDF in Figure 6.3a and steep decay of the right tail in Figure 6.3b—indicate that 𝐹𝑖𝑛 has increased, and therefore 

the flux out has increased. Comparisons with GCF17 suggest this is predominantly due to an increase in the 

horizontal component 𝐹𝑜𝑢𝑡(ℎ𝑜𝑟), which is difficult to approximate in our finite-size arrays. Our residence-time 

calculations below therefore include only observations during the lower half of wind speeds (varying the 4070 

percentile cut-off between 40–60% does not qualitatively affect our results). We discuss the implications of 

stronger winds on 𝜏 in sections 6.3.3 and 6.3.6. 
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Figure 6.3: (a) Linear- and (b) logarithmic-scale PDFs of τ, as defined in section 6.2.3, from BIFoR FACE (site 

description in section 6.2.1) during the lowest 50% (solid black) and highest 25% (black dashed) of wind speeds of 4075 
the leaf-on period, and GCF17’s model in Equation (6.1) (navy-blue dot-dash). In (b), slopes of -3/2 and -4 are shown 

for reference. The slope of -3/2 is the power-law decay from GCF17 (Equation (6.1)) and -4 is an arbitrary value to 

show the steeper decay of the right tail of the PDF if 𝝉 in strong winds. Values of 𝝉 normalised by the canopy 

turnover time 𝒉𝒄/𝒖∗ (section 6.2.4). 

6.2.4 Data processing 4080 

We use a 5-min averaging period for the residence time calculations in Equations (6.3–6.5) and Reynolds 

averaging of the meteorological tower observations below. Sensitivity testing on high-resolution velocity 

measurements showed this to be the most appropriate period to capture the significant turbulent structures at 

this structurally heterogeneous site, while being long enough so that 𝜒𝐶𝑂2 and 𝐹𝑖𝑛 were approximately steady. 

In mature forests, whose largest eddies scale with the mean height of the canopy ℎ𝑐 (Raupach et al. 1996; 4085 

Finnigan 2000; Bannister et al. 2022), the canopy turnover time 𝜏𝑐 ≈ ℎ𝑐/𝑢∗ ≈ 30–90 s, where 𝑢∗ is the friction 

velocity measured at 𝑧 = ℎ𝑐 (its derivation is described in section 6.2.5 below). This averaging period therefore 

corresponds to 5–10 cycles of the dominant turbulent eddies and the statistics of the residence time calculations 

were not qualitatively altered using averaging periods of up to 1 hr.  

 4090 

We discarded observations for dates on which at least one of the fumigation arrays was switched off for more 

than two hours, or switched on and off more than once during the normal fumigation period. These temporary 

shutdowns were usually for maintenance work, or during periods of exceptionally high winds (which we 

discarded in any case according to section 6.2.3). This cautious filtering threshold ensures the residence time 

calculations focus on periods during which the fumigation was steady, rather than when the FACE infrastructure 4095 

was operating at high flow rates to increase the [CO2] following shutdown. We also discarded dates on which 

observations were available from neither Met 1 nor Met 4 (see Figure 6.1). The filtering process left 530 

observation days (78 in leaf-off and 452 in leaf-on) from a total of 642 (90 in leaf-off and 552 in leaf-on). To 

avoid erroneous values of 𝜏, we discarded entries where: (i) 𝐹𝑖𝑛 < 1 g (CO2) s-1; and (ii) values of 𝑀𝐶𝑂2 lay 

outside the range 𝑀𝐶𝑂2
̅̅ ̅̅ ̅̅ ̅ ± 4𝜎(𝑀𝐶𝑂2), where 𝜎 is the standard deviation and the overbar denotes the mean. Steps 4100 

(i) and (ii) together discarded less than 0.3% of the data.  

 

To aid comparisons with previous reports, we highlight two particular features of the fumigation at BIFoR 

FACE. First, the fumigation is only carried out when the trees are likely to be photosynthesising, i.e., during the 

daytime (with an hour or so of fumigation either side of sunrise and sunset) of the UK growing season, which 4105 
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is taken as 1 April–31 October. We therefore emphasise our estimates here are of forest air-parcel residence 

times during the daytime of the northern temperate spring, summer, and autumn. Second, most of the e[CO2] 

air at BIFoR FACE is released into the oak canopy—comprising approximately the upper two-thirds of the 

mean forest height—where the bulk of the photosynthesising leaves are located. 

 4110 

Three measures of statistical variability are used in this paper: the standard deviation, the interquartile range 

(IQR), and the median absolute deviation, 𝐷𝑚𝑒𝑑, defined 𝐷𝑚𝑒𝑑 = median(|𝑥𝑖 − �̃�|) for a univariate set 

𝑥1, 𝑥2, … , 𝑥𝑛, with �̃� the set’s median. The 𝐷𝑚𝑒𝑑 is helpful when considering the spread of observations with 

highly skewed distributions, as is the case here. For highly skewed distributions, the more familiar standard 

deviation overweighs the influence of (absolutely) large values in the observations (Jobst and Zenios 2001). In 4115 

such cases, the 𝐷𝑚𝑒𝑑 provides a less volatile and more representative measure of a sample’s deviation. However, 

this paper retains the standard deviation to aid comparison to other works, because it is much more commonly 

reported than measures such as the 𝐷𝑚𝑒𝑑. We report the IQR because it is familiar and provides a robust measure 

of the spread of the middle 50% of a dataset. But, because the IQR contains no direct information on tail 

behaviour, we use it alongside the standard deviation and 𝐷𝑚𝑒𝑑.  4120 

6.2.5 Notation and meteorological tower calculations 

We use right-handed Cartesian coordinates throughout this paper. We denote 𝒙 = (𝑥, 𝑦, 𝑧), the velocity 

components 𝑢, 𝑣, 𝑤 (using the meteorological convention that positive 𝑢 and 𝑣 values indicate westerly and 

southerly flow, respectively), and time as 𝑡. For a quantity 𝜙(𝒙, 𝑡), a double overbar denotes the time average 

and the prime denotes the deviations from that average, which we refer to as the ‘turbulent quantities’, i.e. 4125 

𝜙(𝒙, 𝑡) = �̿�(𝒙) + 𝜙′(𝒙, 𝑡). The double overbar is used instead of the conventional single overbar to distinguish 

the time averages from the descriptive statistics elsewhere in the paper. The turbulence kinetic energy (TKE) 

per unit mass = 1

2
(𝑢′2
̿̿ ̿̿ ̿
+𝑣′2
̿̿ ̿̿ ̿
+𝑤′2
̿̿ ̿̿ ̿̿
). The friction velocity 𝑢∗ = (𝑢′𝑤′̿̿ ̿̿ ̿̿

2
+ 𝑣′𝑤′̿̿ ̿̿ ̿̿

2
)

1

4
 is a scaling variable that is most 

meaningfully defined in the inertial sublayer of the atmosphere (Monin and Obukhov 1954). However, it is 

often used as a shorthand for turbulence elsewhere in the atmospheric surface layer, with higher values 4130 

indicating more turbulent conditions. The Obukhov length, 𝐿, is calculated as 

𝐿 =
−𝑇�̿�𝑢∗

3

𝜅𝑔𝑤′𝑇𝑠
′̿̿ ̿̿ ̿̿
, (6.6) 

where 𝜅 = 0.4 is the von Kármán constant, 𝑔 is the acceleration due to gravity, and 𝑇𝑠 is the sonic air 

temperature, which is a good approximation of the virtual potential temperature (Kaimal and Gaynor 1991). 

The values of 𝐿, 𝑢∗ and the TKE are calculated from 20 Hz observations at 𝑧 ≈ 22 m ≈ ℎ𝑐 on Met 4 4135 

preferentially, because it lies at the downstream edge of the forest in the direction of the prevailing wind. On 

dates for which Met 4 observations were unavailable, the observations were taken from Met 1 (Met 4 and Met 

1 account for 512 and 18 days, respectively, of the 530 total). 
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6.3 Results and Discussion 

6.3.1 Wind conditions at BIFoR FACE 4140 

Figure 6.4 presents wind roses for the 2019–2021 fumigation period at BIFoR FACE across the period as a 

whole (Figure 6.4a, c) and for the observations used in the residence-time calculations, i.e., the lowest 50% of 

wind speeds across the whole observation period (Figure 6.4b, d). The wind speeds are generally low compared 

with observations from most meteorological stations because the wind measurements at BIFoR FACE are 

measured around the tops of the trees of each array, whereas meteorological stations are typically located away 4145 

from large obstacles. The wind speeds were generally higher in the leaf-off period than the leaf-on. For example, 

39% of 5-min averages were > 2.5 m s-1 for the leaf-off period, compared with 27% for leaf-on. The prevailing 

wind direction around BIFoR FACE is south-westerly, as is typical for most of the UK. However, the wind 

direction in the UK is highly variable in April (leaf-off) and the wind direction around BIFoR FACE was 

predominantly easterly during the leaf-off period 2019–2021 (Figure 6.4a, b). Predominantly easterly winds are 4150 

unusual in the UK, but these observations match the local synoptic conditions over the same period. Our leaf-

off period is much shorter than the leaf-on period and is therefore more susceptible to isolated meteorological 

events.  

