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Observed and modeled near-wake flow behind a solitary tree
E. Dellwik⁎ , M.P. van der Laan, N. Angelou, J. Mann, A. Sogachev
Technical University of Denmark, Wind Energy Department, Denmark
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This study reports simultaneous measurements of wind at single point positions up- and downstream of a tree
and a numerical experiment with the aim of quantifying the interaction of a solitary tree and the wind field.
Relative to the inflow velocity, the velocity deficit in the wake of the tree showed strong seasonal dependence,
with wake velocities changing between 70% and 10% of the upstream value from no-leaf winter conditions to
full-leaf summer conditions. Whereas for the winter tree the turbulence intensity in the wake is everywhere reduced relative to the upwind flow, for the summer tree the turbulent intensity is markedly reduced in the inner
wake, but increased in the outer wake.
For the numerical experiment, the combination of (i) a high-detail tree model, based on terrestrial lidar scanning, and (ii) observations of the total bending moment on the tree, taken from strain gauges mounted on the
stem, provided the tree parameterization. By this approach, the drag coefficient is not calibrated to fit the observed wind speed in the wake, but the total observed bending moment. Mean wind speed observations in the
wake of both the winter and summer tree were well reproduced by the model with mean absolute errors lower
than or equal to 5% throughout the wake transect. Also the turbulence intensity in the wake were well reproduced for the summer tree, whereas it was overestimated for the winter tree. Effects of changing tree model and
grid resolution are demonstrated and discussed. Based on the presented findings, we recommend to estimate the
total bending moment (or drag force) on modelled trees to ensure transferability of results between different numerical setups.
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ARTICLE INFO

1. Introduction

The typical European rural landscape is a heterogeneous patchwork,
where large solitary trees often are placed in between the agricultural
fields. The effects of such trees are challenging to correctly represent in
meteorological models, because of their multi-scale species-dependent
structure, yet their effect on the wind field may be important based on
the capability of the trees to efficiently transfer energy from the mean
wind to the turbulent scales (Patton et al., 2016). In this study, we explore how well a combination of tools adapted for the characterization
of forest flow can describe the effect of a particular tree.
Air flow over the landscape is governed by the Navier-Stokes equations. Solutions to the equations are commonly provided either by using a Reynolds averaged Navier-Stokes formulation (RANS), where a
stationary solution is achieved, or a Large Eddy Simulation (LES), in
which the large eddies of the air flow are resolved. The presence of
trees and forests in the landscape normally enters the Navier-Stokes

⁎

equations via the force density term Fi , which accounts for the spatially
averaged form and viscous drag over the canopy elements inside a volume (e.g. Finnigan, 2000):
(1)

