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Abstract Forest canopies have been shown to alter the dynamics of flows over complex✻

terrain. Deficiencies have been found when tall canopies are represented in numerical sim-✼

ulations by an increase in roughness length at the surface. Methods of explicitly modelling✽

a forest canopy are not commonly available in community numerical weather prediction✾

models. In this work, such a method is applied to the community Weather Research and✶✵

Forecasting model. Simulations are carried out to replicate a wind-tunnel experiment of✶✶

neutral boundary-layer flow across a forested ridge. It is shown that features of the flow,✶✷

such as the separated region on the lee slope of the ridge, are reproduced by the roughness✶✸

length or canopy model methods. Shear at the top of the ridge generates turbulence that✶✹

spreads vertically as the flow moves downstream in both cases, but is elevated to canopy✶✺

top where a canopy model is used. The roughness-length approach is shown to suffer sev-✶✻

eral deficiencies, such as an over-prediction of mean wind-speeds, a lack of turbulence over✶✼

flat forested ground and an insufficient vertical extent of turbulence at all locations of the✶✽

domain studied. Sensitivity to the horizontal resolution of the simulation is explored. It is✶✾

found that higher resolution simulations improve reproduction of the mean flow when mod-✷✵

elling the canopy explicitly. However, higher resolutions do not provide improvements for✷✶

the roughness-length case and lead to a reduction in the horizontal extent of the separated✷✷

region of flow on the lee slope of the ridge.✷✸

Keywords Complex terrain · Forest canopy · Numerical simulation✷✹

1 Introduction✷✺

Interactions with surface elements such as buildings and forested areas have a significant✷✻

effect on the flows present in complex (uneven) terrain (Fernando 2010). It is thereby impor-✷✼

tant to understand the contributing factors to these flows, so as to evaluate their impacts on✷✽

pooling of cold air and air pollution in valleys or to predict mean wind speed and turbulence✷✾
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statistics for wind farm applications. Bastin et al. (2019) estimated that 2.8 of the 15 billion✸✵

hectares (that is 18.7%) of the Earth’s land surface are covered in a forest canopy with a✸✶

tree cover greater than 10%. Given the difficulty of building on ridge or valley sides and in✸✷

mountainous areas, these areas are often left untouched and so likely to be covered in shrubs✸✸

and trees at mid-latitudes. Therefore, a significant fraction of complex terrain is likely to be✸✹

covered in a forest canopy of some sort.✸✺

Finnigan (2000) reviewed the bulk of the work done to date to understand flow in ho-✸✻

mogeneous forest canopies over flat ground. Belcher et al. (2012) built on this review to il-✸✼

lustrate how canopy flows respond to complex terrain. More recently, Finnigan et al. (2020)✸✽

reviewed the subject of boundary layer flows in complex terrain. A section of this review✸✾

focused on theory, analytical and numerical models of flow over canopy covered hills, and✹✵

considered the effects of stability and scalar transport. There is a reasonably good mech-✹✶

anistic understanding of the dynamics of canopy flows, the adjustment of flows at canopy✹✷

edges, the ability to use ‘simple’ turbulence closures due to the inviscid nature of the dy-✹✸

namics, effects of forested terrain on scalar transport, the generation of reversed flows within✹✹

canopies downstream of ridge-tops and the significant reduction of turbulence and momen-✹✺

tum within a canopy. However, woodland canopies are often not modelled explicitly in nu-✹✻

merical weather prediction (NWP) models and relatively little attention has been paid to the✹✼

evaluation of the effects of forest cover in complex terrain in these models.✹✽

Due to the broad range of scales of canopy elements (e.g. leaves, twigs and branches),✹✾

it is currently computationally impractical to model explicitly the processes involved in the✺✵

canopy flow dynamics on the scale of canopy elements in NWP models. Recognising the✺✶

increased friction caused by canopy elements, the most common approach to parametrise✺✷

the effects of the canopy on the flow is to increase the roughness z0 of the underlying surface✺✸

and displace the height of the ground. As is customary in micrometeorology, let us align the✺✹

x-direction with that of the mean horizontal flow (i.e. the stream-wise direction) of veloc-✺✺

ity 〈u〉 such that there is no variation of the mean span-wise component of velocity 〈v〉 in✺✻

the y-direction. Parametrising the turbulent kinematic flux of stream-wise momentum in the✺✼

vertical direction z (referred to as stream-wise momentum flux thereafter), 〈u′w′〉, using a✺✽

first-order flux–gradient relationship yields✺✾

u2
⋆ ≡−〈u′w′〉= Km

∂ 〈u〉

∂ z
, (1)✻✵

where u⋆ ≡
√

|〈u′w′〉| is the (stream-wise) friction velocity and Km is the eddy diffusivity of✻✶

momentum. Using a mixing-length model, Km is modelled, for neutral stability, as✻✷

Km = ℓu⋆ = ℓ2 ∂ 〈u〉

∂ z
, (2)✻✸

where the mixing-length ℓ= κ (z−d), κ = 0.4 is the von Kármán constant and d is the zero-✻✹

plane displacement height, where 〈u〉 = 0. Assuming that 〈u′w′〉 is constant in the surface✻✺

layer (that is u⋆ is constant in this ‘constant-flux’ layer), an integration of Equation (1) with✻✻

the boundary condition 〈u〉(z = d + z0) = 0 gives the logarithmic law✻✼

〈u〉=
u⋆0

κ
ln

(

z−d

z0

)

, (3)✻✽

where u⋆0 = u⋆ (z = 0). Since the wind speed is reduced to zero at the displacement height,✻✾

this formulation cannot represent the flow or turbulence below the displacement height.✼✵

When canopy elements are small in scale relative to the extent of the atmosphere being✼✶
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modelled above, flows within the canopy have little impact on the dynamics of the flow✼✷

well above the canopy. A change in roughness length at the surface is, thereby, a reasonable✼✸

option to be used in NWP models for flows over short canopies. However, when dealing✼✹

with taller canopy elements on the scales of mature trees, in the range 10–50 m in height,✼✺

turbulence and drag within the canopy can have a profound effect on the flow above canopy✼✻

(e.g. Ross 2012), which is not accounted for over a bare surface with increased roughness.✼✼

Furthermore, the mixing length ℓ as defined above is not the most appropriate to use as a✼✽

length scale for turbulent motions within a forest canopy (Wilson et al. 1998).✼✾

Several studies using the roughness-length approach to simulate the flow over forested✽✵

ridges have shown that various features of the flow are not recreated accurately (e.g. Finni-✽✶

gan and Brunet 1995; Ross and Vosper 2005). In particular, the region of separated flow,✽✷

where the wind downstream of a forested ridge reverses close to the ground, is often not✽✸

as substantial in simulations using a roughness-length parametrisation when compared to✽✹

observations. The roughness-length approach also tends to over-predict the turbulence ki-✽✺

netic energy (TKE) within close proximity to ridge-tops. Finnigan and Belcher (2004) and✽✻