 

Figure 6.4: Wind roses for BIFoR FACE during the 2019–2021 leaf-off (a, b) and leaf-on periods (c, d) (see section 4155 
6.2.1 for site description, and 6.2.2 for observation details). The wind roses are calculated on 5-min averages of sonic 

measurements in array 1. (a, c) show wind roses across all wind conditions; (b, d) show wind roses for the lowest 

50% of wind speeds, used in the residence-time calculations (section 6.2.3). The wind roses for the other fumigation 

arrays are very similar and are omitted to avoid repetition. Note the change of scale between (a, c) and (b, d). 
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6.3.2 Basic distributions of 𝝉 values  4160 

Figure 6.5 presents probability density functions (PDFs) and reports descriptive statistics of the residence times 

for the leaf-off (𝜏𝑜𝑓𝑓) and the leaf-on (𝜏𝑜𝑛) periods. The overbar and overtilde notation refer to the mean and 

median values, respectively. The modal values of 𝜏 < �̃� < �̅� for each period, which is typical but not diagnostic 

(von Hippel 2005) of positively skewed unimodal distributions. Longer residence times are relatively less 

common during the leaf-off period than leaf-on, as indicated by the shift to the left of the 𝜏𝑜𝑓𝑓 PDF compared 4165 

with the 𝜏𝑜𝑛 PDF. For example, 57% of 𝜏𝑜𝑛 observations are greater than 60 s, compared with only 24% of 𝜏𝑜𝑓𝑓 

values. The 𝜏𝑜𝑛 values are more variable than the 𝜏𝑜𝑓𝑓 values. For example, the interquartile range (IQR) for 

𝜏𝑜𝑛 is over twice that of 𝜏𝑜𝑓𝑓, and 𝐷𝑚𝑒𝑑(𝜏𝑜𝑛) > 𝐷𝑚𝑒𝑑(𝜏𝑜𝑓𝑓). In Figure 6.5b, both the leaf-off and leaf-on PDFs 

show clear modal values, followed by a region over which he decay exhibits almost power-law behaviour, 

followed by steeper decay in the tails. 4170 

 

Figure 6.5: (a) PDFs and statistics of the residence times for the leaf-on and leaf-off periods (see section 6.2.2 for 

observation details, and 6.2.3 for calculations of the residence time, 𝝉). Solid and dashed vertical lines mark the 

mean and median values for each period, respectively. The mode for each period is taken as the value at which the 

PDFs attain their maximum densities. (b) As for (a), with PDFs presented on log-log axes with 𝝉 normalised by the 4175 
canopy turnover time, 𝒉𝒄/𝒖∗ (section 6.2.4). The black line is the same as in Figure 6.3, although (a) presents 

dimensional information whereas Figure 6.3a presents the normalised PDF. 

6.3.3 Dependence of 𝝉 on 𝒖∗ and atmospheric stability  

6.3.3.1 Dependence of 𝝉 on 𝒖∗  

Figure 6.6 presents combined scatter and density plots showing the variation of 𝜏 with 𝑢∗ in the (a) leaf-off and 4180 

(b) leaf-on periods. The yellow regions indicate higher density, with the decile contours shown. The colour scale 

is normalised to account for the different sample sizes in the two periods. Figure 6.6 shows, over both periods, 

the residence times decrease with increasing values of 𝑢∗. This accords with intuition that canopy residence 

times should progressively reduce with increasing turbulence. Most notably, (a) and (b) regress to gradients of 

around −1 (−0.93 and −0.95, respectively), which indicates that, as a first approximation, the effect of 4185 

turbulence levels on the residence times is given by 𝜏 ∝  𝑢∗
−1, as proposed by GCF17. It is worth qualifying 

this point a little. Because our 𝑢∗ values are derived from a single measurement location whereas our 𝜏 values 

in three nearby locations within 300 m (Figure 6.1), this argument assumes a state of ‘moving equilibrium’ 

(Yaglom 1979), in which 𝑢∗ varies slowly in the 𝑥, 𝑦 plane, with 𝑢∗ measured at 𝑧 = ℎ𝑐 serving as a local 

velocity scale. This assumption has not been tested in patchy forests such as that at BIFoR FACE, whose 4190 
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structure varies strongly in the 𝑥, 𝑦 plane, likely challenging the assumption that 𝑢∗ is approximately constant. 

Further, our results do not account for the effect of strong winds on 𝜏, which to our knowledge remains untested.  

 

Figure 6.6: Two-dimensional density plots, showing the variation of the residence time 𝝉 (section 6.2.3) with the 

friction velocity 𝒖∗ (section 6.2.5) for the leaf-off (a) and leaf-on (b) periods (section 6.2.2 for observation details). 4195 
The colour scale is normalised to account for the different sample sizes in the two periods. ‘Level’ in the colour scale 

refers to the density of each bin, normalised by the peak density for each observational period. 

6.3.3.2 Dependence of 𝝉 on atmospheric stability  

To analyse the dependence of 𝜏 on atmospheric stability, we define three broad stability classes following the 

approach in Mahrt et al. (1998) and Dupont and Patton (2012). Our stability regimes are defined at 𝑧 ≈ ℎ𝑐 4200 

according to the behaviour of the kinematic fluxes of temperature 𝑤′𝑇𝑠
′̿̿ ̿̿ ̿̿  and momentum (via 𝑢∗), as a function 

of the stability parameter ℎ𝑐/𝐿 from Equation (6.6).  

• Near-neutral (NN): −0.005 ≤ ℎ𝑐/𝐿 < 0.003. In this regime, the momentum flux is significant, but the 

temperature flux is negligible. 

• Stable: 3 ≤ ℎ𝑐/𝐿 < 20. This regime occurs mostly in light winds, often on cloudy mornings or shortly 4205 

before fumigation shutdown in the evening. The momentum flux is small. Intermittent turbulence is a 

major component of turbulent exchange (Mahrt 2014). 

• Unstable: −20 ≤ ℎ𝑐/𝐿 < −1. This regime mostly occurs during the day, especially in clear-sky 

conditions. This regime is characterized by a large temperature flux and, usually, small 𝑢∗ values 

associated with light winds. 4210 

 

These thresholds are not universal and are site and study specific. We define only three broad stability classes 

and adopt unusually demanding thresholds to define them. This is because (i) fumigation is carried out mostly 

during the day, so we have limited opportunity to investigate transitory sub-regimes, which typically occur in 

the early morning and late evening; and (ii) the observations used to calculate 𝐿 are not taken at exactly the 4215 

same location as the observations used to calculate 𝜏, so we prefer to exclude potentially misleading marginal 
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less common than they are in the NN or stable regimes. For example, in Figures 7b, and 7c, the right tails of the 

unstable PDF are lighter than those for NN and the stable regime. The distributions of 𝜏 remain positively 

skewed for each stability class (e.g., the right whiskers are longer than the left in Figure 6.7a). These general 4240 

patterns are not sensitive to the exact thresholds of ℎ𝑐/𝐿 used to bin the data. Changes in the turbulence structure 

around the forest likely account for the main differences in the distributions of 𝜏 across the three stability classes. 

In NN conditions, shear generated eddies around the tops of the trees dominate turbulent exchange (Finnigan 

2000; Brunet 2020; Bannister et al. 2022). However, as stability decreases from NN to free convection in the 

unstable regime, the dominant turbulent structures around the forest transition from shear-layer vortices to 4245 

thermal plumes. These thermal plumes have typical length scales several times larger than shear-layer vortices 

(Patton et al. 2016), which could result in more vigorous mixing in unstable conditions than NN, resulting in 

the smaller 𝜏 values seen for the former than the latter (Figure 6.7). Conversely, in stable conditions, in-canopy 

turbulence is much weaker and more intermittent than in neutral or unstable conditions, reflected in (i) the larger 

average values of 𝜏 for the stable regime than the NN or the unstable regimes; and (ii) a greater likelihood of 4250 

long 𝜏 values, when air remains within the canopy until it is vented by infrequent, intermittent turbulence, as 

reflected in the heavy tails of the stable PDFs. Section 6.3.7 discusses intermittent venting in stable atmospheric 

conditions in more detail. For the NN and unstable regimes, 𝜏 ∝ 𝑢∗
−1, but 𝜏 ∝ 𝑢∗

−0.8 in stable conditions. 

6.3.4 Dependence of 𝝉 on wind direction 

Figure 6.8 presents polar plots showing percentiles in 𝜏 values with wind direction. The values of 𝜏 are not 4255 

completely symmetrically distributed with regards to wind direction. This is unsurprising because the BIFoR 

FACE forest is a complex, mature woodland, within which the species composition, tree age, and stand structure 

varies. Array 1 provides the clearest example of the heterogeneity in that the residence times are noticeably 

lower when the wind direction is from the south and south-east (Figures 6.8a and 6.8d). This is because array 1 

is located at the southern edge of the forest (Figure 6.1) and therefore vulnerable to edge effects from southerly 4260 

winds. However, in most mature forests, structural heterogeneity means that point observations are never likely 

to be entirely neutral with respect to wind direction, even when edges are accounted for. For example, the closest 

edge to arrays 4 and 6 is to the north (Figure 6.1). But arrays 4 and 6 are relatively more exposed to south-

westerly and southerly winds, respectively, because the trees abutting the arrays in those directions are slightly 

shorter than those to the north. 4265 
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Figure 6.8: Residence-time (see section 6.2.3) quintiles by wind direction for the leaf-on (a–c) and leaf-off (d–f) 

periods (section 6.2.2 for observation details). (a, d) Array 1; (b, e) Array 4; and (c, f) Array 6 (Figure 6.1 and section 

6.2.1). The colours indicate the proportion of 𝝉 values within each quintile, increasing from blue (lowest 20% of 𝝉 

values across the whole site) to red (highest 20% of 𝝉 values across the whole site). For example, (a) shows that for 4270 
southerly winds, a higher proportion of 𝝉 values are in the first and second quintiles (more blue and green in the 

southerly wind sectors) and a lower proportion are in the fifth quintiles (less red in the southerly wind sectors). In 

other words, for Array 1, lower 𝝉 values are more common for southerly winds. The solid black line shows the 

relative frequency of each wind sector across the whole leaf-on and leaf-off measurement periods, with the scale 0–

1 indicated by the radial numbering. 4275 

No systematic differences or symmetries are apparent between the southern-edge array (array 1) and the 

northern-edge arrays (4 and 6). Because wind directional effects are so site and climate specific, it is difficult to 

generalise these results other than to say, where possible, observational campaigns of forest-atmosphere 

exchange in patchy landscapes should include at least two measurement locations, one deep in the forest, and 

one near any edges, especially in the direction of the prevailing wind. Forest edges experience different wind 4280 

conditions, chemistry, microclimates to forest interiors (Bonn et al. 2014; Schmidt et al. 2017). It is important 

not to dismiss forest-edge processes as unrepresentative, however, because edges comprise the majority of the 

forested area in many parts of the world (Bannister et al. 2022). 

