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The Effects of Canopy Morphology on Flow Over a
Two‐Dimensional Isolated Ridge
Yulong Ma1 , Heping Liu1 , Tirtha Banerjee2 , Gabriel G. Katul3 , Chuixiang Yi4 ,
and Eric R. Pardyjak5

1Department of Civil and Environmental Engineering, Washington State University, Pullman, WA, USA, 2Department of
Civil and Environmental Engineering, University of California, Irvine, CA, USA, 3Nicholas School of the Environment
and Department of Civil and Environmental Engineering, Duke University, Durham, NC, USA, 4School of Earth and
Environmental Sciences, Queens College, City University of New York, New York, NY, USA, 5Department of Mechanical
Engineering, University of Utah, Salt Lake City, UT, USA

Abstract Momentum and mass exchanges between the atmosphere and forests situated on complex
terrain continue to draw significant research attention primarily because of their significance to a
plethora of applications. In this paper, we investigated flows behavior on the leeward side of a two‐
dimensional forested ridge under neutrally stratified conditions using large‐eddy simulations (LESs). The
goal is to understand how variations in leaf area index (LAI), vertical canopy foliage distributions, and forest
edge positions affect mean/turbulent flow statistics, momentum fluxes, and onset of recirculation
patterns. Although pressure perturbations are dominated by the hill shape, it is demonstrated here that
changes in canopy foliage distribution modulate intensities and patterns of the leeward adverse pressure
gradients. Such changes in the adverse pressure gradients alter the mean velocity streamlines including the
patterns and magnitudes of the leeward downward mean vertical velocity and the velocity variances and
momentum flux in the wake region. While a downwind recirculation zone develops in all cases, the details
regarding the incipient location and recirculation zone size vary including positions of the separation and
reattachment points. Furthermore, changes in the strength and depth of the zone occur due to canopy‐
induced changes in adverse pressure gradients, advection, and canopy drag. Because the recirculation zone
impacts the local mean advective terms in momentum and scalar exchanges, the simulations here
indicate that canopymorphology‐induced changes in the leeward flows have significant implications to both
measurements and models of biosphere‐atmosphere exchange over complex terrain.

1. Introduction

Flows over the leeward side of a hill are characterized by a strong elevated shear layer and a highly turbulent
wake region. They have received a great deal of attention in many applications such as eddy covariance flux
measurements, forest fire controls, wind turbine sitting, and forest management in hilly terrain (e.g., Kutter
et al., 2017; Simpson et al., 2013; Yang et al., 2015; Zitouna‐Chebbi et al., 2015). Canopy flows over hills cov-
ered by vegetation have been studied using wind‐tunnel (Finnigan & Brunet, 1995) and flume experiments
(Poggi & Katul, 2007a, 2007b, 2007c), field measurements (Morse et al., 2002), analytical models (Finnigan &
Belcher, 2004; Harman& Finnigan, 2010; Poggi et al., 2008;Wang &Yi, 2012), closuremodels (Bitsuamlak et
al., 2004; Finnigan et al., 2015; Grant et al., 2016; Katul et al., 2006; Katul & Poggi, 2010; Kobayashi et
al., 1994; Ross, 2011; Wilson et al., 1998), and over the past decade or so by large‐eddy simulations (LESs)
(B. Chen et al., 2019; Dupont et al., 2008; Patton & Katul, 2009; Ross, 2008). Compared to flow over gentle
hills where the roughness is characterized by a single momentum roughness height value (e.g.,
Allen, 2006; Belcher & Hunt, 1998; Cao et al., 2012; H. Chen & Yi, 2012; Liu et al., 2016, 2019; Pearse et
al., 1981), the presence of porous tall forest canopies introduces new features on the leeward side such as
within canopy mean recirculation.

It is known that the combined effect of the canopy‐hill system on flows is largely associated with topography
and canopy length scales (Poggi et al., 2008; Ross & Vosper, 2005). For stationary conditions, the balance in
the mean momentum transport includes mean advection, mean pressure gradients, turbulent stress
gradients, and canopy drag from elements. On the leeward side of the hill and deep within the canopy,
the turbulent stress and its gradient may be small resulting in a dominant balance between drag force,
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advection, and adverse pressure gradient. This balance was shown to lead to a region of negative longitudi-
nal velocity within the canopy consistent with amean recirculation pattern (Finnigan & Belcher, 2004; Poggi
et al., 2008). This recirculation zone mainly develops on the leeward side of a hill (adverse mean pressure
gradient) with sufficiently tall and dense canopy so as to absorb all the momentum flux within the canopy
volume (B. Chen et al., 2019; Finnigan & Belcher, 2004; Harman & Finnigan, 2010; Patton & Katul, 2009;
Poggi et al., 2008; Ross & Vosper, 2005; Xu & Yi, 2013). After considering the impact of canopy density with
uniformly distributed foliage on flows over hills, Patton and Katul (2009) showed that an increase in the
canopy density promotes a leeward flow separation within the canopy. Densely arrayed canopy elements
reduce the so‐called adjustment length scale and the mixing length associated with momentum exchange,
which tend to promote such recirculation zone development (Banerjee et al., 2013; Belcher et al., 2008,
2012; Finnigan & Belcher, 2004; Kröniger et al., 2018). However, canopy drag reduces the flow speed within
canopy layers (Dupont & Brunet, 2008; Shaw & Patton, 2003; Yi, 2008), which reduces the strength of the
recirculating flow (Belcher et al., 2012). In addition, the leeward recirculation is a highly intermittent region
rather than a stable vortex (or “rotor‐like”motion) as illustrated by flow visualization in flume experiments
(Poggi & Katul, 2007a, 2007b, 2007c). The impact of near‐surface recirculation induced by different surface
conditions on turbulence appears mainly restricted within the canopy (Patton & Katul, 2009; Poggi &
Katul, 2008) even as the hill slope steepens (B. Chen et al., 2019).