Harman and Finnigan (2007) examined canopy flows with an analytical model and found ev-✽✼

idence that canopies do not tend to a constant roughness length while flowing over hills. This✽✽

suggests that using a constant roughness length across a forested section of a hill is unlikely✽✾

to properly recreate the flows over forested, complex terrain. A study by Allen (2006), on the✾✵

effects of roughness lengths on flows over ridges, found that flow separation is encouraged if✾✶

the roughness length is largest at the top of ridges. If the surface roughness length is largest✾✷

at the base of ridges then flow separation is reduced.✾✸

More success has been found in recreating flow dynamics within and above canopies✾✹

where the effects of these canopies are modelled explicitly and with a proper vertical extent.✾✺

Such models consider the canopy as a horizontally homogeneous but vertically resolved✾✻

volume, wherein the total kinematic drag generated by the canopy, Fc, is expressed as the✾✼

product of a drag coefficient Cd , a one-sided plant area density a and the square of the✾✽

resolved velocity u (see Wilson and Shaw 1977; Raupach and Thom 1981; Raupach and✾✾

Shaw 1982; Finnigan 1985; Raupach et al. 1986), namely✶✵✵

Fc =−Cd a |u| u. (4)✶✵✶

This term represents the momentum per unit mass that is lost per unit time through inter-✶✵✷

action between the air and the trunks, branches and leaves that make up a forest canopy.✶✵✸

Numerous studies added Fc as an additional sink of momentum to the momentum equation✶✵✹

within the canopy in bespoke numerical models to study (i) observed properties of the flow✶✵✺

within the canopy over flat ground, e.g. sweeps and ejections that govern turbulent transport✶✵✻

(e.g. Shaw and Schumann 1992; Dupont et al. 2008; Finnigan et al. 2009; Ouwersloot et al.✶✵✼

2017), effects of forest edges (e.g. Cassiani et al. 2008; Dupont et al. 2011), variability in✶✵✽

plant-area density in the horizontal (e.g. Bohrer et al. 2009) and in the vertical (e.g. Dupont✶✵✾

and Brunet 2008), and (ii) the associated biosphere–atmosphere exchange of trace-gas and✶✶✵

other scalars (e.g. Patton et al. 2001, 2003). In the study by Ouwersloot et al. (2017), some✶✶✶

work was done to assess the sensitivity of model results to changes in grid resolution, but✶✶✷

this related only to the influence of resolution on the production of unphysical velocity fluc-✶✶✸

tuations caused by the sharp transition in plant area density at canopy top.✶✶✹

Less attention was given to deep canopies over hilly and mountainous terrain. Numerical✶✶✺

modelling studies of flow across forested hills and ridges were conducted to challenge the✶✶✻

model results with experimental measurements or analytical predictions (Ross and Vosper✶✶✼

2005; Tamura et al. 2007; Dupont et al. 2008; Ross 2008; Grant et al. 2016). Patton and✶✶✽

Katul (2009) investigated phase relationships between mean flow variables and turbulence✶✶✾
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statistics and their sensitivity to a change in leaf area density. The separation region was✶✷✵

found to be ambiguous for sparse canopies while being well-defined within the canopy on✶✷✶

the lee side of the ridge for dense canopies. Ross (2011) and Chen et al. (2019) examined✶✷✷

how topography-induced changes in the flow translate to scalar transport within the canopy.✶✷✸

Scalars emitted near the ground exhibited larger spatial variability than those emitted in the✶✷✹

upper canopy (see also Ross and Harman 2015). Transport out of the canopy was enhanced✶✷✺

compared to that over flat terrain, with a preferential route out of the canopy located over the✶✷✻

region of separated flow. Ross and Baker (2013) considered the effects of a forest canopy✶✷✼

covering partially hilly terrain. Flow separation was essentially limited to the forested region✶✷✽

over the lee slope where an adverse pressure gradient is induced by the terrain. The differ-✶✷✾

ences in flow separation for different positionings of the forest were found to have a large✶✸✵

impact of scalar transport out of the canopy.✶✸✶

In the present work, a simple canopy model is implemented in the Weather Research and✶✸✷

Forecasting model. Large-eddy simulations using the standard roughness length approach✶✸✸

and using the canopy model are evaluated using the ‘Furry Hill’ data (Finnigan and Brunet✶✸✹

1995) for a neutral boundary-layer flow across a forested ridge. Simulations are carried out✶✸✺

using a range of horizontal and vertical grid spacings in order to assess the impact that this✶✸✻

has on the response of the flow to the canopy covered hill, hereafter referred to as a ridge to✶✸✼

clarify the two dimensional profile. The modelling system is presented briefly in Sect. 2. The✶✸✽

set-up of the modelling system and the design of the numerical experiments are described✶✸✾

in Sect. 3. Numerical results and sensitivities to the horizontal grid spacing are analysed in✶✹✵

Sect. 4. Conclusions are given in Sect. 5.✶✹✶

2 Modelling System✶✹✷

Numerical simulations were performed with the community Weather Research and Forecast-✶✹✸

ing (WRF) modelling system, version 3.9.1, and using its Advanced Research WRF (ARW)✶✹✹

dynamical core. The ARW dynamical core integrates the fully compressible, non-hydrostatic✶✹✺

equations of motion in flux form. The equations are discretised using a terrain-following✶✹✻

mass-based coordinate system and a staggered grid of type Arakawa-C. Time integration✶✹✼

was performed using a third-order Runge-Kutta scheme and a time-splitting technique with✶✹✽

semi-implicit sound waves. A fifth-order Weighted Essentially Non-Oscillatory (WENO)✶✹✾

scheme with a positive definite filter was selected for advection of momentum and scalar✶✺✵

variables. The Coriolis force was excluded as the effects of the Earth’s rotation on the flow✶✺✶

are negligible at the scales of motion that are considered in the present work (see Sect. 3).✶✺✷

Canopy models have been developed and implemented in WRF by, for example, Ma✶✺✸

and Liu (2019) and Arthur et al. (2018). However, these were not finalised until consider-✶✺✹

able work had already been done for this study. The term Fc, defined by Equation (4), as an✶✺✺

additional sink of momentum to the momentum equation within the canopy was therefore✶✺✻

implemented by the authors. The 1.5-order turbulence closure scheme developed by Dear-✶✺✼

dorff (1980) with a prognostic equation for sub-grid-scale (SGS) TKE, denoted by kSGS, was✶✺✽

used to determine the SGS fluxes from the resolved fields and the SGS TKE. In this scheme,✶✺✾

the eddy viscosity of momentum Km is modelled as✶✻✵

Km =Ck λ
√

kSGS, (5)✶✻✶

where the diffusion coefficient Ck = 0.10 and the SGS mixing length scale λ was set equal✶✻✷

to the cube root of the grid-cell volume ∆s = (∆x∆y∆z)1/3.✶✻✸
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Fig. 1 Terrain height zg, normalised by the height of the canopy hc, along the stream-wise direction x. The

distance along x is normalised by the half-height width L of the ridge. The terrain is symmetric about x = 0

and uniform in the span-wise direction y (into the page). The vertical dotted lines indicate the positions where

experimental data is available

In the turbulence closure scheme proposed by Deardorff (1980) the SGS TKE dissipation✶✻✹

is given by✶✻✺

εv =Cε k
3/2

SGS/λ , (6)✶✻✻

where the dissipation coefficient Cε = 0.93, except in the first grid cell immediately above✶✻✼

the surface, where Cε is increased to 3.9 to mimic a ‘wall effect’ so as to prevent kSGS from✶✻✽

becoming unduly large there. Following Shaw and Schumann (1992), the standard viscous✶✻✾

dissipation εv was augmented by an additional dissipation term,✶✼✵

εc = 2Cd a |u| kSGS, (7)✶✼✶

to represent the dissipation caused by the interactions between the air and the canopy.✶✼✷

