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ABSTRACT: Large eddy simulations of flow over a “horizontally”” uniform model forest are used
to investigate the effects of gentle topography on the turbulent kinetic energy (TKE) budget within
the canopy roughness sublayer. Despite significant differences between simulations using idealized
sinusoidal topography and real topography of the Amazon forest, results indicate that the effects
of topography are located predominantly in the upper canopy and above, and are mostly caused by
mean advection of TKE. The “horizontally” averaged TKE budget from idealized and real gentle
topographies are almost identical to that for flat terrain, including a clear inertial layer above the
roughness sublayer in which shear production is balanced by local dissipation. At topography
crests, where observational towers are usually located, mean vertical advection of TKE can be as
important as horizontal advection. We propose the use on an approximate TKE balance equation
to estimate mean advection from single tower measurements, and introduce a new advection index

that can be used as a proxy to quantify the importance of the topography on the TKE budget.
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1. Introduction

Turbulence and flux measurements over forests in complex terrain are of great importance in
our understanding of surface-atmosphere interactions. These measurements are often interpreted
in the framework developed for flat terrain. This is particularly true when the topography is
gentle. However, it has long been known that dense canopies such as forests enhance the effects of
topography on the flow (Ruck and Adams 1991; Finnigan and Belcher 2004; Ross and Vosper 2005),
and even when forests sit on gentle topography the flow is often characterized by recirculation zones
“hidden” inside the forest. The flow modifications induced by topography have a large impact on
the spatial redistribution of gases and on the interpretation of eddy covariance measurements (Katul
et al. 2006; Poggi and Katul 2007; Ross 2011; Ross and Harman 2015; Chen et al. 2019, 2020).
The lack of a better framework to interpret these measurements stems, in part, from the difficulty in
making spatial observations needed to study non-homogeneous flows over complex terrain. Large
eddy simulation (LES) has expanded significantly our ability to study these flows (e.g. Brown et al.
2001; Tamura et al. 2007; Ross 2008; Dupont et al. 2008; Patton and Katul 2009; Ross 2011; Chen
et al. 2019, 2020).

One difficulty in most observational studies in gentle terrain is that it is hard to assess the
importance of the effects of topography on the flow. In neutral flow over rough topography,
any deviation from the log-law in the observed mean velocity profile can be attributed to the
effects of topography (e.g., the speed-up maximum that is present above the crest). However, for
observational data collected over forested topography, canopy drag and atmospheric stability also
impact the shape of the mean velocity profile, and the effect of gentle topography may not be strong
enough to be unambiguously identified. In addition, in many cases, measurements are not made
far enough above the canopy for the effects of the topography to be discernible. As an example,
observations of vertical profiles of mean velocity from the Amazon forest over gentle topography
do not show the usual speed-up maxima that would clearly indicate effects of the topography on
the flow (e.g., see profiles in Kruijt et al. 2000; Gerken et al. 2017; Santana et al. 2018) and it is
hard to assess deviations from the flat terrain profile without having an upwind profile for reference
(and using a locally determined friction velocity). As an example, Gerken et al. (2017) found good
agreement between observed mean velocity profiles in the Amazon and LES results for a model

forest over flat terrain.
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In a recent study, Chamecki et al. (2020) showed that the turbulent kinetic energy (TKE) budget
estimated from single tower observations may contain enough information to identify (and possibly
quantify) the effects of topography on the flow. Using tower data from two sites in the Amazon
forest they identified a region above the canopy in which TKE production is smaller than dissipation.
This pattern is inconsistent with our current understanding of the TKE budget over flat topography,
as production is expected to be larger than dissipation in the roughness sublayer above the canopy
(Brunet et al. 1994; Pan and Chamecki 2016) and in the lower portion of the mixed layer (Lenschow
etal. 1980). Chamecki et al. (2020) concluded that the observed pattern of production being smaller
than dissipation could only be explained by deviations from horizontal homogeneity, which in the
case of the two Amazon forest sites was likely caused by the topography. They also showed that
this feature was in agreement with LES of forests over sinusoidal topography.

Results from Chamecki et al. (2020) suggest that it may be possible to use the TKE budget to
characterize effects of topography using single tower measurements. However, a better under-
standing of the TKE budget in the roughness sublayer over complex terrain is needed to guide the
interpretation of field observations. Here we use LES to contrast and interpret TKE budgets over
identical “horizontally” uniform model forests sitting on 3 different topographies: flat, idealized
sinusoidal ridges, and real topography. We focus the data analysis on two main questions: (1) how
does gentle topography alter the TKE budget in the canopy roughness layer? and (2) how do we
interpret tower observations usually sited on the crests of the topography? We also discuss some

observational issues that must be addressed before this framework can be applied to field data.

2. Methods

a. Specific terminology

It is traditional in ABL studies to distinguish horizontal and vertical directions, given the different
scales and processes that characterize these spatial dimensions. In the presence of topography,
this distinction becomes less clear because there are several coordinate systems that can be used to
describe the flow (e.g., terrain-following or streamline coordinate systems). In the present work,
we will use the term “horizontal” (with quotation marks) to refer to terrain-following surfaces (i.e.,
surfaces parallel to the topography at a constant distance from the ground), so that “horizontal”

averaging and ‘“horizontal” homogeneity refer to averaging over and uniformity across terrain-
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following surfaces. When the analysis is restricted to the crests and troughs of topography where
towers are usually sited, the distinction between the different coordinate systems is eliminated, and
the terms vertical and horizontal retain their original meaning (no quotation marks are used). In

these instances, we will always explicitly refer to troughs and crests for the sake of clairty.

b. Numerical model

We used the LES model described by Chen et al. (2019) to simulate a “horizontally” homogeneous
model forest on three distinct topographies. The numerical model combines a pseudo-spectral
discretization with full dealiasing using the 3/2 rule in the horizontal directions with a staggered
second-order centered finite-difference scheme in the vertical (Albertson and Parlange 1999).
The LES combines a distributed drag force modeled by the quadratic drag law to represent the
main effects of the canopy on the flow (Shaw and Schumann 1992; Pan et al. 2014) with an
immersed boundary method to represent the topography on a cartesian uniform grid (Peskin
1972; Chester et al. 2007). The immersed boundary method uses a signed-distance function to
represent the ground surface and a second-order accurate smoothing method (Li et al. 2016) to
reduce the Gibbs phenomenon at the fluid-solid interface caused by the horizontal pseudo-spectral
discretization (more details of the IBM implementation are presented in Appendix A). A stress-free
no-penetration boundary conditions is applied at the top of the domain. The SGS momentum flux
is parameterized using the Smagorinsky-Lilly model (Smagorinsky 1963; Lilly 1967), with the
Smagorinsky coeflicient determined dynamically using the Lagrangian scale-dependent dynamic
model (Bou-Zeid et al. 2005). The system is integrated in time using the second-order Adams-
Bashforth scheme. The reader is referred to Albertson and Parlange (1999), Bou-Zeid et al. (2005),
Pan et al. (2014), Chen et al. (2019), and Appendix A for more details of the code. Our LES model
implementation has been extensively validated for a wide range of flow conditions, including
comparisons with tower observations for flow within and above plant canopies over flat topography
(Pan et al. 2014; Gerken et al. 2017; Lin et al. 2018) and comparisons with high-resolution

wall-resolved LES for flow over topography (see appendix in Heisel et al. 2021).