Moving from the mean flow to turbulent quantities, highly covariant turbulent structures are generated near
the canopy top at the summit and then advected further downwind in the wake region where turbulence
further develops and interacts with the canopy downwind of the hill (Dupont et al., 2008; Ross, 2008).
LES results over a forested hill suggest that turbulence in the wake region is associated with interactions
of large turbulence structures generated by the elevated shear layer that may result from the rolling over
of Kelvin‐Helmholtz (KH) instabilities, structures induced by an adverse pressure gradient at the leeward
foot of the hill, and canopy‐induced structures (Dupont et al., 2008). Surprisingly, flume experiments and
LES results suggest that for dense canopies, second‐order flow statistics inside canopies still scale with the
local friction velocity formed at the canopy top and the canopy height (B. Chen et al., 2019). This collapse
in data using local friction velocity invites the usage of the so‐called moving equilibrium hypothesis pro-
posed in the late 1970s (Kader & Yaglom, 1978; Yaglom, 1979). Conditional analysis of LES results and flume
experiments also demonstrates that momentum transport within forested canopies on the leeward of a hill is
still dominated by sweeps (Poggi & Katul, 2007a) similar to those found within canopies over flat terrain
(Poggi et al., 2004; Ross, 2008).

A variety of natural and anthropogenic disturbances (e.g., forest fire and logging) generate heterogeneous
forested landscapes with edges over hills. These edges do generate an extra disturbance that modifies the
canonical picture of uniform canopy flow covering two‐dimensional ridges. It was found that the recircula-
tion flow patterns are sensitive to the locations of forest edges over a forested hill with a gentle slope covered
with uniform canopy densities (Ross & Baker, 2013). However, for gentle slopes (e.g., H/L < 0.1, where H is
the hill height and L is the hill half‐length), it is expected that forest edges play a more dominant role
compared to the slope‐induced effects in influencing flow separation and recirculation. The canopy edge‐
induced pressure gradient can be locally larger than the hill‐induced pressure gradient, depending on the
position of the forest edge relative to the hill. However, the influence of the edge‐induced pressure gradient
is primarily localized to the vicinity of the canopy edge and some downstream distance thereafter (Banerjee
et al., 2013; Cassiani et al., 2008; Fontan et al., 2013; Ross & Baker, 2013). What remains relatively less
explored is how the variations in canopy morphology (restricted here to foliage amount as measured by leaf
area index or LAI and vertical foliage area per unit volume distribution or leaf area density, LAD) and forest
edge positions (i.e., forest to clearing transition on the leeward side) modulate turbulence structures and
recirculation features over a hill with a moderate slope, which motivates this study. A moderate slope of
H/L = 0.3 is chosen here such that the effects of both the hill slope and canopy morphology are both dyna-
mically important.

The objectives are thus to explore (1) the influence of varying canopy foliage distribution and (2) the influ-
ence of varying forest edge positions in the leeward side of a hill on the flow statistics. Seven LES cases are
designed with different canopy foliage amount and distribution and forest edge positions, aiming to unpack
the interplay of topography, canopy morphologies, and canopy heterogeneity onmean and turbulent flow in
general and the recirculation zone in particular. Section 2 describes the numerical model used and the setup
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of the simulations for the seven cases. Section 3.1 discusses the effects of changes in LAD on the leeward
recirculation, which is followed by section 3.2 in which the effects of changes in vertical foliage distribution
on the leeward flow are then studied. Section 3.3 presents the effects of changing canopy edge position on the
leeward flow. Finally, section 4 provides conclusions.

2. Numerical Method
2.1. Model Description

The Weather Research and Forecasting model with the large‐eddy simulation module (WRF‐LES,
Skamarock et al., 2008) is employed. In the WRF‐LES model, large energetic eddies are explicitly resolved
but small eddies are parameterized using a subgrid‐scale (SGS) scheme. The WRF‐LES model integrates
the instantaneous and filtered momentum conservation equation given by

∂ui
∂t þ ∂ui uj

∂xj ¼ −
1
ρ
∂p
∂xi

−
∂τij
∂xj

þ Fu; i;

(1)

where t is time, ui is the filtered velocity in the i direction xi with i = 1, 2, and 3 corresponding to a recti-
linear system with streamwise (x), spanwise (y), and vertical (z) directions, respectively, ρ is the mean air
density (density fluctuations are not considered by design), p is the filtered pressure, τij represents the SGS
stresses that are parameterized using a SGS scheme, and Fu,i is an external drag force to represent the
effects of the vegetation on the resolved flow. The scale‐dependent Lagrangian dynamic model (Bou‐
Zeid et al., 2005) is adopted here to parameterize the SGS stresses, which shows promising performance
in predicting turbulence over complex terrain as discussed elsewhere (Ma & Liu, 2017).