where ρ is the density of the air, Cd is the drag coefficient, A is the
one-sided plant area density, |U| is the magnitude of the wind vector
and Ui is the wind component in the i = 1, 2, 3 direction, corresponding
to the along-wind, the cross-wind and the vertical wind direction. When
applying this equation to numerical modeling, Fi , Cd and Ui are volume
averages over the voxels defined by the numerical grid. It is also worth
emphasizing that Ui and Cd here represent the local or in-situ wind vector and drag coefficient, respectively, in contrast to the upwind undisturbed wind speed and the bulk Cd as used in, for example, Rudnicki et
al. (2004). For a multi-level numerical model and horizontally heterogeneous canopy, AP AD varies in space in all three coordinate directions.
Using the parameterization in Eq. (1), remarkable progress has been
made over the last decades in modelling the wind flow over horizontally-homogeneous canopy by both RANS models (Pinard and Wilson,
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was initiated. In addition to well-developed wind measurements technology, such as ultra-sonic anemometry, we use terrestrial lidar to determine the tree structure and develop a simple method to derive a tree
model suitable for RANS and LES numerical experiments. This model is
simpler than the methods used in Queck et al. (2012) and Béland et al.
(2014). Together with strain gauges on the stem of the tree, that provide
a measure of the total bending moment on the tree, we here demonstrate how Cd can be directly estimated from the integral of Eq. (1). In
this way, some of the uncertainty associated with variable values for Cd
(Rudnicki et al., 2004) can be avoided. When simulating flow over heterogeneous vegetation, the resolution of the studied feature may affect
the final solution. To study this, we construct the AP AD tree at four different resolutions. The numerical experiment is performed with a RANS
model, thereby testing a much-used and numerically inexpensive setup.
In summary, the aims of this study are to report the first observational data from a full-scale experiment on an open-grown tree, to characterize the tree such that it can be used in RANS and LES numerical
experiments where the tree is represented as an AP AD model, to study
how different tree resolutions affect the numerical results and to compare the results from the numerical experiment with observations.
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2001; Katul et al., 2004; Sogachev and Panferov, 2006; Sogachev et al.,
2012a) and large-eddy simulations (LES) (Dwyer et al., 1997; Shaw and
Patton, 2003; Finnigan et al., 2009). The effect of forest heterogeneities
in the landscape landscape has also been studied with numerical simulations. In example, Li et al. (1990) modelled the flow over a forest
edge, Wilson and Flesch (1999) modelled patches of horizontally-homogeneous forest blocks, Wang et al. (2001) reviewed the effects of shelterbelts on the wind field. Following the rapid technical advancement
in terrestrial and airborne lidar, it became possible to accurately describe and parameterize the three-dimensionally AP AD(x, y, z) variability
of forest stands (Queck et al., 2012; Boudreault et al., 2015), leading to
modeling attempts, in which the forest structure at the studied sites was
more realistically reproduced (Schlegel et al., 2012; Boudreault et al.,
2017). For single tree studies, the specific geometry of the studied tree
is naturally of great importance and here we also use spatially varying
AP AD in Eq. (1). In the few previous studies on single trees, the necessity
for an adequate tree parameterization was also recognized in Endalew
et al. (2009), whereas Bai et al. (2012) used idealized fractal trees for
their wind tunnel work.
Detailed experimental data about air flow are paramount for the improvement of flow models. In heterogeneous forested terrain, full-scale
field experiments have been made near forest edges (Raynor, 1971;
Irvine et al., 1997; Dellwik et al., 2014), and larger scale experiments
in heterogeneous forested terrain are currently carried out (Mann et
al., 2017). However, much of our knowledge on wind flows over and
in forests relies on wind tunnel studies using single-scale tree models
like cylinders (Seginer et al., 1976; Poggi et al., 2004; Zhu et al., 2006;
Segalini et al., 2013), strips (Raupach et al., 1986; Harman et al., 2016)
or flexible stalks (Stacey et al., 1994). Also real trees have previously
been put into wind tunnels (Vollsinger et al., 2005, e.g.,][), however,
with the focus of studying the effect of wind on the tree, rather than the
effect of the tree on the wind. These trees are typically young and flexible, due to the limited space in the wind tunnels, and to the authors’
knowledge, no studies have been made on mature wind-adapted trees.
To address this issue, a full-scale field experiment with the aim of
estimating the impact from a single, open-grown tree on the wind field

2. Methods
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2.1. Site and observations
In April 2017, a full-scale wind experiment was initiated around an
open-grown European oak tree (Quercus Robur L.) at the Risø campus of
the Technical University of Denmark. This tree was selected for a number of reasons: (i) a deciduous tree makes “two experiments in one”,
since the leaf-on and leaf-off conditions are dramatically different, (ii)
the tree is robust and of a suitable height (h ≈ 6 m), such that the wind
conditions around it can be studied with short masts and (iii) the inflow conditions to the west, corresponding to the most common wind
direction, are relatively uniform, with limited influence of land. The
inflow conditions are shown in Fig. 1. In the directions of 280–290°,
the fetch over water extends approximately 6 km. To the north