6.3.5 Seasonal (leaf-on/leaf-off) differences in 𝝉 

As indicated by the descriptive statistics in section 6.3.2, the forest is more ventilated when the trees are not in 4285 

leaf. Taking the distributions of 𝜏 across the entire fumigation period, the values of 𝜏𝑜𝑛 are significantly higher 

than the values of 𝜏𝑜𝑓𝑓, with 𝑝 ≪ 0.001 using both the t–test and the Mann–Whitney–Wilcoxon test. Figure 6.8 

shows that, for a given percentile, 𝜏𝑜𝑛 < 𝜏𝑜𝑓𝑓 for most wind directions, particularly in arrays 1 and 4, which are 

slightly less sheltered than array 6. Figure 6.7 and Table 6.2 shows the average values of 𝜏𝑜𝑓𝑓 < 𝜏𝑜𝑛 for the 

three stability classes we defined, with the distributions remaining significantly different (𝑝 ≪ 0.001). The 4290 



167 

 

variability in the 𝜏𝑜𝑛 values is higher than in 𝜏𝑜𝑓𝑓 across the entire fumigation period, and in unstable conditions. 

However, for the NN and stable regimes, the variability in the 𝜏 values is quite similar between the two periods.  

6.3.6 Comparison with published residence time values 

Recalling the set-up of the FACE operations, described above, our estimates are most comparable to the daytime 

residence times of air parcels released from approximately the upper two-thirds of the canopy, 𝑧/ℎ𝑐 > 1/3. 4295 

With these considerations in mind, our calculated residence times fall within the range of modelled median 

values of tens of seconds to a few minutes (Strong et al. 2004; Fuentes et al. 2007; Gerken et al. 2017). There 

are few reported observational estimates of residence times, and none derived from measurements in ecosystems 

similar to the BIFoR FACE forest. To the extent a comparison is meaningful, our calculated residence times are 

within the range of reported field estimates e.g., mean values of a minute or two during the growing season 4300 

(Martens et al. 2004; Farmer and Cohen 2008).  

 

Our results agree with existing modelling studies that the distributions of residence times are strongly positively 

skewed and in certain conditions—e.g., in stable conditions (Figure 6.7) or for parcels travelling from near the 

ground (GCF17; Strong et al., 2004)—can be widely dispersed with quite heavy tails. For these situations, 4305 

average values cannot be said to be ‘representative’, and it is preferable to be able to estimate distributions rather 

than single values. GCF17’s model in Equation (6.1) is appealing because it allows the distribution to be 

estimated from a small set of variables, making it suitable for deployment in large-scale models. The eddy 

diffusivity 𝐾𝑒𝑞 can be partially tuned to account for the forest structure and wind conditions. However, although 

GCF17’s model generates modal values similar to those we observed, it appears to overpredict the likelihood 4310 

of long residence times in the upper canopy. For example, GCF17 predicts around 20% of air parcels have 

residence times of five minutes or more whereas, in our leaf-on data, the proportion is closer to 6%. Some of 

the discrepancy between our observations and GCF17’s model likely results from our underestimation of 𝜏 

because of the finite-size arrays used in the mass balance calculations in Equation (6.5). However, given that 

GCF17’s model and our results diverge even in low winds, when advection is negligible and turbulence is weak, 4315 

this factor is unlikely to be the only relevant difference. Indeed, the tails of GCF17’s own LES-generated PDFs 

appear to decay faster than the −3/2 power law predicted by analytical model in Equation (6.1)—especially for 

parcels released higher in the canopy—further suggesting Equation (6.1) overpredicts the likelihood of long 

residence times.  

 4320 

The eddy-diffusivity closure assumptions used to formulate Equation (6.1) are most realistic when the length 

and timescales of the transport mechanism are smaller than the scale of the gradients in the measured quantities 

(Corrsin 1975). Cava et al. (2006) show this condition is most likely to be satisfied when the sum of the turbulent 

transport and buoyant production terms in the transport equations is small compared to the gradient in the 

measured quantity. In forests and other vegetation canopies in neutral conditions, this is a reasonable assumption 4325 

below around 𝑧/ℎ𝑐 = 1/2, especially when considering quantities with strong gradients, such as fertilizer (Bash 

et al. 2010) or fungal spores. However, in forest crowns in neutral conditions, turbulent exchange is dominated 

by eddies with diameters that scale with ℎ𝑐 (Raupach et al. 1996; Finnigan 2000; Brunet 2020). These eddies 

create significant turbulent transport, meaning that the eddy-diffusivity model underestimates turbulent forest-

atmosphere exchange in the upper canopy and therefore overestimates residence times. As a more general 4330 

consideration, GCF17’s model envisages a horizontally homogeneous, quasi-infinite forest, in which the only 
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path of exit for air parcels is via turbulent exchange at the top of the canopy. However, real forests usually 

comprise a patchwork of gaps and clearings at all heights, caused by disease, tree senescence, human activities, 

and wind throw. These openings offer air parcels additional routes to exit forests, such as via advection across 

edges or through the regions of strong turbulent fluxes that form in patchy forest crowns. In hilly terrain, flow-4335 

separation regions in the lee of hills can create chimney-like pathways for air parcels to leave the forest, 

particularly for parcels moving from near the ground (Chen et al. 2019a; Bannister et al. 2022). The likely net 

effect of these additional pathways is to reduce the incidence of very long residence times, particularly in forests 

with extensive edge regions and patchy structures. 

 4340 

Here we adapt GCF17’s model to reduce the overprediction of large 𝜏 values while keeping it simple enough to 

be deployed in regional or global models, for which information on the canopy structure and the flow of air is 

typically limited. First, we observe that Equation (6.1) is a special case of the inverse-gamma distribution, the 

general form of which is 

𝑝(𝜏; 𝛼𝑠, 𝛽𝑠) =
𝛽𝑠
𝛼𝑠

Γ(𝛼𝑠)
𝜏−(𝛼𝑠+1) exp [−

𝛽𝑠
𝜏
] ; 𝜏 > 0, (6.7) 4345 

where Γ(∙) is the gamma function and 𝛼𝑠 and 𝛽𝑠 are, respectively, shape and scale parameters (𝛽𝑠 is the rate 

parameter from the point of view of the gamma distribution). Taking 𝛼𝑠 = ½ and 𝛽𝑠 = 𝜏𝑡𝑢𝑟𝑏 =

(ℎ𝑐 − 𝑧𝑟𝑒𝑙)
2/4𝐾𝑒𝑞 in Equation (6.7) gives Equation (6.1). The value of 𝛽𝑠 is relatively more influential at lower 

values of 𝜏, whereas 𝛼𝑠 determines the distribution’s dominant behaviour for large 𝜏. In forest crowns, turbulent 

exchange scales with the canopy turnover timescale 𝜏𝑐 = ℎ𝑐/𝑢∗, which we use as our value for 𝛽𝑠. The value 4350 

of 𝛼𝑠 then determines the shape of the distribution, particularly at large 𝜏 values. We find 𝛼𝑠 = 1.4–1.8 fits our 

observations better than using 𝛼𝑠 = ½, as in GCF17 (Figure 6.9). The main effect of the larger 𝛼𝑠 value is to 

reduce the probability of very long residence times, as evidenced by the roll-off of our PDFs from GCF17 at 

large 𝜏 values in Figure 6.9. A helpful by-product is that, for 𝛼𝑠 > 1 in Equation (6.7), the mean values of 𝜏 

become formally defined as �̅� = 𝛽𝑠/(𝛼𝑠 − 1) (the mean is undefined for 𝛼𝑠 < 1). For our data, 𝜏𝑐(𝑜𝑛) = 78 s 4355 

and 𝜏𝑐(𝑜𝑓𝑓) = 54 s. Taking 𝛼𝑠 = 1.6 and 1.8 as rough estimates for the leaf-on and leaf-off periods, respectively, 

gives �̅�𝑜𝑛 = 130 s and �̅�𝑜𝑓𝑓 = 68 s, close to the values �̅�𝑜𝑛 = 115 s and �̅�𝑜𝑓𝑓 = 62 s calculated directly on our 

data. 
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Figure 6.9: Solid black and red lines show PDFs of τ (section 6.2.3) from BIFoR FACE (6.2.1 and Figure 6.1) during 4360 
the leaf-on and leaf-off periods, respectively (section 6.2.2). Dashed lines show PDF estimates on the BIFoR FACE 

observations using Equation (6.7). Dot-dash navy line shows PDF from GCF17 in Equation (6.1). 𝝉𝒄(𝒐𝒏) and 𝝉𝒄(𝒐𝒇𝒇) 

denote 𝝉𝒄 = 𝒉𝒄/𝒖∗ for the leaf-on and leaf-off periods (section 6.2.4). All 𝝉 values normalised by 𝝉𝒄 = 𝒉𝒄/𝒖∗. 

Inverse-gamma distributions are flexible and can fit observations from a variety of processes, without always 

reflecting the underlying physical mechanisms. However, surface-renewal theory (SRT) (Danckwerts 1951) 4365 

offers a compelling analogy that warrants further testing with physical models or LES. SRT assumes the 

movement of individual fluid parcels near a surface may be represented as a stochastic process driven by a 

turbulent flow field away from the surface, which is comparable, at least conceptually, to air parcels moving to 

and from a porous forest canopy exposed to the open atmosphere. SRT has been used to estimate the fluxes of 

scalar quantities to and from forests (Paw U et al. 1995; Katul et al. 2013). Under certain SRT assumptions, it 4370 

has been shown that residence times can be well approximated using distributions in the gamma family (Gon 

Seo and Kook Lee 1988; Haghighi and Or 2013, 2015; Katul and Liu 2017; Zorzetto et al. 2021). We hope a 

similar approach may be used to estimate 𝛼𝑠 for other forest types, for example, by using LES to calculate 𝜏 

across a variety of realistic forests (i.e., including openings, edges, and horizontally heterogeneous structure).  