The aforementioned aerodynamic drag by canopy elements is modeled using a porous body assumption,
with the drag force being expressed as

Fu; i ¼ −cda Uj jui; (2)

where cd is the drag coefficient set to a constant 0.2 as discussed elsewhere (Katul et al., 2004), a(z) is the
LAD for each canopy layer, and U is the local wind speed. The constant cd may be questionable because it
ignores any Reynolds number dependencies that can occur in the deeper layers of the canopy, as well as
sheltering and blockage as discussed elsewhere (Wang et al., 2019). Nonetheless, what is relevant is the
product of cda, and variations in a(z) or its vertically integrated value (=LAI) can often exceed any adjust-
ments to cd. Moreover, a number of closure models and LES runs have shown that measured higher‐order
turbulence statistics can be reasonably reproduced within forested canopies even when setting cd to a con-
stant (B. Chen et al., 2019; Juang et al., 2008; Katul & Chang, 1999; Lin et al., 2018; Massman, 1997;
Meyers, 1986; Wilson, 1988; Wilson & Shaw, 1977;). This parameterization of the canopy drag force is a
submodule in an advanced multiple‐layer canopy module (MCANOPY), which takes into account all
important physical and physiological canopy processes within a forest canopy and is coupled with the
WRF‐LES model (Ma & Liu, 2019). The MCANOPY module was evaluated and then used to simulate for-
est edge flows reported elsewhere (Ma et al., 2020).

2.2. Simulation Configurations

All simulations are performed in a rectangular domain of 1.2 km × 0.36 km × 0.25 km in the x, y, and z direc-
tions, respectively. The horizontal grid resolution is 3 m, and the vertical resolution is 1 m within the canopy
and stretched above to a 5‐m grid spacing at the domain top. With these configurations, the number of grid
nodes in the (x, y, and z) directions is (400, 120, and 65). At the top of the domain, a rigid boundary is used by
setting the vertical velocity to 0, and a free‐slip boundary is used for horizontal velocities and stresses. A
Rayleigh damping layer on the vertical velocity is applied at the top 10% of the domain height to prevent
reflection of gravity waves. To ensure prevailing winds along the x direction, Coriolis effects are ignored
and a constant pressure gradient is externally imposed along the streamwise direction to drive the flow, simi-
lar to that in Patton and Katul (2009). Our tests show that including the Coriolis term introduces a minor
impact on the flow features due to the small‐scale hill and the neutral atmospheric stability in line with

10.1029/2020JD033027Journal of Geophysical Research: Atmospheres

MA ET AL. 3 of 16



prior findings by Belcher and Hunt (1998). A turbulent inflow at the western lateral boundary is provided to
keep the same inflow conditions for all LES runs. This inflow field is generated from a precursor simulation
in which the domain size and grid resolutions are the same as those in the real runs but with the periodic
boundary conditions over flat terrain previously used in Ma and Liu (2017). The northern and southern
boundaries are set periodic. The chosen resolution and boundary conditions have been used for studying
the flow features over highly complex terrain (Ma & Liu, 2017) and flow dynamics and scalar transport
near a forest edge (Ma et al., 2020).

As illustrated in Figure 1, a two‐dimensional hill is placed in the domain with the summit located 0.54 km
from the upwind boundary of the domain. With the turbulent inflow condition at the western boundary and
the zero‐gradient boundary at the east, the hill can be considered totally isolated. The height for the two‐

dimensional hill with a moderate slope considered here is described by the hill function zhill=H ¼ exp

− x
L

� �2h i
; whereH= 30 m is the hill peak height and L = 100 m is the half‐width of the hill base. The canopy

height h is set as 10 m with a vertically uniformly distributed LAI of 3 m2 m−2 unless stated otherwise
(see Table 1) yielding a canopy LAD a = LAI/h and an adjustment length scale Lc = (Cda)

−1 = 16.7 m, with
Cd being a constant value of 0.2. Based on the linearized theory in Finnigan and Belcher (2004), these numer-
ical configurations result in the middle layer height hm = 47.8 m (hm/H = 1.59) and the inner layer height
hi = 11.0 m (hi/H = 0.37). All seven simulations are performed under neutral stability conditions.

The model is run for 50 min with the first 20 min being the spin‐up time. The data in the following 30 min,
corresponding to approximately 5.5 times the eddy turnover time, with the output time interval of 1 s are
used in the analysis. The mean quantities are computed from a space‐ (y direction) and time‐averaging pro-
cedure, denoted by the symbol ⟨ ⟩. The turbulence fluctuations are defined as the departures from the mean
values at each height, denoted by the symbol prime (′).

3. Results and Discussion

Three cases with the uniformly distributed foliage but different LAI values are explored first, followed by two
cases with the same LAI but different vertical foliage distributions and then by two cases with the uniform
foliage distribution and the same LAI but with different forest coverage regions longitudinally (Table 1).
Since the flow patterns upwind of the hill remain unchanged for all cases, the focus is on leeward flows.

