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Abstract  6 

Large-eddy simulations (LESs) of inversion-capped neutral atmospheric boundary layers 7 

(ABLs) are augmented to earlier small-domain LESs of a sparse forest and field 8 

observation to evaluate the budgets of all non-negligible resolved-scale Reynolds stress 9 

components. The focus is on the atmospheric surface layer comprised of the roughness 10 

sublayer (RSL) in and above horizontally homogeneous forests and the inertial sublayer 11 

(ISL) above the RSL over flat terrain. The greater LES domain and ABL depths result in 12 

greater depths of both the RSL and the ISL. A key result is that in the upper portions of the 13 

canopy and above, pressure redistribution is a major sink of normal stress in the horizontal 14 

direction with mean shear production as a major source, whereas in the horizontal direction 15 

absent of mean shear production and in the vertical direction, pressure redistributions are 16 

major sources of normal stresses. In the lower portions of the canopy where mean shear 17 

production and turbulent transport are much reduced, pressure redistributions are major 18 

sources of horizontal velocity variances but a major sink of vertical velocity variance. 19 

Pressure transport is a greater source of vertical velocity variance than turbulent transport 20 

from the ground level to just under the treetops where it transitions to a major sink up to 21 

about 1.5 times canopy height. This greater significance of pressure transport over 22 

turbulent transport increases with increased vegetation area index (VAI). The impact of 23 

increased geostrophic wind speed is negligible compared to that of increased VAI on 24 

enhancing normalized budget terms in the vicinity of treetops. 25 
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1 Introduction 28 

It has been three decades since the pioneering work by Shaw and Schumann (1992) using 29 

large-eddy simulation (LES) to study airflow in and above horizontally homogeneous 30 

forest canopies on flat ground. Since that time LES has been applied to many roughness 31 

surface types, including various plant canopies, topographies, and cities. Some of these 32 

studies have been for heterogeneous surfaces, such as windbreaks, forest edges, forest 33 

clearings, patches, leaf area index (LAI) inhomogeneity, and vineyards (Patton et al. 1998; 34 

Albertson et al. 2001; Yang et al. 2006a, 2006b, 2006c; Dupont and Brunet 2008a, 2009; 35 

Cassiani et al. 2008; Bohrer et al. 2009; Dupont et al. 2011, 2012; Huang et al. 2011; 36 

Schlegel et al. 2012, 2015; Chahine et al. 2014; Lopes et al. 2015; Boudreault et al. 2017; 37 

Nakao and Hattori 2019; Ma et al. 2020). A comprehensive survey of LES studies of 38 

airflow in and above horizontally heterogeneous plant canopies and flows associated with 39 

plant canopies on hilly terrain and urban structures (Dupont et al. 2008; Patton and Katul 40 

2009; Ross 2011; Giometto et al. 2016; Liu et al. 2019; Nazarian et al. 2020; Blunn et al. 41 

2022) is beyond the scope of this paper. 42 

For horizontally homogeneous plant canopies on flat ground, which is the situation for 43 

this study, previous LES studies have investigated various aspects of airflow in and above 44 

plant canopies. These include the effects of vegetation area density (Shaw and Schumann 45 

1992; Dupont and Brunet 2008b; Huang et al. 2009) and thermal stability (Shaw and 46 

Schumann 1992; Nebenführ and Davidson 2015; Patton et al. 2016), validating single-47 

point (Su et al. 1998a) and two-point (Su et al. 2000) turbulent statistics against field 48 

observations, diffusion and dispersion from continuous sources in plant canopies (Su and 49 

Leclerc 1998; Pan et al. 2014a), the flexibility of plants (Dupont et al. 2010; Pan et al. 50 

2014b), the failure of K theory (Banerjee et al. 2017), and the characterization of coherent 51 

structures (Kanda and Hino 1994; Su et al. 2000; Fitzmaurice et al. 2004; Watanabe 2004, 52 

2009; Finnigan et al. 2009; Huang et al. 2009; Gavrilov et al. 2013; Bailey and Stoll 2016). 53 

Shaw and Patton (2003) concluded that it is unnecessary to carry a prognostic equation for 54 

the wake energy in the LES of airflow in forest canopies despite wake energy being 55 
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comparable in magnitude with subgrid-scale (SGS) kinetic energy resulting from the 56 

cascade of the resolved-scale kinetic energy. Patton et al. (2003) studied the influence of a 57 

forest on top-down and bottom-up diffusion in a convective boundary layer using two-way 58 

nesting LES (Sullivan et al. 1996). 59 

The primary motivation of the present work is to use the LESs to evaluate the budgets 60 

of all important Reynolds stress components in the atmospheric surface layer that is 61 

comprised of the roughness sublayer (RSL) in and above forests and the inertial sublayer 62 

(ISL) above the RSL, in inversion-capped neutral atmospheric boundary layers (ABLs). 63 

Similar analyses have been carried out for a neutral ABL (Andrén and Moeng 1993), and 64 

cloud-topped ABLs (Heinze et al. 2015), in which the surface layer is poorly resolved and 65 

the RSL is not explicitly resolved. To our knowledge, LES evaluation of the budgets of all 66 

Reynolds stress components in the RSL in and above plant canopies are still largely 67 

missing in the literature. Only the budgets of turbulent kinetic energy (TKE) (Dwyer et al. 68 

1997; Shen and Leclerc 1997; Yue et al. 2008; Nebenführ and Davidson 2015; Watanabe 69 

et al. 2020) or tangential shear stress (Shen and Leclerc 1997; Dupont et al. 2011) have 70 

been evaluated. This is also the case in laboratory experiments (Raupach et al. 1986; Brunet 71 

et al. 1994; Nepf and Vivoni 2000; Poggi et al. 2004; Yue et al. 2008) and in situ 72 

observations (Shaw and Seginer 1985; Leclerc et al. 1990; Meyers and Baldocchi 1991; 73 

van Hout et al. 2007). Dupont et al. (2012) presented the budgets of vertical and streamwise 74 

velocity variances deep into a pine stand from the edge region, but the budget of spanwise 75 

or crosswind velocity variance was absent. A contribution the LES can make is to quantify 76 

the pressure-gradient interactions (Wyngaard 2010) in Reynolds stress budgets that have 77 

been extremely difficult, if not impossible to measure in the laboratory and field (Maitani 78 

and Seo 1985; Shaw et al. 1990). We will evaluate the parametrizations of the pressure-79 

gradient interaction (including pressure redistribution and pressure transport) in a 80 

companion paper. This split is similar to Heinze et al. (2015) and (2016) for cloud-topped 81 

ABLs. Perret and Patton (2021) used a multiscale decomposition to quantify the interscale 82 

transfer of TKE and Reynolds shear stress between the larger resolved scales in the ABL 83 

and the smaller resolved scales near the canopy top. This is different from the typical 84 

decomposition (horizontal mean and departure from it) used in this study, which does not 85 

separate contributions between large and small resolved eddies. 86 
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Our first analyses on these topics were reported in a doctoral dissertation (Su 1997) and 87 

a conference paper (Su et al. 1998b). A question that has remained since is how the results 88 

may be impacted by the limited domain in that early LES, which is 9.6 and 3 times of 89 

canopy height (hc) in the horizontal and vertical directions, respectively. This was typical 90 

in the earlier LESs of airflow in and above plant canopies (Shaw and Schumann 1992; 91 

Kanda and Hino 1994; Dwyer et al. 1997; Shen and Leclerc 1997; Su et al. 1998a; Shaw 92 

and Patton 2003; Fitzmaurice et al. 2004). Su et al. (2000) used a domain size twice as 93 

large or grid spacing half of those in Su et al. (1998a) in both the vertical and horizontal 94 

directions. However, those simulations have not been used to evaluate Reynolds stress and 95 

their budgets, which is addressed as part of the work presented here. Increasingly larger 96 

LES domains (normalized by hc) have been used in later studies (Watanabe 2004, 2009; 97 

Yue et al. 2007; Dupont and Brunet 2008b; Finnigan et al. 2009; Huang et al. 2009; Dupont 98 

et al. 2010; Gavrilov et al. 2013; Nebenführ and Davidson 2015; Bailey and Stoll 2016), 99 

but only a few used a large enough vertical domain to allow realistic ABL depths (Patton 100 

et al. 2003; Patton et al. 2016; Banerjee et al. 2017). In this study, four LES cases with a 101 

large domain (50 hc in the horizontal and 77 hc in the vertical) while maintaining the same 102 

fine grid resolution as our earlier small-domain LESs are augmented to study the impacts 103 

of different vegetation area index (VAI) and external pressure-gradient force. These 104 

simulations yielded much greater ABL depths, which allowed us to study whether a 105 

logarithmic layer or the ISL survives above the RSL (Jiménez 2004), and the depths of 106 

both the RSL and the ISL. 107 

A description of the four large-domain LES cases and their differences with the four 108 

earlier small-domain LES runs are given in Sect. 2, along with the budget equations for the 109 

resolved-scale Reynolds stress. In Sect. 3, we first present and contrast profiles of mean 110 

winds and Reynolds stress components in two different horizontal coordinates, including 111 

the depths of both the RSL and the logarithmic layer or ISL. We then discuss the Reynolds 112 

stress budgets in two different horizontal coordinates, and the effects of vegetation density 113 

and its vertical distribution, geostrophic wind speed, LES domain size, and grid spacing.  114 

 115 
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2 Methodology 116 

 117 

2.1 Large-Eddy Simulations 118 

The LES explicitly resolves the temporal evolutions of spatially filtered velocity 〈ui〉, the 119 

virtual potential temperature 〈θ〉, the kinematic static pressure 〈p〉 (a deviation from the 120 

horizontal mean kinematic static pressure P ρ
0

⁄ ) in which ρ
0
 is a reference air density, and 121 

subfilter-scale (SFS) kinetic energy 〈e〉, over a three-dimensional array of grids by solving 122 

the following set of equations: 123 

∂〈ui〉

∂t
= −

∂〈ui〉〈uj〉

∂xj

−
1

ρ
0

∂P

∂xi

+
g

θ0

〈θ〉δi3 −
∂〈p*〉

∂xi

−
∂τij

∂xj

− 2Ωjϵijk〈uk〉 + Fi, (1) 

∂〈θ〉

∂t
= −

∂〈θ〉〈uj〉

∂xj

−
∂τθj

∂xj

, (2) 

∂〈uj〉

∂xj

= 0, (3) 

∂
2〈p*〉

∂xi
2

=
∂

∂xi

{−
∂〈ui〉〈uj〉

∂xj

 + 
g

θ0

〈θ〉δi3 −
∂τij

∂xj

− 2Ωjϵijk〈uk〉 + Fi} , (4) 

∂〈e〉

∂t
= −

∂〈e〉〈uj〉

∂xj

− τij

∂〈ui〉

∂xj

−
g

θ0

τθjδi3 + 
∂

∂xi

(2km

∂〈e〉

∂xi

) − ε − εfd, (5) 

where t is time; g is gravitational acceleration; xi = (x1, x2, x3) = (X, Y, Z) are the local 124 

Cartesian coordinates with the positive (X, Y, Z) pointing to the east, north and upwards, 125 

respectively (Holton and Hakim 2012); ui = (u1, u2, u3) = (U, V, W) are corresponding 126 

velocities; Ωj = Ω(0, cos ϕ, sin ϕ) are the angular velocity components of the Earth with Ω  127 

being the angular speed of the Earth and ϕ being the latitude; θ0  is a reference virtual 128 

potential temperature; δij  denotes the Kronecker delta; and ϵijk  denotes the Levi-Civita 129 

tensor. The Einstein summation convention for repeated indices is applied. An angular 130 

bracket denotes a resolved-scale (or filtered) variable with a double prime indicating an 131 

SFS fluctuation. Like in previous LESs of horizontally homogeneous ABLs over flat 132 

terrains (Moeng 1984), the resolved-scale vertical velocity 〈W 〉 is a deviation from the 133 

hydrostatic balance and the horizontal average (denoted by an overbar). At each time step 134 

in the LES code, 〈W〉 = 0 is enforced by removing the horizontal average of the vertical 135 

component of the right-hand side (r.h.s) of (1) at all altitudes. This is also applied to (4). 136 
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The anisotropic (deviatoric) part of the SFS stress tensor is defined and parametrized 137 

as in Moeng (1984), τij = Sij − δij Skk 3⁄ = − km(∂〈ui〉 ∂xj⁄ + ∂〈uj〉 ∂xi⁄ ), in which the total 138 

SFS stress tensor is defined as Sij = 〈ui"uj"〉 +〈ui"〈uj〉〉+ 〈〈ui〉uj"〉, and km is the SFS eddy 139 

diffusivity for momentum. The isotropic part of the SFS stress Skk 3⁄ = 2〈e〉 3⁄  is combined 140 

with 〈p〉  in defining 〈p*〉 = 〈p〉 + 2〈e〉 3⁄  (Deardorff 1972; Moeng 1984; Pope 2000; 141 

Wyngaard 2010; Hanjalić and Launder 2011).  142 

The SFS heat flux is parametrized as τθj = kh(∂〈θ〉 ∂xj⁄ ) with kh being the SFS eddy 143 

diffusivity for heat. The parametrizations of km, kh, and free-air dissipation ε can be found 144 

in Moeng (1984), Moeng and Wyngaard (1988): km = Ckl〈e〉1/2, kh = (1+ 2l Δ⁄ )km, ε = 145 

cε 〈e〉
3/2 l⁄ , Δ = [(1.5ΔX)(1.5ΔY)ΔZ]1/3 , Ck = 0.1 , cε = 0.93 , l = Δ  except for stable 146 

stratification  l = 0.76〈e〉1/2[(g θ0⁄ )(∂〈θ〉 ∂Z⁄ )]−1/2, and ΔX, ΔY, ΔZ are grid mesh spacing. 147 

The canopy form drag is parametrized as Fi = − Cdap(〈ui〉〈ui〉)
1/2〈ui〉  (Shaw and 148 

Schuman 1992), in which Cd = 0.15 is the drag coefficient derived from measurement 149 

inside the Camp Borden forest (Su et al. 1998a), and ap represents one-sided leaf area 150 

density in the deciduous forest at Camp Borden (Neumann et al. 1989) and in LES Runs 151 

A‒D (Su et al. 1998a, 2000) or projected (frontal) vegetation area density in LES Cases 1‒152 

4. The effects of wind speed (Su et al. 2008) and streamlining (Rudnicki et al. 2004; 153 

Vollsinger et al. 2005; Pan et al. 2014b) on Cd are not considered, nor are the effects of 154 

volume and aperture restriction in semi-porous barriers like a forest (Chatziefstratiou et al. 155 