105

106

107

108

109

110

111

12

113

114

115

116

17

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

c. Simulation setup

The three main simulations employed here were presented in detail by Chen et al. (2020), and
we only give a brief description here. The forest canopy was designed to represent the Amazon
forest near the K34 research tower (Téta et al. 2012; Fuentes et al. 2016), even though the K34
tower location is not included in the domain. The model canopy was assumed to be “horizontally”
homogeneous and continuous across the entire domain, with a leaf area density (LAD) profile
a(z) based on data from Toéta et al. (2012) reported in Fuentes et al. (2016), and with total
leaf area index LAI =7 m?/m?. The canopy height was A, = 39m, resulting in an adjustment
length L. = 1/(C4a) = 13.9 m, where @ = 0.18 m™! was the average LAD of the canopy and
C,4 was the drag coeflicient assumed constant. The three simulations differ on the topography:
simulation “Flat” has no topography and serve as a benchmark for the canonical canopy flow,
simulation “Idealized” has a simple topography with sinusoidal ridges, and simulation “Real” uses
a small region of the real topography of the Amazon forest (centered at —2.413°S, —60.504° W)
and shown in Fig. 1 (this topography was extracted from a large area with reasonably similar
topography and, given the periodic boundary conditions implied by the spectral discretization, this
simulation is interpreted here as a simulation of a very large area with similar topographic features).
The idealized topography case has a ridge height (twice of the amplitude of the cosine function)
H =50 m and a ridge half-length (one fourth of the topography wavelength) L =250 m (resulting
in an average slope H/L = 0.2), which are comparable to the typical topography in the Amazon
forest around the K34 tower. For both the idealized and real topographies the forest is considered a
deep canopy because /./L. > 1 (Finnigan and Belcher 2004; Poggi et al. 2008). For some specific
analyses we also include two additional idealized simulations reported by Chen et al. (2019) with
the same hill half-length but with half the hill height (simulation “Half” with H =25 m and slope
H/L =0.1) and twice the hill height (simulation “Double” with H = 100 m and slope H/L = 0.4
— note that because of the large slope this case is no longer considered gentle topography). For
the idealized topography and the dominant topographic features of the real topography, the flow is
in the long-hill regime (L/L. > 1) in which the turbulence is approximately in local equilibrium
with the local shear (Poggi et al. 2008; Chen et al. 2019). Due the the varying position of the
ground surface within the cartesian grid, the vertical position between the grid nodes within the

LAD profile vary within the domain. Our approach to represent the canopy on the cartesian grid
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consisted of obtaining values of LAD by interpolating the LAD profile to the heigh of each node
(with respect to the ground surface) and renormalizing the final profile to match the total LAIL
This means that if the top of the canopy is below a given node, that node has zero LAD. While
this treatment of the canopy could be problematic in some cases (e.g. creating large horizontal
gradients in LAD), in our setup the canopy density above z = 30m is very small and the vertical
grid resolution is fine enough to resolve the vertical gradients in LAD. All simulations were carried
out under neutral stratification and were driven by a constant mean pressure gradient force (per
unit mass) equal to 3.11 x 10™* m/s? in the streamwise direction. For the simulation without
topography, this forcing resulted in a friction velocity of approximately 0.4 m/s (hereafter we refer
to this as the equivalent friction velocity, and use it as a normalization value for all simulations).
Simulations were integrated for 5 hours in total with a time step of 0.1 seconds, and data analysis
was performed using the last 2 hours. For the “Real” case in which no spatial averaging is possible,
simulations were carried our for 8 hours and data analysis used the final 5 hours. Details of the
domain size and grid resolution for each simulation are listed in Table 1 and discussed in detail in

Appendix B.

z(m)

y(m)

0 500 1000 1500 2000 2500 3000
x(m)

FiG. 1. Topography map of a portion of central Amazonia used for the “Real” simulation. The 3 virtual towers
selected for detailed analysis are shown by black circles and the positions of cross sections used in later figures

are indicated by dashed lines.
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Variables (all in m) “Flat”  “Idealized”  “Real”

Streamwise domain size 2000 2000 3000
Crosswise domain size 1000 1000 3000
Vertical domain size 515 540 540
Horizontal grid resolution 6.25 6.25 8
Vertical grid resolution 2 2 2
Mean topography height 0 25.00 26.46

TABLE 1. Domain and grid configuration used in numerical simulations.

d. Data analysis

We define the resolved TKE as

€=U (1

where u is the resolved portion of the velocity resulting from the implicit filtering operation in the
numerical model, which is further decomposed into ensemble average and fluctuations as u = -+
The analysis presented here is based on the budget of resolved TKE which is given by (Dwyer et al.
1997; Yue et al. 2008)

0c __0uje == ou P
ot 0)6]' ! f@xj 8)61'
———— —— —— — ——
Ae P 11,

o ()
-7 =17
6uje 8ul.7'l.j — —
+ Flu; +Tl.jSl.j
N~ ——
—€c —€

8)61' 8)61'

T,

Here, 7;; is the subgrid scale stress tensor, F; = —CyaP|u|u; is the modeled canopy drag, S;; is the
resolved strain rate tensor, and p* = (p/po+7rx/3) is a modified pressure. In the expression for
the canopy drag, C, is a drag coefficient, a(z) is the leaf area density, and P is a projection tensor
(Pan et al. 2014). The terms on the right hand side are mean advection (A, ), shear production (P),
pressure transport (Il,), turbulent transport (7, ), canopy dissipation (€.) and SGS dissipation (€).

Note that the SGS transport term is lumped together with the turbulent transport.
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Following Chamecki et al. (2018), we use the reduced TKE budget in which all terms that cause

a local imbalance between production and dissipation of TKE are lumped into a residual term (R):

P—(e.+e)=R=-A,-11,-T,. 3)

All simulations analyzed here are in approximate steady state, justifying the assumption de/dt =0

adopted above. The reduced TKE budget is then normalized by the total dissipation (e; = €. +€)

(Ple)—1=(R/e). “4)

The ratio R/¢; can be used to diagnose the local TKE budget: R/e, = 0 represents a state of local
balance between production and dissipation of TKE, while positive (negative) values of R/¢; are
associated with regions in which production is larger (smaller) than dissipation. Thus, we refer to
R as the local imbalance term.