The first‐ and second‐order moments of the flow to be analyzed include normalized mean streamwise velo-

city
Uh i
Urefh i, normalized streamwise velocity variance

u′u′
� �
Uref

2
� �, normalized spanwise velocity variance

v′v′
� �
Uref

2
� �,

Figure 1. Sketch of the domain. Lx, Ly, and Lz are the domain length, width, and height, respectively. The ridge height
is H = 30 m, and its half‐width is L = 100 m. The momentum roughness length for the cleared ground in Cases 6
and 7 is taken as 0.1 m.
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normalized vertical velocity variance
w′w′
� �
Uref

2
� � , and normalized momentum flux

u′w′
� �
Uref

2
� � , where ⟨Uref⟩ is

defined as the mean velocity at the height of 6 h far upwind of the hill (i.e., a location over a flat terrain at
x/H = −15). All second‐order statistics are calculated by the resolved components.

The results to be discussed focus on the recirculation zone inferred from the mean momentum balance (i.e.,
zones with negative longitudinal velocity), which is given by

< U >
∂ < U >

∂x
þ < W >

∂ < U >
∂z

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Advection

¼ −

1
< ρ >

∂ < P >
∂x|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

Pressure Gradient

−
∂ < u′w′ >

∂z
þ ∂ < u′u′ >

∂x

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Turbulent Stresses

−
< Uj j > < U >

Lc|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
Drag Force

; (3)

where the flow is assumed to be stationary (by design) and high Reynolds number so that the viscous
stresses are ignored. The mean pressure gradient is impacted by the hill shape (e.g., a hydrostatic approx-
imation) and interactive effects between the velocity (mean and turbulent) and the pressure (expected
from the Poisson equation for the pressure). The simplest case leading to a recirculation can be expected
in the deeper layers of a tall and dense canopy where the mean advection term and turbulent stress diver-
gence terms are small, with the drag force the only term balancing the adverse pressure gradient (expected
on the leeward). Runs 1 to 7 are intended to explore how canopy morphology impacts this simplified pic-
ture. Also, when the turbulent stress divergence is small but advection remains significant, the flow may
be labeled as “turbulently inviscid” (e.g., Banerjee et al., 2013) because only mean flow quantities impact
the character of the solution for ⟨U⟩ and ⟨W⟩.

3.1. Influence of LAI on the Leeward Flow

The analysis is based on Case 1 (LAI = 1.5 m2 m−2), Case 2 (LAI = 3 m2 m−2), and Case 3 (LAI = 6 m2 m−2),
and all these three cases have uniformly distributed foliage (Table 1) with a = LAI/h. In general, the major
features of mean and turbulent flows over the fully forested hill in all three cases are consistent with prior
findings (e.g., Belcher et al., 2012; Dupont et al., 2008; Patton & Katul, 2009) and are not repeated here (sup-
porting information Figures S1–S6). Therefore, the focus is on leeward flow changes resulting from changes
in canopy morphologies.
3.1.1. Changes in Recirculation
It is expected that the separation point is at the location (e.g., takingCase 1with x/H=1.5 as an example here)
where the hill‐induced pressure gradient (+), horizontal advection (+), vertical momentum transferred into
the canopy (+), and canopy drag (−) when x/H < 1.4 are balanced by the hill‐induced adverse pressure gra-
dient force (−), vertical momentum transferred into the canopy (+), and canopy drag (+) when x/H > 1.5.
Here, the positive sign is defined as the force acts toward the positive x/H (Figure 2). Clearly, the separation
point moves toward the summit and the reattachment point reaches farther downstream (Figure 2 and
Table 1), leading to an enlarged recirculation as LAI increases from Case 1 to Case 2 and to Case 3. For
extreme cases with very dense, vertically uniformly distributed canopies with LAI > 10 m2 m−2, the separa-
tion point tends to be located at the hill summit (figure not shown), in line with the analytical model in
Finnigan and Belcher (2004). Although the hill‐induced adverse pressure gradient is dominated by the shape
of the hill, it is demonstrated here that an increased LAI leads to enhancement in the adverse pressure

Table 1
Parameters Characterizing the Flows for Each LES Case

Name Forest coverage LAI (m2 m−2) Foliage distribution Separation pointa (x/H) Reattachment point (x/H)

Case 1 Fully 1.5 Uniform 1.4 8.8
Case 2 Fully 3.0 Uniform 1.0 9.8
Case 3 Fully 6.0 Uniform 0.8 13.5
Case 4 Fully 3.0 Sparse in lower layers 2.2 12.0
Case 5 Fully 3.0 Dense in lower layers 1.0 9.2
Case 6 x/H < 1.9 3.0 Uniform 1.0 6.3
Case 7 x/H < 0.5 3.0 Uniform 0.9 5.7

aThe separation point and reattachment point are determined from the mean streamwise velocity field where the mean streamwise velocity becomes 0 at the
surface. The summit is located at x/H = 0. Cases 6 and 7 are for partially covered forested hill. The downwind forest edge is terminated at a preset x/H.
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gradient and a shift of the minimum pressure center toward the summit (supporting information Figures S1
and S8). The increased LAI causes reduced wind speed within the canopy (less horizontal advection,
supporting information Figures S7 and S8) upwind of the separation point, as well as the decreased ⟨u′w′⟩
from above into the canopy and the increased canopy drag both upwind and downwind of the separation
point. As a consequence, the separation point is shifted toward the summit with increased LAI. In short,
the LES here shows nonlinear interaction between the mean pressure (and its longitudinal gradient) and
the velocity field (through variations in LAI).