2014). This is a much simpler treatment than resolving fine-scale plant structure in a corn 156 

canopy (Yue et al. 2007), or parametrizing the drag force of fractal trees using the 157 

renormalized numerical simulation technique (Graham and Meneveau 2012), or 158 

numerically treating fractal trees as immersed boundaries (Schröttle and Dörnbrack 2013). 159 

Following Shaw and Patton (2003), the conversion of 〈e〉 to wake-scale kinetic energy is 160 

calculated as the work performed by SFS motions against the form drag εfd = 161 

8

3
Cdap(〈ui〉〈ui〉)

1/2〈e〉. 162 

Four LES cases were performed using a domain of (1000 m, 1000 m, 1536 m) in the 163 

(X, Y, Z)  directions with (500, 500, 768) uniform grids of (2 m)3. The domain size, 164 

especially in the vertical, is significantly greater than those in Su et al. (2000). This allows 165 

us to examine the effects of limited vertical domain and the artificial momentum source at 166 
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the top of the domain in our earlier LES (Su et al. 1998a). The numbers of three-167 

dimensional grids (500, 500, 768) in this study are greater than (320, 320, 320) in Banerjee 168 

et al. (2017) but smaller than (2048, 2048, 1024) in Patton et al. (2016) which is beyond 169 

the computational resources available to us. The horizontal domains are greater, 71.4 hc in 170 

Banerjee et al. (2017) and 250 hc in Patton et al. (2016), but these two studies yielded 171 

smaller ABL depths than the present study as discussed later. 172 

The near-neutral case in Patton et al. (2016) had a heat flux 0.24 K m s-1 (300 W m-2) 173 

at the canopy top, which is not insignificant when compared to sensible heat flux observed 174 

over forests at many long-term carbon cycle study sites (e.g., Schmid et al. 2003). Pedersen 175 

et al. (2014) specifically discussed the impacts of surface heat fluxes on the differences 176 

between neutral and near-neutral ABLs. In comparison, the total heat fluxes by the forest 177 

canopies are 0.05 K m s-1 in Patton et al. (2003) and 0.18 K m s-1 in Banerjee et al. (2017) 178 

for their respective LESs of convective boundary layers. In our simulations, sensible heat 179 

fluxes at the ground surface and at the surfaces of forest elements are all zero. However, 180 

our simulated ABLs are not classic Ekman ABLs (Andrén and Moeng 1993) but are 181 

inversion-capped neutral ABLs with zero heat flux at the surface (Moeng and Sullivan 182 

1994; Lin et al. 1997; Pedersen et al. 2014; Salesky et al. 2017; Berg et al. 2020).  183 

Similar to Moeng and Sullivan (1994), the initial velocity field was set to the 184 

geostrophic wind (zero vertical velocity) throughout the LES domain. The initial values of 185 

〈θ〉 were set to 300 K below the height Z = 500 m = 25 hc  and increased above this height 186 

at a rate of 6 K km
-1

. However, there are differences in the initial fields of 〈θ〉 among the 187 

various LESs of inversion-capped neutral ABLs. Pedersen et al. (2014) and Berg et al. 188 

(2020) set up initial values of 〈θ〉 increasing linearly from the bottom to the top of their 189 

LES domains at a rate of 3 K km
-1

 in Berg et al. (2020) and four different rates of (1, 3, 6, 190 

10) K km
-1

 in Pedersen et al. (2014). These initially stable ABLs undoubtedly hindered 191 

and slowed down the growth of turbulence and the ABL depths, and contributed to longer 192 

simulation times to reach a quasi-equilibrium state. On the other hand, the final ABL 193 

heights after reaching a quasi-steady state in Moeng and Sullivan (1994), Salesky et al. 194 

(2017), and Banerjee et al. (2017) are near the altitudes where very large rates of increase 195 

in 〈θ〉 with height (80‒128 K km
-1

) are initially set. 196 
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The external horizontal mean pressure-gradient forces are defined by the geostrophic 197 

wind −(1 ρ
0

⁄ ) ∂P ∂Y⁄  =  f
c
U

G
  and −(1 ρ

0
⁄ ) ∂P ∂X⁄  = −  f

c
V G. In this study, we set VG to 198 

zero. The Coriolis parameter f
c
 is for the latitude of Howland, Maine, USA, where the four 199 

new LES cases were performed for a related field project. The model forests have a height 200 

(hc) of 20 m with VAI (m2 m-2) values of 2 and 6.5. The profiles of vegetation area density 201 

ap (m2 m-3) (Fig. 1) are similar to case2 in Dupont et al. (2008b) in their LES study of the 202 

influence of foliar density profile on canopy flow, as well as a fully leafed deciduous forest 203 

(Baldocchi and Meyers 1988). 204 

Fully developed turbulent ABLs are achieved and the flow reached a quasi-steady state 205 

after 4.5 h of simulation time. This is slightly longer than the total simulation time in Moeng 206 

and Sullivan (1994) and the 4 h for reaching a quasi-steady state in Salesky et al. (2017), 207 

but shorter than those in Pedersen et al. (2014) and Berg et al. (2020) due to much stronger 208 

geostrophic winds and much rougher surface over tall forests in the present study. After 209 

reaching a quasi-steady state, each LES case was performed for an additional 1.5 h, and 210 

simulations over the last three large-eddy turnover times were saved every 1 min or 0.5 211 

min for UG = 20 or 40 m s-1, respectively, for the analyses presented here. The mean wind 212 

profiles throughout the ABLs (Fig. 2a, b) are used to discuss the impact of horizontal 213 

coordinate rotation on Reynolds stress and their budgets. Additional full boundary-layer 214 

profiles of first- and second-order statistics, snapshots of X-Z and X-Y slides of turbulent 215 

streamwise and vertical velocities, and energy spectra, are provided in Appendix 1. 216 

In addition to smaller domains, a number of differences in our earlier LESs (Su et al. 217 

1998a, 2000) from the above four large-domain LES cases are noted here. First, there is no 218 

external horizontal pressure-gradient force and the airflow is driven by a momentum source 219 

at the top of the domain in the X-direction with a total strength equal to the sum of form 220 

drag imposed by the canopy at each time step. The artifacts due to this momentum source 221 

and the limited vertical domain in our earlier LESs on Reynolds stress and their budgets 222 

are the main concerns we have and aim to exam in this study. Second, the Coriolis force is 223 

neglected. All of these could impact the horizontal mean wind and subsequently the 224 

Reynolds stress. An example is that the constant momentum flux above the canopy in the 225 

earlier small-domain LES runs is absent in the 4 large-domain LES cases. Another example 226 

is the mean wind shear production of Reynolds stress discussed later. Third, the buoyancy 227 
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force is zero and there is no capping inversion, therefore, the airflow is purely neutral. 228 

Fourth, the SFS kinetic energy includes both cascade of resolved-scale kinetic energy and 229 

wake production inside the canopy. The length-scale in SFS eddy diffusivity is reduced to 230 

1/4 of that determined by grid spacing based on wake production being about 4 times of 231 

shear production of SFS kinetic energy. Fifth, only a sparse forest (LAI = 2) was studied 232 

with a different profile of ap (Fig. 1). However, the four earlier LES runs did include a case 233 

with a smaller grid spacing. Finally, the model forest in the earlier LES runs also has a 234 

height (hc) of 20 m. 235 

 236 

Fig. 1 Profiles of ap  representing one-sided leaf area density in the deciduous forest at Camp Borden 237 

(Neumann et al. 1989) and in LES Runs A‒D (Su et al. 1998a, 2000) or projected (frontal) vegetation area 238 

density in LES Cases 1‒4. The vertical integration of ap through the canopy yields LAI or VAI (m2 m-2) 239 

 240 

The same field observations used in Su et al. (1998a, 2000) for comparing single- and 241 

two-point statistics in and above a deciduous forest near Camp Borden military base in 242 

Ontario, Canada, are used here to compare shear production, turbulent transport, and 243 
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canopy form drag destruction in the budgets of Reynolds stress. Detailed descriptions of 244 

the site and experiment can be found in Shaw et al. (1988). The forest is primarily mixed 245 

hardwood with principle species being aspen and red maple. The average height of the 246 

forest was about 18 m. Turbulence data of velocities and temperature collected at 10 Hz 247 

from ultrasonic anemometer-thermometers (Kaijo Denki Co., Ltd.) at seven heights on two 248 

scaffolding-type towers were selected from day 280 (October 7) and day 281 (October 8) 249 

in 1986 when the wind came from directions with sufficient upwind fetch (~ 4 km). The 250 

leaf area density profile for day 281 (LAI = 2.08) is given in Fig.1. Five 30-min records of 251 

10-Hz data under near-neutral conditions (−0.05 < hc L⁄  < 0.01) were used, where L is 252 

the Obukhov length calculated from measurements at the canopy top. Similar to Shaw et 253 

al. (1988), the averaging time is 30 min. A horizontal coordinate rotation was applied to 254 

force each 30-min mean lateral velocity to zero. A second coordinate rotation in the x-z 255 

plane to force the mean vertical velocity to zero was applied only to measurements above 256 

the canopy, because the presence of individual trees and branches can distort the flow and 257 

cause local non-zero mean vertical velocities (Baldocchi and Hutchinson 1987). Su et al. 258 

(1998a) applied linear detrending in their analyses and found it made negligible difference 259 

on calculated statistics. 260 

 261 

2.2 Reynolds Stress Budgets 262 

In the following, an overbar denotes a horizontal average and a prime indicating a deviation 263 

therefrom. However, all budget terms and turbulent statistics presented below are further 264 

averaged over samples saved every 1 min or 0.5 min for UG = 20 or 40 m s-1 over the last 265 

three large-eddy turnover times of simulations to form quasi-steady-state statistics 266 

(Pedersen et al. 2014; Patton et al. 2016; Salesky et al. 2017; Berg et al. 2020). The 267 

Reynolds stress and kinetic energy are all kinematic, but the term “kinematic” is omitted 268 

in the rest of the paper for the sake of brevity. 269 

The budget equation for the resolved-scale Reynolds stress tensor 〈ui〉'〈uk〉' may be 270 

written as, 271 

 272 
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∂〈ui〉'〈uk〉'

∂t
=−

∂〈ui〉'〈uk〉' 〈uj〉 

∂xj⏟          
Aik

−
∂〈ui〉'〈uk〉'〈uj〉'

∂xj⏟          
Tik

r

−(〈ui〉'〈uj〉' 
∂〈uk〉 

∂xj

+〈uk〉'〈uj〉' 
∂〈ui〉 

∂xj

)
⏟                      

Pik

 

 

+(
g

θ0

〈ui〉'〈θ〉' δk3 +
g

θ0

〈uk〉'〈θ〉' δi3)
⏟                      

Bik

− 2Ωj (ϵkjm〈ui〉'〈um〉' + ϵijm〈uk〉'〈um〉')⏟                      
Cik

 

 

−(〈ui〉'Fk' + 〈uk〉'Fi')⏟            
Dik

−(〈ui〉'
∂τkj'

∂xj

 + 〈uk〉'
∂τij'

∂xj

)
⏟                

Λik

−(〈ui〉'
∂〈p*〉'

∂xk

 + 〈uk〉'
∂〈p*〉'

∂xi

)
⏟                  

Πik

, 
(6) 

where terms on the r.h.s represent advection by the mean wind Aik , transport by the 273 

resolved-scale turbulence Tik
r , mean-gradient production (Wyngaard 2010) or action by 274 

mean strain (Hanjalić and Launder 2011) Pik , buoyancy effect Bik , Coriolis effect Cik , 275 

destruction by form drag due to forest elements Dik (Su et al. 1997), the anisotropic part of 276 

SFS-stress-gradient interaction Λik , and a modified pressure-gradient interaction 277 

(Wyngaard 2010) or velocity-pressure-gradient tensor Πik (Pope 2000). The term modified 278 

is used here because 〈p*〉 = 〈p〉 + 2〈e〉 3⁄  so that Πik is the sum of the pressure-gradient 279 

interaction Πik
<p>

 due to 〈p〉 and the isotropic-SFS-stress-gradient interaction Πik
<e> due to 280 

Skk 3⁄ = 2〈e〉 3⁄ . The sum of the r.h.s of (6) is denoted by Σik. For horizontally homogeneous 281 

forests in inversion-capped neutral ABLs, Aik  is zero, Bik  and Cik  are negligible. These 282 

three terms will not be shown or further discussed in the results below. 283 

The anisotropic part of the SFS-stress-gradient interaction Λik may be decomposed into 284 

two parts, 285 

Λik =−(
∂〈uk〉'τij'

∂xj

+
∂〈ui〉'τkj'

∂xj

)
⏟              

Tik
s

+ (τij'
∂〈uk〉'

∂xj

+ τkj'
∂〈ui〉'

∂xj

)
⏟                

Iik

, 
(7) 

where Tik
s  may be interpreted as transport by anisotropic SFS stress, and Iik  represents 286 

interscale transfer from the resolved scales to the subfilter scales (Wyngaard 2010). If a 287 

prognostic equation for τij  is solved in an LES (Deardorff 1973a, 1973b), −Iik  would 288 

appear in this equation.  289 

A similar decomposition may be written for the isotropic part of the SFS-stress-gradient 290 

interaction. However, in incompressible airflow, a term equivalent to the non-transport 291 

second term on the r.h.s of (7) is zero in the budget of the resolve-scale TKE, even though 292 
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we have found that this term can be either positive or negative in the budgets of the 293 

resolved-scale normal stresses. That is, this term does not transfer kinetic energy from the 294 

resolved scales to the subfilter scales, and only redistributes the resolved-scale kinetic 295 

energy among normal stress components. This is the primary rationale to combine  Πik
<e> 296 

with Πik
<p>

 as the modified pressure-gradient interaction Πik in (6). This is not done in the 297 

earlier small-domain LES study of TKE budget in and above forests (Dwyer et al. 1997). 298 

However, we also found that transport by the isotropic part of SFS-stress is much smaller 299 

than that by 〈p〉 in the budget of vertical velocity variance and TKE, which is in agreement 300 

with Dwyer et al. (1997). It is noted that the pressure transport is zero in the budget of 301 

horizontal velocity variance due to horizontal homogeneity. 302 

The classic decomposition of the pressure-gradient interaction term Πik is, 303 

Πik =−(
∂〈ui〉'〈p*〉'

∂xk

+
∂〈uk〉'〈p*〉'

∂xi

)
⏟                

Tik
p

+(〈p*〉'
∂〈ui〉'

∂xk

+ 〈p*〉'
∂〈uk〉'