In the analysis of LES data, ensemble averages were replaced by time averages, and fluctuations
were defined with respect to these averages. For the flat simulation, the ensemble average operation
is replaced by time and horizontal averaging. In some analysis for the non-flat topography,
turbulence statistics were averaged over terrain-following surfaces (i.e., surfaces of constant height
above the topography, denoted by Z; see Appendix A), and this is represented by angle brackets.
All the terms on the TKE budget (2) are independent of the frame of reference adopted and for

simplicity data analysis was performed in the original cartesian coordinate system.

e. Application to tower measurements

Most tower observations in complex terrain are sited on the top of hills and ridges. To test
some of the assumptions usually employed in interpretation of tower measurements and to provide
more context to interpret these observations, we analyze in detail TKE budgets for virtual towers
in the simulations. For the idealized topography, these are placed on the crest and trough of the
topography. For the real topography, we chose 2 crests and 1 trough: “real ridge crest” is one of
the highest crests in the domain and it is located on a fairly long 2D ridge; “real hill crest” is the
highest point of a fairly isolated 3D hill; “real trough” is the lowest point in the entire domain (their

locations are shown in Fig. 1). In addition, we also present some ensemble statistics for all crests
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and troughs in the domain, to illustrate the variability present in the real topography case. Note that
for the purpose of this statistical analysis, we define crests and troughs based on the topographic
variations along the mean wind direction as explained in the Supplement (the supplement also
includes a figure with the location of all points considered as crests and troughs for this analysis).

In tower observations, only a few terms of the TKE budget can be estimated. Assuming a typical
setup with turbulence measurements at multiple heights on a single tower, most of the terms that
cannot be measured are negligible under the assumption of horizontal homogeneity. However,
despite the small amplitudes of the topography, the flow field is strongly non-homogeneous and
these assumptions may no longer be applicable. To facilitate interpretation of simulation results
in the context of tower measurements, we follow Chamecki et al. (2020) and further break the
local imbalance term R into a vertical component (R, ) consistent with the hypothesis of horizontal

homogeneity and a horizontal component (Rj,) characterized by deviations from that state

R=R"+R', (5)

with
R =TI 11" — A" (6)
R =-T) -TI.—A". (7)

Here only the vertical transport term 7, is usually obtained from measurements and the vertical
advection A} can be calculated from observations but it contains large uncertainty (e.g., as illustrated
by observational estimates of vertical advection of CO2 (Aubinet et al. 2003)) and it is usually
neglected under the assumption of horizontal homogeneity (Chamecki et al. 2020). Note that this
separation between horizontal and vertical components introduces a dependence on the choice
of coordinate system. However, as we only apply this decomposition to troughs and crests, the
cartesian coordinated system used in the simulation and the terrain-following coordinate system
coincide, and deviations from the streamline coordinate system should be small. Thus, at these
locations, there is no advantage in choosing a specific coordinate system and we use cartesian
coordinates. The definitions used to separate the TKE budget terms into vertical and horizontal

components are presented in the Appendix.
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3. Results

a. TKE budgets

Our focus is mostly on the TKE budget within the canopy roughness sublayer, which is defined
as Z/h. <2 and marked by the upper dashed line in most figures. The simulation of forest over flat
topography (shown in the thin sub-panels in Figs. 2, 4, and 5 and as profiles in Fig. 6a) conforms
to current knowledge derived from observations (Brunet et al. 1994) and LES (Dwyer et al. 1997;
Chamecki et al. 2020). Shear production peaks at canopy top, decaying more quickly inside the
canopy than above (Figs. 2a). Viscous dissipation follows a similar pattern, but it is much smaller
than production near the canopy top (Fig. 2b). Inside the canopy, most of the sink of TKE is in
the canopy dissipation, which is very large near the canopy top and decays towards the ground
(Fig. 2c). The behavior of shear production and the two dissipation terms leads to a residual
(R = P —¢) that is positive above the canopy and mostly negative within the canopy, leading to
the strong vertical transport of the excess TKE produced above the canopy to balance the excess
dissipation within the canopy (Figs. 2d and 4a). For practical purposes, the flow can be divided
into three distinct layers: the lower canopy where most of the imbalance is caused by pressure
transport (R ~ —II), the upper canopy and the roughness sublayer where most of the imbalance is
caused by turbulent transport (R ~ —T,), and the inertial layer above (roughly at Z/h, > 2), where
the imbalance is approximately zero so that P = € (i.e., the layer where the law-of-the wall applies).

Comparison of the main terms in the TKE budget between the flat and the idealized topography
cases in Figure 2 shows strong modulation of shear production and dissipation by the topography.
The shear production displays strong inhomogeneity in the along topography direction, with
enhanced production located around the crests of the topography in the upper canopy and in the
lower part of the roughness sublayer (coincident with regions of increased shear due to the flow
speedup above the crests). This inhomogeneity persists across the roughness sublayer and above,
except that the horizontal position of the peak is displaced downwind from its location at the
canopy top. The viscous dissipation is much closer to being homogeneous, with some deviations
in the roughness sublayer that quickly disappear higher up. The canopy dissipation is strongly
inhomogeneous in the upper canopy, with larger dissipation in the upwind portion of the ridges

where velocities within the canopy are larger. These patterns lead to a local imbalance R that is

11
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nearly homogeneous inside the canopy, with strong deviations from homogeneity above the canopy.
This inhomogeneity weakens (but does not disappear) above the roughness sublayer. Note that
strong deviations from horizontal homogeneity driven by shear production persist at least up to
z=200m (this is more clearly seen in Figure 4), preventing a local balance between production and
dissipation to be established and, consequently, precluding the formation of an inertial sublayer as

suggested by Chamecki et al. (2020).

(b) £

z(m)

(c) Ec (d) P—e—¢&c

0 500 1000 1500 2000 0 500 1000 1500 2000
x(m) x(m)

T _10-0500 05 10 15 20 2.5 3.0 3.5 4.0
FiG. 2. TKE production and dissipation terms for the simulation with idealized topography. Results for flat
topography are also shown as small lateral panels for comparison. Note that we use de/dt in the caption to refer

generically to the terms on the right-hand side of Equation 2.