3 Design of The Numerical Experiments✶✼✸

The ‘Furry Hill’ wind-tunnel experiment carried out by Finnigan and Brunet (1995) is✶✼✹

used to evaluate the different methods of parametrising the canopy presented in the pre-✶✼✺

vious sections. In this experiment, a neutral atmosphere with a uniform background wind✶✼✻

Ub = 12 m s−1 interacts with a forested ridge with a two dimensional profile of a ‘witch of✶✼✼

Agnesi’ centred about x = 0 (see Fig. 1). Ground level zg is defined as zg = He/[1+(x/Le)
2],✶✼✽

where the height of the ridge He = 0.15 m and its half-height width Le = 0.42 m. For the ar-✶✼✾

tificial canopy used in the experiment, the height of the canopy was hc,e = 0.047 m, the plant✶✽✵

area density ae = 10 m−1 and the drag coefficient Cd,e = 0.68, leading to a canopy-drag✶✽✶

length scale Lc,e = (Cd,e ae)
−1 = 0.147 m. This artificial canopy was then surrounded by a✶✽✷

rough surface of gravel with a diameter of 0.014 m (≈ hc,e/3.36).✶✽✸

The physical properties of the ridge and canopy are scaled up as proposed by Dupont✶✽✹

et al. (2008), so that the experiment represents atmospheric scales. This provides a ridge✶✽✺

height H = 30 m, half-height width L = 84 m, canopy height hc = 10 m, plant area den-✶✽✻

sity a = 0.165 m−1 and drag parameter Cd = 0.2, leading to a canopy-drag length scale✶✽✼

Lc = (Cd a)−1 = 30.3 m. Geometric similarity is achieved (H/L = He/Le = 0.36), but a was✶✽✽

increased slightly in comparison to the value of 0.16 m−1 used by Dupont et al. (2008). This✶✽✾

was done to achieve marginally closer values to the ‘Furry Hill’ experiment for the condi-✶✾✵

tions Lc,e/Le = 0.35 and hc,e/Lc,e = 0.32, where these are Lc/L = 0.36 and hc/Lc = 0.33 for✶✾✶

the values used here. The canopy extends from x/L = −9.35 to 3.39 to match the location✶✾✷

of the artificial canopy used in the experiment. For all simulations, the surrounding gravel✶✾✸

surface is simulated using a roughness length of z0 = 0.0025hc = 0.025 m, approximately✶✾✹

one tenth of the diameter of the scaled up gravel.✶✾✺

Simulations are performed with two nested domains and feedback was enabled, such✶✾✻

that the lateral boundaries of the inner domain are set by the outer domain solution and the✶✾✼
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solution at the boundaries of the inner domain are fed back to the outer domain. The outer✶✾✽

domain extends horizontally between x/L =±36 and y/L =±10.6. The inner domain, cen-✶✾✾

tred on (x,y) = (0,0), covers one third of this extent, between x/L =±12 and y/L =±3.53.✷✵✵

It should be noted that the ridge and canopy are present in the inner and outer domains✷✵✶

and both domains are run in large-eddy simulation (LES) mode. In the vertical, a terrain-✷✵✷

following coordinate is used with 85 points from the surface to the top of the two domains✷✵✸

at approximately z/hc = 20 above the sections of flat ground. A hyperbolic tangent func-✷✵✹

tion is applied to the vertical grid spacings to compact the grid close to the ground, with✷✵✺

grid spacings barely increasing above. The grid is stretched such that the lowest level has a✷✵✻

height of approximately h/hc = 0.1, providing 10 levels within the canopy. A lowest grid✷✵✼

level height of h/hc = 0.2 was also considered but the results are not shown because the✷✵✽

difference between the two cases was negligible. The top of the two domains is frictionless✷✵✾

and includes a 50 m deep Rayleigh damping layer to reduce numerical instabilities in the✷✶✵

simulation (Klemp et al. 2008). Periodic boundary conditions are used at the lateral bound-✷✶✶

aries of the outer domain, which is given a sufficient extent in the stream-wise direction for✷✶✷

the forested ridge to have no noticeable effect on the incoming flow at the inner domain.✷✶✸

Horizontal grid spacings ∆x = ∆y of 0.024, 0.048 and 0.071L (2, 4 and 6 m) are considered✷✶✹

for the inner domain and 0.071, 0.143 and 0.214L (6, 12 and 18 m) for the outer domain,✷✶✺

respectively. At the surface, no-slip conditions are imposed, the heat flux is set to zero and✷✶✻

the momentum flux is calculated from wind velocity at the first grid point above the surface,✷✶✼

using the logarithmic profile of Eq. (3) with a prescribed surface roughness length z0.✷✶✽

The simulations are initialised with a wind speed of 17 m s−1 in the positive x-direction at✷✶✾

all positions. The initial wind speed is larger than that of the upstream flow in the wind-tunnel✷✷✵

experiment (12 m s−1) so that the flow speed achieved after the spin-up period corresponds✷✷✶

to that approaching the canopy in the experiment. After approximately 30 to 40 minutes of✷✷✷

simulation time, the solution reaches a quasi-steady state, as shown in Fig. 2 by the relatively✷✷✸

constant wind speed after this time. While no forcing is applied to drive the flow, the 5 minute✷✷✹

moving average of wind speed at the locations shown vary by no more than 3% in the outer✷✷✺

domain and 6% in the inner domain for the time period after the first 45 minutes for all✷✷✻

the simulations that were performed. To obtain numerically stable results, the vertical grid✷✷✼

resolution and maximum flow speed demanded a model time-step ∆t = 0.025 s, with data✷✷✽

being exported at 20 s intervals. The 90 data points between minute 45 and minute 75 of the✷✷✾

simulation are then used to calculate the mean velocity components 〈u〉yt , 〈v〉yt , 〈w〉yt and✷✸✵

their variances 〈u′2〉yt , 〈v
′2〉yt , 〈w

′2〉yt in the x-, y-, z-directions, respectively, the momentum✷✸✶

flux per unit mass 〈u′w′〉yt and TKE per unit mass 〈k〉yt , where 〈2〉yt denotes an average✷✸✷

in both time and the span-wise direction y and ′ represents a fluctuation from this averaged✷✸✸

value. The velocity components and turbulence statistics collected by Finnigan and Brunet✷✸✹

(1995) were normalised with the friction velocity u⋆ at canopy top at x/L =−3. In this work✷✸✺

the results are presented in SI units and the normalisation of the measurements was reversed✷✸✻

using u⋆ = 0.911 ms−1 calculated from their results.✷✸✼

In the following, the WRF simulations that use the canopy model introduced in Sect. 2✷✸✽

are given the reference WRF-C. The surface roughness length at the location of the canopy✷✸✾

is set to z0 = 0.001hc = 0.01 m (as in Shaw and Schumann 1992) for these simulations. An-✷✹✵

other set of WRF simulations with reference WRF-R use only a change in surface roughness✷✹✶

length to represent the artificial canopy, rather than modelling it explicitly. For WRF-R the✷✹✷

roughness length used at the location of the canopy is z0 = 0.085hc = 0.85 m, determined✷✹✸

to provide the closest agreement with the profile above the flat section of canopy in WRF-C✷✹✹

when used in Equation (3). When discussing a specific simulation, the references WRF-C✷✹✺

and WRF-R are followed by a number representing the horizontal grid spacing of the inner✷✹✻
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Fig. 2 Wind speed |u| averaged in the y-direction for WRF-C6 (a) outer and (b) inner domains and for