∂xi

)
⏟                  

Rik

, 
(8) 

where the divergence of pressure flux part Tik
p

 may be interpreted as transport by pressure 304 

fluctuations, the trace-free or deviatoric part Rik  represents redistribution by pressure 305 

fluctuations and has been termed energy redistribution (Rotta 1951; Mellor 1973), 306 

tendency-towards-isotropy (Donaldson 1973), return-to-isotropy (Stull 1988), pressure 307 

strain (Launder et al. 1975), pressure-rate-of-strain tensor (Pope 2000), and in the budgets 308 

of velocity variances or normal stresses, the intercomponent TKE transfer (Wyngaard 309 

2010). This decomposition was used in the more recent work by Heinze et al. (2016) in 310 

their LES study of cloud-topped ABLs in which Rik is called the pressure-scrambling term. 311 

Both the second-order closure models for canopy flows developed by Wilson and Shaw 312 

(1977) and by Wilson (1988) used this decomposition as they followed the work by Mellor 313 

(1973) and by Launder et al. (1975), respectively. 314 

Lumley (1975) argued that the above customary decomposition is not unique and likely 315 

a wrong choice. It was proposed that the most natural definition of the deviatoric part of 316 

Πik seemed to simply subtract the trace (Lumley and Khajeh-Nouri 1975; Lumley 1979),  317 

Πik =Πik+
2

3

∂〈uj〉'〈p*〉'

∂xj

δik
⏟            

Rik
L

−
2

3

∂〈uj〉'〈p*〉'

∂xj

δik
⏟          

Tik
L

, 
(9) 
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where Rik
L  and Tik

L  represent the deviatoric part and the transport term in this decomposition 318 

(denoted by the superscript L), respectively. This decomposition was used in the LES of a 319 

neutrally stratified ABL (Andrén and Moeng 1993), and in the third-order closure model 320 

for airflow in and above plant canopies (Meyers and Paw U 1986). It was also evaluated 321 

by Su (1997) and Su et al. (1998b) for the resolved-scale Reynolds stress using the small- 322 

domain LES of airflow in and above a sparse forest (Su et al. 1998a). 323 

Another decomposition was proposed by Mansour et al. (1988) but here only written 324 

for the resolved-scale flow field, 325 

Πik =Πik+
〈ui〉'〈uk〉'

〈E〉

∂〈uj〉'〈p
*〉'

∂xj⏟              

Rik
M

−
〈ui〉'〈uk〉'

〈E〉

∂〈uj〉'〈p
*〉'

∂xj⏟            

Tik
M

, 
(10) 

where 〈E〉 = 〈ui〉'〈ui〉' 2⁄  is the resolved-scale TKE, Rik
M  is the deviatoric part, and Tik

M 326 

represents transport in this decomposition (denoted by the superscript M).  327 

Groth (1991) argued that as the starting point of many turbulence models, the transport 328 

equations for the Reynolds stress must be written in an unambiguous way and all terms 329 

ought to be given correct physical interpretation. By considering Newton’s second law for 330 

an infinitesimal cube volume of fluid with uniform and constant density, Groth (1991) 331 

demonstrated that the classic decomposition (8) be the appropriate choice. Moreover, both 332 

decompositions (9) and (10) have an obvious flaw in assigning non-zero pressure transport 333 

in homogeneous directions, which are the horizontal directions in this study.  334 

Here, we propose the following decomposition, 335 

Πik =Πik+(
∂〈ui〉'〈p*〉'

∂xk

+
∂〈uk〉'〈p*〉'

∂xi

) δik

⏟                    

Rik
*

−(
∂〈ui〉'〈p*〉'

∂xk

+
∂〈uk〉'〈p*〉'

∂xi

) δik

⏟                  

Tik
*

, 
(11) 

where Rik
*  is the deviatoric part and Tik

*  represents the pressure transport term, respectively. 336 

For tangential Reynolds shear stress, this decomposition (denoted by the superscript *) is 337 

the same as Lumley’s decomposition (9) such that the transport term is zero, which we 338 

found to work better than the classic decomposition (8) in the RSL. However, for the 339 

normal stresses, this decomposition is the same as the classic decomposition (8) such that 340 

pressure transport is zero in the homogeneous (horizontal) directions, hence it does not 341 



 14 

have the flaw criticized by Groth (1991) and suffered by Lumley’s decomposition (9) and 342 

by Mansour’s decomposition (10). 343 

 344 

 345 

Table 1 Model parameters and flow statistics for the 4 large-domain LES cases. Calculated at the canopy 346 

top are the horizontal mean wind velocity 〈u〉
hc

, the horizontal mean wind directional angle αhc
, the 347 

turbulent shear length scale Ls, the friction velocity u*, and the bulk drag coefficient CD. Estimates of the 348 
zero-plane displacement height d and the roughness length z0 are explained in Sect. 3.1. The ABL height zi 349 

determined by the maximum ∂〈θ〉 ∂z⁄  is followed by its value based on the peak negative heat flux in a 350 

parenthesis. The total velocity variances are u'2 = 〈u〉'
2
+ τxx+ 2〈e〉 3⁄ , v'2 = 〈v〉'

2
+ τyy+ 2〈e〉 3⁄ , and w'2 = 351 

〈w〉'
2
+ τzz+ 2〈e〉 3⁄  352 

Variable (unit) Case 1 Case 2 Case 3 Case 4 

VAI    (m2 m-2) 2 6.5 2 6.5 

UG      (m s-1)  20 20 40 40 

〈u〉
hc

    (m s-1) 2.70 2.20 4.44 3.79 

αhc
     (°) 46.3 44.4 38.2 37.8 

Ls hc⁄  0.33 0.15 0.33 0.15 

u*      (m s-1) 0.95 0.91 1.57 1.59 

CD 0.12 0.17 0.13 0.18 

d hc⁄  0.82 0.93 0.81 0.93 

z0 hc⁄  0.15 0.13 0.15 0.14 

zi hc⁄  51.3(35.9) 52.6(39.1) 64.5(41.6) 64.4(36.8) 

Logarithmic layer 2.9‒5.6hc 2.3‒3.3hc 2.7‒5.4hc 2.8‒4.2hc 

u'2 u*
2⁄   at z hc = 1⁄  2.98 2.94 3.10 3.00 

〈u〉'
2

u*
2⁄   at z hc = 1⁄  2.81 2.71 2.93 2.77 

v'2 u*
2⁄   at z hc = 1⁄  1.46 1.27 1.51 1.35 

〈v〉'
2

u*
2⁄   at z hc = 1⁄  1.29 1.04 1.34 1.13 

w'2 u*
2⁄   at z hc = 1⁄  1.07 0.90 1.07 0.90 

〈w〉'
2

u*
2⁄   at z hc = 1⁄  0.88 0.61 0.87 0.61 

u'2 u*
2⁄   at z hc = 2⁄   3.63 3.77 4.07 4.25 

〈u〉'
2

u*
2⁄   at z hc = 2⁄  3.44 3.56 3.88 4.05 

v'2 u*
2⁄   at z hc = 2⁄   2.37 2.44 2.40 2.69 

〈v〉'
2

u*
2⁄   at z hc = 2⁄  2.19 2.23 2.21 2.49 

w'2 u*
2⁄   at z hc = 2⁄  1.59 1.69 1.57 1.68 

〈w〉'
2

u*
2⁄   at z hc = 2⁄  1.41 1.48 1.39 1.48 

 353 

Wilson and Shaw (1977) followed Mellor (1973) in omitting the pressure flux  〈ui〉'〈p*〉' 354 

because of poor understanding of it or by assuming it is negligibly small (Hanjalić and 355 

Launder 1972). Wilson (1988) also neglected the pressure transport term Tik
p

 following 356 
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Launder et al. (1975). On the other hand, Meyers and Paw U (1986) simply followed 357 

Zeman and Lumley (1976) to parameterize the pressure flux in the equations of normal 358 

stresses by excluding the rapid part of pressure perturbation, with the simplest invariant 359 

model 〈ui〉'〈p*〉' =− 0.2〈uk〉'〈uk〉'〈ui〉' . However, some assumptions (e.g., homogeneous 360 

turbulence) used to derive this parametrization, including the coefficient 0.2 (Lumley 1979), 361 

are likely invalid for airflow in the RSL within and above plant canopies. 362 

 363 

 364 

Table 2 Model parameters and flow statistics for the 4 earlier small-domain LES runs (Su et al. 1998a, 365 
2000). All 4 LES runs have the same model forest with a height hc of 20 m and an LAI of 2 (Fig. 1) 366 

Variable (unit) Run A Run B Run C Run D 

Domain size 

(Lx, Ly, Lz)   (m) 

(192,  

192, 

60) 

(192,  

192, 

120) 

(192,  

192, 

60) 

(384,  

384, 

120) 

Number of grids 

(Nx, Ny, Nz)    

(96, 

96, 

30) 

(96, 

96, 

60) 

(192, 

192, 

60) 

(192, 

192, 

60) 

〈u〉
hc

    (m s-1) 0.95 0.93 0.96 1.00 

Ls hc⁄       0.64 0.67 0.43 0.70 

u*      (m s-1) 0.27 0.28 0.28 0.31 

CD 0.08 0.09 0.08 0.10 

d hc⁄  0.75 0.75 0.73 0.74 

z0 hc⁄  0.09 0.11 0.09 0.12 

Logarithmic layer 1.4‒1.6hc 1.7‒2.1hc 1.4‒1.7hc 1.8‒2.6hc 

u'2 u*
2⁄   at z hc = 1⁄  3.26 3.49 3.38 3.78 

〈u〉'
2

u*
2⁄   at z hc = 1⁄  2.95 3.01 3.07 3.32 

v'2 u*
2⁄   at z hc = 1⁄  1.65 1.85 1.71 1.88 

〈v〉'
2

u*
2⁄   at z hc = 1⁄  1.33 1.37 1.39 1.42 

w'2 u*
2⁄   at z hc = 1⁄  1.35 1.52 1.46 1.48 

〈w〉'
2

u*
2⁄   at z hc = 1⁄  1.03 1.05 1.12 1.03 

u'2 u*
2⁄   at z hc = 2⁄   3.94 3.67 4.03 4.40 

〈u〉'
2

u*
2⁄   at z hc = 2⁄  3.56 3.40 3.79 4.16 

v'2 u*
2⁄   at z hc = 2⁄   2.16 2.10 2.07 2.23 

〈v〉'
2

u*
2⁄   at z hc = 2⁄  1.77 1.83 1.83 1.99 

w'2 u*
2⁄   at z hc = 2⁄  1.85 1.85 1.76 1.75 

〈w〉'
2

u*
2⁄   at z hc = 2⁄  1.46 1.58 1.52 1.50 

 367 

 368 
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3 Results 369 

Evaluations of the Reynolds stress budgets using LESs (Andrén and Moeng 1993; Moeng 370 

and Sullivan 1994; Heinze et al. 2015) and higher-order closure models (Donaldson 1973; 371 

Mellor 1973; Mellor and Yamada 1974, 1982; Sun and Ogura 1980) of the ABLs have 372 

been presented in the (X, Y, Z) coordinate. Most of their counterparts in the surface layer, 373 

including the RSL (Wilson and Shaw 1977; Shaw and Seginer 1985; Meyers and Paw U 374 

1986; Wilson 1988; Leclerc et al. 1990; Meyers and Baldocchi 1991; Katul and Albertson 375 

1998) have adopted the streamline coordinate (x, y, z) which is often defined by the mean 376 

wind at the canopy top with z = Z over flat terrain. This is because of the need to compare 377 

model results with field observations or wind-tunnel experiments. In Table 1, the horizontal 378 

mean wind velocities at the canopy top in the (x, y, z) coordinate are denoted by (〈u〉
hc

, 379 

〈v〉
hc
) in which 〈v〉

hc
= 0. Although Ayotte et al. (1999) presented the governing equations 380 

of a second-order closure model for neutrally stratified vegetative canopy flows in the 381 

(X, Y, Z) coordinate, all simulations were shown in rotated coordinates so that the mean 382 

flow is in the x-direction. Both the Coriolis force and the external pressure-gradient force 383 

were neglected in that study. An exception is the simplified second moment closure model 384 

for turbulent airflow in and above a forest (Yamada 1982), which was applied in the 385 

(X, Y, Z) coordinate. The two coordinates differ when horizontal mean wind direction 386 

changes with altitude, which is the case in shear-driven ABLs in barotropic atmosphere 387 

(Andrén and Moeng 1993; Moeng and Sullivan 1994; Lin et al. 1997; Berg et al. 2020). 388 

Below we compare profiles of horizontal mean wind velocities, Reynolds stress containing 389 

horizontal velocities and their budgets between these two coordinates for the 4 large-390 

domain LES cases (Table 1). Any parametrization schemes, including those for pressure 391 

redistribution we evaluate in a companion paper, should be applicable to both coordinates. 392 

The (x, y, z) coordinate results from rotating the (X, Y, Z) coordinate in the X-Y plane by 393 

the angle αhc
 which is the horizontal mean wind directional angle counter-clockwise from 394 

the east at the canopy top (Table 1). Also calculated at the canopy top are the turbulent 395 

shear length scale Ls = 〈u〉hc
(∂〈u〉 ∂z⁄ )

hc

⁄  in which (∂〈u〉 ∂z⁄ )
hc

 is the mean wind shear 396 

(Raupach et al. 1996), the friction velocity u* ={(〈u〉'〈w〉' + τxz)
2

+ (〈v〉'〈w〉' + τyz)
2

}
1 4⁄

 397 
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in which τxz and τyz are the SFS shear stresses, and the bulk drag coefficient CD = u*
2 〈u〉

hc

2

⁄ . 398 

Results from the 4 earlier small-domain LES runs (Table 2) and field observation at Camp 399 

Borden, as well as their comparisons with the 4 large-domain LES cases, are presented in 400 

the (x, y, z) coordinate, in which the velocity components are denoted by (u, v, w) with 401 

w = W and 〈w〉 = 0. 402 

In addition to much smaller domains, the earlier LES Runs A‒D (Table 2) are not 403 

driven by a prescribed external pressure-gradient force as typically done in an LES of 404 

shear-driven ABL (Andrén and Moeng 1993; Moeng and Sullivan 1994; Lin et al. 1997; 405 

Berg et al. 2020) and in the 4 large-domain LES Cases 1‒4 in this study (Table 1). Instead, 406 

a momentum source is added at the top of the domain that equals the total moment sink 407 

imposed by the forest canopy. Because of the artifacts of this momentum source, Su et al. 408 

(1998a, 1998b) presented results up to 2 hc. This is followed below for the results from 409 

LES Runs A and C, and up to 3 hc for the results of LES Runs B and D (Su et al. 2000) 410 

because they have a vertical domain twice of that in Runs A and C (Table 2). 411 
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 412 