Before proceeding with the analysis, we note that in the cases with topography some of the flow
mean kinetic energy is dissipated by the pressure force on the ground surface (i.e. the dissipation
caused by the form drag associated with the topography). Because the forcing is constant across all
simulations, the topography drag leads to slightly smaller rates of production and dissipation of TKE
within the flow as indicated by the total (volume integrated) TKE production and dissipation (Table

2). As expected, the reduction in total dissipation is proportional to that in total shear production,
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TaBLE 2. Total (volume integrated) production and dissipation for each simulation. The quantities are

normalized by the equivalent friction velocity u..

Quantity “Flat”  “Idealized”  “Real”
[ PAV [(ulLyLy) 7.51 7.39 6.95
[ &dV [ (ulLxLy) 7.68 7.43 7.21
[ (P-e)dV/(ulLiLy) -0.17 -0.04 -0.26
[ 224V /(ulLxLy) -0.02 -0.02 -0.01

such that the balance between total production and total dissipation in the domain is approximately
maintained for each flow. The average rate of change of TKE is very small in comparison to shear
production and dissipation (always smaller than 0.3%), supporting the assumption of stationary
turbulence. The net budget of total production and dissipation is slightly larger than the time
change in TKE, and this difference is attributed to the small errors incurred in the interpolations
required in the post-processing of the LES results. More importantly, the reduction in production
and dissipation are not uniformly distributed in the vertical, being significantly stronger in the
upper canopy (see Figure 3). Note that because the total dissipation varies in space, this is not
a traditional normalization in which the magnitudes are modified but the spatial patterns of the
variables are preserved. Rather, this is a direct comparison of each term in the TKE budget to the
local rate of dissipation.

Instead of adopting the usual normalizations of the TKE budget terms for canopy flows using
h./u? (Raupach and Thom 1981; Finnigan 2000) employed in Figures 2 and 3, for the remaining
of this analysis we follow the reduced TKE approach of Chamecki et al. (2018) and normalize all
terms by the total local rate of dissipation €. On one hand, this normalization accounts for the
small difference in total production and dissipation between flat and non-flat topographies (and its
vertical distribution). More importantly, it allows us to interpret all the terms of the TKE budget
based on how much they contribute to the total local dissipation, which is especially useful in the
lower canopy where all terms are very small compared to their values in the upper canopy.

The normalized residual R/¢, and its partition into advection, turbulent transport, and pressure
transport (see Equation 3) for the idealized topography case are shown in Figure 4. The same
3-layer structure from flat topography is still discernible in this more complex case. In the
lower canopy imbalance is still caused mostly by pressure transport, and no significant deviations

from “horizontal” homogeneity are noticeable. In the upper canopy and the lowest portion of

13
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FiG. 3. “Horizontally” averaged shear production and TKE dissipation rate profiles for all 3 simulations.

the roughness sublayer above the canopy, most of the imbalance is due to turbulent transport,
and while some deviations from ‘“horizontal” homogeneity are noticeable, these are still not
dominant. This layer is shallower than in the flat terrain case, because advection and pressure
effects introduced by the topography become very important roughly in the middle of the roughness
sublayer (Z/h. ~ 1.5). This layer extending from the ground up to about Z/h. ~ 1.5 can be
considered analogous to the inner layer of neutral flow over a rough and gentle isolated hill (Belcher
et al. 1993; Kaimal and Finnigan 1994), even though noticeable deviations from “horizontal”
homogeneity are already present. Above this inner layer, the residual oscillates between positive
and negative bands that result from the complex patterns of the transport terms (mostly advection
and turbulence transport).

The partition of the residual is shown in the Supplement for the simulations “Half” and “Double”.
General patterns are very similar to those seen in Figure 4, except that increasing the hill height

increases the modulation of the residual by the topography and the contrasts between positive and
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FiG. 4. TKE residual and its main contribution from different transport terms for the simulation with idealized

topography. Results for flat topography are also shown as small lateral panels for comparison.

negative regions. Perhaps the one relevant conclusion from the comparison is that the region of
negative residual R < 0 within the roughness sublayer above the crests becomes more clear as the
slope of the topography increases. In addition, pressure transport becomes more important for the
“Double” case with slope H/L = 0.4.

The same analysis is repeated for two cross-sections (one in the mean wind direction and one
in the cross-wind direction, as indicated in Figure 1) of the real topography in Figure 5. The
level of complexity in the real topography is significantly enhanced compared to the idealized
topography, and deviations from “horizontal” homogeneity are clearly seen in the entire vertical
extent of the flow (note that the domain is much higher than the portion shown in the figures).
The 3-layer structure is much less clear than in the flat and idealized topography cases. Effects
of turbulent transport extend into the lower canopy downstream of crests, but due to the uneven
spacing between topographic features, this enhanced turbulent transport sometimes interacts with

the windward face of the downstream ridge (e.g., see small ridge at x = 1800m in Figure Se).
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Similarly, mean advection effects are strong within the entire roughness sublayer and even inside
the canopy. The interaction of shear layers from one crest with downwind features leads to a less
organized pattern, which in the present case seems to extend farther from the ground (note that
strong inhomogeneity is still clear at z=200m). The patterns of the terms in the TKE budget are
more strongly determined by the upstream topography in the mean wind direction (as opposed to
the cross-wind direction), but general conclusions are difficult.

Chamecki et al. (2020) used the existence of a region above the canopy in which production is
smaller than dissipation (resulting in R < 0) to identify the effects of topography in tower data.
This feature is clearly present in the idealized topography (see Figure 4a). In the real topography,
similar regions can be identified over some of the crests (e.g., see the small crest at x ~ 600m and
the tall crest at x ~ 2300 m in Figure 5a). However, other large crests do not display this feature (e.g.
the large crest at x ~ 1400m in Figure 5a). This difference in behavior seems to be caused mostly
by the advective transport that has strong negative contributions in cases were R < 0 is observed
but not on the large crest in which R remains positive. Therefore, even though regions of R <0
can be used to identify effects of topography on the TKE budget above crests, not all crests display
this feature and the absence of such a region cannot be used to infer that effects of topography are
negligible.