 4375 

We reiterate here that the above discussion does not include the effect of very strong winds on 𝜏 (see 

section 6.2.3), which also lends itself to further testing with LES. We expect 𝛼𝑠 to increase slightly in strong 

winds, when the reconfiguration of tree crowns allows energetic gusts to penetrate further and more regularly 

into the forest canopy. The behaviour of 𝜏 across atmospheric stability regimes is more difficult to parametrise. 

We obtain good fits on both our leaf-on and leaf-off observations in unstable conditions using 𝛽𝑠 = 2ℎ𝑐/𝑤∗ in 4380 

Equation (6.7), where 𝑤∗ = (𝑔𝑤
′𝑇𝑠
′̿̿ ̿̿ ̿̿ ℎ𝑐/𝑇�̿�)

1/3, the Deardorff convective velocity scale (defined locally). 

However, we do not have sufficient spatial resolution in our observations to determine whether this result is 

robust across a range of unstable conditions, or whether it is just a consequence of the flexibility of the inverse-

gamma distribution. In stable conditions, turbulence is dominated by turbulent structures that are intermittent in 

space and time. These intermittent structures can induce complex flow patterns that do not lend themselves to 4385 
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scaling analysis. The following subsection discusses evidence of this complex behaviour and its implications 

for air-parcel residence times. 

6.3.7 Longer residence times evidenced by evening venting events 

On some evenings during the leaf-on period, we observed ‘bumps’ in the [CO2] timeseries shortly after 

fumigation was shut down, whereby the [CO2] decays to a[CO2], rises again by tens of μmol mol-1 for several 4390 

minutes, before decaying again to a[CO2]. Figure 6.10 shows a representative example from 17 August 2020. 

Pools of CO2 can accumulate naturally in forests, e.g., from soil respiration on calm, humid nights, creating 

anomalously high carbon flux values when the pools are vented from the canopy (Cook et al. 2004). The venting 

of natural pools typically occurs in the early hours of the morning, after the CO2 has had time to accumulate in 

the stable nocturnal conditions (Cook et al. 2004), and can last for several hours. Here, the bumps occur shortly 4395 

after shutdown, last for no more than a few minutes, and occur only in the fumigation arrays. We therefore 

believe these bump signals are evidence of the venting from the canopy of trapped fumigation CO2 within the 

canopy, rather than of natural pools (although without isotope analysis it is not possible to conclude with 

absolute certainty). To investigate these bumps further, we filtered the data according to the following criteria: 

at least 15 minutes after the shutdown time, the [CO2] in one or more of the arrays rises by ≥ 15 μmol mol-1 4400 

from the a[CO2] for ≥ 3 minutes. These criteria are somewhat arbitrary but serve to distinguish the signal from 

the inevitable noise as the [CO2] decays to a[CO2]. These criteria identified 41 days with bump events during 

the leaf-on period, from a total of 452 observation days (i.e., about 9% of the time). Using these criteria, no 

bumps occurred in the leaf-off period.  
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 4405 

Figure 6.10: Timeseries of 1-minute averages in (a) the CO2 mixing ration, denoted [CO2] (section 6.2.1), (b) wind 

speed, and (c) wind direction after shutdown on 17 Aug 2020. In panel (a), the dashed green line shows the mean 

[CO2] at each 1-minute time step after shutdown for the leaf-on period (section 6.2.2 for observational details). The 

grey shaded confidence interval in (a) shows one standard deviation either side of the mean. The standard deviation 

is presented here to emphasise that these venting events are not simply symptoms of the variability of the [CO2] 4410 
observations; on this dataset, it is larger than the other two measures of statistical dispersion used in this paper (the 

IQR and 𝑫𝒎𝒆𝒅). The shaded yellow rectangles indicate the approximate duration of the venting events. 

The bumps occurred only when wind speeds were low, all with �̿� < 1.5 m s-1 and typically with �̿�  < 1 m s-1. 

This was a necessary but not sufficient condition; there were days with weak winds but no bump events in the 

[CO2] timeseries. These bump events may be caused by CO2-rich air being trapped within the dense canopy, 4415 

particularly when the surrounding atmospheric conditions are very stable, which can occur on evenings with 

low winds and strong stratification from radiative cooling. The venting occurs when intermittent turbulent 

structures interact with the forest airspace (whose local stability may differ to that of the surrounding 

atmosphere). In very stable conditions, boundary-layer turbulence is intermittent in space and time, and may 

arise from with a variety of phenomena, such as differential heating, top-down turbulent bursts, or larger 4420 

‘submeso’ motions such as microfronts and short gravity waves (Mahrt 2014; Wharton et al. 2017). These 

turbulent structures tend to be highly localised, which could explain why the bumps in our timeseries rarely 
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occurred in more than one array at any one time, even though they typically last for 10 minutes or so 

(Figure 6.10). Detecting intermittent turbulent structures around forests requires dense networks of 3D 

anemometers throughout the canopy, which BIFoR FACE did not have for most of our investigation period (we 4425 

have recently installed several anemometers within the forest for future investigations). However, on a few 

occasions, the meteorological towers around the edge of the forest were able to detect the presence of submeso 

structures.  

 

Figure 6.11: Timeseries after shutdown on 27 Aug 2019 of (a) the magnitude of the velocity vector components 4430 
(m s-1) and TKE (m2 s-2) at 𝒛 = 25 m, (b) T (°C), (c) 𝒛/𝑳 (where 𝑳 is the Obukhov length, section 6.2.5), and (d) [CO2]. 

The dashed grey vertical line indicates the shutdown time and the solid red line the approximate arrival time of the 

warm microfront described in the paragraph below. The high-resolution measurements in (a)–(c) are from on Met 

1, at the southern edge of the BIFoR FACE facility (Figure 6.1 and section 6.2.1). (a) and (b) show 1-min rolling 

means.  4435 

Figure 6.11 presents a case study from 27 August 2019, which was a warm, cloudless day with weak southerly 

winds. Around sunset, and therefore fumigation shutdown (marked with the dashed grey vertical line in 

Figure 6.11), the wind speed was very low—less than 1 m s-1
 at 𝑧 = 25 m at the forest edge (Figure 6.11a) and 

almost zero within the canopy. The TKE was close to zero (Figure 6.11a). A strong temperature inversion 

formed (Figure 6.11b), with the temperature at 𝑧 = 25 m a further few degrees warmer than at 𝑧 = 14 m (not 4440 
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shown). The air around the forest was very stable, with 𝑧/𝐿 ≈ 10–15 (Figure 6.11c). Around 20 minutes after 

shutdown, a warm microfront reached the southern edge of the forest, marked with the solid vertical red line in 

Figure 6.11 and visible in a sharp increase in temperature near the ground (Figure 6.11b). The passage of a 

warm microfront leads to increased local wind speed and turbulent intensity, and decreased atmospheric 

stratification (Mahrt 2019). These changes can be seen in Figure 6.11a, where the horizontal wind speed and 4445 

the TKE increase quickly, and Figure 6.11c, which shows the stability decaying quickly from very stable to 

approximately neutral (i.e., 𝑧/𝐿 ≈  0). The increased wind speed and turbulence cause trapped CO2 to be vented 

from the forest in all the fumigation arrays (Figure 6.11d). As well as providing interesting micrometeorological 

case studies, these venting events provide observational evidence that air-parcel residence times can be much 

longer in stable evening conditions compared with the average daytime values, e.g., at least 20–30 minutes in 4450 

the example in Figure 6.11 and nearly 60 minutes in the example in Figure 6.10. 

6.4 Conclusions 

Our opportunistic investigations of fumigation data from the BIFoR FACE facility provide the first 

observational evidence of air-parcel residence times in the upper canopy of a deciduous forest. Air-parcel 

residence times in the upper half of the forest canopy vary strongly with atmospheric stability, and their statistics 4455 

differ significantly when the forest is in leaf compared to when it is not. Our dataset shows that air parcels in 

the BIFoR FACE facility have the following characteristics: 

1. When the trees are in leaf, we found median daytime residence times, �̃�, are around twice as long (�̃� ≈ 

70 s) as when the trees are not in leaf (�̃� ≈ 34 s). The variability in the values of 𝜏 is over twice as large 

when the trees are in leaf versus when they are not in leaf, e.g., median absolute deviation, 𝐷𝑚𝑒𝑑 ≈ 51 s 4460 

for leaf-on and 𝐷𝑚𝑒𝑑 ≈ 20 s for leaf-off.  

2. For chemically reactive tracers, such as BVOCs, released in the upper canopy during daytime, our 

results suggest the molecules are unlikely to have time to react within the forest unless their reaction 

timescale is in the order of a few minutes or less. 