WRF-R6 (c) outer and (d) inner domains for positions around the ridge at 4hc above ground level. The points

show instantaneous wind speeds, while the solid lines show a 5 min moving average

domain. For example, with horizontal grid spacing of 2 m (0.024L) for a simulation using✷✹✼

the explicit canopy model, the reference would be WRF-C2. The height of the lowest grid✷✹✽

level is below the displacement height of the canopy and WRF is designed to only apply the✷✹✾

effects of a roughness length in the bottom grid level. The results for WRF-R were elevated✷✺✵

upwards by z/hc = 0.6 such that the displacement height d = 0.7hc is within the lowest grid✷✺✶

level. To keep notation simple in the following, height above ground level h = z− zg for✷✺✷

WRF-R refers to that for WRF-C. Note that the ground is elevated at all positions, as this✷✺✸

change in displacement height can not be properly applied at the leading and trailing edge✷✺✹

of the canopy-covered region.✷✺✺

To ascertain that the model does resolve the most energetic scales of motion, the ratio✷✺✻

of SGS to resolved TKE is shown in Fig. 3 for WRF-C. The SGS component of 〈k〉yt is✷✺✼

negligible at all positions away from the canopy regardless of the horizontal grid spacing✷✺✽

considered. In all cases, SGS TKE is up to 4 times greater in magnitude than resolved TKE at✷✺✾

the lowest levels of the domain, outside of the canopy. While it is not shown here, the same is✷✻✵

true for all cases of WRF-R at the lowest grid levels but with a more significant contribution✷✻✶

where the surface roughness increases to represent the canopy, especially around the peak of✷✻✷

the ridge between x/L =−1 to 1. For WRF-C6 [see Fig. 3(a)], above the lowest grid levels,✷✻✸

SGS TKE is most substantial (up to 3 times resolved TKE) at the top of the leading edge of✷✻✹

the canopy (x/L =−9 to −8) and at canopy top near the peak of the ridge (x/L = 0 to 1). As✷✻✺

the horizontal grid spacing is reduced, more of the turbulence generated in these locations✷✻✻

within the canopy is resolved. Almost all TKE is resolved for WRF-C2 [see Fig. 3(c)]. It is✷✻✼

therefore expected that the results for WRF-C2 will be closer to the measurements made in✷✻✽

the ‘Furry Hill’ experiment than the other cases of WRF-C.✷✻✾
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Fig. 3 Ratio of sub-grid scale to resolved turbulence kinetic energy per unit mass, 〈kSGS〉yt/〈k〉yt for (a)

WRF-C6, (b) WRF-C4 and (c) WRF-C2. The top of the simulated artificial canopy is indicated by a black

dashed line

4 Results and Analysis✷✼✵

4.1 Model Evaluation✷✼✶

Pressure perturbations 〈∆ p〉yt as a difference from the values at corresponding altitude z✷✼✷

further upstream, taken here at x/L = −3, result from interaction with the forested ridge.✷✼✸

The pressure perturbations induced by the canopy, ∆ pc, and by the ridge, ∆ ph, scale as✷✼✹

∆ pc ≈ ρ U2
b hc/Lc and ∆ ph ≈ ρ U2

b H/L, respectively, where ρ is density and Ub is the✷✼✺

stream-wise velocity at corresponding altitude upstream of the ridge, taken here at x/L =−5✷✼✻

(Belcher et al. 2003). Simulated near-surface pressure perturbation for WRF-C and WRF-R✷✼✼

is compared with measurements from the wind-tunnel experiment in Fig. 4(a) and (b), re-✷✼✽

spectively. Recall that the simulated fields for WRF-R are valid from height z = d and so✷✼✾

pressure is compared at this height. The simulations capture reasonably well the measured✷✽✵

decrease in pressure across the top of the ridge, although both over-predict the drop in pres-✷✽✶

sure over the windward slope of the ridge. Immediately after the ridge-top the near-surface✷✽✷

pressure for WRF-R follows the measurements closely, with the exception of WRF-R2✷✽✸

where the near-surface pressure increases over a shorter distance than for the other WRF-R✷✽✹

simulations. For WRF-C, the distribution of near-surface pressure is similar to that measured✷✽✺

but of a larger magnitude at all positions where measurements are available. This shows, as✷✽✻

pointed out for instance by Ross and Vosper (2005), that the effective width of the ridge is✷✽✼

increased for WRF-C when compared to WRF-R.✷✽✽
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Fig. 4 Simulated mean near-surface normalised pressure 〈∆ p/∆ ph〉yt for (a) WRF-C and (b) WRF-R com-

pared with the wind-tunnel measurements over the ‘Furry Hill’ from Finnigan and Brunet (1995) (see text for

details). The pressure perturbation ∆p is calculated relative to the value at x/L =−3

Table 1 Domain-wide root-mean-squared-error γ for the time and y-direction averaged stream-wise velocity

〈u〉yt (in m s−1), vertical momentum flux per unit mass 〈u′w′〉yt (in m2 s−2), stream-wise velocity variance

〈u′2〉yt (in m2 s−2), vertical velocity variance 〈w′2〉yt (in m2 s−2) and turbulence kinetic energy per unit mass

〈k〉yt (in m2 s−2), for all cases considered for WRF-C and WRF-R

Simulation γ(〈u〉yt) γ(〈u′w′〉yt) γ(〈u′2〉yt) γ(〈w′2〉yt) γ(〈k〉yt)
WRF-C2 0.90 0.70 1.03 0.58 1.20

WRF-C4 0.96 0.67 1.19 0.64 1.24

WRF-C6 1.03 0.56 1.26 0.75 1.13

WRF-R2 2.50 0.68 1.88 1.05 2.08

WRF-R4 1.92 0.62 1.67 0.98 1.69

WRF-R6 1.53 0.57 1.62 1.08 1.45

Simulated vertical profiles of the time and y-direction averaged stream-wise velocity and✷✽✾

turbulence statistics to the counterpart measured profiles are presented in Fig. 5 and Fig. 6✷✾✵

for a selected subset of positions across the ridge. A quantitative evaluation in terms of root-✷✾✶

mean-square error (RMSE), denoted by γ herein, for all measurement positions (x,h), illus-✷✾✷

trated in Fig. 1, is presented in Table 1. Vertical profiles of the time and y-direction averaged✷✾✸

stream-wise velocity 〈u〉yt for WRF-C and WRF-R are shown respectively in Fig. 5(a) and✷✾✹