An important practical question is whether the presence of gentle topography alters the TKE
budget in a fundamental way or if it only creates “horizontal” variability. We investigate this
by performing ‘“horizontal” averages over the entire simulation domain. Clearly, the advection
term is negligible at all heights and in all cases after “horizontal” averaging. Given the profiles of
production and dissipation shown in Figure 3, we would expect the “horizontally” averaged budgets
to be impacted by topography. However, when the average profiles are normalized by the averaged
dissipation profile (¢;)(Z), the TKE budget terms for all three simulations are very similar (see
Figure 6; a similar figure using the more traditional normalization is included in the Supplement
for completeness). The most significant difference between the 3 cases is the partitioning of the
dissipation in the lower canopy, which has more contribution from viscous dissipation and less
from canopy drag in the topography cases (suggesting slightly higher levels of turbulence inside
the canopy). The most important conclusion from this analysis is that the approximate balance

between production and dissipation (indicated by (P)/(e;) ~ 1 above Z/h, =2 in all 3 panels) that
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Fic. 5. TKE residual and its main contribution from different transport terms for the simulation with real
topography: (a) downstream cross-section at y =1500 m and (b) crosswind cross-section at x =917.5 m. Results

for flat topography are also shown as small lateral panels for comparison.

characterizes the inertial sublayer above the roughness sublayer is recovered upon “horizontal”
averaging over gentle topography.
Two remarks are important in the interpretation of Figure 6. Results presented here are valid for

gentle topography, and similar analysis applied to the “Double” case shows that turbulent transport
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FiG. 6. “Horizontally” averaged profiles of TKE budget terms for (a) flat, (b) idealized, and (c) real topography.

Terms are normalized by total dissipation rate (sum of the dissipation rate and the canopy drag work).

and advection are significantly different from the flat case even after “horizontal” averaging (not
shown), precluding the existence of an inertial sublayer even in average sense. Finally, the nearly
perfect agreement between the 3 panels in Figure 6 is, in part, caused by the fact that there is nearly
perfect cancelation between topographic features in the periodic domain. If a similar analysis is
carried out in a patch of real topography (without periodic boundary conditions), one would expect
that the spatial averaging would strongly reduce the effects of topography on the TKE budget,
converging to the flat terrain case as the number of topographic features contained in the patch

becomes very large.

b. Virtual towers

The analysis of virtual towers has two main goals: (1) explore the processes that are relevant for
the TKE budget at topography crests and troughs where towers are usually sited, and (ii) guide
the interpretation of field observations. Because the former is better accomplished by presenting
profiles normalized by dissipation, we choose to present those in the main manuscript. However,
we recognize that estimates of the TKE dissipation rates from measurements is difficult (especially
inside the canopy), and complementary figures using the standard normalization for TKE budget

terms in canopy flows (using 4. /u2) are provided in the Supplement.
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The main terms of the TKE budget at the virtual towers are shown in Figure 7, where the flat case
is also shown for comparison (see also Figure 2 in the Supplement). In general, there are important
differences between crests, troughs, and flat terrain. The peak in production just above the canopy
is very large at the crests, and the faster decay in production with height above this peak leads to
regions in which production is smaller than dissipation (R < 0, which corresponds to regions in
which P/{e;) < 1 in the figure). The crossing to P/(¢;) < 1 occurs approximately at Z/h. = 1.5
(for some smaller crests in the real topography, this crossing is located higher up and sometimes it
is not as clear). The troughs show a double peak in production above the canopy, with production
(almost) always larger than dissipation. The upper peak in production is associated with the shear
layer from the upstream crest, and most of the energy excess in this region is removed by turbulent
transport (contrary to flat terrain and crests, the vertical transport by turbulence remains large above
the roughness sublayer due to the elevated shear layers). As discussed before, inside the canopy
the differences from the flat case are less pronounced. In the upper part of the canopy, advection
can still play an important role, being mostly negative over crests and positive over troughs.

A more complete analysis of the contributions of different terms to the residual is shown in
Figure 8. In this figure, all positive (negative) terms (except R) indicate an energy loss (gain).
The horizontal transport by pressure and turbulence (not shown) are negligible at all heights in
the profiles shown in Figure 8, and whenever R” is important in the budget one can safely assume
that it is dominated by horizontal advection (i.e., R" ~ —A"). The simplicity of the residual for
the flat case, transitioning from being almost entirely caused by vertical turbulent transport in the
upper canopy and above to being almost entirely caused by pressure in the lower canopy no longer
holds in the cases with topography. While the presence of horizontal advection was expected, the
importance of vertical advection at crests and troughs is quite remarkable. Over the crests, mean
vertical advection of TKE transports energy upwards, acting as a sink in the upper canopy region
and as a source for Z/h. > 1.5. The opposite is seen over the troughs, where this mean vertical
advection is a source of TKE in the entire vertical extension of the roughness sublayer. These
effects can be easily explained by the gradients in mean vertical velocity and TKE (shown in the
Supplement). This is especially true above the canopy, where the vertical gradients in TKE are
fairly small and the advection is mostly determined by the gradients in w. However, there is large

cancellation between horizontal and vertical mean advection in the cartesian coordinate system
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FiG. 7. Profiles of TKE budget terms normalized by the local dissipation at selected virtual tower locations:
(a) flat, (b) idealized crest, (c) idealized trough, (d) real ridge, (e) real hill, and (f) real trough. The locations
of virtual towers for the real topography can be viewed in Figure 1. The grey dot-dashed line indicates the

displacement height, calculated following Jackson (1981).

adopted (something that would be eliminated in the streamline coordinate system). For the real
topography, the patterns of horizontal and vertical transport by mean advection vary significantly
in space (not shown), as they depend strongly on the position of the shear layers and the flow field

patterns upwind. Interestingly, the contributions of pressure transport are practically negligible,
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except in the lower canopy. From an observational perspective this is very important, since pressure

fluctuations are rarely measured in field campaigns.
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FiG. 8. Profiles of TKE residual R and its partition into individual vertical transport terms and a lumped
horizontal term representing deviations from horizontal homogeneity for the same virtual tower shown in Figure

7. Note that Eqns. (5)-(7) imply R = R" - T —T1Y — A).

In order to characterize the impact of topography on the TKE budget we note that, in flat terrain we
have R =T} —II (see Figure 8a). Our results also show that horizontal transport by turbulence and
pressure fluctuations are negligible at the topography crests and troughs (T /¢, ~ 0 and I1? /¢, ~ 0).