3. Our results agree with Lagrangian modelling studies that the distributions of 𝜏 are strongly positively 4465 

skewed (e.g., Figure 6.4). For these types of distributions, average values are not representative of the 

population as a whole. Where possible, future investigations should report the distributions of residence 

times, or at least a variability measure to accompany average values. Median values, accompanied by 

the interquartile range or 𝐷𝑚𝑒𝑑, are preferable to the mean and standard deviation because the former 

are more robust measures of highly positively skewed distributions. 4470 

4. The PDFs of residence times can be closely approximated using the inverse-gamma distribution. 

Models using eddy-diffusivity turbulence closure generate plausible average values but overestimate 

the probability of very long residence times in the upper canopy (i.e., the PDF tails are too heavy). We 

find the canopy turnover timescale, 𝜏𝑐 = ℎ𝑐/𝑢∗, provides a good approximation for the scale parameter 

of the inverse-gamma distribution, with the shape parameter a function of the forest’s structure. 4475 

Although outside the scope of the present study, we suggest that careful testing using physical models 
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or LES will be able to generate robust residence time parametrisations based on simple gamma-like 

distributions, where the shape and rate/scale parameters can be estimated from variables such as the 

LAI or wind-velocity statistics, which are available at most forest research sites and, increasingly, at all 

forest locations from remote sensing. 4480 

5. Air-parcel residence times increase with greater stability, as does the variability in their values. In 

unstable conditions, long residence times are much less common than they are in near-neutral or stable 

conditions. In neutral and unstable conditions, the effect of turbulence levels on the residence times can 

be approximated 𝜏 ∝  𝑢∗
−𝛾

. Our data show 𝛾 ≈ 1 in unstable and neutral conditions, but 𝛾 ≈ 0.8 in 

stable conditions.  4485 

6. Very long residence times (tens of minutes to hours) can occur in the evening boundary-layer transition 

when the trees are in leaf. These are evidenced in our data by the venting of trapped CO2 from the 

canopy long after FACE fumigation has been shut down for the day. This behaviour occurs on a little 

fewer than 10% of the days with suitable meteorology in our dataset. Cook et al. (2004) report nocturnal 

venting of pooled CO2 over the course of several hours, which is different from what we see here. We 4490 

are not aware of any other observational evidence of these brief evening venting events, which typically 

last around 5–20 minutes and are highly localised, usually in a single fumigation patch. The evening 

venting events occur only in low winds. We suspect they are evidence of the decoupled forest air space 

interacting with intermittent turbulent structures in very stable conditions. We found a single case study 

of a warm microfront, a type of ‘submeso’ atmospheric motion, causing venting of the forest air space, 4495 

but the causes of the majority of venting events are not known.  

7. The observation of these venting events, and the long residence times they imply, fits with previous 

field studies that nocturnal residence times are often in the order of several hours, rather than the few 

minutes typical of daytime values (Rummel et al. 2002; Martens et al. 2004). The stable boundary layer, 

particularly during the evening and at night, remains poorly understood. Further investigations of 4500 

nocturnal residence times are needed to understand how physical processes determine in-canopy 

chemistry, e.g., the mixing ratios of monoterpenes in boreal forests are at their highest at night, but 

those for isoprene are at their lowest (Hakola et al. 2012). These investigations need to be centred around 

robust observations and physical experiments—nocturnal exchange is dominated by intermittent 

turbulence that is difficult to constrain in numerical models (Mahrt 2014; Sterk et al. 2016; Bannister 4505 

et al. 2022). 

Appendix 6A – Estimating 𝑲𝒆𝒒 in Equation (6.1) 

A variety of methods can be used to estimate 𝐾𝑒𝑞 around vegetation (Monteith and Unsworth 2008; Haverd et 

al. 2009). We use GCF17’s simple parametrisation  

𝐾𝑒𝑞 = 𝑇𝑙𝑔(𝐿𝐴𝐼)𝑢∗ℎ𝑐, (6𝐴. 1) 4510 
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where ℎ𝑐 is the mean height of the canopy, 𝑢∗ is the friction velocity measured at a height ℎ𝑐, 𝑇𝑙 is the 

Lagrangian integral timescale normalised by ℎ𝑐/𝑢∗, and 𝑔(𝐿𝐴𝐼) is a function that adapts the profile of the 

vertical velocity variance to the canopy structure such that 

𝑔(𝐿𝐴𝐼) = 𝑐1
2
2𝑐2 − 4exp(𝑐2) + exp(2𝑐2) + 3

2𝑐2(exp(𝑐2) − 1)
2

 (6𝐴. 2) 

where 𝑐1 and 𝑐2 are modelling constants, with 𝑐1 = 0.9 and 𝑐2 ≈ −0.5–1.5. GCF17 use 𝑇𝑙𝑢∗/ℎ𝑐 = 1/3 from 4515 

Raupach (1989), but we obtain better results on our data using the estimate of Haverd et al. (2009) such that 

𝑇𝑙𝑢∗
ℎ𝑐

= 𝑐4

1 − exp (−
𝑐3𝑧𝑟𝑒𝑙
ℎ𝑐

)

1 − exp(−𝑐3)
, (6𝐴. 3) 

where 𝑐3 = 4.86 ± 1.52 and 𝑐4 = 0.66 ± 0.1, which gives 𝑇𝑙𝑢∗/ℎ𝑐 ≈ 0.6. Taken together, these assumptions 

obtained 𝐾𝑒𝑞 = 1.2 m2 s-1, which was used in Equation (6.1) to generate the GCF17 PDF in Figure 6.3, for 

example. 4520 

Appendix 6B 

 

Figure 6B.1: (a) and (b) PDFs of residence times (section 6.2.3) binned by stability class for the leaf-off period 

(section 6.2.2), plotted on linear and logarithmic axes (base 10), respectively. NN denotes near-neutral conditions. 

See section 6.3.3.2 for definitions and Figure 6.7b, c for analogous results from the leaf-on period. 4525 
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Chapter 7 – Conclusions and Further Work 

Abstract. The first section of this chapter summarises the findings of this thesis, including a discussion of the 

work’s main limitations. The second section of this chapter discusses the wider context of this work and provides 4530 

recommendations for further research. As an illustrative example, the second section presents opportunistic 

experiments at BIFoR FACE, used to generate a rule-of-thumb for scalar transport through a forest.  

7.1 Summary of findings and their limitations 

The aim of this thesis was to investigate and narrow specific gaps and simplifications in our knowledge of 

turbulent exchange in the ABL. I paid particular attention to the transport of scalar quantities, such as pollutants 4535 

and CO2, in patchy inhomogeneous canopies, such as real-world forests and urban areas. I focussed mostly on 

spatial scales of metres to around a kilometre, over timescales of seconds to around an hour, which I refer to as 

the ‘ecosystem scale’ in the context of forests and other vegetated landscapes, and the ‘neighbourhood scale’ in 

the context of urban areas. The work in this thesis is most easily summarised by revisiting the objectives in 

Chapter 1, while keeping in mind the work’s limitations. 4540 

7.1.1 Objective 1: Formulate and assess a model of flow over a spatially inhomogeneous urban area at 

the neighbourhood scale 

Chapter 4 formulated a model of flow over an urban area by representing the buildings and other canopy 

obstacles elements in the urban area through a distributed momentum sink (i.e., as a porous medium), rather 

than attempting to resolve the obstacles directly. This is achieved by averaging the equations of motion over a 4545 

volume that contains several obstacles, which amalgamates the drag force from each obstacle into a continuous 

drag force across the volume. This model, deployed with LES turbulence closure, meets Objective 1 by 

generating vertical profiles of selected flow statistics that compared well with published values from physical 

models and DNS. The main differences between the porous model and the published values occurred near the 

ground, where the porous model under-simulates turbulence intensity. Possible reasons for these differences 4550 

include the surface parametrisation in the WRF LES, ‘missing’ turbulence being captured by the LES model’s 

SGS scheme (only the resolved turbulence was included in the comparison), and over-estimation of turbulence 

in the published values, which mostly study flow around very simplified urban structures such as arrays of 

cuboids, and therefore may over-simulate structures such as reversed flow regions behind the bluff obstacles.  

 4555 

The key advantages of the porous medium model are that (i) it is simple enough to be deployed at the 

neighbourhood scale, using LES turbulence closure, generating robust flow statistics and (ii) it can be adjusted 

using a modest range of geometrical variables. Chapter 4 exploits the second point by simulating six different 

urban areas: a homogeneous case, where frontal-area density was uniform across the entire neighbourhood, and 

five cases with varying size patches of alternating high and low density. The main drawbacks of the porous-4560 

media method result from the representation of the urban form through distributed drag, specifically, with 

vertically constant values for the drag coefficient and the frontal-area density. This approach is likely to be a 

reasonable approximation for urban areas comprising vegetation and obstacles of various shapes and sizes (e.g., 

the Melbourne neighbourhood in Figure 7.1a). However, it would not be suitable for urban areas comprising 
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buildings and little else, or neighbourhoods of large, irregular buildings, such as that in Figure 7.1b. In those 4565 

cases, resolved-obstacle or street-canyon methods are likely to be more appropriate.  

 

 

Figure 7.1: (a) A neighbourhood in Melbourne, Australia comprising buildings of varying shapes and sizes and a 

large proportion of vegetation. (b) A neighbourhood in Nur-Sultan (formerly Astana), Kazakhstan in which the 4570 
landscape is dominated by a relatively small number of large, irregularly shaped buildings. The urban form in (a) 

is likely to be much more amenable to that in (b) to the porous-media method in Chapter 4. The images in (a) and 

(b) are copyright of iStock and Getty Images, respectively. 

7.1.2 Objective 2: Use the urban model with LES to investigate the transport of pollutants in a spatially 

inhomogeneous urban area 4575 

Chapter 4 meets Objective 2 by simulating six urban neighbourhoods, five of which comprise patches of 

alternating high and low density that vary in size from four to sixteen times the mean height of the obstacles. 

On the basis of these results, I proposed two conceptual regimes of neighbourhood-scale flow that emerge from 

the interaction of the flow dynamics with the patch length 𝐿𝑝. The first is the neighbourhood-ventilation regime, 

which occurs in neighbourhoods whose frontal-area density varies in patches where 𝐿𝑝 > 𝑥𝐴 (𝑥𝐴 is the 4580 

adjustment distance of the mean flow). In these neighbourhoods, the mean streamwise velocity component 

adjusts to the change in density as the air moves between the patches. During this adjustment, a strong vertical 

velocity is induced over a distance for 𝑥 < 𝑥𝐴, with a weak vertical velocity component for distances 𝑥 ≫ 𝑥𝐴. 