For the flow downwind of the separation point where the recirculation is fully developed, the canopy drag
continues to act to decelerate the flow. Since the flow is reversed, this deceleration weakens the recirculating
flow. Therefore, an increased LAI is expected to weaken the recirculating flow. This weakening effect is
mainly balanced by the pressure gradient force. Note that the maximum depths of the recirculation zones
on the leeward region slope for the three cases remain unchanged even though the LAI increases, which
is primarily attributed to the dominant adverse pressure gradient and turbulent stress divergence far exceed-
ing the canopy drag over the slope (supporting information Figure S8).

For each of these three cases, the depth of the recirculation decreases rapidly with the increased x/H from the
hill foot (i.e., x/H > 5). This tendency still emerges in a very dense canopy with LAI = 9 m2 m−2 (result not
shown), but the leeward recirculation extends to about x/H = 20, though the reverse flow is very weak
(|⟨U⟩/⟨Uref⟩| < 0.01) and restricted to the lower canopy layers (i.e., z < 0.3 h). In addition, the reattachment
point is shifted further downwind with increased LAI (Figure 2). The reattachment point is located approxi-
mately in the place where the effect of ⟨u′w′⟩ and the canopy drag begin to exceed the adverse pressure
gradient. In this region, the hill‐induced adverse pressure gradient is substantially weakened, and the
reverse flow is thus sensitive to changes in amount of ⟨u′w′⟩ down into the canopy layer. Therefore, changes
in overall LAI have large impacts on the size of the recirculation (i.e., locations of the reattachment point) in
this region.
3.1.2. Changes in Velocity Variances and Momentum Flux

Figure 3 shows the profiles of
Uh i
Urefh i, velocity variances, and

u′w′
� �
Uref

2
� � for Case 1, Case 2, and Case 3. The above‐

canopy ⟨U⟩ profiles for the three cases are nearly identical at each point across the domain. Within the

Figure 2. Normalized streamwise velocities for (a) Case 1, (b) Case 2, and (c) Case 3 with different leaf area density. The
LAD profiles for these cases are shown in the right panel as references. The white line in the leeward side denotes
the region with negative streamwise velocity. The solid black line above denotes depth of the wake region behind the hill.
The solid blue line above denotes the shear layer height. The black dashed line denotes the forest top above the hill
surface.
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canopy, however, ⟨U⟩ decreases with the increased LAI in the region upwind of the separation point
(x/H < 2) and downwind of the hill foot (x/H > 7), with a stronger inflection at the canopy top for the
cases with larger LAI, in agreement with prior simulations in Dupont and Brunet (2008). In the region
with the recirculating flow, the difference in ⟨U⟩ is small but still observable within the canopy in
Figure 2.

It was proposed that turbulence in the upper level of the wake region is primarily associated with turbu-
lence structures that originate from the immediate upstream of the summit and are advected and then
developed in the wake region (Dupont et al., 2008). The wake depth is defined as the height at which
|⟨Ulee⟩ − ⟨Uup⟩|/⟨Uup⟩ < 0.05, where ⟨Ulee⟩ and ⟨Uup⟩ are the mean streamwise velocity at lee leeward
and upstream of the hill, respectively. Under this hypothesis, the leeward flow patterns in the upper level
of the wake region are sensitive to the canopy morphology and LAI around the summit. As LAI increases,
the canopy roughness around the summit becomes small, thereby leading to the decreased, mechanically
generated turbulence that is propagated into the wake region and thus the correspondingly reduced velo-
city variances in the wake region (Figures 3 and S3–S5). LAI‐induced changes in ⟨u′u′⟩ occur when x/

Figure 3. Profiles of the normalized mean and second‐order statistics of the flow for Case 1 (blue line), Case 2 (black
dashed line), and Case 3 (red line) with uniformly distributed foliage but with different LAI values. The solid lines
starting from x/H = 0 to x/H > 8 denote the wake heights, and the dashed lines denote the
shear layer heights for the three cases. The LAI for Case 1 is 1.5 m2 m−2, the LAI for Case 2 is 3 m2 m−2, and the LAI for
Case 3 is 6 m2 m−2. Forested region is denoted by yellow dashed lines. (a) The normalized mean streamwise velocity,
(b) the normalized streamwise velocity variance, (c) the normalized spanwise velocity variance, (d) the normalized
vertical velocity variance, and (e) the normalized momentum flux.
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H > 3 and persist until x/H = 12 primarily around the shear layer (the upper part of the wake region
where ⟨u′u′⟩ becomes the largest), whereas changes in ⟨v′v′⟩ and ⟨w′w′⟩, which are relatively smaller,
occur below the shear layer (the lower part of the wake region) (Figure 3). As LAI increases, however,
a reduced ⟨u′w′⟩ is observed in the lower part of the wake region, but the difference between the cases
is less significant.