Fig. 6(a). For WRF-C, these profiles are relatively close to those of the measurements, with✷✾✺

similar γ(〈u〉yt) of 0.9 to 1.3 m s−1 over the range of horizontal grid spacings. For WRF-R✷✾✻

the profiles of 〈u〉yt are similar to the measurements upstream of the ridge but, as a result✷✾✼

of the weaker separation on the lee side of the ridge, there is an excess of 〈u〉yt from ap-✷✾✽

proximately z/hc = 2 to 6. This indicates that using a passive roughness is appropriate to✷✾✾

represent the mean boundary-layer flow over flat ground for the case considered, but per-✸✵✵

formance degrades significantly when the boundary-layer flow crosses over the ridge. When✸✵✶

evaluated across all measurement positions (x,h), γ(〈u〉yt) is 49 to 178% larger for WRF-R✸✵✷

than for WRF-C (see Table 1). The canopy model therefore performs better overall at repro-✸✵✸

ducing the mean flow over a ridge covered in a forest canopy. Although the canopy model in✸✵✹

WRF-C was implemented with the sharp transition of Ouwersloot et al. (2017), erroneous✸✵✺

fluctuations in stream-wise velocity above the canopy were not seen.✸✵✻
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Fig. 5 Vertical profiles of time and y-direction averaged (from the top to bottom panels) stream-wise velocity

〈u〉yt , vertical momentum flux per unit mass 〈u′w′〉yt , stream-wise velocity variance 〈u′2〉yt , vertical velocity

variance 〈w′2〉yt and turbulence kinetic energy per unit mass 〈k〉yt for WRF-C, compared with the wind-

tunnel measurements over the ‘Furry Hill’ from Finnigan and Brunet (1995) (see text for details). A graphical

representation of the slope in the terrain present around each profile is displayed at the top of the figure

The simulated 〈u〉yt on the lee side of the ridge is negative within the canopy for WRF-C✸✵✼

and WRF-R, which is not the case for the measurements. However, the measurements of✸✵✽

velocity must be interpreted with caution in the region of separated flow, since the crossed✸✵✾

hot-wire probes that were used are not appropriate for measuring a reversed flow. Using✸✶✵

flow visualisation techniques, Finnigan and Brunet (1995) were able to identify a separation✸✶✶

region 5.2L in length. This will be explored in Sect. 4.2 using cross-sections that show the✸✶✷

full extent of the simulated separation region more clearly. WRF-C performs better than✸✶✸

WRF-R not only for the mean flow but also for the majority of the turbulence statistics (see✸✶✹

rows (b) to (e) in Fig. 5 and Fig. 6 and the second to fifth columns of Table 1). The RMSE✸✶✺
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Fig. 6 Vertical profiles of time and y-direction averaged (from the top to bottom panels) stream-wise velocity

〈u〉yt , vertical momentum flux per unit mass 〈u′w′〉yt , stream-wise velocity variance 〈u′2〉yt , vertical velocity

variance 〈w′2〉yt and turbulence kinetic energy per unit mass 〈k〉yt for WRF-R, compared with the wind-

tunnel measurements over the ‘Furry Hill’ from Finnigan and Brunet (1995) (see text for details). A graphical

representation of the slope in the terrain present around each profile is displayed at the top of the figure

γ for WRF-R are 29 to 83%, 44 to 81% and 28 to 73% larger than that for WRF-C for the✸✶✻

stream-wise velocity variance 〈u′2〉yt , vertical velocity variance 〈w′2〉yt and TKE per unit✸✶✼

mass 〈k〉yt , respectively.✸✶✽

In the region upstream of the ridge, the stream-wise velocity variance 〈u′2〉yt takes a✸✶✾

similar form to the measured profiles for both WRF-C and WRF-R, with WRF-C closer to✸✷✵

the measured values than WRF-R and WRF-R2 performing particularly poorly above the✸✷✶

canopy. The vertical velocity variance 〈w′2〉yt and vertical momentum flux per unit mass✸✷✷

〈u′w′〉yt below z/hc = 5 in the upstream region are minimal for all cases for WRF-R in✸✷✸

comparison to the corresponding measurements. This is a clear indication that the roughness-✸✷✹
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length approach to modelling the effects of a canopy does not generate the level of turbulence✸✷✺

seen in the wind-tunnel measurements, at least over flat ground. Conversely, WRF-C is able✸✷✻

to reproduce most turbulence statistics accurately, with 〈u′2〉yt and 〈k〉yt agreeing well with✸✷✼

the measured profiles. The magnitude of the peak in 〈w′2〉yt is reproduced well by WRF-C2;✸✷✽

it is between 4 and 16% of the measured peak value in the upstream region. However, the✸✷✾

simulations with larger horizontal grid spacings under-predict 〈w′2〉yt , with peak values in✸✸✵

this region 22 to 37% smaller for WRF-C4 and 40 to 69% smaller for WRF-C6. The WRF-C✸✸✶

simulations tend to over-predict the magnitude of 〈u′w′〉yt above the canopy, with WRF-C6✸✸✷

performing slightly better than WRF-C4 and WRF-C2 in the upstream region.✸✸✸

As the flow reaches the top of the ridge, at x/L= 0, a peak forms in the measured vertical✸✸✹

momentum flux per unit mass 〈u′w′〉yt within close proximity of the top of the canopy. This✸✸✺

is reproduced well by WRF-C2, but WRF-C4 and WRF-C6 under-predict this peak value✸✸✻

respectively by 36 and 56%. For WRF-R this peak is not present for any of the horizontal grid✸✸✼

spacings used. A similar peak in TKE per unit mass 〈k〉yt is also seen in the measurements at✸✸✽

this location. In carrying out simulations similar to those discussed here, Dupont et al. (2008)✸✸✾

and Ross and Vosper (2005) reported large peaks in 〈k〉yt near the displacement height of the✸✹✵

canopy at ridge-top when using a change in roughness length at the surface to represent the✸✹✶

canopy. While this was not seen in the results shown here, such an excess was present in the✸✹✷

results of preliminary simulations carried out by the authors when considering non-neutral✸✹✸

conditions. The peaks in 〈k〉yt for WRF-R at this location are approximately 50% smaller✸✹✹

than the measured values, with WRF-R6 and WRF-R4 11 to 12% closer to the measured✸✹✺

peak value than WRF-R2. The peak values of 〈k〉yt for WRF-C are within 12 and 23%✸✹✻

of the measured peak values, with smaller horizontal grid spacings providing the closest✸✹✼

agreement. The differences between the ridge-top profiles for the different grid-spacings are✸✹✽

minimal at most locations, but while WRF-C2 provides the best result for the canopy model✸✹✾

simulations, WRF-R6 provides the best result for the simulations using only a change in✸✺✵

roughness length at the surface.✸✺✶

As the flow proceeds downstream, all turbulence statistics begin to respond more strongly✸✺✷

to the presence of the forested ridge. For the simulations and measurements, the momentum✸✺✸

flux 〈u′w′〉yt displays a single peak, the location of which increases in height above ground✸✺✹

level between x/L = 0 and 2.5 (see Fig. 5(b) and Fig. 6(b)). It should be noted that these✸✺✺

figures show height above ground level. Thus, while a peak in a profile appears to be dis-✸✺✻

placed upwards, it actually remains at a fairly constant altitude, as will be shown in the✸✺✼

cross-sections of Sect. 4.2.✸✺✽

For WRF-C, the peak in 〈u′2〉yt increases in height downstream over a similar range of✸✺✾

x/L to that seen in the measurements. However, for 〈w′2〉yt the peak rises initially but then✸✻✵

remains between h/hc = 1.5 to 2.5 over x/L = 0.7 to 2.5. 〈u′w′〉yt and 〈k〉yt correspond-✸✻✶

ingly increase more rapidly at low levels than higher above the ground. This leads to the✸✻✷

peak value occurring lower than that measured in the wind tunnel and to closer agreement✸✻✸

with the measurements above the peak than below. For WRF-R the peak value of 〈w′2〉yt✸✻✹

occurs slightly closer to the ground, between h/hc = 1 to 2. The magnitude of this peak is✸✻✺

not reproduced well by any of the WRF-R simulations at x/L = 0.7. For x/L = 1 to 1.4,✸✻✻