The second conceptual regime is the neighbourhood-percolation regime, which occurs in neighbourhoods 

whose frontal-area density varies in patches such that 𝐿𝑝 < 𝑥𝐴. In these neighbourhoods, the patches are too 4585 

small for the mean flow to adjust fully within each patch. The magnitude of the vertical velocity component 

around the top of the urban canopy is smaller.  

 

The emergence of the percolation and ventilation regimes profoundly affects the distribution of pollutants, 

which were modelled as being passive, massless, and emitted uniformly across each neighbourhood. In 4590 

neighbourhoods with the ventilation regime (i.e., where density changes in larger patches), the maximum 

pollutant concentrations occur in the dense patches, as intuition would have it. However, in neighbourhoods 

subject to the percolation regime (i.e., where density changes in small patches), the maximum pollutant 

concentrations occur in the sparse patches. The counter-intuitive behaviour arises in these neighbourhoods 

because turbulent exchange is suppressed in the dense patches. Pollutants therefore accumulate over the length 4595 

of the dense patches and are advected into the neighbouring sparse patches. These arguments offer a quantitative 

estimate for what is often referred to as the ‘urban background’ in micrometeorological observations (e.g., 
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DEFRA, 2022): point observations at a distance 𝑥 > 𝑥𝐴 downstream of a density transition (in the direction of 

the prevailing wind) should represent pseudo-equilibria well. 

 4600 

Now to limitations. The results in Chapter 4 are derived on an idealised version of the urban form. It is therefore 

easy to think of examples of urban areas where these results offer little information, e.g., where the 

neighbourhood comprises relatively small numbers of large, irregular buildings (see previous subsection), or 

when investigating a situation for which a neighbourhood spatial average is not very informative, such as 

investigating pollutant dispersion around a busy intersection surrounded by tall buildings. Even in cities where 4605 

the model approximately applies, careful consideration of the local morphology and the behaviour of pedestrians 

is needed to assess the exposure of pedestrians to the emitted pollutants (Kingham et al. 2013; Tenailleau et al. 

2015). An interesting line of further inquiry would be to investigate the effect of atmospheric stability on the 

results in Chapter 4, which considered only neutral conditions. Atmospheric stability can profoundly affect the 

flow, for example, in unstable conditions, scalars are transferred more efficiently with increasing instability 4610 

(Belcher et al. 2012; Wang et al. 2014). Determining whether the flow regimes in Chapter 4 hold across stability 

classes would be useful for questions about scalar transport in porous media more generally. It would also 

inform our knowledge of pollutant transport in urban areas. In general, urban pollutant concentrations are higher 

and more sustained in stable atmospheric conditions because turbulent mixing is supressed (Harrison 2018; Hu 

and Yoshie 2020). However, the effects of atmospheric stability on neighbourhood-scale processes are hard to 4615 

determine from sparse networks of in situ sensors.   

7.1.3 Objective 3: Review and synthesise current understanding of turbulent exchange around forests, 

with a particular focus on patchiness, real forest properties, and scalar quantities  

Part I of Chapter 5 reviews and synthesises current understanding of exchange around forests, paying particular 

attention to patchiness, scalar transport, and other properties of real forests. The mixing-layer analogy—where 4620 

shear generated eddies around the crown top dominate turbulent exchange—has proved remarkably robust in 

forests and other vegetation. However, the analogy assumes near-neutral conditions, with the dynamics 

controlled by the high shear in the mean wind velocity around the tops of the trees. In strongly stable or unstable 

conditions, the velocity shear can be much less influential. As the ABL becomes more unstable, the turbulence 

structure around forests transitions from a shear-driven to a convection-driven regime, i.e., thermal cells govern 4625 

the flow dynamics, and the mixing-layer type turbulence becomes less prominent. Conversely, when the ABL 

is stable, the buoyancy of the air dampens vertical motion. Mixing-layer type coherent structures may still 

develop around a forest, but they are smaller and less energetic than those that form in near-neutral conditions. 

 

Meteorologists and ecologists are often interested in the edges of forests, although the definition of an ‘edge’ 4630 

depends on the context. In aerodynamic applications, we can take ‘edges’ as the parts of the forest where 

momentum and scalar exchange is spatially and temporally variable, because the flow is adjusting to the forest’s 

presence. Using the concept of the adjustment distance 𝑥𝐴, Chapter 5 shows that edge effects dominate turbulent 

exchange in forest stands where 𝐴 < ~3000ℎ𝑐
2. Because forested areas are usually reported in hectares and 

canopy heights in meters, a dimensional version of this estimate is that edge effects dominate in forests where 4635 

𝐴(ℎ𝑎) < 0.3[ℎ𝑐(𝑚)]
2. Recent evidence shows that scalar transport does not necessarily follow the flow in 

realistic settings, meaning scalar quantities are rarely at equilibrium around patchy forests, and significant scalar 

fluxes may form in the lee of forested hills.  
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Most numerical and observational studies of forests assume the landscapes to be horizontally homogeneous, 4640 

with closed canopies, no large patches or gaps, and do not include site specific morphological or ecological 

detail. These assumptions are rarely realistic. For example, forests around the world are becoming increasingly 

fragmented. Edge regions differ from the forest interior both in their mean local climate and in the range of 

meteorological extremes they experience. Even in intact ecosystems, most forest canopies comprise a patchwork 

of openings of many shapes and sizes, formed by senescence, disease, and windthrow. These gaps are significant 4645 

ecologically and structurally. Chapter 5 proposes an approximation that openings with horizontal diameter 

greater than the shear length scale (𝑂𝑑 ≥ 𝐿𝑠) can be considered ‘gaps’, because they are likely to induce fluid 

dynamical effects on the scale of the turbulence that dominates forest-atmosphere exchange. Openings where 

𝑂𝑑 ≪ 𝐿𝑠 can be considered ‘pores’ in that they have only wake-scale effects on the flow and contribute little to 

the overall TKE budget.  4650 

7.1.4 Objective 4: Identify ways in which numerical models of forest-atmosphere exchange, especially 

LES models, can be made more realistic without compromising their ability to resolve turbulence 

The three traditional pillars of ecosystem-scale micrometeorological investigations are observations, theory, 

and physical models (Lemone et al. 2019; Brunet 2020). Over the past few decades, numerical models have 

become increasingly important in meteorology, and the three pillars are now very much a quartet. However, it 4655 

is currently unclear how much the models’ output can be trusted, particularly in heterogeneous landscapes and 

non-neutral weather conditions. Numerical investigations usually simulate only a handful of ecological scalar 

exchanges, assume neutral atmospheric conditions, and focus on forests whose structure has been ‘idealised’ in 

some way. These simplifications are usually for good reason, for example, to reveal canonical processes rather 

than the idiosyncrasies of individual sites, or to reduce the dimensionality of investigations. However, forests 4660 

in the real world rarely resemble the neat approximations found in models. 

 

Part II of Chapter 5 satisfies Objective 4 by discussing ways in which ecosystem-scale numerical models of 

forest-atmosphere exchange can be made more realistic without compromising their ability to resolve 

turbulence. Due to computational expense, it is not practical to resolve directly the forest elements at the 4665 

ecosystem scale. Instead, Chapter 5 proposes ways to modify the transport equations to account efficiently for 

patchy forests and moving plant elements. For example, one can account for the streamlining of plants in high 

wind conditions by incorporating a ‘Vogel number’ into the parametrisation of the aerodynamic drag. Sub-grid 

scale plant movement can be incorporated through poroelastic and mechanical parametrisations, or by including 

a stochastic forcing into the momentum equations at a frequency corresponding to plant movement. Terrestrial 4670 

laser scanning allows researchers to include detailed, site-specific morphological detail in their models, and 

virtual canopy generators can be used to generate realistic forest canopies from a small number of structural 

variables. The effects of non-neutral atmospheric conditions and other weather on forest-atmosphere exchange 

are more difficult to constrain, and are active topics of research (see section 2 of this chapter, below). Numerical 

investigations of patchy vegetation canopies should include calculations of the dispersive fluxes. Real forests 4675 

channel air into gaps and patches, creating spatially coherent structures whose contributions can be as large as 

those induced by turbulence. Ignoring these fluxes may mean ignoring over half of the total momentum flux. 
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Numerical models are at their most useful in fluid-flow research when they measure the unmeasurable—e.g., 

calculating scalar fluxes in non-uniform terrain—or visualise the invisible—e.g., diagnosing coherent turbulent 4680 

structures that can be used to parametrise the flow. Here we encounter the circular limitation that these types of 

models are difficult to test, because they are used to generate information that is unavailable from other methods. 

Barring some great leap in our theoretical understanding, the only way around this limitation is the gradual 

testing and refinement of numerical simulations against what can be measured by high-quality observations and 

physical models. Section 7.2.4 provides a specific example of how experiments of opportunity and targeted 4685 

observational campaigns may be used for this purpose. Another major limitation, common to all turbulent fluid 

modelling, is computing capacity. For canopies in the ABL, a fine spatial resolution is needed to resolve the 

dominant turbulent structures. Chapter 5 provides specific recommendations for LES models of forests—a 

workhorse spatial resolution of Δ𝑥 = Δ𝑦 ≈ 5 m, and Δ𝑧 ≈ 1 m is a good first approximation, where Δ𝑖 is the 

filter width in the 𝑖𝑡ℎ direction. LES models are therefore likely to remain viable only for relatively small 4690 

domains (a few square kilometres) for many years. Despite these constraints, computing capacity is expected to 

increase with time for the foreseeable future. This raises the question of how the extra capacity should be used. 

My opinion is that, for investigations of vegetation-atmosphere exchange, the additional computational capacity 

can be applied most productively (i) to increase the size of the simulated domain, (ii) to include a wider range 

of physical and chemical processes, or (iii) to account for plant movement, rather than simply increasing the 4695 

grid resolution. 