Fig. 2 Profiles of 〈U〉 and 〈V〉: (a) and (c); 〈u〉 and 〈v〉: (b) and (d); horizontal mean wind directional angle 413 

α counter-clockwise from the east: (e); normalized mean wind 〈u〉 〈u〉
hc

⁄ : (f). The logarithmic mean wind 414 

profiles in (d) and (f) are calculated as (u* κ⁄ )ln[(z − d) z0⁄ ] in which κ = 0.4 is the von Kármán constant. 415 

The values of u*, d, and z0 are given in Tables 1 and 2 416 
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3.1 Mean Wind 417 

The contrast in horizontal mean wind in the east-north (X, Y) coordinate (Fig. 2a) and in 418 

the streamline coordinate (x, y) defined at the canopy top (Fig. 2b) is shown for LES Cases 419 

2 and 4. Both 〈U〉 and 〈V〉 (Fig. 2a) are positive throughout the ABL. In contrast, only 〈u〉 420 

is positive throughout the ABL, and 〈v〉 is mostly negative in the bulk of the ABL (Fig. 2b), 421 

except inside the forest (Fig. 2d). The ± signs of the horizontal mean wind velocities and 422 

of their vertical gradients determine the ± signs of corresponding vertical momentum flux 423 

or tangential Reynolds shear stress (Fig. 3c, d) and their shear production (Fig. 6). Similar 424 

to Moeng and Sullivan (1994), the profiles of 〈U〉 and (〈𝑈〉
2
+ 〈𝑉〉

2
)
1/2

 (not shown) in the 425 

present study (Fig. 2a) do not show the supergeostrophic jet near the top of the ABL that 426 

has been shown in other LESs of inversion-capped neutral ABLs (Lin et al. 1997; Pedersen 427 

et al. 2014; Salesky et al. 2017; Berg et al. 2020). A number of factors could contribute to 428 

this and other differences in the mean wind profiles among these studies. First, the RSL in 429 

and above the forest canopies are explicitly resolved and the moment sink (form drag) is 430 

distributed throughout the 20 m tall forests in the present study. In contrast, the RSL is not 431 

explicitly resolved (including the case with z0 = 0.83 m representing urban centres in Lin 432 

et al. 1997). The main momentum sink is SFS stress parametrized with wind at the first 433 

grid from the surface with roughness lengths that varied among different studies (0.01 m 434 

in Pedersen et al. 2014; 0.05 m in Berg et al. 2020; 0.10 m in Salesky et al. 2017; 0.018 m 435 

to 0.83 m in Lin et al. 1997). Patton et al. (2003) illustrated differences in mean wind 436 

profiles with and without a plant canopy in a convective boundary layer. Other factors that 437 

also varied among these studies include: (1) the geostrophic wind speed or external 438 

horizontal pressure gradient force; (2) the ABL depth; (3) the inversion strength in the free 439 

atmosphere above the ABL (Pedersen et al. 2014); and (4) the grid resolution which is 440 

important both near the surface and in the capping inversion layer or interfacial layer 441 

between the well-mixed layer below and the stable free atmosphere above (Berg et al. 442 

2020). Lin et al. (1997) reported that the supergeostrophic jet is reduced in both speed and 443 

the vertical extent when the surface roughness length increases. In comparison, the 444 

roughness length is more than three times greater (z0 = 2.6 − 3 m) in our simulations 445 

(Table 1) than the largest value in Lin et al. (1997). 446 
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Focusing on the surface layer below 5 hc, 〈U〉 and 〈V〉 are comparable in magnitude in 447 

and above both the sparse (LES Case 1) and the dense (LES Case 2) model forests, except 448 

in the lower half of the dense forest where 〈U〉 is negligible compared to 〈V〉 (Fig. 2c). This 449 

is because turbulent transport of horizontal momentum is much reduced in the lower half 450 

of the dense forest (Fig. 3c), and 〈V〉 is largely maintained by the external pressure-gradient 451 

force in the Y-direction. In contrast, 〈v〉 is mostly negligible compared to 〈u〉, except in the 452 

lower part of the dense forest where 〈u〉 is comparable to 〈v〉 (Fig. 2d), both of which are 453 

largely vector components of 〈V〉. The horizontal mean wind directions changed little with 454 

altitude above the canopy and do not differ significantly between the two model forests for 455 

the same external horizontal pressure-gradient force (Fig. 2e), which is in agreement with 456 

Lin et al. (1997) in the surface layer over both smooth and rough surfaces. However, the 457 

horizontal mean winds illustrate increased counter-clockwise rotation with increased depth 458 

into the forest, and this wind directional shear is much stronger in the dense model forest 459 

as 〈U〉 is more rapidly diminished with increased depth into the forest (Fig. 2c). Significant 460 

wind directional shear has also been observed in an old-growth temperate rainforest (Pyles 461 

et al. 2004). A stronger external pressure-gradient force or equivalent geostrophic wind 462 

(LES Cases 3 and 4) yielded a smaller horizontal wind direction angle α, including αhc
 at 463 

the canopy top, by 6o‒8o (Table 1). The values of α in the surface layer of the shear ABL 464 

(Moeng and Sullivan 1994) are another 5o‒8o smaller. As a result, the magnitudes of 〈V〉, 465 

〈V〉'
2
 and 〈V〉'〈W〉' are more different (smaller) than 〈U〉, 〈U〉'

2
 and 〈U〉'〈W〉' in Moeng and 466 

Sullivan (1994), and in LES Cases 3 and 4, than in LES Cases 1 and 2. There is little 467 

horizontal mean wind directional shear in the earlier LES Runs A‒D (Table 2) both above 468 

and inside the sparse model forest. This is because both the Coriolis force and the external 469 

pressure-gradient force are neglected, and the horizontal mean wind is maintained by 470 

downward turbulent transport of momentum, which is not diminished to negligible level in 471 

the lower half of the sparse model forest (Fig. 4d).  472 

The logarithmic layer is identified by matching 〈u〉 and (u* κ⁄ )ln[(z− d) z0⁄ ] with the 473 

differences between them less than 0.01 m s-1, where κ = 0.4 is the von Kármán constant. 474 

The zero-plane displacement height d  is calculated as the mean level of momentum 475 



 21 

absorption d = ∫ z(du'w' dz⁄ )
hc

0
dz ∫ (du'w' dz⁄ )

hc

0
dz⁄  (Thom 1971; Jackson 1981; Brunet et 476 

al. 1994; Su et al. 1998a; Nepf and Vivoni 2000). For the LESs in this study, we have 477 

u'w' = 〈u〉'〈w〉' + τxz  and v'w' = 〈v〉'〈w〉' + τyz. The impact of v'w' is negligible since it is 478 

much less than u'w' in the upper portions of the canopy (Fig. 3d) where the momentum 479 

absorption has the dominant impact on estimated d. This method for estimating d does not 480 

depend on mean wind or momentum flux in either RSL or ISL above the canopy. Therefore, 481 

it does not have to resort to an empirical function to account for the impact of RSL on the 482 

flux-gradient relation for moment derived for the ISL above the canopy as was the case in 483 

Weligepolage et al. (2012). The roughness length z0 is then found by fitting the logarithmic 484 

mean wind profile (u* κ⁄ )ln[(z− d) z0⁄ ] to 〈u〉 from the LES in a layer above the forest 485 

where 〈u〉 is a linear function of ln(z− d) (Su et al. 1998a). The difference in identified 486 

logarithmic layer is negligible when (〈u〉
2

+〈v〉
2

)
1/2

 instead of 〈u〉 is used because 〈v〉 ≪ 487 

〈u〉 in the surface layer above the canopy (Fig. 2d). Below the logarithmic layer is the RSL 488 

(Kaimal and Finnigan 1994). In the above canopy portion of the RSL, the horizontal mean 489 

wind is stronger than that specified by corresponding logarithmic profile hence a weaker 490 

mean wind shear (Fig. 2d, f) due to stronger turbulence mixing or enhanced eddy 491 

diffusivity (Raupach et al. 1986; Garratt 1992; Brunet et al. 1994; Su et al. 1998a).  492 

The depths of both the RSL and the logarithmic layer are the smallest in LES Runs A 493 

and C, which have the smallest vertical domain, and the depths increased with increased 494 

LES domain (Tables 1 and 2). All 4 earlier small-domain LES runs (Table 2, Fig. 2f) 495 

yielded the RSL depths less than the typical range of 2− 3 hc , which however, are 496 

produced by the 4 large-domain LES cases (Table 1, Fig. 2d). The smallest domain in LES 497 

Run C yielded a stronger vertical shear of horizontal mean wind between 1.4 hc and 2 hc, 498 

than LES Run D, and the latter better matched observed mean wind at about 2 hc (Fig. 2f). 499 

This contributes to difference in shear production of Reynolds stress in the same region 500 

between LES Runs C and D discussed later (Fig. 9a, b). As expected and shown in previous 501 

LES work (Shaw and Schumann 1992; Dupont and Brunet 2008b), the dense forest (LES 502 

Case 2) yielded a much stronger vertical shear of horizontal mean wind than the sparse 503 

forest (LES Case 1) near the canopy top (Fig. 2c, d). The turbulent shear length scale Ls 504 



 22 

(Table 1) for the dense forest (LES Cases 2 and 4) is less than half of that for the sparse 505 

forest (LES Cases 1 and 3). The values of Ls for the earlier small-domain LES Runs A, B, 506 

and D (Table 2) are about twice that in LES Cases 1 and 3 due to smaller vegetation density 507 

in the upper portions of the canopy despite of the same LAI or VAI value of 2. A reduced 508 

grid spacing in LES Run C led to a smaller Ls and stronger shear at the canopy top. It 509 

should be noted that the RSL is not explicitly simulated in the LESs of shear ABLs (Andrén 510 

and Moeng 1993; Moeng and Sullivan 1994; Lin et al. 1997; Berg et al. 2020), including 511 

over a rough surface representing the centre of large towns and cities with z0 = 0.83 m (Lin 512 

et al. 1997), which is less than 1/3 of the values in this study (Tables 1, 2). It is not clear if 513 

or how the zero-plane displacement height d is represented over this rough surface because 514 

the vertical grid spacing of 7.5 m (Lin et al. 1997) could be less than d over urban canopies 515 

in the centre of large towns and cities. Despite of this, Lin et al. (1997) reported mean 516 

winds in the surface layers being linear functions of ln(z z0⁄ ) with different roughness 517 

values: smooth (z0 = 0.018 m), rough (z0 = 0.83 m), and intermediate (z0 = 0.16 m). 518 

However, the mean wind profiles from their LESs are not directly compared with the 519 

logarithmic profile as we have done here (Fig. 2d, f). Andrén and Moeng (1993) failed to 520 

produce the logarithmic wind profile in the surface layer, which could be due to a coarser 521 

grid resolution (30 m in the vertical direction) and deficiencies in the SFS stress modelling. 522 

Unlike Andrén and Moeng (1993), Lin et al. (1997) adopted the two-part SFS eddy-523 

viscosity model (Sullivan et al. 1994) which has been shown to improve in producing the 524 

logarithmic mean wind profiles in the surface layer. 525 

The ABL height zi for the 4 large-domain LES Cases 1‒4 (Table 1) is determined by 526 

the height of maximum ∂〈θ〉 ∂z⁄  following Sullivan et al. (1998) since it is consistent with 527 

flow visualization and representative of entrainment interface. This is also adopted in 528 

Patton et al. (2016) and Berg et al. (2020). At these values of zi, the friction velocities are 529 

reduced to 0.2‒0.6% of respective maximum values at the canopy top, and 〈V〉̅̅ ̅̅  are close to 530 

zero as the mean winds approach geostrophic (Fig. 2a). These values of zi are greater by 531 

35‒43% (LES Cases 1 and 2) and 55‒75% (LES Cases 3 and 4) than those (values of zi in 532 

the parentheses in Table 1) determined by the minimum (peak negative) heat flux, which 533 

is used in Moeng and Sullivan (1994), Lin et al. (1997), Pedersen et al. (2014), Salesky et 534 

al. (2017), and Banerjee et al. (2017), but has been shown to be more variable in time 535 
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(Sullivan et al. 1998). These differences are further discussed in Appendix 1. The values 536 

of zi  determined by maximum ∂〈θ〉 ∂z⁄  are also greater than those when the friction 537 

velocity is reduced to 10% of its maximum value at the surface (Andrén and Moeng 1993), 538 

which is at the canopy top in the present study (Table 1). Despite these differences, the 539 

ratio zi hc⁄  in LES Cases 1‒4 are much greater (at least 36 hc) than earlier LESs of airflows 540 

in and above plant canopies (Shaw and Schumann 1992; Dwyer et al. 1997; Shen and 541 

Leclerc 1997; Su et al. 1998a, 2000; Dupont and Brunet 2008b; Finnigan et al. 2009) and 542 

wind-tunnel experiment (Raupach et al. 1986; Brunet et al. 1994; Shaw et al. 1995). The 543 

values of zi in our four large-domain LES cases are also greater than those in the other 544 

larger-domain high-resolution canopy-resolving LESs (Patton et al. 2016; Banerjee et al. 545 

2017) or larger-domain LESs of inversion-capped neutral ABLs over smoother surfaces 546 

(Pedersen et al. 2014; Berg et al. 2020). This indicates that the much larger horizontal 547 

domains in these studies do not necessarily lead to greater ABL depths. Finally, these 548 

values of zi allow comparisons to be made among studies in which different length scales 549 

(zi or hc) are used in normalizing Reynolds stress and their budgets in the surface layer 550 

comprised of the RSL and the ISL. An example is comparing energy spectra at different 551 

normalized heights among different studies (Fig. 13f and Fig. 14f) in Appendix 1. 552 

  553 

3.2 Reynolds Stress 554 

The contrast in normalized horizontal velocity variances in the (X, Y) coordinate (Fig. 3a) 555 

and in the (x, y)  coordinate (Fig. 3b) between LES Case 1 ( VAI = 2 ) and Case 2 556 

(VAI = 6.5) is shown in the surface layer below 5 hc. Similar to the mean wind velocities 557 

(Fig. 2c), 〈U〉'
2
 and 〈V〉'

2
 also have comparable magnitudes (Fig. 3a), including in the lower 558 

half of the dense forest where a difference is that 〈U〉 is negligible compared to 〈V〉 (Fig. 559 

2c). Similar to the field observations (Shaw et al. 1988), 〈u〉'
2
 is significantly greater than 560 

〈v〉'
2
 above both model forests and in the top 1/3 of the canopy where both 〈u〉'

2
 and 〈v〉'

2
 561 

decreased with increased depth into the canopy more rapidly in the denser model forest 562 

(Fig. 3b). These decreases are also more rapid in 〈u〉'
2
 than in 〈v〉'