WRF-R6 and WRF-R4 remain close to the measured profiles of 〈w′2〉yt until h/hc = 1.5 but✸✻✼

under-predict above this height until h/hc = 6. This is also true for the peak in 〈w′2〉yt for✸✻✽

WRF-R2, except by x/L = 1.4 the peak value is over-predicted by 32% while still 1.5hc✸✻✾

lower than the height of the peak in the measurements. The peaks in the downstream pro-✸✼✵

files of 〈u′2〉yt for WRF-R rise over a range of x/L more in line with the measurements and✸✼✶

WRF-C than those for 〈w′2〉yt . However, by x/L = 1.4 these peaks are 0.5 to 1hc lower than✸✼✷

those in the measurements, with this discrepancy most acute in the case of WRF-R2. This✸✼✸
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leads to the peak in 〈u′w′〉yt for WRF-R occurring up to 1.5hc lower than the peak in the✸✼✹

measurements, compared to 1hc lower for WRF-C. As WRF-R reproduces 〈u′w′〉yt more✸✼✺

accurately downstream of the ridge and less accurately before the ridge and vice versa for✸✼✻

WRF-C, the corresponding γ for this quantity are within 2 to 8% when comparing the two✸✼✼

methods of parametrising the canopy.✸✼✽

The results produced by WRF-C are very similar to those that were produced in the✸✼✾

simulations carried out by Dupont et al. (2008). The peak in 〈u′w′〉yt immediately down-✸✽✵

stream of the ridge also occurs at a position in the vertical that is different from that of the✸✽✶

measurements and is over-predicted by a similar amount, but by x/L = 3.5 the profile is✸✽✷

more similar to the measurements than WRF-C. The simulations from both works follow✸✽✸

the profiles of 〈u′2〉yt and 〈k〉yt closely. Similar but small over-predictions in these quantities✸✽✹

below z/hc = 3 are present in both cases, but larger for WRF-C. While WRF-C2 performs✸✽✺

considerably better in reproducing 〈w′2〉yt upstream of the ridge, the results by Dupont et al.✸✽✻

(2008) are closer to the measurements downstream of the ridge. The vertical position of the✸✽✼

peak in 〈w′2〉yt is also lower than in the measurements at x/L = 2 but follows the measure-✸✽✽

ments better than any of the WRF-C simulations. It is worth noting that Dupont et al. (2008)✸✽✾

do not provide the value for u⋆ used for normalisation and this could lead to differences✸✾✵

in the magnitudes of the various statistics between those results and the results of WRF-C.✸✾✶

The similarity between the height of the wake seen in the WRF-C simulations and those of✸✾✷

Dupont et al. (2008) would suggest that the difference to the measurements is a result of the✸✾✸

experiment being scaled up. It is therefore possible that further similarity conditions are re-✸✾✹

quired when scaling up experiments studying flows over ridges covered with a canopy. The✸✾✺

‘Furry Hill’ experiment was studied by Ross and Vosper (2005) using numerical simulations✸✾✻

of the same scale as that of the wind tunnel with a canopy model and using only a change✸✾✼

in roughness length at the surface to parametrise the artificial canopy. However, it is difficult✸✾✽

to compare WRF-C and WRF-R to those results due to the reduced vertical extent of the✸✾✾

plotted data and the small size of the plots themselves.✹✵✵

There are some considerable differences between the profiles of turbulence statistics for✹✵✶

the equivalent simulations with different horizontal grid spacings. Upstream of the ridge,✹✵✷

WRF-C2 provides the closest agreement with the measurements but, as the flow proceeds✹✵✸

past the ridge, WRF-C6 tends to produce better results. The finest grid appears to be repro-✹✵✹

ducing the fine scales of turbulence above the flat section of canopy upstream of the ridge✹✵✺

well, but is not performing so well in the wake, where turbulence is generated by the com-✹✵✻

bination of the canopy and the ridge. The profiles of turbulence statistics for WRF-R6 and✹✵✼

WRF-R4 are very similar across most positions, although with considerable differences to✹✵✽

the measured values. However, there are large differences between the profiles for WRF-R2✹✵✾

and those with a more coarse grid spacing. The TKE 〈k〉yt and vertical momentum flux✹✶✵

〈u′w′〉yt are over-predicted to varying degrees in all of the simulations below h/hc = 5 to✹✶✶

6 in the downstream region. While this is still true at x/L = 3.5, the differences between✹✶✷

equivalent simulations of different horizontal grid spacings are greatly reduced, with pro-✹✶✸

files of 〈k〉yt much closer to the measured profiles. The horizontal grid resolution resolution✹✶✹

of the simulations has a strong influence on the properties of the flow in close proximity to✹✶✺

the forested ridge, but does not make a large difference to the properties of the flow further✹✶✻

downstream.✹✶✼

While the magnitude of the turbulence statistics generated from WRF-R and WRF-C✹✶✽

both differ from the measurements in some positions, the forms of the vertical profiles are✹✶✾

more closely reproduced by WRF-C. The response to the forested ridge for WRF-R gen-✹✷✵

erally lies between what would be expected for a ridge with negligible roughness and that✹✷✶

for WRF-C. The roughness-length approach to modelling the effects of a canopy does mod-✹✷✷
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Fig. 7 Simulated mean normalised pressure perturbation 〈∆ p〉yt for (a) WRF-C4 and (b) WRF-R4. The

pressure perturbation is calculated relative to the value at the corresponding height at x/L = −3. The top

of the simulated artificial canopy is indicated by a black dashed line. The light grey lines show mean flow

streamlines originating at regular height intervals above the flat ground at x/L =−12. The dashed white line

in (b) represents the effective ground level of the vertically displaced WRF-R4 simulation (see Sect. 3 for

details)

ify the dynamics correctly but not sufficiently for the extensive, tall canopy considered in✹✷✸

the present work. In sum, the comparison of model results with the ‘Furry Hill’ data shows✹✷✹

that the implementation of the canopy model in WRF is a significant improvement over the✹✷✺

roughness-length approach for both the mean flow and the turbulence statistics when con-✹✷✻

sidering a ridge covered by a tall canopy for the range of horizontal grid spacings considered✹✷✼

herein. While WRF-C provides better results than WRF-R immediately downstream of the✹✷✽

ridge, there are still clearly deficiencies in the model’s ability to reproduce the magnitude✹✷✾

and height of the wake.✹✸✵

4.2 Flow Features✹✸✶

Using the scaling arguments presented at the beginning of Sect. 4.1, since hc/Lc ∼ H/L in✹✸✷

the present work, there ought to be an interplay between the canopy and the ridge on the✹✸✸

generation of drag on the ridge surface. The mean pressure perturbation field 〈∆ p〉yt (x,z)✹✸✹

across the finer-resolved domain is shown in Fig. 7 for WRF-C4 and WRF-R4. Significant✹✸✺

differences can be noticed between the two simulations, most notably the presence of a✹✸✻

local maximum and minimum in pressure respectively before and after the leading edge of✹✸✼

the canopy at x/L = −9.35 for WRF-C (see Fig. 7a). The local minimum at x/L = −7.5✹✸✽

induces an adverse pressure gradient, thereby decelerating the flow (see Belcher et al. 2003,✹✸✾

for a detailed description of the adjustment of a turbulent boundary layer to a canopy of✹✹✵

roughness elements). In contrast, pressure is essentially horizontally uniform upstream of✹✹✶

the ridge for WRF-R with only a slight decrease caused by the change in roughness length at✹✹✷

x/L =−9.35. The flow is assumed to adjust to the canopy at the location where 〈w〉yt/uref =✹✹✸