Therefore, most of the distortions introduced by topography ate crests and troughs are expressed in
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the TKE budget via horizontal and vertical advection. Motivated by this observation, we use the

advection term normalized by the total dissipation as an “advection index”

7, =14 ®)

€

T4 quantifies the importance of advection in terms of the local rate of dissipation, and it serves
as a proxy for the impact of topography on the local TKE budget. Clearly the advection term is
identically zero flat topography (A, = 0) so that 74 = 0. Deviations from zero are indicative of
topography effects (or other source of non-homogeneity), and larger values of 74 are associated
with larger effects of topography on the local TKE budget. Profiles of 74(z) are shown in Figure
9. The lower canopy is characterized by 74 < 0.05, implying minor effects of topography on
the TKE budget as inferred from the previous discussions. Values increase in the upper canopy
reaching values typically between 0.1 and 0.7 and peaking just above the canopy. Values of /4
are larger over crests than over troughs. In general, the effects of topography present a slow decay
with height within the roughness sublayer (in some cases secondary peaks are present), but are
still significant at Z/h, = 3. For the 3 ideal cases (labeled “Half”, “Idealized”, and “Double” in
Figure 9), the behavior of 74 changes systematically indicating stronger effects of advection with
increasing topography slope over the crests: both the peak value of 74 near the canopy top and
the the values at the secondary peak above Z/h. = 2 increase with increasing slope. Note that the
height of the minimum /4 between these two peaks decreases with increasing slope. All these
features are also present in the real topography cases. However, over the trough, the effects of
advection increase from “Half” to the “Idealized” case as expected, but the “Double” case has a
very different behavior. This is caused by the fact that in the “Double” case the slope is large
enough that the recirculation region in the lee of the hill extends far above the canopy, while in
the other two cases the recirculation bubble is completely contained inside the canopy (this can
be clearly seen in Figure 3 of Chen et al. (2019). The larger recirculation changes the nature of
advection over the trough, reducing the mean velocities and increasing the turbulence intensity
(and thus the rate of dissipation) in this region, and leading to a reduction in the values of 74 when
compared to the gentler topography cases. Based on the theory of Finnigan and Belcher (2004) and

the numerical simulation of Ross and Vosper (2005), we expect that increasing the canopy density
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across the canopy top and lead to similar results as those resulting from an increase in slope.
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FiG. 9. Profiles of the topography index Z4 for selected virtual towers on (a) crests and (b) troughs, and median

and 10% and 90% percentiles for (c) all crests and (d) all troughs.

To describe better the “Real” case, we also present median values and 10% and 90% percentiles
for all crests and troughs as a measure of the range within which most points are contained (Figures
9c,d). Despite the fairly large variability of 74 over crests and troughs within the domain, one

could choose 74 > 0.1 as a reference value indicating regions in which the contribution from
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the advection term is more than 10% of the local dissipation, and so topographic effects become
relevant.
Finally we look into the approximations that are usually employed in tower observations. First,
shear production is usually estimated based on the homogeneous definition valid for flat terrain
——0du

Promo = _u,w,a_z- 9)

For most of the virtual towers in our simulations this is a reasonable approximation. In the worst
case from the selected virtual towers (real ridge), this approximation leads to an underestimation
of the peak in production of at most 20-25%, being quite accurate away from the peak (see Figure
5 in the Supplement). Pressure terms are usually neglected, and this is a very good assumption
in the upper canopy and above. Chamecki et al. (2020) estimated the residual from R =P —€
and then, assuming vertical advection to be negligible, estimated horizontal advection from the
residual as A" = R — T (only above the canopy). Clearly vertical advection is not negligible, and
even though it can be estimated from tower measurements, this is far from trivial. The LES results
presented here suggest the best approach for single tower measurements is to estimate the residual
from R = P — ¢, and then use the residuals to estimate total advection in the upper canopy and

above and pressure transport in the lower canopy. Thus, we have

A~ —(R+T)) (upper canopy and above) (10)

IT) ~ —(R+T,) (lower canopy). (11)

The applicability of these two approximations is assessed for all crests and troughs in Figure 10,
and correlation coefficients and root mean squared errors (RMSE) are presented in Table 3. Note
that in all estimates the terms are normalized by the total dissipation. For practical purposes, we
define the separation between lower and upper canopy at Z/h. =2/3, and show results in the range
0<Z/h.<2.

The approximation given by Equation (10) is excellent above the crests, but fairly poor over the
troughs, implying that the role of horizontal transport by turbulence and/or the pressure transport
are still important for the latter. From the observational perspective of estimating the TKE budget

and the advection index above the canopy for towers usually sited on the crests of the topography,
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FiG. 10. Estimates of (a,c) horizontal advection using Equation (10) and (b,d) horizontal pressure transport
using Equation (11) for real topography (colored dots) and ideal topography (crosses, diamonds, and triangles
indicate cases “Idealized”, “Half”, and “Double”, respectively). Grey dots are used for real topography points
outside the range of height in which the relationships are expected to be valid (for idealized topography these

points are not shown). Panels (a,b) are for all crests and (c,d) for all troughs in the real topography.

Equation (10) yields high correlation coefficients (always larger than r = 0.8) and moderate RMSEs
(always smaller than 0.3). The RMSE for the Real case suggests a typical error in the estimate
of A./¢ around 0.2. For the three ideal cases, even though the correlation coefficients increase

with increasing topography height (and consequently increasing slope), the RMSE also increases
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suggesting that the approximation becomes less accurate for increasing slopes. As expected, the

role of the pressure transport increases with increasing slope.

The deep-canopy approximation given by Equation (11) is much more accurate than Equation

(10), being more accurate over troughs. For the ideal cases, while the RMSE increases with

increasing slope over the crests, it remains small and nearly constant over the troughs. These

results suggest that for the dense canopy studied here, advection starts impacting the deep-canopy

flow at the crests for slopes larger than 0.2. Advection is still negligible at the troughs for slopes as

large as 0.4.

Location Z/h. Eq. variable r RMSE
Idealized crest >2/3  (10) Acle& 0.93 0.23
Idealized trough  >2/3  (10) Al € 0.56 0.16
Half crest >2/3 (100 A.le 0.89 0.15
Half trough >2/3  (10) A.le 0.39 0.11
Double crest >2/3  (10) Acl € 0.97 0.30
Double trough >2/3  (10) Acl € -0.71 0.44
Real crests >2/3  (10) Acl € 0.81 0.19
Real trough >2/3  (10) Acl €& 0.55 0.18
Idealized crest <2/3  (11) Y/ e 1.00 0.16
Idealized trough  <2/3  (11) Y/ e 0.98 0.05
Half crest <2/3 (1) Y/ e 1.00 0.13
Half trough <2/3 (1) IIY/e 0.98 0.06
Double crest <2/3 (11 Y/ & 0.43 0.34
Double trough <2/3 (1) IY/e 0.98 0.06
Real crests <2/3  (11) Y/ & 0.88 0.15
Real trough <2/3 (11) I / & 0.94 0.10

TaBLE 3. Correlation coeflicients (r) and root mean squared errors (RMSE) for estimates of AZ‘ /€& and IT) /&

from the TKE budget using equations (10) and (11).

Based on the results presented above, we outline a tentative procedure to estimate 74 above the

canopy from single tower measurements:

1. Estimate shear production (Pp,m,), buoyancy production/destruction, and vertical turbulent

transport of TKE;

2. Estimate dissipation using the spectrum or the second-order structure function for the stream-

wise velocity component;

3. Estimate mean total advection using Equation (10);
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4. Calculate 74 using Equation (8).