It is noticed that the mean upward and downward vertical motions are enhanced upwind and downwind of
the summit, respectively, and their centers are also shifted closer to the summit accordingly with increased
LAI (supporting information Figure S2). Such changes in ⟨W⟩ with increased LAI correspond well to the
increased adverse pressure gradient (supporting information Figure S1), which is conjectured to cause the
maximum ⟨W⟩ to shift toward the summit (Poggi et al., 2008). The aforementioned decreases in the var-
iances and momentum fluxes with increased LAI can be explained by the increased adverse pressure

Figure 4. (a–g) Averaged ratios of sweep‐inducedmomentum flux ⟨u′w′IV⟩ and ejection‐inducedmomentum flux ⟨u′w′II⟩
for all the cases. The white line in the leeward side denotes the region with negative streamwise velocity. The
solid black line denotes the depth of the wake region. The solid blue line denotes the shear layer height. The black
dashed line denotes the top of the forest canopy. The LAD profiles for these cases are shown in the right panels
as references.
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gradients that confine turbulence developments and ⟨u′w′⟩ on the lee-
ward region, as reflected by the progressively reduced sizes of the leeward
maximum variances and ⟨u′w′⟩ as well as the position shifts of these max-
imums toward the summit (supporting information Figures S1–S6). The
resulting shifts in these turbulent quantities largely explain the changes
in their profiles in Figure 3 (Figure 3 vs. supporting information
Figures S3–S6). As LAI increases, the ratio of sweeps ⟨u′w′IV⟩ and ejec-
tions ⟨u′w′II⟩ increases near the canopy top on the leeward region slope
(Figure 4), suggesting that the ⟨u′w′⟩ contribution from ejections becomes
weaker with the increased LAI. Here, sweeps ⟨u′w′IV⟩ are the Reynolds
stresses in the fourth quadrants, and ejections ⟨u′w′II⟩ are the Reynolds
stresses in the second quadrants. This feature is also found near the
canopy top over flat terrain (Dupont & Brunet, 2008) and largely sup-
ported by a wealth of experiments for canopy flows that are sufficiently
dense to elicit KH instabilities (Poggi et al., 2004). An explanation that is
based on the relative attenuation of ⟨u′u′⟩ (weaker) versus ⟨u′w′⟩ (stron-
ger) has been offered (Katul et al., 2006) and appears to be compatible
with the LES findings here.

3.2. Effects of Canopy Foliage Distributions on the Leeward Flow
3.2.1. Changes in Recirculation
In this section, how nonuniformly distributed foliage regulates the lee-
ward flow and recirculation is now explored. For this purpose, two differ-
ent foliage distributions are assumed in two additional simulations (Cases
4 and 5), which have the same LAI as Case 2 (Table 1 and Figure 5).
Therefore, Case 2 is included here for reference. For Case 4 with a deep
trunk space and dense crown layers, the separation point is shifted down-

wind to x/H = 2.2 primarily due to the increased within‐canopy horizontal advection (supporting informa-
tion Figure 8), in line with Banerjee and Linn (2018). The decreased ⟨u′w′⟩ from above down into the canopy
and the decreased canopy drag in the deep canopy layers have almost identical effects on the force balance
upwind and downwind of the separation point. For Case 5 with the high LAD in the lower canopy layers and
low LAD in the upper canopy layers, however, the separation point is located at the same position as in Case
2 with a uniformly distributed foliage, although the near‐surface LADs differ by a factor of 1.8 between Case
5 and Case 2 (see the LAD profiles in Figure 5). As compared with Case 2, the mild increase in adverse pres-
sure gradient in Case 5 is mainly balanced by the increase in canopy drag (supporting information
Figure S8), leading to the unchanged positions of the separation points for these two cases. Over the leeward
region slopes, due to the smaller turbulence stress divergence near the canopy top as compared with that in
Case 5, the maximum depth of the recirculating flows is slightly larger in Case 4. Deep within the canopy, an
enhanced reverse flow is evident in Case 4 (|⟨U⟩/⟨Uref⟩| = 0.25) in the leeward of 3 < x/H < 6, as compared
with Case 5 (|⟨U⟩/⟨Uref⟩| = 0.1) (Figures 6 and 7).

The reattachment point is shifted further downwind for Case 4 (x/H = 12), compared to Case 2 (x/H = 9.8).
This result is consistent with the analysis in section 3.1 that the stronger adverse pressure gradient, stronger
upper canopy absorption of turbulence (i.e., less ⟨u′w′⟩ into the canopy leading to small turbulent stress gra-
dients), and weaker drag force in the lower canopy layers are responsible for developing a longer recircula-
tion (supporting information Figure S8). The reattachment point in Case 5 (x/H = 9.2) is largely shifted
upwind, as compared with Case 2 and Case 4, which is primarily attributed to the increased ⟨u′w′⟩ into
the canopy layer.
3.2.2. Changes in Velocity Variances and Momentum Flux
Due to the small canopy drag in the lower canopy layers, the accelerated winds (i.e., the secondary
maximum ⟨U⟩/⟨Uref⟩) upwind of the summit in Case 4 also generate the evident secondary maximum
in ⟨u′u′⟩ and ⟨v′v′⟩, indicating the highly turbulent flow in this region (Figure 7). This secondary
maximum ⟨U⟩/⟨Uref⟩ within the canopy causes positive momentum flux into the upper canopy layers
(Figure 7e). However, this secondary maximum is absent in a uniformly distributed forest where

Figure 5. The leaf area density (LAD) profiles for the three cases. The leaf
area index (LAI), which is the height‐integrated LAD, is identical for the
three cases with a value set at 3 m2 m−2.
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turbulence is small, and the advection is usually negligible (Finnigan & Belcher, 2004; Katul, Finnigan,
et al., 2006).