2
 such that 〈u〉'

2
 is less 563 

than 〈v〉'
2
 in the lower half of the sparse (VAI = 2) forest, which has also been observed in 564 



 24 

a partially defoliated (LAI = 1.6) forest (Shaw et al. 1988), and shown in the LES of Patton 565 

et al. (2016) in and above a deciduous walnut orchard (one-sided plant area index PAI = 2) 566 

in near-neutral stratification. In the lower half (trunk space) of both model forests, the 567 

values of 〈U〉'
2
, 〈V〉'

2
, 〈u〉'

2
 and 〈v〉'

2
 are very close to each other and vary little with height. 568 

Their normalized (by u*
2) values are ~ 0.2 in the dense forest, and 0.3‒0.4 in the sparse 569 

forest (Fig. 3b) and in Patton et al. (2016) after we changed the velocity scale used for 570 

normalization in Patton et al. (2016) to u* for their near-neutral (NN) case. This feature is 571 

attributed to the dominant sources of horizontal velocity variances being pressure 572 

redistribution in this region as discussed later (Fig. 5a‒d, Fig. 8a, b). 573 

Similarly, the magnitudes of 〈U〉'〈W〉' and 〈V〉'〈W〉' are comparable (Fig. 3c), but the 574 

magnitude of 〈v〉'〈w〉' is much smaller than that of 〈u〉'〈w〉' (Fig. 3d), except in the lower 575 

half of the dense forest where 〈u〉'〈w〉', as well as 〈U〉'〈W〉' and 〈V〉'〈W〉', are also negligible. 576 

In addition, 〈v〉'〈w〉' is positive in the surface layer in and above both model forests (Fig. 577 

3d). This is also the case for v'w' = 〈v〉'〈w〉' + τyz  (not shown) in which τyz is the SFS stress. 578 

In comparison, 〈u〉'〈w〉', as well as 〈U〉'〈W〉' and 〈V〉'〈W〉' are all negative, except in the 579 

lower half of the dense forest where negligible but positive values of 〈V〉'〈W〉' are shown 580 

(Fig. 3c). For the sake of clarity, we only show u'w' = 〈u〉'〈w〉' + τxz and the SFS shear stress 581 

τxz in Fig. 3d for LES Case 2 for the dense model forest (VAI = 6.5). As expected, the SFS 582 

stress τxz peaks at the treetops and accounts for 18% of the total stress u'w'. In addition to 583 

SFS stresses 𝑆xx = τxx + 2〈e〉 3⁄  (Fig. 3b) and τxz (Fig. 3d) shown for the surface layer, full 584 

ABL profiles of 〈e〉, τxz and SFS heat flux τ𝜃z are given in Appendix 1 (Fig. 11). 585 
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 586 

Fig. 3 Profiles of (a) 〈U〉'
2

u*
2⁄  and 〈V〉'

2
u*

2⁄ ; (b) 〈u〉'
2

u*
2⁄ , 〈v〉'

2
u*

2⁄ , and Sxx u*
2⁄  in which Sxx =  τxx + 2〈e〉 3⁄ ; 587 

(c) 〈U〉'〈W〉' u*
2⁄  and 〈V〉'〈W〉' u*

2⁄ ; (d) 〈u〉'〈w〉' u*
2⁄ , 〈v〉'〈w〉' u*

2⁄ , τxz u*
2⁄ , and u'w' u*

2⁄  where u'w' = 〈u〉'〈w〉' + τxz; 588 

(e) 〈w〉'
2

u*
2⁄  and w'2 u*

2⁄  where w'2 = 〈w〉'
2
 + τzz + 2〈e〉 3⁄ ; (f) 〈E〉 u*

2⁄  and E u*
2⁄  where E  = 〈E〉 + 〈e〉 ; for 589 

LES Cases 1 and 2 590 
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 591 

The SFS contributions can be seen as differences between the total and the resolved-592 

scale vertical velocity variance (Fig. 3e), TKE (Fig. 3f), and all three velocity variances at 593 

z hc = 1⁄ and 2 (Tables 1, 2). In the surface layer above the canopy, SFS stress account for 594 

8‒18% of total vertical velocity variance (Fig. 3e), and SFS kinetic energy account for 5‒595 

10% of total TKE (Fig. 3f). The SFS stress counts for a smaller percentage of the total 596 

horizontal velocity variance. This is because the resolved-scale velocity variances are 597 

greater in the horizontal directions (Fig. 3b) than in the vertical direction (Fig. 3e) while 598 

differences among SFS normal stress components are negligible. The percentages of SFS 599 

normal stress peaks at the canopy top, 18% and 32% of total vertical velocity variance 600 

(Tables 1 and 2) for the sparse and dense model forest, respectively. It should be noted that 601 

unlike in the 4 earlier small-domain LES Runs A‒D (Table 2), the wake energy is not 602 

included in the 4 large-domain LES Cases 1‒4 (Table 1), which could have the same 603 

magnitudes as the SFS kinetic energy inside the forests. However, contributions by wake 604 

turbulence to SFS momentum fluxes are small due to their small length scales (Shaw and 605 

Patton 2003). 606 

Comparisons of Reynolds stress containing horizontal velocities in the surface layer 607 

among different LESs of shear ABLs and with field observation or wind-tunnel experiment 608 

should be made in the (x, y, z) coordinate. A number of factors such as surface roughness 609 

(Lin et al. 1997), geostrophic wind speed and ABL depth (Table 1) influence the horizontal 610 

mean wind direction (α) in the surface layer (Fig. 2e), including αhc
 at the canopy top that 611 

is used to define the (x, y, z) coordinate. This leads to differences in the relative magnitudes 612 

between 〈U〉 and 〈V〉, between 〈U〉'
2
 and 〈V〉'

2
, and between 〈U〉'〈W〉' and 〈V〉'〈W〉' among 613 

different LES studies that render it difficult to compare them. The Reynolds stress and 614 

related budgets in the LESs of shear ABLs (Andrén and Moeng 1993; Moeng and Sullivan 615 

1994; Lin et al. 1997) are presented in the (X, Y, Z) coordinate. However, Andrén and 616 

Moeng (1993) appears to have compared normalized Reynolds stress in the (X, Y, Z) 617 

coordinate with field observation in the (x, y, z) coordinate in the surface layer over smooth 618 

surfaces. Below we compare Reynolds stress and related budgets from the 4 large-domain 619 

LES cases (Table 1) and the 4 earlier small-domain LES runs (Table 2) and field 620 

observation in the (x, y, z) coordinate. 621 
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 622 

Fig. 4 Profiles of normalized Reynolds stress among LES Runs A‒D and LES Case 1 with different domain 623 

size or grid spacing and field observation: (a) 〈u〉'
2

u*
2⁄ ; (b) 〈v〉'

2
u*

2⁄ ; (c) 〈w〉'
2

u*
2⁄ ; (d) 〈u〉'〈w〉' u*

2⁄ . The field 624 

observation at Camp Borden is based on time average of observed turbulent scales, whereas the LES results 625 

are for the resolved-scale flow field only 626 

 627 

The same field observation presented in Su et al. (1998a) are used to compare with the 628 

4 earlier LES Runs A‒D (Table 2) to examine the effects of domain size and grid spacing 629 

(Fig. 4). Unlike Su et al. (1998a) in which standard deviations of velocities are shown, here 630 

velocity variances are presented. As expected, a finer grid spacing in Run C, which has the 631 

same domain size as Run A, led to greater resolved-scale Reynolds stress, particularly in 632 

the upper 1/3 of the forest and above the canopy. Doubling the horizontal domain (Run D) 633 

led to greater increases in resolved-scale velocity variances in the horizontal directions than 634 

doubling the vertical domain only in Run B (Fig. 4a, b). Reducing the grid spacing by half 635 
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(Run C) led to a greater increase in 〈w〉'
2

u*
2⁄  (Fig. 4c) than doubling the domain in both 636 

horizontal and vertical directions (Run D), whereas the opposite is shown in 〈u〉'
2

u*
2⁄  (Fig. 637 

4a) and 〈v〉'
2

u*
2⁄  (Fig. 4b). The impacts of reducing the grid spacing by half and of doubling 638 

the domain on 〈u〉'〈w〉' u*
2⁄  are comparable above the canopy and negligible inside the 639 

forests (Fig. 4d). One interesting result is in the lower half of the canopy where horizontal 640 

velocity variances increased with increased domain, including the large-domain LES Case 641 

1 (Fig. 4a, b). As discussed earlier (Fig. 3a, b), the dominant source of horizontal velocity 642 

fluctuations in this region is pressure-redistribution, which is shown later to increase with 643 

increased LES domain (Fig. 10a, b).  644 

LES Case 1 is included to examine the effects of an even larger LES domain than LES 645 

Run D. However, it has a different vertical distribution of ap although the same VAI of 2 646 

as LES Runs A‒D. The decrease in normalized Reynolds stress with increased depth into 647 

the forest is more rapid in LES Case 1 than in LES Runs A‒D because of greater ap in the 648 

upper portions of the canopy in LES Case 1 (Fig. 1). However, the effect of a much larger 649 

domain in LES Case 1 than LES Run D varied among different Reynolds stress 650 

components above the canopy. For example, LES Run D yielded greater magnitudes of 651 

〈u〉'
2

u*
2⁄ , 〈w〉'

2
u*

2⁄  and 〈u〉'〈w〉' u*
2⁄ , but smaller 〈v〉'

2
u*

2⁄  than LES Case 1. 652 

The impacts of LES domain size and grid spacing discussed above point to one possible 653 

factor (i.e., differences in the ranges of turbulent length scales normalized by canopy 654 

height) contributing to the differences between the LESs and the field observation in and 655 

above a sparse forest at Camp Borden. Other factors such as plant morphology may also 656 

contribute to the differences in the “family portrait” of canopy turbulence, including 657 

profiles of normalized standard deviations of velocities in the horizontal mean wind and 658 

vertical directions (Raupach et al. 1996; Finnigan 2000). Overall, the agreements between 659 

LES Runs A‒D and field observations are better inside the forests than above the forest, 660 

and better in u'
2

u*
2⁄  and w'

2
u*

2⁄  than in v'
2

u*
2⁄  above the canopy. Although only the 661 

resolved-scale velocity variances are shown in Fig. 4a‒c, both the resolved-scale and total 662 

velocity variances at z hc = 1⁄ and 2 are provided in Table 2 for LES Runs A‒D and in 663 

Table 1 for LES Cases 1‒4. Raupach et al. (1996) stated that well above the canopy 664 
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(z hc > 2⁄ ), the flow assumes the ISL, and typical values of u'
2

u*
2⁄  and w'

2
u*

2⁄  are 6.25 and 665 

1.56, respectively (Garratt 1992). Most field observations over tall forests (Shaw et al. 666 

1988; Meyers and Baldocchi 1991; Gardiner 1994; Katul and Alberston 1998), however, 667 

do not extend much beyond z hc > 2⁄ , therefore are most likely in the RSL. This is also the 668 

case in the “family portrait” of single-point statistics (Raupach et al. 1996; Finnigan 2000) 669 

which are only up to z hc = 2⁄ . In the Canopy Horizontal Array Turbulence Study 670 

(CHATS) experiment (Patton et al. 2011), seven 3-D sonic anemometer-thermometers 671 

(Campbell Scientific CSAT3) were installed between the canopy top and the highest level 672 

of only 2.9 hc. 673 

A consistent feature among the LESs and the field observation is that normalized 674 

velocity variances in the RSL above canopy decrease from about twice the canopy height 675 

towards the canopy top, and such decreases are more rapid in the crosswind and vertical 676 

directions than in the mean wind direction (Fig. 4, Tables 1, 2). These decreases are also 677 

shown in u'
2

u*
2⁄  and w'

2
u*

2⁄  from z hc = 1.9⁄  to 1 over a very dense (LAI = 10.2) Sitka 678 

spruce forest (Gardiner 1994) and from z hc = 1.4⁄  to 1 over a loblolly pine stand with LAI 679 

of 3.82 (Katul and Alberston 1998), and in u'
2

u*
2⁄  and v'

2
u*

2⁄  from z hc = 1.2⁄  to 1 over a 680 

fully leafed (LAI = 5) eastern hardwood oak-hickory forest (Meyers and Baldocchi 1991). 681 

From the CHATS experiment, Patton et al. (2011) showed similar decreases in vertical 682 

velocity standard deviations (not normalized) from peaks at heights from 1.4 hc to 2.9 hc 683 

that varied with time of the day (so likely stability) to the canopy top. These decreases are 684 

also less in the streamwise velocity standard deviations than in the vertical velocity 685 

standard deviation (Dupont and Patton 2012), which are normalized by the mean wind 686 

speed measured at the canopy top instead of friction velocity. 687 

Another agreement between the 4 large-domain LES cases (Fig. 3b, e and Table 1) and 688 

field observation over a deciduous forest (Shaw et al. 1988) is that u'
2

u*
2⁄  and w'

2
u*

2⁄  in the 689 

RSL above the canopy increased with increased VAI (from 2 to 6.5 in this study) or LAI 690 

(from 1.6 to 4.9 in the field observation of Shaw et al. 1988) by a similar amount, ~ 0.2 in 691 

u'
2

u*
2⁄  and ~ 0.1 in w'

2
u*

2⁄ .  692 

However, less consistent are the maximum values of normalized velocity variances in 693 

the RSL above the canopy among the LES results and field observations over various 694 
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forests cited above, and more variable in the horizontal mean wind direction than in the 695 

vertical direction. For example, at z hc = 2⁄ , the maximum value in u'
2

u*
2⁄  from the LESs 696 

is ~ 4.25 over the dense model forest (Table 1), far less than 6.25 observed in the surface 697 

layer over smooth surfaces. This is also the case in field observation over a partially 698 

defoliated (LAI = 1.6) forest (Fig. 4a). However, Shaw et al. (1988) showed that u'
2

u*
2⁄  699 

reached 6.25 at z hc = 1.9− 2.4⁄  when the deciduous forest at Camp Borden was fully 700 

foliated (LAI = 4.9), and the same value was observed at z hc = 1.4⁄  over a loblolly pine 701 

stand with an LAI of 3.82 (Katul and Alberston 1998). Earlier observations in the surface 702 

layer over a flat smooth surface (Panofsky 1973) reported v'
2

u*
2⁄  = 4.84 with a very large 703 

range from 9 to 2.25. The field observations above a 15 m tall very dense (LAI = 10.2) 704 

Sitka spruce forest (Gardiner 1994) also reported large ranges in normalized streamwise 705 

and vertical velocity variance: at z hc = 1⁄ , u'
2

u*
2⁄  = 4− 6, w'