4. Discussion and conclusions

In this study we employed LES to study the TKE budget within and above forests, contrasting flat
terrain with gentle topography. While the TKE budget over idealized sinusoidal ridges is still fairly
simple, the real topography is much more complex and general conclusions are not always possible.
Nevertheless, some important observations can be highlighted here. First and foremost, our LES
results agree with observations from the Amazon forest (Kruijt et al. 2000; Gerken et al. 2017;
Santana et al. 2018) and theory (Finnigan and Belcher 2004) in the fact that no clear mean wind
speed-up maxima is noticeable within (or slightly above) the roughness sublayer (see Figure 2(a) in
the Supplement). However, observations (Chamecki et al. 2020) and our simulations presented here
clearly show that the TKE budget is strongly impacted by the presence of the gentle topography.
We conclude that the TKE budget may provide a better measure of the effects of topography than
the mean wind speed profile in single tower observations.

Deviations from “horizontal” homogeneity in the TKE budget are fairly small within the lower
canopy. In the upper canopy and above, these deviations become very large and are mostly caused
by mean advection of TKE. “Horizontal” transport by pressure and turbulence are negligible
for the gentle slopes studied here, while both horizontal and vertical advection are important.
Vertical transport by pressure is also impacted by topography, being more important than over flat
topography. The patterns in the TKE transport are such that, above crests in the topography, one
usually has a region in which local production is smaller than local dissipation (P < € = R < 0,
e.g., see Figure 8), with the sum of the transport terms acting as a sink. This is a unique feature
not present in the canonical roughness sublayer or in the convective mixed layer above flat terrain,
and can be used as one possible identifying feature of the effect of topography (or other sources of
deviation from horizontal homogeneity) in single tower measurements. Nevertheless, despite these
modifications, when the TKE budget is averaged over terrain-following surfaces, the flat terrain
balance between production dissipation and vertical transport by turbulence is recovered, including
the existence of an average inertial sublayer in which production is in approximate balance with
dissipation above the roughness sublayer as is the case for flow over rough hills (Wood and Mason

1993) (therefore, for gentle topography, we expect the log-law and Monin-Obukhov similarity
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to be good approximations above the roughness sublayer after averaging over a large horizontal
extension as done implicitly in large-scale models).

Production is not always smaller than dissipation above crests in complex terrain, so this feature
is not a reliable proxy for the effects of topography on the TKE budget. Instead, we showed
that most of the effects of the topography on the TKE budget above the canopy manifest via
mean advection. Thus, we introduced an “advection index” (see Equation 8) as a way to assess
topographic effects from single tower measurements. Estimating 74 from observations is not trivial
(e.g., estimating the rate of dissipation accurately from tower measurements is quite challenging,
and the approximation to estimate advection given by Equation 10 will introduce additional error),
and the methodology proposed here must be tested with observational data in the near future.

Many questions remain, and further studies of the TKE budget over complex terrain covered by
forests are needed. Even though our results are strictly valid for “horizontally” uniform forests,
it is reasonable to expect that results will be similar for non-uniform forests as long as the spatial
heterogeneity induced by the forest variation is small compared to that indued by the topography
itself. If forest spatial structure becomes dominant, the mean TKE advection term will be dominated
by changes in forest cover. Our general approach should still be valid, but deviations from the
canonical flow over uniform forests over flat terrain will now be an indication of strong spatial
structure in forest cover. Finally, results presented here are only valid for neutral atmospheric
stability conditions and future steps should include the generalization of this study to other real

topographies and non-neutral atmospheric stability.
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APPENDIX A

IBM implementation
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The topography is represented in LES using an immersed boundary method (IBM) slightly
modified from Chester et al. (2007), which is based on the discrete forcing approach Mittal and
Iaccarino (2005). The advantages of the IBM method are its simplicity and low computational cost
to represent topography on a Cartesian grid (e.g., as opposed to the more accurate use of curvilinear
coordinates). The current implementation is summarized below and the main components are also

illustrated in Figure Al.

° F]u1d ° ° ° ° . . .
[ Q

¢ =0 . [sond} ... R jp—

° (p<0. ° ° ° ° Y

Fic. Al. A sketch of the immersed boundary method depicted within the cartesian grid of the LES.

A signed-distance function ¢(x) is used to denote the solid-fluid interface (¢ = 0), separating grid
points within the solid (¢ < 0) from those within the fluid (¢ > 0). Because this implementation of
the LES is not wall-resolving, the stress must be specified by a wall model at grid points adjacent
to the solid-fluid interface (wall surface). The adjacent grid points in current IBM formulation are
defined as all the points within the thin band |¢| < §, where § = 1.1Az and Az is the vertical grid
spacing (see Figure Al). For each grid point within this band, the wall stress based on a local

coordinate system is calculated by the following steps:

1. The normal vector n* = e3 to the topography surface is calculate from the signed-distance

function ¢ via
Vo

*_
“7 Vol

(D
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The velocity vector u at the point which is A, = 1.5Az along the normal direction e away

from the wall is calculated using trilinear interpolation.

2. This velocity w is decomposed into w = ujej +ujej, where u} is the component normal to
surface and u] > 0 is a residual tangential component. A local coordinate system can be

* %k % * _ %k *
defined as (e, e;,e3), where e; = e5 X e7.

*

13 In the local

3. The wall model is used to calculate the corresponding SGS shear stress 7

coordinate system following
* 2
. [ KU ] 2
Th=—pP|—/——]|
B In(hy/z0)
where z( is the roughness length of the solid-fluid interface, and x = 0.4 is the von Karman

constant. Due to the symmetry of the stress tensor we have 73, = 7/5.

4. The wall stress is transformed back into the original Cartesian coordinate system of the

simulation via

*
Tij = AinQmjTyy » (3)
where a;; is the direction cosine between the original x;-axis and the rotated x;-axis.

In addition to using the wall model described above to determine the stresses within the thin
band, the velocity field within the solid portion of the domain is set to zero. This in turn creates
strong discontinuities in the velocity field, which are problematic for the determination of the
horizontal derivatives within the pseudo-spectral approach. To reduce the Gibbs oscillations, cubic
interpolations are performed within the solid region to smooth the sharp gradients prior to the
transformation into Fourier space (Li et al. 2016).