The ⟨U⟩ in the wake region above the canopy shows noticeable differences between the two cases with the
same LAI value suggesting the influence of vertical foliage distributions on mean flow (Figure 7a). The den-
ser crown canopy layer causes the larger velocity inflection and the stronger shear layer to be elevated to
higher levels in Case 4 in the upwind of the summit region (−2 < x/H < 0), which initiates turbulent eddies
to be propagated in the upper level of the wake region, leading to a reduction in ⟨U⟩ and thus the correspond-
ing upward shifts in the variance maxima (Figure 7). As a result, the three variances for Case 4 are greater
(smaller) than those for Case 5 in the upper (lower) level of the wake region. Such increased heights for
the variance maximums in Case 4 correspond to the higher inflection point in ⟨U⟩ at x/H = −1, where the
leeward turbulence originates. A similar feature is also observed for ⟨u′w′⟩ (Figure 7e). As the foliage
becomes denser in the upper canopy layers, sweeping eddies seem to be difficult to penetrate into the deeper
layers of the canopy, showing a smaller ratio of sweeps and ejections within the canopy (Figures 4d and 4e)
and a reduced ⟨u′w′⟩ within the canopy for Case 4.

Although the three cases have the same LAI, there is a progressively increased adverse pressure gradient
from Case 4 to Case 2 and to Case 5, suggesting the influence of the varying vertical foliage distribution
on the hill‐induced adverse pressure gradients (supporting information Figure S1). Such gradually increased
adverse pressure gradients make the minimum pressure zones and the corresponding ⟨w′w′⟩ zones to shift
toward the summit, which causes the progressively enlarged mean vertical velocity zones and the corre-
sponding increased ⟨w′w′⟩ zones from Case 4 to Case 2 and to Case 5 (supporting information Figure S2).
Additionally, the gradually increased adverse pressure gradients suppress the variances and push their max-
imum zones to shift toward the summit (supporting information Figures S3–S6). Such changes in their pat-
terns also largely explain their corresponding profiles in Figure 7.

3.3. Effects of Forest Edge on the Leeward Flows

By partially replacing forest with bare soil characterized by a roughness length of 0.1 m on the leeward
region slope to create a forest edge, the role of a leeward forest in regulating the mean flow and turbulence
can be explored. The inflow conditions near the canopy top are identical for all the cases such that the

Figure 6. Normalized streamwise velocities for (b) Case 4 and (c) Case 5 with the different foliage distributions. Case 2 in
panel (a) is also shown as reference. The white line in the leeward side denotes the region with negative streamwise
velocity. The solid black line denotes the depth of the wake region behind the hill. The solid blue line denotes the
shear layer height. The black dashed line denotes the forest above the hill. The LAD profiles for these cases are shown in
the right panel as references.
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influence of canopy removal can be compared directly. Two cases are implemented: Cases 6 and 7 where the
canopy in Case 2 is partially removed in the different regions of the leeward region slope (i.e., the forested
region in x/H < 1.9 for Case 6 and x/H < 0.5 for Case 7 in Table 1).
3.3.1. Changes in Recirculation
Figure 8 shows the contours of the normalized streamwise component of themean velocity for Cases 6 and 7.
Case 2 is used for comparison. One notable difference is the changes in the recirculation for Case 6
and Case 7 as compared with Case 2. As for Case 2 with a fully forested hill, the recirculation zone
starts at x/H = 1.0 (the separation point) and ends at x/H = 9.8 (the reattachment point). In Case 6 with the
canopy removal (i.e., the canopy ends at x/H = 1.9), the separation point remains the same (i.e., x/H = 1.0)
and the reattachment point is largely shifted toward the summit (i.e., x/H = 6.3) compared with Case 2 (i.e.,
x/H = 9.8). The maximum depth of the recirculation remains unchanged. In Case 7 with further canopy
removal (i.e., the canopy ends at x/H= 0.5), the longitudinal extension of the recirculation is largely reduced
with its separation ending at x/H = 0.9 and the reattachment point at x/H = 5.7, and its maximum depth is
decreased to about half of that for both Case 2 and Case 6.

Figure 7. Vertical profiles of the normalized mean and second‐order statistics of the flow for Case 4 (blue line) and
Case 5 (red line) with two different foliage distributions. Note that Case 2 is also shown for comparison. The solid
lines starting x/H = 0 to x/H > 8 above the leeward slope denote the wake heights, and the dashed lines denote the
shear layer heights for the three cases. Forested region is denoted by yellow dashed lines. (a) The normalized mean
streamwise velocity, (b) the normalized streamwise velocity variance, (c) the normalized spanwise velocity variance,
(d) the normalized vertical velocity variance, and (e) the normalized momentum flux.
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For Case 6, the separation point is still located in the forested region, which means that all the forces that
determine the separation point position in Case 2 remain unchanged in Case 6 (supporting information
Figures S7 and S8), leading to the unchanged position of the separation point. In addition, the effect of
the canopy removal on the recirculation is primarily in the downstream of the edge (x/H> 1.9), and the edge
effect is localized. For Case 7, however, further canopy removal to the upstream of the separation point lar-
gely alters the force balance around the separation point. The slight shift of the separation point toward the
summit in Case 7 is primarily attributed to forest edge effect, which induces the balance mainly between the
increased negative turbulence stress divergence and the slightly increased pressure gradient (supporting
information Figure S7) (Banerjee et al., 2013).