2
u*

2⁄  = 1.2− 2.6; and at 706 

z hc = 1.9⁄ , u'
2

u*
2⁄  = 4.8− 10.2, w'

2
u*

2⁄  = 1.2− 3.6. As pointed out by Panosfky (1973) 707 

and is well known now, mesoscale processes may contribute significantly to horizontal 708 

velocity variances measured in the field. Therefore, data processing such as detrending or 709 

filtering could have a large impact on reported values of u'
2

u*
2⁄  and v'

2
u*

2⁄ . This is usually 710 

not an issue in the LESs of ABLs including the present work or in wind-tunnel experiment 711 

(Raupach et al. 1986; Brunet et al. 1994; Yue et al. 2008). Brunet et al. (1994) reported 712 

u'
2

u*
2⁄  = 4 and w'

2
u*

2⁄  = 1.21 at the top of a 47 mm tall artificial wheat canopy (“leaf” 713 

area index LAI = 0.47); and u'
2

u*
2⁄  = 4.84 and w'

2
u*

2⁄  = 1.69 in the constant stress layer 714 

up to z hc = 2⁄ . These values are fairly close to our LES results (Tables 1 and 2). Therefore, 715 

the normalized velocity variances observed in the atmospheric surface layer over flat 716 

smooth surfaces (Panofsky 1973; Garratt 1992): u'
2

u*
2⁄ = 6.25 , v'

2
u*

2⁄  = 4.84 , 717 

w'
2

u*
2⁄  = 1.56− 1.69, may not be as useful as the logarithmic mean wind profile or 718 

negligible turbulent transport in Reynolds stress budgets discussed later in Sect. 3.3, in 719 

determining if the ISL exists over tall forests. 720 

  For various reasons (sensor limitation or by choice), the values of normalized 721 

crosswind velocity variance v'
2

u*
2⁄  in the RSL have rarely been reported in the literature. 722 
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This is the case not only in field observations (Gardiner 1994; Patton et al. 2011; Dupont 723 

and Patton 2012), including those used to compare with higher-order closure model results 724 

(Wilson and Shaw 1977; Meyers and Paw U 1986; Wilson 1988; Katul and Alberston 725 

1998; Ayotte et al. 1999), and wind-tunnel experiments (Raupach et al. 1986; Brunet et al. 726 

1994), but also in some LESs of airflows in and above plant canopies (Shen and Leclerc 727 

1997; Yue et al. 2007; Banerjee et al. 2017). One exception in field observation is Shaw et 728 

al. (1988), and the other is Meyers and Baldocchi (1991). In the latter, the Reynolds stress 729 

is normalized by friction velocity measured above the forest at 1.2hc which is shown to be 730 

significantly smaller than that measured at the canopy top (Baldocchi and Meyers 1988). 731 

The friction velocity calculated at the canopy top is typically used for normalization. 732 

Finally, the kinks in the profiles of 〈U〉'
2
 (Fig. 3a), 〈u〉'

2
 (Fig. 3b), 〈U〉'〈W〉' (Fig. 3c) 733 

and 〈u〉'〈w〉'  (Fig. 3d) just above the treetops are nonphysical. These kinks are more 734 

prominent over the dense model forest (Case 2) than the sparse forest (Case 1), and are 735 

absent in our earlier small-domain LES Runs A‒D (Fig. 4). These kinks are also absent in 736 

Patton et al. (2016) over a sparse deciduous walnut orchard (PAI = 2), but are quite 737 

prominent in Dupont and Brunet (2008) and also visible in Banerjee et al. (2017) with PAI 738 

of 5. A possible explanation could be whether the grid resolution is adequate in resolving 739 

eddies near the canopy top, whose length scale may be represented by the turbulent shear 740 

length scale Ls , or the vorticity thickness 𝛿𝜔 = 2Ls . For the near-neutral (NN) case in 741 

Patton et al. (2016), δω = 1.225 hc  and hc = 20 m , the grid spacing is an order of 742 

magnitude smaller than 𝛿𝜔 , 0.125 hc in the horizontal and 0.1 hc in the vertical. In our 743 

earlier small-domain LES Runs A, B, and D with (2 m)3 grids, 𝛿𝜔 = 1.28− 1.4 hc and hc =744 

20 m with an LAI of 2 (Fig. 1 and Table 2), the grid spacing 0.1 hc is also an order of 745 

magnitude smaller than 𝛿𝜔. In LES Cases 1 and 3 (VAI = 2), 𝛿𝜔 = 0.66 hc and hc = 20 m, 746 

but in LES Cases 2 and 4 (VAI = 6.5), 𝛿𝜔 = 0.3 hc (Table 1), for which the 0.1 hc grid 747 

spacing is likely inadequate. Information on either Ls or 𝛿𝜔 is not reported in Dupont and 748 

Brunet (2008) or in Banerjee et al. (2017). Finally, these kinks are absent in the profile of 749 

the total shear stress u'w' = 〈u〉'〈w〉' + τxz (Fig. 3d) for the dense mode forest (Case 2), 750 

which is a result of the kinks in SFS stress τxz being in the opposite direction as the kinks 751 

in 〈u〉'〈w〉'. This is also the case for LES Cases 1, 3 and 4 (not shown). 752 
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 753 
Fig. 5 A comparison of normalized budgets of the resolved-scale normal stress in the horizontal directions 754 

between two horizontal coordinates (X, Y): (a) ⟨U⟩'
2
; (b) ⟨V⟩'

2
; and (x, y): (c) ⟨u⟩'

2
; (d) ⟨v⟩'

2
 for LES Case 1. 755 

The normalized budgets independent of the horizontal coordinates are those of (e) ⟨w⟩'
2
 and (f) 〈E〉 (resolved-756 

scale TKE) 757 

 758 
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3.3 Budgets of Normal Stress and Turbulent Kinetic Energy 759 

In addition to the logarithmic layer discussed in Sect. 3.1, the magnitudes of turbulent 760 

transport and pressure transport may also be used to distinguish the RSL from the ISL. In 761 

the ISL, turbulent transport and pressure transport are negligible, and shear production is 762 

balanced by dissipation (which is represented by the interscale transfer from the resolved 763 

scales to the subfilter scales in this study). The height at which turbulent transport is 764 

considered negligible depends on the criteria used, and varied among the budgets of 765 

different Reynolds stress components. For example, turbulent transport is a sink above the 766 

canopy and is reduced to less than 1% of corresponding peak sink values above the forest 767 

at z hc⁄  = 3.55, 3.65, 3.75, 2.45, 3.9, 3.65 in the budgets of 〈U〉'
2
, 〈V〉'

2
, 〈u〉'

2
, 〈v〉'

2
, 〈w〉'

2
, 768 

〈E〉, respectively (Fig. 5). In the RSL above the forest, pressure transport is also a sink in 769 

the budget of 〈w〉'
2
 and more significant than turbulent transport up to z hc⁄  = 1.3 (Fig. 5e). 770 

Pressure transport switches the ± sign between z hc⁄  = 1.5 and 1.6, above which it is a 771 

small and fairly constant source of 〈w〉'
2
 (~ 0.1 u*

3 hc⁄ ) up to z hc⁄  = 3.5. Considering both 772 

turbulent transport and pressure transport are negligible in the ISL, we may use the results 773 

between z hc⁄  = 4 and z hc⁄  = 5  to represent the ISL, which is the upper part of the 774 

logarithmic layer in LES Case 1 (Table 1). 775 

In the ISL, shear production is the only main source of 〈U〉'
2
 (Fig. 5a), 〈V〉'

2
 (Fig. 5b), 776 

〈u〉'
2
 (Fig. 5c) or 〈E〉 (Fig. 5f), but is negligible in the budget of 〈v〉'

2
 (Fig. 5d), and is zero 777 

in the budget of 〈w〉'
2
 (Fig. 5e). The pressure redistribution is a sink of 〈U〉'

2
, 〈V〉'

2
 or 〈u〉'

2
, 778 

but is the only major source of 〈v〉'
2
 or 〈w〉'

2
, and is zero in the budget of 〈E〉  in an 779 

incompressible atmosphere. The interscale transfer is a sink of resolved-scale normal stress 780 

or TKE. However, it is a smaller sink than pressure redistribution in the budget of 〈u〉'
2
, 781 

and the opposite is true in the budget of 〈U〉'
2
 or 〈V〉'

2
. The pressure redistribution closely 782 

follows the shear production in the budget of 〈U〉'
2
, 〈V〉'

2
 or 〈u〉'

2
, both are the largest in the 783 

budget of 〈u〉'
2

 and the smallest in the budget of 〈V〉'
2

. This is further discussed in 784 

evaluating the parametrization of pressure redistribution in a companion paper. In contrast, 785 
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the interscale transfer varied little among the budgets of 〈U〉'
2
, 〈V〉'

2
, 〈u〉'

2
 and 〈v〉'

2
. This is 786 

because unlike the interscale transfer in Perret and Patton (2021) from larger resolved 787 

scales in the ABL to smaller resolved scales near the canopy top, the interscale transfer 788 

here is from the resolved scales to the subfilter scales at which turbulence is quasi-isotropic. 789 

In the RSL above the forest, shear production, pressure redistribution and interscale 790 

transfer are all greater than their counterparts in the ISL, and increase towards the canopy 791 

top. The increases are more rapid or greater in the sources (shear production of 〈U〉'
2
, 〈V〉'

2
 792 

and 〈u〉'
2
, pressure redistribution of 〈v〉'

2
 and 〈w〉'

2
) than the sinks (pressure redistribution 793 

and interscale transfer of 〈U〉'
2

, 〈V〉'
2

 and 〈u〉'
2

, interscale transfer of 〈v〉'
2

 and 〈w〉'
2
). 794 

Turbulent transport is an increasingly significant sink towards the canopy top. An 795 

exception is that both interscale transfer and turbulent transport of 〈w〉'
2
 peaked at 𝑧 ℎ𝑐⁄ =796 

1.5 , below which pressure transport became a significant sink that increases rapidly 797 

towards the canopy top. 798 

The RSL inside the forest is characterized in two distinct layers. In the upper half of 799 

the forest, turbulent transport is a significant source which peaks just below the canopy top. 800 

Shear production of 〈U〉'
2
, 〈V〉'

2
 and 〈u〉'

2
 and pressure redistribution of 〈v〉'

2
 and 〈w〉'

2
 801 

continue to be the major sources, but destruction by canopy form drag is a much larger sink 802 

than pressure redistribution and interscale transfer of 〈U〉'
2
, 〈V〉'

2
 and 〈u〉'

2
, as well as 803 

interscale transfer of 〈v〉'
2

 and 〈w〉'
2

. These sources and sinks decrease rapidly with 804 

increased depth into the forest, particularly shear production and canopy form drag 805 

destruction. Pressure transport is a greater source of 〈w〉'
2
 than turbulent transport except 806 

just beneath the canopy top. In contrast, the picture appears to be much simpler in the lower 807 

half of the forest where shear production, interscale transfer and turbulent transport are 808 

much reduced, and pressure redistribution and canopy form drag destruction are the 809 

primary source and sink of normal stress in the horizontal directions (〈U〉'
2
, 〈V〉'

2
, 〈u〉'

2
 and 810 

〈v〉'
2
). Incompressibility ensures that pressure redistribution is the primary sink of 〈w〉'

2
, 811 

while pressure transport is the largest source. Unlike turbulent transports of the horizontal 812 

velocity variances that decrease rapidly with increased depth into the forest in the upper 813 
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half of the forest to negligible levels in the lower half of the forest, turbulence transport of 814 

〈w〉'
2
 deceases from the canopy top to the ground surface in a linear fashion, and is a smaller 815 

source than pressure transport but not negligible in the lower half of the forest. Also in this 816 

region, canopy form drag destruction of 〈w〉'
2

 is negligible which differs from its 817 

significance in the budget of 〈U〉'
2
, 〈V〉'

2
, 〈u〉'

2
, and 〈v〉'

2
. 818 

Half the pressure transport of 〈w〉'
2
 is the pressure transport of 〈E〉 (the resolved-scale 819 

TKE) because its counterparts in the budgets of horizontal velocity variances are zero due 820 

to horizontal homogeneity. In contrast, turbulent transport is significant in the budgets of 821 

all velocity variances in the RSL above the forest and in the upper half of the forest. As a 822 

result, in this region, pressure transport is smaller than turbulent transport in the budget of 823 

〈E〉. However, the opposite is shown in the lower half of the forest. Our results on pressure 824 

transport are in agreement with earlier small-domain LESs of airflow in and above forest 825 

canopies (Dwyer et al. 1997) and direct numerical simulation (DNS) of an open-channel 826 

flow with sandgrain roughness (Yuan and Piomelli 2014). The opposite results have been 827 

previously reported based on wind-tunnel (Brunet et al. 1994) and flume experiment (Nepf 828 

and Vivoni 2000), in which the pressure transport was not directly measured and was set 829 

as the residual. Therefore, it is subject to errors in the estimates of the other terms in the 830 

TKE budget. 831 

Finally, the pressure redistribution of normal stress is fairly constant with height in the 832 

lower half of the forest. Normalized values of RXX, RYY, Rxx and Ryy are all ~ 0.2 in the 833 

sparse (VAI = 2) model forest in LES Case 1, which indicates that pressure redistribution 834 

does not vary much with horizontal coordinate rotation. This follows earlier result in Sect. 835 

3.2 that the values of 〈U〉'
2
, 〈V〉'

2
, 〈u〉'

2
 and 〈v〉'

2
 are very close to each other in the trunk 836 

space and do not vary much with height. Again, incompressibility ensures that the 837 

normalized value of Rzz  is about ‒0.4. The above normalized values are reduced by 838 

approximately half in the dense (VAI = 6.5) model forest in LES Case 2 shown later in Fig. 839 

8, as pressure transport of 〈w〉'
2
, the largest source in this region, is reduced by about half 840 

(Fig. 8c). The impact of LES domain and grid spacing on these values are discussed later 841 

in Sect. 3.7. 842 
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 843 

3.4 Budgets of Tangential Shear Stress 844 

Following the similarities in the budgets of 〈U〉'
2
, 〈V〉'

2
 and 〈u〉'

2
, the budgets of 〈U〉'〈W〉' 845 

(Fig. 6a), 〈V〉'〈W〉' (Fig. 6b) and 〈u〉'〈w〉' (Fig. 6c) are also similar, while terms in the budget 846 

of 〈v〉'〈w〉' (Fig. 6d) are an order of magnitude smaller than their counterparts in the budget 847 

of 〈u〉'〈w〉'. Therefore, the discussion below is primarily on the budget of 〈u〉'〈w〉'. 848 