0.01, with uref taken as 〈u〉yt at height h/hc = 2 over the flat section of terrain with no canopy✹✹✹

present at x/L =−10.5. For all cases of WRF-C this adjustment length La ≈ 3.8Lc, which is✹✹✺

smaller than the range 4.5–6Lc predicted by Belcher et al. (2012). However, it is in line with✹✹✻

the values of 3Lc and 4Lc found in the analytical and numerical studies of Belcher et al.✹✹✼
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Fig. 8 Simulated mean stream-wise velocity 〈u〉yt for (a) WRF-C4 and (b) WRF-R4. The top of the simulated

artificial canopy is indicated by a black dashed line. The light grey lines show mean flow streamlines origi-

nating at regular height intervals above the flat ground at x/L =−12. The dashed white line in (b) represents

the effective ground level of the vertically displaced WRF-R4 simulation (see Sect. 3 for details)

(2008) and Dupont and Brunet (2009), respectively. It should be noted that the analytical✹✹✽

methods use the location where the vertical velocity has dropped to the friction velocity u⋆;✹✹✾

however for WRF-C the vertical velocity is always less than the friction velocity at canopy✹✺✵

top.✹✺✶

Pressure decreases and hence the wind speed increases as the flow approaches the top✹✺✷

of the ridge. In the case of a ridge with no canopy and negligible surface roughness, the✹✺✸

pressure minimum is located directly above the ridge. When a canopy is present on the ridge✹✺✹

this pressure minimum is displaced to a position downstream from the ridge-top (see Fig. 7).✹✺✺

For WRF-C the area of lowest pressure extends over the majority of the slope on the lee✹✺✻

side of the ridge for all horizontal grid spacings. A pressure minimum occurs immediately✹✺✼

downstream of the ridge-top just above the canopy at x/L = 0.95, h/hc = 1.7 for WRF-C4.✹✺✽

Changing the horizontal grid spacing does not modify the height of this minimum by more✹✺✾

than 0.1hc. However larger grid spacings result in a more significant displacement of this✹✻✵

minimum in the stream-wise direction, x/L= 0.67 for WRF-C2 and x/L= 1.14 for WRF-C6✹✻✶

(not shown). While there is an area of reduced pressure over a similar extent for WRF-R,✹✻✷

the location of minimum pressure is at the top of the ridge at the lowest modelled level at✹✻✸

x/L = 0, h/hc = 0.6 for all horizontal grid spacings considered.✹✻✹

On the lee side of the ridge the adverse pressure gradient leads to flow separation which,✹✻✺

in turn, causes the adverse pressure gradient to extend further downstream as if the ridge✹✻✻

has been extended in the downstream direction. This effect is more significant for WRF-C✹✻✼

than for WRF-R, although the pressure field for WRF-R is much closer to that for WRF-C✹✻✽

than to that which would be expected for a ridge with negligible roughness. The pressure✹✻✾

close to the ground readjusts downstream of the ridge over a shorter distance for WRF-R✹✼✵

than for WRF-C (cf. Fig. 4). Coupling between the out-of-phase flows within and above✹✼✶

the canopy results in a reduced pressure gradient (reduced over-speeding) over the ridge for✹✼✷

WRF-C compared with that for WRF-R. The separation region extends over 4L in length✹✼✸

over the ground surface for all cases for WRF-C, in line with the experimental data of Finni-✹✼✹

gan and Brunet (1995) and numerical data of Ross and Vosper (2005) and Dupont et al.✹✼✺

(2008), compared with 3L for WRF-R4 (see Fig. 8). However, the horizontal extent of the✹✼✻
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Fig. 9 Simulated turbulence kinetic energy per unit mass 〈k〉yt for (a) WRF-C4 and (b) WRF-R4. The top

of the simulated artificial canopy is indicated by a black dashed line. The light grey lines show mean flow

streamlines originating at regular height intervals above the flat ground at x/L =−12. The dashed white line

in (b) represents the effective ground level of the vertically displaced WRF-R4 simulation (see Sect. 3 for

details)

separation region at the surface for WRF-R would be of comparable extent if the flow could✹✼✼

be visualised below the displacement height d. The horizontal grid spacing does not modify✹✼✽

the length of the separation region significantly for WRF-C. For WRF-R the horizontal ex-✹✼✾

tent of the separation region increases with horizontal grid spacing, from 2.2L in length for✹✽✵

WRF-R2 to 3.5L for WRF-R6.✹✽✶

A wake is created on the lee side of the ridge, centred vertically on the region of maxi-✹✽✷

mum wind shear above the separation region as shown in Fig. 9 for 〈k〉yt (although a similar✹✽✸

structure is visible in all other turbulence statistics). The vertical differential in wind speed✹✽✹

at the top of the ridge is smaller for WRF-R than that at canopy height at the top of the ridge✹✽✺

for WRF-C. Therefore, the wake angle and the intensity of turbulence within the wake are✹✽✻

larger for WRF-C than for WRF-R. There is evidence of Kelvin-Helmholtz billows forming✹✽✼

in the wake for both simulations. Turbulence is suppressed in the canopy for WRF-C while✹✽✽

fluctuations are clearly visible near the surface for WRF-R. The vertical spread or depth D of✹✽✾

the turbulent wake region follows a power law of the form D = A (x− x0)
α

, as presented by✹✾✵

Kaimal and Finnigan (1994) in reference to Taylor (1988). In this formulation x0 is a virtual✹✾✶

origin situated before the ridge and A is a constant. Kaimal and Finnigan (1994) pointed out✹✾✷

that theory, wind-tunnel and field experiments have not decided whether α should be equal✹✾✸

to 0.5 or 1. The power α that best fit the wakes in the simulations presented here is in the✹✾✹

range 0.6−0.7 with x0 taken as x/L =−3.✹✾✺

5 Conclusions and Discussion✹✾✻

Results from numerical model simulations of neutral boundary-layer flow across a forested✹✾✼

ridge using a canopy model (WRF-C) or a bare surface with an increased roughness z0 at the✹✾✽

location of the canopy (WRF-R) using a range of resolutions were analysed and compared.✹✾✾

The main conclusions, along with some discussion, are given below.✺✵✵
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• The speed of the flow in the stream-wise direction is closer to the counterpart wind-✺✵✶

tunnel measurements for WRF-C than for WRF-R. As is expected, the reduced canopy✺✵✷

drag for WRF-R leads to an over-estimation of the wind speed above the canopy, which✺✵✸

becomes larger as the flow proceeds downstream.✺✵✹

• WRF-C captures the measured turbulence statistics significantly better than WRF-R.✺✵✺