Without the canopy to weaken ⟨u′w′⟩ from above, the near‐surface turbulence and ⟨u′w′⟩ become greater at
x/H = 2 and increase with the increasing x/H in Case 6 and Case 7 than Case 2 (Figure 9e; supporting infor-
mation Figures S3–S6). Such stronger downward ⟨u′w′⟩ and enhanced turbulence (i.e., larger negative
turbulence stress divergences) suppress the maximum depths of the recirculating flows, as reflected by the
much lower recirculation depth for Case 7 (Figure 8). In addition, the reattachment points are shifted largely
toward the summit due to the increased ⟨u′w′⟩ leading to large turbulent stress gradients far exceeding the
adverse pressure gradient.
3.3.2. Changes in Velocity Variances and Momentum Flux
Turbulence in the upper level of the wake region is primarily associated with turbulence structures gener-
ated in the proximity upstream of the summit and thus are subjected to the influence of the canopymorphol-
ogy there. The identical LAI and vertical foliage distributions in the proximity of the summit in Case 2, Case
6, and Case 7 indicate that the turbulence sources for the three cases are also identical. Therefore, the differ-
ences in turbulence structures in the upper level of the wake region among the three cases predominantly
result from edge‐induced changes in the hill‐induced adverse pressure gradients, given the fact that the
direct impacts from the edge on turbulence are localized. From the fully forested hill (Case 2) to the partial
canopy removal in Case 6 and Case 7, the adverse pressure gradients are enhanced on the leeward (support-
ing information Figure S1), leading to a shift of the mean velocity streamlines toward the summit (i.e., ⟨U⟩ in
Figures 8 and 1b and ⟨W⟩ in supporting information Figure S2). Correspondingly, the enhanced adverse
pressure gradients also suppress turbulence developments and momentum flux transfer and cause a corre-
sponding shift of their maximum zones toward the summit (supporting information Figures S3–S6), which

Figure 8. Normalized streamwise velocities for (b) Case 6 and (c) Case 7 with different forest coverage regions. Case 2
in panel (a) is also shown as reference. The black dashed line denotes the forest above the hill. The white line in the
leeward side denotes the region with negative streamwise velocity. The solid black line above denotes depth of the wake
region behind the hill. The solid blue line above denotes the shear layer height.
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are the primary reasons for the changes in their profiles in Figure 9. As a result, the partial canopy removals
in Cases 6 and 7 cause the increased variances and momentum from the surface up to the upper level of the
wake region, but such an increase is more pronounced near the surface and in the lower levels of the wake
region, as compared with Case 2. Note that the edge‐induced changes in the three variances and momentum
persist only over a short distance from the edge and a short vertical extension. Turbulence near the surface,
or more precisely, in the inner layer (z < hi) is in a local equilibrium (Hunt et al., 1988), where the mean
advection is small and the fluctuations are mainly determined by local conditions. The fraction of sweeps
⟨u′w′IV⟩ and ejections ⟨u′w′II⟩ on the leeward indicates that sweeps continue to dominate over ejections
in momentum transfer in the lower level of the wake region, whereas ejections play dominant roles in
momentum transfer in the upper level (Figure 4).

4. Conclusions

The LES results over a forested hill with varying leaf area densities, vertical foliage distribution, and forest
coverage regions unpack the effect of canopy morphology on leeward flows. Although the pressure pertur-
bation is dominated by the shape of the hill, it is demonstrated here that changes in canopy morphology

Figure 9. Vertical profiles of the normalized mean and second‐order statistics of the flow for Case 6 (blue line) and
Case 7 (red line) with different forest coverage regions. Note that Case 2 is also shown for comparison. The solid lines
starting from x/H = 0 to x/H > 8 above the leeward slope denotes the wake heights, and the dashed lines denote the
shear layer heights. Forested region is denoted by yellow dashed lines. (a) The normalized mean streamwise velocity,
(b) the normalized streamwise velocity variance, (c) the normalized spanwise velocity variance, (d) the normalized
vertical velocity variance, and (e) the normalized momentum flux.
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modulate intensities and patterns of the leeward adverse pressure gradients and their positions. That is, the
vegetation‐hill pressure‐velocity system is interactive despite the mild slope imposed. A recirculation zone
identified by regions of negative mean longitudinal velocity develops in all the cases, but changes are found
in its position as well as its strengths and depths. Turbulence structures generated around the summit are
dependent upon canopy morphology there, which are then advected downwind into the wake regions.
However, mean flow fields and turbulence developments in the wake region are largely modulated by the
adverse pressure gradients, leading to changes in the patterns and locations of the strong mean vertical
velocity zones. The forest edge effects on leeward flow can be significant and act through modulating the
hill‐induced adverse pressure gradients, but the direct influence of the edge on the flows remains localized.
Since the simultaneous effects of the hill and canopy morphologies on the leeward flow dynamics and fluxes
occur well above the wake zone, any flux measurements over such complex settings should be conducted
above this zone. It should also be noted that neutral canopy flows over hills are the focus here; therefore,
how stable and unstable stratifications modulate canopy flow dynamics observed here are better kept for
future inquiries.

Data Availability Statement

Data generated by the model for all figures can be accessed through figshare (https://figshare.com/articles/
dataset/The_effects_of_canopy_morphology_on_flow_over_a_two-dimensional_isolated_ridge/12782435).
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