 849 

Fig. 6 A comparison of normalized budgets of the resolved-scale tangential shear stress between two 850 

horizontal coordinates (X, Y): (a) 〈U〉'〈W〉'; (b)〈V〉'〈W〉'; and (x, y): (c) 〈u〉'〈w〉'; (d) 〈v〉'〈w〉' for LES Case 1 851 

 852 

Similar to the budgets of normal stress and TKE, turbulent transport (Txz
 r  + Txz

 s ) is a 853 

sink in the RSL above the forest with the maximum sink at the canopy top (Fig. 6c) and 854 

then generally decreases with increased altitude. It changed the ± sign at z hc⁄  = 4, above 855 
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which is the ISL where the budget of 〈u〉'〈w〉'  is essentially a balance between shear 856 

production (Pxz) and pressure-gradient interaction (Πxz = Rxz
* ) as the only major sink. Inside 857 

the canopy, turbulent transport is also an important source in addition to shear production. 858 

The canopy form drag destruction (Dxz) is as an important sink as Πxz = Rxz
* . Interscale 859 

transfer (Ixz ) is negligible in the ISL and a much smaller sink than pressure-gradient 860 

interaction in the RSL. This is very different than its counterpart in the budgets of normal 861 

stresses. 862 

Finally, despite the terms in the budget of 〈v〉'〈w〉'  are much smaller than their 863 

counterparts in the budget of 〈u〉'〈w〉', the features concerning Pyz, Πyz = Ryz
* , Tyz

 r  + T yz
s , 864 

Dyz, and Iyz resemble those described above in the budgets of 〈u〉'〈w〉'. For example, shear 865 

production and pressure-gradient interaction are the largest source and sink, respectively. 866 

One difference is the opposite ± sign in corresponding terms as a result of 〈v〉'〈w〉' > 0 both 867 

in the RSL and in the ISL above (Fig. 3d). 868 

 869 

3.5 Comparison between LESs and Field Observations 870 

A brief comparison is presented here between the LESs of Su (1997) and Su et al. 871 

(1998a, 1998b, 2000) and the field observation in and above a deciduous forest at Camp 872 

Borden in 1986 that was used in Su et al. (1998a). Given the similarity in vegetation area 873 

density profiles between these two datasets (Fig. 1), LES Run D was chosen (Fig. 7) 874 

because it has the largest domain among the four earlier LES runs (Table 2). It should be 875 

noted that the LES budgets are for the resolved-scale turbulence only, whereas the field 876 

observations are based on time-averages of all observed eddy sizes down to the path-877 

lengths among paired sonic transducers. Su et al. (2000) showed better agreement between 878 

the field observations and the LESs when the 10-Hz field data were filtered by a 3-s 879 

window (translating to a length scale close to the subfilter scale in the LESs using the mean 880 

wind speed at the treetops). The vertical spacings between adjacent measurement levels in 881 

the field are 0.26 hc, 0.28 hc, 0.13 hc inside the forest and 0.93 hc above the forest in the 882 

order from bottom up (Shaw et al. 1988). Only the results at z hc = 0.94⁄  has a normalized 883 

vertical spacing close to the vertical grid spacing in LES Run D. Despite these differences, 884 

the overall agreements on normalized shear production, turbulent transport and destruction 885 
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by canopy form drag are fairly good in the RSL. The largest relative differences appear to 886 

be at the lowest observation level z hc⁄ = 0.47. These results lend some credibility to the 887 

pressure-gradient interaction terms derived from the LESs that were not measured in the 888 

field. The experiment at Camp Borden only measured turbulent pressure perturbations at 889 

the ground surface (Shaw et al. 1990; Shaw and Zhang 1992), as was the case in a wheat 890 

field (Maitani and Seo 1985). 891 

Despite LES Run D has the largest domain in both the vertical and horizontal directions 892 

among the four earlier small-domain LES runs (Table 2), the depth of the RSL are still 893 

smaller than that in the four large-domain LES cases (Table 1). For example, turbulent 894 

transport in the budget of 〈E〉 changed the ± sign between z hc⁄  = 2.65 and 2.75 in LES 895 

Run D (Fig. 7d), whereas it is between z hc⁄  = 3.75 and 3.85 in LES Case 1 (Fig. 5f). 896 

 897 
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 898 

Fig. 7 Comparing normalized budgets of Reynolds stress and TKE between LES Run D (dotted lines) and 899 

field observation at Camp Borden in 1986 used in Su et al. (1998a) (filled circles with error bars): (a) ⟨u⟩'
2
; 900 

(b) ⟨v⟩'
2
; (c) ⟨w⟩'

2
; (d) 〈E〉; (e) 〈u〉'〈w〉'. An overbar is added to the symbol for the same term to make the 901 

distinction that the field observations are based on time averages of observed turbulent scales, whereas the 902 

LES is for the resolved scales only, e.g., turbulent transport in the field observation is denoted by Tik

 t
 903 
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 904 

3.6 Effects of Vegetation Density and Geostrophic Wind Speed 905 

Here we primarily use LES Case 1 (VAI = 2) and Case 2 (VAI = 6.5) to assess the effects 906 

of vegetation density on the resolved-scale Reynolds stress and TKE (Fig. 8). Although 907 

both LES Run D and LES Case 1 have an LAI or VAI of 2, they differ in leaf or vegetation 908 

area density in the upper portions of the forests (Fig. 1). Therefore, LES Run D may also 909 

be used. However, different domain sizes between LES Run D and LES Case 1 can also 910 

contribute to differences between them, which is discussed in the next section. 911 

Increased vegetation density led to greater mean wind shear (Fig. 2d) and enhanced 912 

shear production (Fig. 8a, d, e) in the vicinity of the canopy top. This subsequently led to 913 

greater peak values of most budget terms in this region but in varying degrees. The largest 914 

enhancement is in normalized pressure transport such that both the peak sink above the 915 

canopy and the peak source inside the canopy are more than doubled (Fig. 8c, d). A smaller 916 

percentage but discernible enhancement in pressure transport of resolved-scale TKE due 917 

to increased leaf area density is also shown in the earlier small-domain LESs by Dwyer et 918 

al. (1997). Inside the canopy, peak values in both pressure transport and turbulent transport 919 

are located closer to the canopy top in the denser model forest (LES Case 2) by one vertical 920 

grid spacing. Above the canopy, the absolute differences in the same normalized budget 921 

term (shear production, interscale transfer, pressure redistribution or pressure-gradient 922 

interaction) between the two model forests decrease with increased height as the 923 

magnitudes of the budget terms decrease. 924 

As expected, shear production, pressure redistribution or pressure-gradient interaction, 925 

canopy form drag destruction and interscale transfer attenuate more rapidly with increased 926 

depth into the canopy in the denser model forest. As a result, the same normalized budget 927 

term is greater in the top 20% of the denser forest, but is smaller below. 928 
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 929 
Fig. 8 Comparing normalized budgets of the resolved-scale Reynolds stress and TKE between LES Case 1 930 

(VAI = 2, dotted lines) and LES Case 2 (VAI = 6.5, solid lines) in the  (x, y, z) coordinate: (a) ⟨u⟩'
2
; (b) ⟨v⟩'

2
; 931 

(c) ⟨w⟩'
2
; (d) 〈E〉; and (e) 〈u〉'〈w〉' 932 

 933 
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A less consistent picture is shown of turbulent transport, particularly in the budgets of 934 

〈w〉'
2
 and 〈u〉'〈w〉'. Both Tzz

 r  + Tzz
 s  and Txz

 r  + Txz
 s  switched the ± sign at z hc = 1.3⁄  over the 935 

dense forest but across the canopy top over the sparse forest (Fig. 8c, e). In contrast, both 936 

Txx
 r  + Txx

 s , Tyy
 r  + Tyy

 s  and 0.5(Tii
 r + Tii

 s) changed the ± sign across the canopy top over both 937 

the dense and sparse model forests (Fig. 8a, b, d). This could also be due to inadequate 938 

vertical grid resolution discussed earlier in Sect. 3.2 on the kinks in Reynolds stress just 939 

above the dense model forest (LES Case 2) where the turbulent shear length scale is less 940 

than half of that over the sparse (LES Case 1) model forest (Table 1). Therefore, a greater 941 

burden is placed on the SFS parametrization which may be deficient for simulating very 942 

dense canopies with inadequate grid resolution. 943 

Finally, the effects of geostrophic wind speed or external horizontal mean pressure-944 

gradient force are much smaller than those of vegetation density, especially in the surface 945 

layer including both ISL and RSL. Normalized budgets terms are nearly indistinguishable 946 

between LES Case 1 and Case 3, or between LES Case 2 and Case 4 (Table 1). Therefore, 947 

they are not presented here. 948 

 949 

3.7 Impacts of LES Domain Size and Grid Spacing 950 

Here we primarily use LES Runs A, B, and D to evaluate the impact of domain size since 951 

they have the same grid spacing and leaf area density profile. We also include LES Case 1 952 

for this discussion because it has the same grid spacing and VAI of 2 albeit a different 953 

vegetation area density profile (Fig. 1). The effect of grid spacing is assessed by comparing 954 

LES Runs A and C which have the same domain size and leaf area density profile. 955 

Following Su et al. (1998a), we focus on results in the RSL up to twice the canopy height, 956 

mainly due to the smallest vertical domain in LES Runs A and C. 957 

Doubling the vertical domain in LES Run B in comparison to LES Run A reduced the 958 

magnitudes of non-transport budget terms above the canopy and in the top 20% of the 959 

forest. These include shear production Pxx (Fig. 9a) and Pxz (Fig. 9b), interscale transfer 960 

0.5Iii  (Fig. 9c), pressure redistribution Πxx = Rxx

*  (Fig. 10a), Πyy = Ryy

*  (Fig. 10b) and 961 

Rzz = Rzz
*  (Fig. 10c), and pressure-gradient interaction Πxz = Rxz

*  (Fig. 10d). The opposite 962 

is shown in canopy form drag destruction 0.5Dii (Fig. 9d), in turbulent transport 0.5(Tii
 r + 963 
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Tii
 s) both above and within the forest (Fig. 9e), and in pressure transport Tzz

 p  = Tzz
 * inside the 964 

forest (Fig. 9f). Note that the pressure redistribution, the pressure-gradient interaction and 965 

the pressure transport used here are defined in (8), (9), and (11). 966 

The above impacts are further enhanced by doubling the horizontal domain in LES Run 967 

D in comparison to LES Run B, and in LES Case 1 which has the largest domain both in 968 

the horizontal and the vertical directions with a much greater ABL depth. However, the 969 

difference in vertical distribution of ap between LES Case 1 and LES Run D (Fig. 1) also 970 

contributed to differences between the two, particularly in the upper portions of the canopy. 971 

The effect of a larger domain (LES Case 1) having led to greater depths of both the RSL 972 

and the ISL than LES Run D has been discussed earlier in Sect. 3.5. The depths of the RSL 973 

determined by turbulent transport are further suppressed by smaller horizontal domain in 974 

LES Run B and by smaller vertical domain in LES Runs A and C (Fig. 9e). 975 

Reducing the grid spacing by half in LES Run C in comparison to LES Run A also 976 

enhanced shear production, interscale transfer, pressure redistribution and pressure-977 

gradient interaction above the canopy and in the top 20% of the forest, particularly around 978 

the peaks near the canopy top. This is opposite to the impact of increased domain size. 979 

However, both a finer grid resolution and a larger domain enhanced canopy form drag 980 

destruction inside the canopy, as well as turbulent transport, including peak sink just above 981 

the canopy and peak source inside the canopy (Fig. 9e). In contrast, a finer grid resolution 982 

reduced pressure transport whereas a larger domain enhanced pressure transport in the 983 

lower 2/3 of the forest and above the canopy, except near the canopy top where a finer grid 984 

resolution yielded a greater sink in pressure transport. 985 

In the lower half of the canopy, pressure redistribution of normal stress is enhanced 986 

with increased LES domain but reduced with decreased grid spacing (Fig. 10a, b, c). These 987 

are opposite to the impacts in the upper portions of the canopy and above the canopy. In 988 

addition, in the lower half of the forest, the impact of increased domain is greater than that 989 

of decreased grid spacing, whereas the two are comparable in the top 20% of the forest and 990 

above the canopy. In the lowest 1/3 of the sparse forest, among LES Runs A‒D, only Run 991 

D yielded normalized values of Rxx and Ryy (~ 0.2) and of Rzz (about ‒0.4) that are close to 992 

those in LES Case 1 (VAI = 2) discussed earlier in Sect. 3.3 (Fig. 5).  993 
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 994 

Fig. 9 Comparing LES Runs A‒D and LES Case 1 to examine the effects of domain size, grid spacing, and 995 

vertical distribution of ap on shear production (a) Pxx and (b) Pxz; interscale transfer (c) 0.5Iii; canopy form 996 

drag destruction (d) 0.5Dii; turbulent transport (e) 0.5(Tii
 r + Tii

 s); and pressure transport (f) Tzz
 p  = Tzz

 *  997 

 998 
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Some of the artifacts due to the momentum source imposed in the top grids (Su et al. 999 

1998a) shown in LES Runs A and C which have the smallest domain, are removed in LES 1000 

Runs B and D up to at least twice the canopy height, and is not an issue in LES Case 1. 1001 

These artifacts include that shear production (Fig. 9a, b) and pressure-redistribution (Fig. 1002 

10a, b, c) cease to decrease with increased height above z hc = 1.5⁄ , and that interscale 1003 

transfer (Fig. 9c) and pressure-gradient interaction (Fig. 10d) increase with increased 1004 

height above z hc = 1.2⁄  and z hc = 1.3⁄ , respectively. 1005 

Finally, the depth of a layer in the RSL above the canopy in which pressure transport 1006 

is a significant sink of 〈w〉'
2
 slightly increases with increased vertical domain and slightly 1007 

decreases with reduced grid spacing (Fig. 9f). 1008 

 1009 

Fig. 10 Comparing LES Runs A‒D and LES Case 1 to examine the effects of domain size, grid spacing, and 1010 

vertical distribution of ap on pressure redistribution (a) Πxx = Rxx
* ; (b) Πyy = Ryy

* ; (c) Rzz = Rzz
* ; and pressure-1011 

gradient interaction (d) Πxz = Rxz
*  1012 
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4 Conclusions 1013 