7.1.5 Objective 5: Use the observations from a free-air carbon dioxide enrichment (FACE) facility to 

investigate air-parcel residence times in a real forest, open to the atmosphere 

Chapter 6 uses observations from the BIFoR FACE facility to conduct opportunistic investigations of air-parcel 

residence times, 𝜏, in a mature, deciduous forest. This study used nearly 50 million FACE observations, and 4700 

several billion measurements from the meteorological towers. The results in Chapter 6 are among the very few 

reported observational estimates of air-parcel residence times in forests. It is the first study to (a) use FACE 

observations to investigate forest residence times and (b) to include detailed observational statistics of air-parcel 

residence times. Chapter 6 shows that median daytime residence times in the tree crowns are twice as long when 

the trees are in leaf versus when they are not. Air-parcel residence times increase with greater atmospheric 4705 

stability, as does the variability around their central values. Very long residence times (tens of minutes to hours) 

can occur in the evening boundary-layer transition when the trees are in leaf. These longer residence times are 

evidenced by the sporadic and unpredictable venting of large volumes of pooled air during some calm evenings. 

In neutral and unstable conditions, the effect of turbulence levels on the residence times can be approximated 

𝜏 ∝  𝑢∗
−𝛾

, where 𝛾 ≈ 1 in unstable and neutral conditions and 𝛾 ≈ 0.8 in stable conditions. Probability density 4710 

functions (PDFs) of residence times can be closely approximated using the inverse-gamma distribution. The 

canopy turnover timescale, 𝜏𝑐 = ℎ𝑐/𝑢∗, provides a good estimate for the scale parameter of the inverse-gamma 

distribution, with the shape parameter a function of the forest’s structure. 

 

Chapter 6 calculates residence times from the FACE data using a mass balance approach. Each fumigated array 4715 

at BIFoR FACE is treated as a reservoir of ‘additional’ CO2, i.e., as a reservoir of air with a [CO2] that is elevated 

compared to the ambient [CO2] (a[CO2]; here the brackets denote the mixing ratio, as in Chapter 6). The 

residence time represents the average time each additional molecule of CO2 spends in the fumigated arrays 

before it is transported out by turbulent and advective fluxes, or is taken up by the trees and other plants. As to 
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the limitations, the FACE arrays have diameters of just over 30 m and are not closed at the sides. Air parcels 4720 

can therefore exit the arrays horizontally as well as vertically. Horizontal fluxes in vegetation are very difficult 

to model or measure, and Chapter 6 does not attempt to quantify them. However, long-term analysis of the 

BIFoR FACE observations shows contamination events between the arrays are rare and mostly small, usually 

occurring in strong winds. This suggests that, although the horizontal fluxes from the arrays are always non-

zero, they are likely small in conditions with weak advection. The investigation was therefore limited to low-4725 

to-moderate wind speeds (taken as the lowest 50% of wind speeds). The effect of very strong winds on 𝜏 remains 

untested. In strong winds, the reconfiguration of tree crowns likely allows energetic gusts to penetrate further 

and more regularly into the forest canopy. The effects of the strongest winds therefore may not lend themselves 

to scaling analysis, because the structure of the forest is not constant. However, the inverse-gamma distribution 

is probably flexible enough to account for quite strong winds, by modifying the shape parameter. Chapter 6 uses 4730 

long-term observations, but is limited to a single research site. The method is amenable to testing using 

observations from other FACE facilities, most notably those from EucFACE (see Chapter 3), which has a similar 

experimental setup to BIFoR FACE but in a different forest ecosystem. 

7.2 Recommendations for further work  

To provide context and non-exhaustive recommendations, it is helpful to consider the two broad goals of 4735 

ecosystem-scale micrometeorological research. The first goal is furthering our understanding of the 

microclimates and flow dynamics of cities, forests, and other vegetation canopies. This research is motivated 

by a wide range of problems, from fundamental questions in fluid dynamics, to applied questions in pollution 

transport, ecology, and agricultural science. The second goal is connecting the meteorological microscale to 

larger scales, principally to improve parametrisations in operational forecast models and GCMs.  4740 

7.2.1 Micrometeorological research 

There are few public datasets against which numerical models can be tested. The ability of turbulence-resolving 

models to simulate scalar transport in urban areas, forests, and crops therefore remains poorly understood. More 

field measurements are needed, especially of scalar quantities such as pollutants, CO2, water vapour, and 

bioaerosols. Some of these quantities are already measured extensively, e.g., for pollution monitoring or at 4745 

ecosystem-exchange sites, but usually at a single spatial point and not always at sufficient time resolutions to 

test turbulence-resolving models. Targeted observational campaigns using grids of sensors at various heights 

would be the best way to fill this knowledge gap (e.g., Arnold et al., 2004; Bohnenstengel et al., 2015; Patton 

et al., 2011; Wood et al., 2007). Alongside dedicated campaigns, I recommend that the community also exploits 

the extensive timeseries generated by existing eddy-covariance and FACE facilities, for example, by comparing 4750 

ensembles of models to ensembles of real-world observations, or by using geometric analysis to study the 

statistics of turbulent structures (Belušić and Mahrt 2012; Kang 2015; Chen et al. 2019b).  

 

Further research is needed into the effect of intermediate-scale motions on land-atmosphere exchange. These 

are motions, often called ‘submeso’ motions in the literature, with length scales larger than those typical of 4755 

turbulence, but smaller than the mesoscale and synoptic scales of operational forecasts. Submeso motions are 

difficult to measure because they often manifest as turbulent bursts, intermittent in space and time (Kang et al. 

2015; Mahrt 2019). They are also difficult to model because they do not result from mixing-layer eddies, and 
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therefore must be generated by other means, such as through micro-mesoscale coupling or synthetic turbulence. 

Submeso motions are important because they are common in the atmospheric conditions that tend to be most 4760 

problematic for eddy-covariance ecosystems measurements, such as during stable nights. Discounting their 

effect introduces an unwelcome bias into assessments of land-atmosphere exchange. The time evolution of 

submeso motions is not well understood—tracking them requires a detailed spatial network of instruments. I 

also believe we need measurements collected over deep layers in stable ABL conditions to examine the 

momentum disturbances that create submeso motions. The effect of precipitation on canopy-atmosphere 4765 

exchange has been a topic of recent research activity in urban areas (Liang et al. 2015; Kleine Deters et al. 2017; 

Lin et al. 2018b; Zalakeviciute et al. 2018), but the effects are not well documented in vegetation. Rainfall, for 

example, is a significant source of momentum into vegetation, affecting a variety of ecological processes, as 

well as the plants’ biomechanical response to the flow of air. Given that much of the world’s vegetated area is 

situated in climates where precipitation is common, wet conditions provide an important unexplored area for 4770 

further work. 

7.2.2 Connecting the microscale to larger scales 

The difficulties in parametrising and coupling canopy processes to larger scales is well documented for urban 

areas (e.g., Grimmond et al., 2010, 2011; Silveira et al., 2019; Xie, 2011) and of increasing interest in vegetation 

(Bonan et al. 2018, 2021). Chapter 5 makes some specific recommendations for forested landscapes, which I 4775 

won’t duplicate here. An interesting related line of further enquiry, whose details are beyond the scope of this 

thesis, concerns the use of ‘inexact’ computing to simulate a greater range of time and space scales, but with 

less accuracy and precision (Düben et al. 2014; Palmer 2015). Although it is technically viable to build 

computers powerful enough to resolve processes below the grid scale of operational forecasts—e.g., canopy 

processes or thunderstorms—the electricity consumption and expense of such computers would be prohibitively 4780 

high. Instead, one could acknowledge that atmospheric simulation is inherently probabilistic, because of 

practical insolubility of the Navier–Stokes equations. This allows researchers to trade a certain amount of 

accuracy and precision of the computations in exchange for significant savings in power consumption and/or 

computing performance. This saving is achieved at the hardware level by making the calculations partially 

stochastic, or by reducing the number of bits used to represent individual pieces of information. Initial tests of 4785 

this idea on simplified dynamical systems are promising (Düben et al. 2014; Düben and Dolaptchiev 2015). I 

recommended that researchers test inexact computing hardware in ABL-canopy applications, where it could be 

used to resolve submeso motions, while still approximating the complexity of the flow within and around the 

canopy. 

7.2.3 A case for empiricism in investigations of canopy-atmosphere exchange 4790 

I end these recommendations with a short argument in favour of empiricism in numerical investigations of 

canopy-atmosphere exchange. I use ‘empiricism’ in this subsection in the colloquial sense of solving problems 

using parsimonious solutions, obtained by analysing experimental data. I provide a supporting example in the 

final subsection. This section is not a criticism of more formal arguments, e.g., proceeding from the Navier–

Stokes equations. Theory, experiments, and approximations coexist and co-depend to some extent in all 4795 

scientific disciplines, and they are completely intertwined in meteorology (Stull 1988; Kaimal and Finnigan 

1994). I should therefore explain what I mean. 
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Outstanding problems in atmospheric science are usually framed with the assumption that we know the 

equations we wish to solve, but we are not yet able to solve them with the accuracy and precision that we would 4800 

like. For certain applications, particularly away from the Earth’s surface, this is assumption is correct. However, 

it is very much a physicist’s perspective—equivalent equations for biological and ecological exchanges, if they 

exist, are much less clear. In many surface landscapes, particularly those with lots of living matter, it is not 

possible to model all of the processes completely, even with unlimited computing power. Numerical models of 

surface-layer exchanges, across all time and space scales, need approximations and parametrisations. My call 4805 

for empiricism is essentially a call that these approximations should be based preferentially on experiments, 

rather than on theory. I consider that this is particularly important for scalar quantities, whose statistics are 

currently poorly understood and do not always correspond to those of momentum (Shralman and Siggia 2000; 

Belcher et al. 2012; Katul et al. 2013; Li and Bou-Zeid 2019). 