Fig. 1. Topography and inflow conditions at the site. The tree is located at the white cross at (694.6E, 6175.8N) with a transition from sea- to land-surface some 60 m to the
west-north-west.
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The structure of the tree was determined by scanning it with a
ground-based terrestrial lidar total station (Leica Nova MS60, Leica
Geosystems AG, Switzerland) at 1000 Hz and 1 cm resolution. The tree
with leaves was scanned in August 2016 (preceding the measurement
campaign) from eight positions around the tree, and the tree without
leaves was scanned early April 2017 from six positions. The scanning
work was undertaken during very low wind speed conditions, in order
to minimize the effects of branch and leaf movements. From the scans,
the tree height was determined to be 6.4 m (here rounded to h = 6 m
for scaling purposes), the crown width to be 8–9 m, and the ground area
covered by any part of the tree to be 46.4 m2 .
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west and the southwest, the fetch over water is significantly shorter
(around 500 m) to either the Risø peninsula, which is covered by an alley and institute buildings to the north, or to low vegetation farmland
to the south. The tree is located around 60 m from the shoreline (Fig.
2), which along the dashed line extends six kilometers over water. At
such a short fetch, the tree is located inside an internal boundary layer
(IBL) between the flows characterized by water and land surfaces. By
assuming a land roughness length of 0.05–0.1 m, the height of the lowermost part of the IBL, where the flow is in equilibrium with the land
surface was estimated to be 1–1.5 m at the tree location (Dellwik and
Jensen, 2000). The IBL height, above which the flow can be expected
to be in equilibrium with the water surface, was estimated to approximately 8.5–12 m (Panofsky, 1973; Dellwik and Jensen, 2000). Hence,
the experiment is located in flow which is in transition from sea to land
conditions. The topography at the site is undulating and a small two meter tall ridge covered by bushes is located to the east of the tree (dashed
line in Fig. 2A and grey dots in Fig. 2B).
Two twelve meter tall lattice masts with a square cross section
of 0.3 m were placed upwind (x = −15 m) and downwind of the tree
(x = 10 m). The two masts were instrumented with an ultrasonic
anemometer each (uSonic-3Basic, Metek Gmbh, Hamburg) at four meters height. The anemometers were placed on booms extending 1.6 m
from the side of the mast in the 195° direction. The locations of the two
sonic anemometers are marked by squares in Fig. 2A and B. In addition
to the sonic anemometers, two tree-adapted strain gauges (Blackburn,
1997; Moore et al., 2005) were installed on the western and the northern side of the tree trunk, respectively. This instrumentation (two sonic
anemometers, two strain gauges) was consistently operational between
April 6th and July 31st, 2017, which is the period used in this study.
Since the leaves came out in May and the tree foliage was in transition, this month is excluded from the analysis. The strain gauges and
the sonic anemometers were sampled at 20 Hz and the time series were
stored on a computer.

2.2. Processing of observational data
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Strain gauge data
The strain gauges were installed on caliper-shaped transducers using
the design by Moore et al. (2005). The use of such transducers allows a
rigid mounting on the tree and the monitoring of the bending moments
on the tree by the wind. A challenge in using such an instrument configuration in a long-term measurement campaign, is its high temperature
sensitivity. Due to the way that the transducer is mounted on the tree
and to the thermal expansion of the material (aluminum), diurnal and
seasonal temperature fluctuations result in a non-zero offset as first observed by Blackburn (1997). In addition, temporal drifts were observed
in the strain gauge data which are associated to changes that occurred to
the tree (e.g. the transition from no-leaves to leaves state). In a parallel
study, Angelou et al. (2018) derives methods to overcome these issues
and estimate the total bending moment on the tree and relate it to the
wind speed observed at the 4 m sonic anemometer upwind of the tree
crown. Below, we summarize the main findings of Angelou et al. (2018)
for this study.
Three methods were presented for the post-processing of the temperature- and zero-drift affected strain gauge readings. All methods