The overarching goal of this paper is to expand our work on this subject first reported in a 1014 

dissertation and a conference presentation based on a single LES Run A (Table 2) with the 1015 

smallest LES domain over 20 years ago. The expanded work performed included analyses 1016 

of three additional LES Runs B‒D (Table 2) that have been previously used only to study 1017 

two-point space-time correlations and coherent structures. Four LES cases of inversion-1018 

capped neutral ABLs with much larger domain and ABL depths similar to previous LESs 1019 

of shear-driven ABLs while maintaining the same fine grid spacing are augmented to the 1020 

analyses. These LES runs and cases allowed us to examine the effects of LES domain size 1021 

and grid spacing. They also enabled us to study the effects of VAI or LAI and its vertical 1022 

distribution, and of varying geostrophic wind speed. The evaluation of the budgets of all 1023 

non-negligible Reynolds stress components together helped to fill a void in the literature 1024 

on airflows in and above plant canopies in the atmospheric surface layer comprised of both 1025 

the RSL and the ISL, although only in simple situations such as horizontally homogeneous 1026 

forests over flat terrain. 1027 

One of the most important results is that in the upper portions of the canopy and above, 1028 

pressure redistribution is a major sink of normal stress in horizontal direction with mean 1029 

shear production as a major source, whereas in the horizontal direction that is absent of 1030 

mean shear production and in the vertical direction, pressure redistribution is a major 1031 

source of normal stress. However, in the lower half of the forests where both mean shear 1032 

production and turbulent transport are diminished, pressure transport is the dominant 1033 

source of vertical velocity variance and TKE, whereas pressure redistributions are major 1034 

sources of horizontal velocity variances but a sink of vertical velocity variance. The fact 1035 

that the results on pressure redistributions do not change with horizontal coordinate rotation 1036 

supports earlier findings based on field observations (Shaw et al. 1990; Shaw and Zhang 1037 

1992) that horizontal velocity fluctuations in the trunk space are largely driven by pressure 1038 

perturbations associated with coherent structures comprised of ejection and sweep. On the 1039 

other hand, pressure transport is a major source of vertical velocity variance from the 1040 

ground level to just under the treetops where it transitions to a major sink up to about 1.5 1041 

times canopy height, and is greater than turbulent transport in the same region. An 1042 

interesting result in comparing the budgets of normal stress in the horizontal directions 1043 
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between the (X, Y, Z) and (x, y, z) coordinates is that in the surface layer above the forest, 1044 

pressure redistribution is a bigger sink than interscale transfer in the budget of normal stress 1045 

in the mean wind (x) direction, but the opposite is shown in the budgets of normal stresses 1046 

in the east (X) and north (Y) directions. These results will be used in the evaluation of the 1047 

parametrizations of pressure redistribution and pressure transport in a companion paper, in 1048 

which different decompositions have been used, including (8)‒(11) in this paper.  1049 

In this study, we used Reynolds stress budgets to discuss the depths of both the RSL 1050 

(significance of turbulent transport and pressure transport) and the ISL (logarithmic layer 1051 

and negligible transport). The depths of both the RSL and ISL are shown to increase with 1052 

increased LES domain (Tables 1 and 2). For the same model forest (Table 2) and same 1053 

LES grid spacing, increased LES domain in the vertical direction (LES Run B) and in the 1054 

horizontal directions (LES Run D) led to increased turbulent shear length scales calculated 1055 

at the canopy top. This is in agreement with the findings in Su et al. (2000) based on two-1056 

point space-time correlations and spatial integral turbulent length scales. In addition, the 1057 

RSL is deeper and the turbulent shear length scale is greater (larger eddies) over the sparse 1058 

(LES Case 1) forest than the dense (LES Case 2) forest (Table 1). A deficiency in our 1059 

earlier LES Runs A and C is the enhanced shear production and interscale transfer that do 1060 

not change with altitude between 1.5 to 2 times canopy height, which is an artifact due to 1061 

the momentum source imposed in the top grids in the smallest vertical domain. This artifact 1062 

is removed at least up to twice the canopy height with increased vertical domain in LES 1063 

Runs B and D, and is not an issue at all in the 4 large-domain LES Cases 1‒4. 1064 

Peak values of normalized major budget terms in the vicinity of the treetops increase 1065 

with increased vegetation density, but change little with geostrophic wind speed for the 1066 

same model forest. A stronger geostrophic wind speed leads to a deeper ABL but does not 1067 

influence the normalized Reynolds stress budgets in the surface layer significantly, where 1068 

the friction velocity and canopy height are used as characteristic velocity and length scales, 1069 

respectively. The turbulent shear length scales are shown to decrease not only with 1070 

increased VAI but also with increased ap in the upper portions of the canopy for the same 1071 

LAI or VAI, but change little with geostrophic wind speed for the same model forest. These 1072 

results are in general agreement with previous studies (Raupach et al. 1996).  1073 
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For the same sparse model forest (LES Runs A‒D), increased domain size and reduced 1074 

grid spacing generally enhance normalized budget terms near the treetops and above. The 1075 

differences are comparable with variability in field observations which may be for different 1076 

reasons such as varying ABL depths and mesoscale influences that are absent in the LESs. 1077 

We propose a new decomposition for the pressure-gradient interaction term that is 1078 

consistent with the classic decomposition for the normal stress but is consistent with 1079 

Lumley’s decomposition for the tangential shear stress. The results reported here on the 1080 

pressure-gradient interaction term will be further discussed in the evaluation of their 1081 

parametrizations in existing higher-order closure models in a companion paper. These 1082 

include not only discussions on the various decompositions of the pressure-gradient 1083 

interaction term, but also seeking new parametrization schemes since there is no a priori 1084 

mathematical reason to require the pressure-gradient velocity interaction to resemble a 1085 

Cauchy type stress tensor amenable to deviatoric and transport parts. The value of this work 1086 

lies in the significance of pressure redistribution in the budget of the normal stress (Fig. 5c, 1087 

d, e) and of pressure-gradient interaction in the budget of tangential shear stress (Fig. 6) in 1088 

both the RSL and the ISL. 1089 

Obviously, our simulations are not able to produce the very long (commonly exceeding 1090 

20 times boundary-layer depth) meandering “superstructures” in the logarithmic region 1091 

(Hutchins and Marusic 2007). Efforts in applying LES to simulate these very-large-scale 1092 

motions in neutrally stratified ABLs used a horizontal domain in the streamwise direction 1093 

8π times (Jacob and Anderson 2017) to 32π times (Fang and Port´e-Agel 2015) of the 1094 

vertical domain. However, the finest grids (49.1, 49.1, 7.8) m in both studies have a very 1095 

large aspect ratio of 2π:1, and could suffer the inherent problem of inadequately resolving 1096 

the surface layer that includes the logarithmic region (Brasseur and Wei 2010; Ercolani et 1097 

al. 2017). The effects of these very large superstructures on the results presented here 1098 

remain to be studied when computational resources become available to us, along with 1099 

thermal stability and a wider range of canopy morphology and vegetation density. 1100 

Increased available computation resources would also allow us to further investigate 1101 

airflow in the RSL in and above very dense forests where finer grid resolutions are needed 1102 

to adequately resolve eddies near the canopy top with much reduced turbulent shear length 1103 

scales. 1104 
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Appendix 1: 1120 

 1121 

Selected full boundary-layer profiles of second-order statistics (Fig. 11d, e, f) are 1122 

provided here to demonstrate fully developed turbulent inversion-capped (Fig. 11a, b) 1123 

neutral ABLs. Figure 11 also helps to illustrate the large differences in the ABL height zi 1124 

determined by maximum ∂〈θ〉 ∂z⁄  (Fig. 11b) and by the minimum (peak negative) heat 1125 

fluxes (Fig. 11e). 1126 

We may use the difference between the two estimates of zi (minimum heat flux and 1127 

maximum ∂〈θ〉 ∂z⁄ ) as an approximate measure of the depth of the capping inversion or 1128 

interfacial layer between the well-mixed layer below and the stable free atmosphere above. 1129 

Our LES results indicate that a stronger geostrophic wind or external horizontal pressure-1130 

gradient force led to an increased depth of this capping inversion layer (Fig. 11a, b, e). This 1131 

increase is primarily due to the increase in the altitude of maximum ∂〈θ〉 ∂z⁄  (Fig. 11b), 1132 

which represents the entrainment interface between the ABL and the free atmosphere 1133 

above (Sullivan et al. 1998). The depth of this capping inversion layer is much smaller in 1134 

Berg et al. (2020), which could be due to a number of factors: (1) a much lower geostrophic 1135 
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wind (5 m s-1); (2) half the inversion strength (3 K km-1) in the free atmosphere above the 1136 

ABL; and (3) over a much smoother surface (z0 = 0.05 m). The maximum ∂〈θ〉 ∂z⁄  (~ 30 1137 

K km-1) in our study (Fig. 11b) is twice that (~ 15 K km-1) in simulation D in Berg et al. 1138 

(2020).  1139 

A well-mixed layer can be seen above the surface layer and below the altitude of 1140 

minimum heat flux. It is characterized by near-uniform 〈θ〉 (Fig. 11a), quasi-linear increase 1141 

in the magnitude of negative heat flux with increased altitude (Fig. 11e), and horizontal 1142 

wind direction angle decreases with increased altitude at nearly a constant rate that is 1143 

smaller than those both inside the canopy (Fig. 2e) and in the capping inversion layer (Fig. 1144 

11c). Similar features are shown in Fig. 11 and Fig. 10 in Berg et al. (2020). 1145 

Snapshots in an X-z plane of turbulent velocities and momentum and heat fluxes (Fig. 1146 

12) also help to illustrate a fully developed turbulent ABL. While the most significant local 1147 

heat fluxes (Fig. 12d) are found in the capping inversion layer (Fig. 11b), the largest local 1148 

momentum fluxes (Fig. 12c) are shown in the ABL below. The horizontal scales of 1149 

fluctuating turbulent velocities are larger in the interior of the ABL and decreased towards 1150 

both the forest and the ABL top (Fig. 12a, b; Fig. 13a‒e; and Fig. 14a‒e), especially the 1151 

horizontal velocities.  1152 

The two-dimensional spectra (Fig. 13f and Fig. 14f) are averaged (Sullivan and Patton 1153 

2011; Patton et al. 2016; Berg et al. 2020) but more precisely integrated at constant 1154 

horizontal wavenumber κh = (κX
2  + κY

2)
1/2

 along a circular ring over respective two-1155 

dimensional power spectra that are functions of wavenumbers (κX, κY) in the X- and Y-1156 

directions. These spectra are more representative of the spatial eddy scales than their one-1157 

dimensional counterparts which are contaminated by aliasing from average (again, more 1158 

precisely integration over κX or 𝜅𝑌) in either the X- or Y-directions (Wyngaard 2010). 1159 

We present the spectra at the same five normalized height (z hc = 0.5, 1, 2, 6, 10⁄ ) as 1160 

in Patton et al. (2016) for comparison with their near-neutral (NN) case. The difference in 1161 

magnitudes of the normalized spectra between the present study (Fig. 13f and Fig. 14f) and 1162 

their counter parts (Fig. 8) in Patton et al. (2016) are due to differences in both the velocity 1163 

scale (u*
2 in this study but wm

2  = 5.358 u*
2 in Patton et al. 2016) and in the length scale Lx, 1164 

which in this study is 1/5 of that in Patton et al. (2016). The limit of smaller horizontal 1165 
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domain in the present study is manifested by the spectral peak being located at the lowest 1166 

wavenumber for the streamwise velocity (Fig. 13f) at z hc = 10⁄ , which is well above the 1167 

RSL. At this altitude (z zi = 0.20⁄ ), similar to Patton et al. (2016), both the streamwise (Fig. 1168 

13f) and the vertical (Fig. 14f) velocity spectra generally show the ‒5/3 slope. At z hc = 6⁄  1169 

(z zi = 0.12⁄ ), the streamwise velocity spectra peaked at a lower wavenumber than the 1170 

vertical velocity spectra. This is also the case at z hc = 0.5, 1, 2⁄  in the RSL in and above 1171 

the forest. Other features similar to Patton et al. (2016) include: (1) energy at low 1172 

wavenumbers diminishes as the canopy top is approached from z hc = 2⁄  to z hc = 1⁄ ; (2) 1173 

spectra at mid-canopy (z hc = 0.5⁄ ) maintain a similar shape to those at the canopy top but 1174 

diminished in magnitude by a factor of 5 to 10; and (3) the peak in vertical velocity spectra 1175 

in the RSL (z hc = 0.5, 1, 2⁄ ) is between 𝜅hhc = 1 and 𝜅hhc = 2. The horizontal scales and 1176 

magnitudes of the normalized spectra are also manifested in the horizontal snapshots of the 1177 

streamwise (Fig. 13a‒e) and vertical (Fig. 14a‒e) velocities at the same altitude. 1178 
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 1179 

Fig. 11 Full ABL Profiles of: (a) 〈θ〉; (b) 𝜕〈𝜃〉 𝜕𝑧⁄ ; (c) horizontal mean wind directional angle α counter-1180 

clockwise from the east; (d) resolved-scale TKE 〈E〉, SFS TKE 〈e〉, E = 〈E〉 + 〈e〉; (e) resolved-scale heat 1181 

flux 〈w〉'〈θ〉', SFS heat flux τθz, w'θ' = 〈w〉'〈θ〉' + τθz; (f) U'W' = 〈U〉'〈W〉' + τXZ and V'W' = 〈V〉'〈W〉' + τYZ, in 1182 

which 〈U〉'〈W〉' and 〈V〉'〈W〉' are the resolved-scale shear stresses, only SFS shear stress τXZ for LES Case 4 1183 

is shown for the sake of clarity 1184 
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 1185 

 1186 

Fig. 12 Snapshots in an X-z plane in the middle of the Y-domain of turbulent velocities (from horizontal 1187 

mean) and local shear stress and heat flux: (a) 〈U〉', (b) 〈W〉', (c) 〈U〉'〈W〉', (d) 〈W〉'〈θ〉', for LES Case 1 1188 

 1189 
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 1190 

Fig. 13 Snapshots in the X-Y plane of turbulent fluctuations (from horizontal mean) of 〈U〉' at: (a) z hc = 0.5⁄ , 1191 

(b)  z hc = 1⁄ , (c) z hc = 2⁄ , (d) z hc = 6⁄  and (e) z hc = 10⁄ ; (f) two-dimensional normalized energy spectra 1192 

of streamwise velocity as a function of horizontal wavenumber κh, for LES Case 1. The same contour level 1193 

in Fig. 12a is applied in panels (a)‒(e) 1194 
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 1195 

Fig. 14 Snapshots in the X-Y plane of turbulent vertical velocity 〈W〉' at: (a) z hc = 0.5⁄ , (b)  z hc = 1⁄ , (c) 1196 

z hc = 2⁄ , (d) z hc = 6⁄  and (e) z hc = 10⁄ ; (f) two-dimensional normalized energy spectra of vertical velocity 1197 

as a function of horizontal wavenumber κh, for LES Case 1. The same contour level in Fig. 12b is applied in 1198 

panels (a)‒(e) 1199 
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