The boundary layer has very little turbulence upstream of the ridge for WRF-R with a✺✵✻

particular deficiency in the vertical velocity variance 〈w′2〉yt .✺✵✼

• While the forested ridge in WRF-R generates turbulence close to the ground, the vertical✺✵✽

extent of these turbulent structures does not reach as far above the ground as those seen✺✵✾

in the measurements or in WRF-C.✺✶✵

• For WRF-R the horizontal extent of the separation region increases as the horizontal✺✶✶

grid spacing is increased. This is not seen in WRF-C, where the separation region was✺✶✷

of comparable extent for each horizontal grid spacing considered.✺✶✸

• The discrepancies between the experimental measurements and simulated values of✺✶✹

stream-wise velocity and the various turbulence statistics are reduced by reducing the✺✶✺

horizontal grid spacing for WRF-C.✺✶✻

• While it might be expected for a finer horizontal resolution to improve the results of✺✶✼

WRF-R, the discrepancy with the measurements is actually increased, as is discussed✺✶✽

below.✺✶✾

The RMSE γ between the measured and modelled profiles at the positions shown in✺✷✵

Fig. 1 varies between the different turbulence statistics and mean stream-wise velocity for✺✷✶

different horizontal grid spacings for WRF-C and WRF-R. In general, WRF-C provides✺✷✷

closer results to the measurements when a smaller horizontal grid spacing is used, while✺✷✸

the WRF-R simulations provide closer results at larger grid spacings for the case considered✺✷✹

here. The RMSE for vertical momentum flux γ(〈u′w′〉yt) and TKE γ(〈k〉yt) do not follow this✺✷✺

trend for WRF-C, with the largest grid spacing providing the best result in the reproduction✺✷✻

of both statistics. However, this discrepancy is predominantly due to the turbulence occur-✺✷✼

ring directly after the peak of the ridge at the profiles between x/L = 0.7 and 1.4. In this✺✷✽

region there is a large over-prediction in 〈w′2〉yt at low levels and the closest simulated pro-✺✷✾

files to the measurements shift from WRF-C2 to WRF-C6 as the flow moves downstream.✺✸✵

The stronger response to the ridge at low levels when smaller horizontal grid spacings are✺✸✶

used leads to an even greater over-prediction in 〈u′w′〉yt and, as the difference to the mea-✺✸✷

surements is large here, γ(〈u′w′〉yt) is heavily influenced by these profiles. The smaller grid✺✸✸

spacings also lead to an over-prediction of 〈k〉yt in this region, but the difference this makes✺✸✹

to γ(〈k〉yt) is reduced by the smaller difference in magnitude to the measured profiles. The✺✸✺

fact that WRF-C2 is closer to the measurements before and after the ridge leads to γ(〈k〉yt)✺✸✻

for WRF-C2 being only 6% larger than for WRF-C6, while for γ(〈u′w′〉yt) WRF-C2 is 25%✺✸✼

larger. For WRF-R, γ(〈u′w′〉yt) and γ(〈k〉yt) reduce with increasing horizontal grid spacing✺✸✽

in line with the other statistics. However, 〈w′2〉yt is reproduced poorly for all grid spacings,✺✸✾

with γ(〈w′2〉yt) remaining at approximately 1 m2 s−2.✺✹✵

The larger discrepancies between the measurements and the counterpart numerical re-✺✹✶

sults, when smaller horizontal grid spacings are used, is also likely due to a compounding✺✹✷

of errors. The dynamics of the flow in and around the canopy is not properly modelled✺✹✸

when the canopy is represented only by a change in roughness length at the surface, as for✺✹✹

WRF-R. When the horizontal grid spacing is reduced there are a larger number of grid cells✺✹✺

over which errors can accumulate. For WRF-C the flow is more accurately reproduced over✺✹✻

the flat terrain for which the canopy model used was devised. However, immediately down-✺✹✼

stream of the ridge, the smallest grid spacing is not providing a significant improvement to✺✹✽



18 J. Tolladay and C. Chemel

the reproduction of turbulence in the wake region. This may indicate that the canopy model✺✹✾

used for WRF-C requires improvement to properly reproduce canopy dynamics in complex✺✺✵

terrain. However, this canopy model is representing an evenly spaced array of cylindrical✺✺✶

stalks as a homogeneous, porous block and so inconsistencies are always likely to be present.✺✺✷

For each of the simulations performed here, with a vertical resolution at the surface✺✺✸

of 0.1hc, a corresponding simulation was carried out with a vertical resolution of 0.2hc.✺✺✹

These have not been shown here as the differences between these two sets of simulations✺✺✺

were negligible at all positions, other than a shift of approximately z/hc = 0.1 in the height✺✺✻

of peak values at canopy top due to the larger vertical extent of the grid cells. When a✺✺✼

forest canopy is represented using an increase in roughness length at the surface and vertical✺✺✽

resolution smaller than that of canopy elements, it is necessary to elevate the ground to✺✺✾

the displacement height of the canopy. As this is not practical in numerical simulations, it is✺✻✵

difficult to accurately reproduce the modification to the flow by the leading or trailing edge of✺✻✶

the canopy using such a method. An additional simulation was performed with a bottom grid✺✻✷

cell height of h/hc = 1.2, using the roughness length approach but without displacing the✺✻✸

ground. Results were found to have the same deficiencies as the other WRF-R simulations,✺✻✹

with little to no response to the canopy visible in the turbulence statistics (not shown). Hence,✺✻✺

a change in roughness length cannot replicate the effects of a relatively tall canopy in the✺✻✻

modulation of the flow speed over a ridge. An explicit treatment of the canopy represents a✺✻✼

significant improvement over the roughness-length approach. However, it does require a fine✺✻✽

spatial resolution in the vertical and the horizontal to include model layers within the canopy✺✻✾

and to model turbulence in a large-eddy simulation mode. The high spatial resolution of the✺✼✵

simulation leads to steeper slopes in the orography, which set constraints on the time-step✺✼✶

(Connolly et al. 2020). Further research will be required to determine the effectiveness of✺✼✷

this canopy model if coarser spatial resolutions are required.✺✼✸

While the results presented herein are for a fairly idealised terrain geometry and set✺✼✹

of initial and boundary conditions, the results have important practical implications for the✺✼✺

assessment and management of wind and pollution in the atmosphere within complex terrain.✺✼✻

In the interest of comparing to the measurements of Finnigan and Brunet (1995), the current✺✼✼

study was limited to geometry of the hill and canopy in their experiment with Lc/L = 0.36✺✼✽

and hc/H = 0.33. For this case it appears that a horizontal resolution of 0.024L (0.066Lc)✺✼✾

and a vertical resolution of 0.1 to 0.2hc was appropriate to reproduce the flow over a forested✺✽✵

ridge using a canopy model with vertical extent. Further work is required to explore a wider✺✽✶

range of hill geometries and canopy properties and extents at different resolutions, as well as✺✽✷

real-case studies that are likely to demand coarser grid resolutions. However, this will require✺✽✸

considerably more experimental data on canopy flows in complex terrain to be collected.✺✽✹
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