Fig. 2. Terrain height around the single tree experiment site seen from above (panel A). The tree structure is shown in red and the white area in the upper left corner corresponds to the
bay in Fig. 1. The dashed black line shows the location of the cross section through the single tree shown in panel B. The location of the cross cut is shown with the dashed black line in
(A) corresponding to a wind direction of 285°. The grey dots in (B) indicate vegetation height at the site. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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were based on the observation that the temperature effects were slow
relative to the response of the wind, and therefore temperature-related
effects and zero-drift were considered to be constant on an hourly time
scale. The coherence of the wind and strain signal was high for time
scales down to one minute and therefore the wind-strain relationships
were studied at this time scale. By a two-stage fitting procedure, the
offset for each hour was removed and wind-strain relationships were
constructed over a large wind speed interval. For the simplest method,
temperature effects were not explicitly taken into account, whereas for
the two other methods, temperature variability within each hour were
further corrected using either a lab-based temperature-strain calibration
curve or an in-situ calibration derived from low wind-speed periods.
In order to convert the strain readings to force, various static loads
were applied to the tree during three different days, corresponding to
both leaves-on and leaves-off cases. The applied loads were applied at
2 m height in the direction of 286°. The results of those pulling tests revealed a linear relationship between static loads and the strain measurements.
An assumption used in Angelou et al. (2018) is that the strain gauge
observation were averaged over a long enough time interval to represent the mean bending moment over a static tree. The results for 6 m s− 1
wind speed using the three slightly different methods for estimating the
total bending moment on the tree are presented in the Table 1.

dataset, 122 ten minute samples were marked as being very close to the
modeled inflow conditions.
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Development of the AP AD tree model
The raw data from the terrestrial lidar scan was transformed to a
plant area density (AP AD in Eq. (1)) tree model suitable for the CFD simulations as follows: the raw data from the scanner form a so-called point
cloud, which consists of the (x, y, z) coordinates of the terrestrial lidar
reflections on different surface elements of the tree (steam, branch, twig,
leaf). The point clouds from all scanning positions were merged into one
dataset for the winter and the summer trees, respectively. Subsequently,
the following steps were performed:
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1 Removal of outliers. Outlier reflection points could be caused by
real objects, for example insects, or be caused by an instrumental
problem. For the winter tree, characterized by bare branches and
twigs, the data sometimes showed thin streaks of reflection points
in between two thin branches. By visual inspection, it was easy to
judge that these points did not represent a tree surface, but rather
were caused by an instrumental algorithm that placed points in between two surfaces. For the summer tree, such points were less evident. Because the summer tree is dense, it was harder to resolve all
surfaces from multiple angles, making the scanning density lower. For
this reason, the outlier filtering was performed with different thresholds for the winter and the summer tree; point densities ≤1 points/(
4 cm)3 was filtered out for the summer trees, whereas the corresponding threshold for the winter tree was ≤1 points/(2 cm)3 . 8.1% and
4.5% from the cloud points were flagged as outliers in the case of the
summer and the winter tree, respectively.
2 Removal of duplicates. The volume around the tree was subdivided into voxels of 2 cm × 2 cm × 2 cm. Positions of all the reflection points within each voxel were averaged and the mean position
of these reflections was saved. This step ensures that areas that were
covered from multiple scanning positions did not get a disproportionately high weight in the final model.
3 Assignment of area. An area of a = 2 cm × 2 cm was assigned to
each point.
4 Calculation of plant area density. AP AD values were calculated to
retain different levels of detail in the tree models