 4810 

Ideally, the experiments should be specific to the task at hand, e.g., arrays of sensors deployed across different 

forest ecosystems, or around busy traffic intersections in different cities. Practical constraints mean that these 

dedicated studies will be infrequent, and will probably involve lead times of several years. To supplement 

targeted investigations, I recommend that researchers also revisit existing experimental datasets, which may 

involve interpreting observations that were originally envisaged for a different purpose. For example, Chapter 4815 

6 uses FACE observations to develop a new parametrisation of air-parcel residence times in forest canopies. 

Existing infrastructure in the open atmosphere may also be used creatively to extend theoretical models, as 

shown in the final subsection.  

7.2.4 Illustrative example: using opportunistic experiments to extend existing theory 

Micrometeorological measurements in forests typically consist of point observations of the wind velocity 4820 

components, occasionally in conjunction with observations of scalar quantities such as temperature, trace gases, 

or aerosol particles. Scalar quantities are seldom measured at more than one horizontal location at permanent 

research sites. It would therefore be useful if we had a rule-of-thumb that we can use to estimate how quickly 

air parcels or scalar quantities are transported across a forest, e.g., to understand the transport of fungal spores 

within the forest, or pollution encroaching from outside. Such a rule is not easy to obtain using conventional in 4825 

situ observations.  

7.2.4.1 Advection-speed approximation 

In dense forests, the mean streamwise wind speed �̅� inflects around the tops of the trees, increasing 

approximately exponentially with height below the inflection and logarithmically with height above it (Cionco 

1965; Raupach et al. 1996; Finnigan 2000). Below the main crown, a secondary wind-speed maximum may 4830 

occur (Shaw 1977), especially around the edges of forests with open trunk spaces (Dupont et al. 2011). The 

source of this secondary maximum is not certain, although it may result from the turbulent transport of 

momentum from the upper canopy (Shaw 1977) or mesoscale pressure gradients (Holland 1989). To derive a 

an approximate lower bound for the mean wind speed, we ignore cases where a secondary maximum occurs. 

This is likely a reasonable assumption in many forests, such as the deciduous temperate forest at BIFoR FACE, 4835 

which have almost closed edges and dense understories. An approximate lower estimate for �̅� at each height 𝑧 

within the forest can be approximated as 
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�̅�(𝑧) = �̅�ℎ𝑐𝑒
−𝑎𝑐(1−

𝑧
ℎ𝑐
)

(7.1) 

where ℎ𝑐 is the mean height of the trees and �̅�ℎ𝑐  is �̅� at 𝑧 = ℎ𝑐 (Campbell and Norman 1998). The attenuation 

coefficient, 𝑎𝑐, accounts for the flow’s response to the structure of the forest, taking typical values of 2–5.5 for 4840 

mature forests (Cionco 1978). In Baird et al. (2022), I used this model in Monte-Carlo simulations to estimate 

the statistics of spore movement at BIFoR FACE (Appendix A). Rearranging Equation (7.1) slightly gives a 

non-dimensional lower estimate of the mean wind speed, �̅�𝑛, at each height, 

�̅�𝑛 =
�̅�(𝑧)

�̅�ℎ𝑐
= 𝑒

−𝑎𝑐(1−
𝑧
ℎ𝑐
)
. (7.2) 

7.2.4.2 Opportunistic ‘pulse and trace’ experiments 4845 

During normal operation, the BIFoR FACE infrastructure maintains an elevated [CO2] in each of the fumigation 

arrays during daylight hours. I used the FACE infrastructure outside its usual purpose by releasing sustained 

pulses of CO2-rich air10 from a small number of points on a single array. I then used the FACE sensors to track 

the movement of the pulses across the forest. I performed the pulse experiments in both the leaf-off and leaf-on 

periods, on days such that the local meteorological conditions allowed the orientation of the FACE infrastructure 4850 

to capture the movement of the pulses. This approach is analogous to monitoring the passage of chemical or 

particle plumes, which is well documented in the literature relating to urban air quality (e.g., Belcher, 2005; 

Philips et al., 2013; Wang et al., 2006). Researchers have investigated tracer plumes or pulses in forested 

environments, for example, in investigations of chemical signalling (Murlis et al. 2000), water-vapour transport 

(Jiménez-Rodríguez et al. 2021), and the transport of smoke from forest fires over large areas (Goodrick et al. 4855 

2013; Vaughan et al. 2018). This is the first report of the pulse and trace approach being used to investigate 

microscale transport in a forest. 

 

Table 7.1 presents the details of the pulses, including the meteorological conditions at the release arrays. I 

performed the leaf-on experiment on 7 October 2020, after normal fumigation shutdown. Two pulses were 4860 

released, denoted P1_on and P2_on, respectively, where ‘on’ refers to the leaf-on period. The wind direction 

was approximately southerly. The pulses were therefore released from the southern edge of Array 1, so that the 

wind carried the CO2-rich air north across the forest. The evening was mostly dry, although there was a brief 

rain shower just before P2_on. Atmospheric conditions were neutral to weakly stable.  

 4865 

I performed the leaf-off experiment on 22 March 2021 during daylight hours (the site is not fumigated in March). 

Four pulses were released (denoted Pi_off, where 𝑖 = 1–4 and ‘off’ refers to the leaf-off period.) The wind 

direction was north-westerly, and the pulses were therefore released from the north-west edge of Array 4. 

Conditions were dry. Atmospheric conditions were weakly unstable. All the pulses—in both seasons—were 

released from four standing towers, spaced around a metre apart from one another, on the edge of the release 4870 

array.  

 
10 BIFoR FACE does not have sensors to measure the mixing ratio of the CO2-rich air at the moment of release. However, 

the flow rate was well over 1000 kg (CO2) hr-1, which is typically only required in strong winds to maintain the usual 

elevated [CO2] of 550 𝜇mol mol-1 at BIFoR FACE. The mixing ratio of the air was therefore probably high given that 

winds were quite light on the days of the pulses, say, 1000–2000 𝜇mol mol-1 at the moment of release. 
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Figure 7.2: (a) [CO2] timeseries for P1_on; and (b) P3_off (see above in section 7.2.4.2 and Table 7.1). On the time 

axis, 0 corresponds to the beginning of each pulse. The dashed grey line indicates the time at which the pulse was 4880 
stopped. In the lower panels, the y-axis is normalised so that the signal is expressed as a proportion of the maximum 

[CO2] recorded at 𝒛 ≈ 24 m for each array during each pulse. The release arrays for the leaf-on and leaf-off 

experiments were, respectively, Arrays 1 and 4. 

Figure 7.2 presents the [CO2] timeseries for (a) P1_on and (b) P3_off. The figures for the other four pulses are 

omitted here to avoid repetition. On the time axis, 0 corresponds to the beginning of each pulse. The dashed 4885 

grey line indicates the time at which the pulse was stopped. In the lower panels, the y-axis is normalised so that 

the signal is expressed as a proportion of the maximum [CO2] recorded in each array during each pulse. We 

observe peaks in the [CO2] in the release arrays shortly after 𝑡 = 0. In Figure 7.2a, there is a smaller peak just 

before 𝑡 = 0 where the infrastructure was tested before the first pulse, P1_on. A short time later, peaks in the 

[CO2] appear in the timeseries for the other arrays as the CO2-rich air is transported across the forest. The time 4890 

taken depends on the wind speed and direction, and the distance of the detecting array from the release array, 

as discussed in the next subsection. Even in these simple examples, we see evidence of the flow’s complexity. 

In Figure 7.2, the [CO2] is highly variable even in the release arrays, despite the flow rate into the array being 

almost constant. This fluctuation is probably because of localised shifts in wind direction, and eddies of varying 

[CO2] moving past the sensors in the middle of the arrays. We also see inconsistent signals in the detection 4895 

arrays, consisting of spikes in the [CO2] followed by an exponential decay, rather than sustained elevated [CO2] 

values. 

7.2.4.3 Comparison of the mean wind speed and pulse advection speed 

Table 7.1 lists the arrays in which each pulse was detected by the 1 Hz sensors mounted at 𝑧 ≈ 20–23 m on the 

central tower of each array. The ‘time taken from release to first detection’ is the time difference between the 4900 

beginning of each pulse and the first non-trivial increase in the [CO2] at any of the other arrays. Here, ‘non-

trivial’ means an increasing sequence in an array’s [CO2] timeseries that resulted in a [CO2] > a[CO2] by at least 
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15 𝜇mol mol-1. In Table 7.1, the mean pulse advection speed �̅� is taken as the distance between the release and 

detection arrays divided by the time take time taken from release to first detection. The normalised pulse 

advection speed �̅�𝑛 = �̅�/�̅�ℎ𝑐.  4905 

 

Using Equation (7.2), at a height of 16 m in a mature forest canopy of ℎ𝑐 = 25 m, we expect �̅�𝑛 ≈ 0.15–0.5 

(16 m is a good estimate of the mean release height of the pulses). This range is similar to the normalised speed 

of the pulses through the canopy of the woodland, for which the mean and median values of �̅�𝑛 ≈ 0.3 (also at 

𝑧 ≈ 16 m). Only the minimum and maximum values of �̅�𝑛 (0.03 and 0.94, respectively) fell outside the expected 4910 

range �̅�𝑛 ≈ 0.15–0.5. These results tentatively suggest that �̅�𝑛 ≈ �̅�𝑛, i.e., that pulses/plumes of scalar quantities 

in forest crowns appear to be transported on the mean flow, to a first-order approximation. The limited sample 

size of this experiment means one should be cautious about over-generalising this finding. However, it shows 

that established theory may be extended using contemporary experimental equipment, provided that researchers 

are willing to revisit material that is ‘well-known’. 4915 
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