We have performed one detailed validation of this IBM implementation by comparing results from
our LES code to a high-resolution, wall-resolving LES using curvilinear coordinates performed
by Gloerfelt and Cinnella (2019). This comparison is reported in the appendix of Heisel et al.
(2021). The simulation features a periodic repetition of a single hill with a non-trivial shape (i.e.,
not a simple cosine) that has been extensively used as a test case in the literature because it is
a challenging case with steep slopes and flow separation that has extensive documentation from
DNS (Krank et al. 2018) and water flume experiments (Rapp and Manhart 2011). While this is

only one case, it helps build trust in our implementation. In addition, many studies using the same
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implementation of the IBM in slightly different pseudo-spectral codes have performed validation
in different geometries including urban buildings (e.g., Tseng et al. 2006; Giometto et al. 2016; Lin
et al. 2020) and topography (e.g., Diebold et al. 2013). In general, the IBM method can accurately
reproduce the effects of topography if the grid is fine enough.

APPENDIX B

Domain size and grid resolution for LES

The selection of domain and grid size in LES always requires careful considerations in order
to produce accurate simulation results at affordable computational cost. Here we first justify our
choice of domain size and then grid resolution, even though these decisions are obviously coupled
by the constraint of computational cost.

The domain height L, used in our simulations varies from 515 to 540m, which is similar to
typical values of ABL height observed over the Amazon forest in the morning and early afternoon,
but significantly less than the mid-afternoon peak around 1200 m (Fisch et al. 2004; Dias-Jinior
et al. 2019). In addition, our focus is on the flow in the roughness sublayer, roughly defined as
Z/h. <2, and the question is whether the flow in this region is impacted by the limited domain
height. For the flat case, a vertical domain size L;/h. > 10 is sufficient to guarantee that the
roughness sublayer is not impacted by the top boundary condition (Pan and Chamecki 2016)
and doubling the domain size from 104, to 204, produces negligible differences in the results
(Bailey and Stoll 2016), suggesting that our choice of L,/h. ~ 13.2 is adequate. For the ideal
topography, we estimate the middle layer height (Hunt et al. 1988; Finnigan and Belcher 2004) to
be h,, ~ 108 m, and set L, = 5h,, to guarantee that the upper half of the domain is in the outer layer
and the vertical velocity perturbation induced by the topography is close to zero in this region.
Note that in our setup this criterion results in a larger vertical domain size than the L, = 1/3 (where
A =1000m is the topography wavelength) recommended by Wood (2000) for flow over sinusoidal
hills. For the horizontal domain size, the critical issue is to ensure that the domain is large enough
to represent the largest eddies, which is done by assessing the two-point autocorrelations for each
velocity component (Moin and Kim 1982). Our choice of L, ~ 3.7L; and L, = 1.9L, is enough
to guarantee that, and it is more conservative than the recommendation of Mason and Thomson

(1987) for neutral ABLs and endorsed by Wood (2000) for flow over topography. We also note that
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our domain is comparable to or larger than most simulations of flow over idealized forested ridges
(Ross 2008; Patton and Katul 2009). For the real simulation, our horizontal domain is extended
to Ly =L, =3000m ~ 5.6L. This choice is mostly based on the topography characteristics, and
it was selected to encompass the largest features observed at this location (i.e., without artificially
reducing the size of hills, ridges, or valleys). Because of periodic boundary conditions implied
by the pseudo-spectral discretization, our simulation is representative of a large area in which the
topography has very similar characteristics to those present within our domain (as opposed to a
region in which our real topography sits in the middle of a flat area).

Our selection of grid resolution and grid aspect ratio are also based on assumption that the
critical component is the representation of the canopy shear layer eddies, which are responsible
for most of the transport of gases and momentum across the canopy top (Raupach et al. 1996;
Finnigan 2000). These eddies have a length scale approximately equal to the shear length scale
Ls=u(h.)/(0u/0z)p,, and are spaced in the horizontal direction by a distance of roughly 8L,
(Raupachetal. 1996). From our canopy simulation over flat topography we obtain Ly =~ 30m, so that
our grid size is Ax = 0.21L; and Az ~ 0.07L; (shear layer eddies are resolved by roughly 5 points
in the horizontal direction and 15 points in the vertical; note that the finite-difference discretization
in the vertical requires more points to resolve flow structures than the spectral discretization in
the horizontal directions). To accommodate the larger horizontal domain in the simulation with
real topography, we use a slightly large horizontal grid spacing so that Ax = 0.27L and eddies
are resolved by roughly 4 grid points (the vertical resolution is not altered). Our resolution is
slightly better than that used by Ross (2008). While most papers reporting flow within canopies
over topography do not report the ratio of grid size to L, our resolution normalized by the canopy
height (Ax ~ 0.16h, to Ax =~ 0.21h, and Az = 0.05k.) is comparable or higher than most studies
(as examples, Dupont et al. (2008) uses Ax = 0.6h. and Az = 0.2h., Patton and Katul (2009)
uses Ax = 0.15h, and Az =0.05h., Ross (2011) uses Ax = Az = 0.14h,., and Ma et al. (2020) uses
Ax =0.3h. and Az =0.1h.). Note that Ouwersloot et al. (2017) performed tests of model resolution
for flow within canopies over flat terrain using a finite-difference code and found small differences
between their reference simulation following Finnigan et al. (2009) with Ax = Az =0.1h, and a
test simulation with Ax = 0.24. (keeping Az the same), concluding that the latter is not sufficient.

However, our spectral code should be able to represent smaller scales in comparison to a finite-
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difference code at the same grid resolution, and we conclude that our choice is reasonable. For our
setup, this requirement of resolving eddies of size Ly will automatically ensure that the idealized
ridge is well resolved, and that the larger features in the real topography are well resolved. The
smaller bumps and dips in the real topography are likely under-resolved, even though our simulation
can capture the recirculation in the wake of most small bumps (e.g., see Figure 2a in Chen et al.

(2020)).

APPENDIX C

TKE budget over crests and troughs

For clarity, we include here the definition used to separate the TKE budget into vertical and
horizontal components when analyzing results over flat terrain, crests and troughs. In practice,
Equation (2) of the main text can be written as

de

E:AZ+AZ+Ph+PV+HZ+HZ+Teh+T:—ec—e, (C1)
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and each term on the right-hand side is defined below:

A —— C2
¢ ox 0Oy €2
owe
AV =— C3
¢ oz (C3)
—0u —0u —v
Ph — _u/u/a_z _ u/vla_; _ u/v/a_: (C4)
—— 0V =W =—=O0w
-V — — W — - VW —
y 0x ay
P =-uw— —v’w’—v (C5)
Z Z
ap*/a‘/ 85*/‘}/
n=- - C6
¢ Ox dy (6)
a’ﬁ’*/W/
I =- C7
¢ 0z €N
e OW(Tiy+Tiy+Ti;)
Th=——— - S C8
¢ 0x 0x (8)
e OV (Tyy + 15y +752)
dy dy
Ow'e (')W’(T;Z+T§Z+TZ’Z)
T =— - C9
v oz 7z (C9)
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