Sonic anemometer data
The raw data from the sonic anemometers were corrected for flow
distortion and a spike detection filter was run on velocities rotated to
a coordinate system defined by the three paths of the anemometer as
in Dellwik et al. (2014). Subsequently the data were rotated such that
V = W = 0 for 10 min block averages, where V and W are the wind
component in the mean cross-wind and vertical directions, respectively.
The 10 min averages were filtered for neutral stability by requiring that
−0.1 ≤ z/L ≤ 0.07, where L is the Obukhov length, which is also calculated from the sonic anemometer data.
Based on observations of the tree under high wind conditions, we
judge that the wind causes the tree to streamline only to a limited extent. Nevertheless, to avoid such effect, we chose to limit the work to a
single and relatively low wind speed U by requiring that 5 ≤ U ≤ 7 m s− 1,
where we assume that the structure of the tree is still near-identical
to the structure revealed, when scanning the tree under very low wind
speed conditions. By filtering for wind direction, wind speed interval
and neutral atmospheric stability, the summer and winter datasets were
reduced to 13% (1130 ten minute runs) and 17% (468 ten minute
runs) of the original datasets, respectively. When comparing with model
simulations, where the results are sensitive to the turbulence level
in the inflow, a further refinement was applied by marking the data
that were close to the simulated inflow turbulence intensity
, where
. For the summer
datasets 433 runs met the criteria 10% ≤ IM
 1 ≤ 12% and for the winter

where Δ = 0.125, 0.25, 0.5, 1 m, which correspond to h/48, h/24,
h/12 and h/6, respectively.

The resulting AP AD models are highly sensitive to the choices of voxels volumes and assigned areas in Steps 2 and 3. An overlap in scanning points can only be expected if we choose voxels sizes that are
slightly higher than the scanning resolution (1 point per cm− 2) and this
was the motivation of choosing voxel volumes of 2 cm × 2 cm × 2 cm
and a = 2 cm × 2 cm, respectively. As will be shown below, the potential bias due to these heuristic choices is counterbalanced, when calibrating the effect of the model tree.

Table 1
Mean bending moments (forces) for a center-crown inflow wind speed of 6 m s− 1 using the
three methods for drift and off-set removal in Angelou et al. (2018). The forces were estimated using a centroid of the drag at 3.8 m height, which, in turn, was estimated from the
centroid point of the summer and winter scans.

Tree state
Summer
Winter

Off-set
correction
only

Lab temperature
correction

Air temperature
correction

Mean value

3055 Nm
(804 N)
1129 Nm
(297 N)

2911 Nm
(766 N)
1167 Nm
(307 N)

2846 Nm
(749 N)
1170 Nm
(308 N)

2937 Nm
(773 N)
1115 Nm
(293 N)

(2)

2.3. Numerical setup and simulations
Solver and model constants
The RANS simulations were performed with EllipSys3D, a finite volume code developed at DTU Wind Energy (Sørensen, 1994; Michelsen,
1992). The pressure is solved with the SIMPLE algorithm (Patankar and
Spalding, 1972) and the QUICK scheme (Leonard, 1979) is employed to
discretize the convective terms. Since the pressure and velocity vector
are stored at the cell centers, a modified Rhie-Chow algorithm (Rhie and
Chow, 1983; Réthoré and Sørensen, 2012) is used to avoid pressure-velocity decoupling.
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In this work, the RANS simulations of the single tree were kept as
simple as possible. We use flat terrain with a uniform roughness height,
neutral atmospheric conditions and we neglect the Coriolis acceleration. The tree is modeled as a distributed sink in the momentum equations following Eq. (1). Viscous effects were considered negligible, since
the strain gauge observations indicated a force–wind speed relationship
close to U2 for the wind speed interval of 5 ≤ U ≤ 7 m s− 1 (Angelou et al.,
2018).
The Reynolds-stress tensor is modeled with the standard k-ɛ model
(Launder and Spalding, 1972), where ɛ is the dissipation rate. The model
constants were taken from Richards and Hoxey (1993) for atmospheric
flows (Cμ ,σk ,σɛ ,Cɛ ,1,Cɛ ,2, κ) = (0.03, 1.0, 1.3, 1.21, 1.92, 0.4), and an additional source term was added in transport equation for ɛ (Sogachev
and Panferov, 2006):

face layer profile is applied:
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(4)

where U is the streamwise velocity component, u* is the friction velocity and z0 is the roughness length. The latter two parameters were extracted by requiring a velocity of Ur ef = 6 m s− 1 and a turbulence intensity
, taken at a reference height zr ef = 4 m:

(3)
where β = 12 is a parameter calibrated to fit observed wind profiles
over and inside the Moga forested areas (Ayotte et al., 1999; Sogachev
et al., 2012b). Sɛ reduces the turbulent kinetic energy in the wake of
tree, which delays the recovery of the wake.

(5)

This gives u* = 0.34 m s− 1 and z0 = 3.2 × 10− 3 m. This roughness length
lies between a typical grass roughness height and a water surface roughness, which can be explained by the presence of the fjord. The bottom
boundary (z = 0), is a rough wall at which the velocity and the gradient of k normal to the wall are zero, and the turbulent dissipation (ɛ)
is prescribed (Sørensen et al., 2007). The side boundaries (y = ±50h)
are symmetry boundaries. The boundary at x = 50h is an outlet, where
a zero gradient assumption is used in the direction normal to the outlet plane. The inflow vector at the inlet is always aligned with the grid
lines (U(z), 0, 0) to minimize numerical diffusion. The tree at the origin
is rotated to simulate different wind directions.
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Grid and boundary conditions
The numerical grid is depicted in Fig. 3, where every eighth grid
line is shown. The domain extends 100h × 100h and 20h in the horizontal (x, y) and vertical (z) directions respectively. The bottom of the
tree trunk is placed at the origin of the flow domain. Around the tree,
a uniform spaced high-resolution region of 4h × 12h × 2h is defined
(marked as blue mesh lines in Fig. 3). In this region we use different
grid resolution δ. In a first step of the analysis, the grid resolution δ was
always the same as the tree model resolution Δ. The investigated grid
sizes are: δ = Δ = h/6, h/12, h/24, h/48, which correspond to a total
0.26, 1.2, 5.4 and 21 million number of cells, respectively. In a second
step of the analysis, the value of Δ was kept constant, while δ was refined. This step shows how fine a grid we need to achieve a grid-independent solution. Outside the uniformly spaced region, the grid is
stretched towards the boundaries with a refinement ratio of 1.2.
At the boundary x = −50h and at the top of the domain (z = 20h),
an inlet boundary condition is used, where a neutral logarithmic sur

2.4. Tree model calibration
In order to validate the RANS simulations with the measured wake
deficit, the simulated total bending moment was matched to the mean
of the values shown in Table 1 for the summer and winter tree, respectively. This calibration was carried out by tuning the drag coefficient Cd
from Eq. (1). The modelled total bending moment was calculated from

Fig. 3. Numerical grid and boundary conditions of the RANS simulations. Top plot: top view; bottom plot: side view. Every eighth grid line is shown for grid resolution δ = h/24. The tree
is marked in green and blue grid lines represent the fine, uniformly spaced area. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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ter tree. The majority of the dense areas of the tree are located in the
crown in the range of −0.5 ≤ y/h ≤ 0, revealing an asymmetry in the
crown. The AP AD values of the stem are lower than in the crown, which
in the applied CFD model will result in the stem being relatively more
porous to the wind than the crown. The AP AD was integrated over both
the horizontal dimensions and subsequently divided by the vertically
projected ground area (the area in shade at noon, had the tree been
moved to the equator) to yield the mean plant area density profile
in m2 /m3 (Fig. 5). The maximum density occurs at z/h = 0.6 for
the winter tree, whereas it is moved slightly downwards for the summer
tree. The maximum density changes approximately by a factor of three
from the winter to the summer state.

(6)

PR
OO
F

where r is the vector from origin (the centre of the stem at z = 0) to the
voxels at r = (x, y, z) of the tree model and ey = (0, 1, 0) is a unit vector
in the y-direction. To find the correct Cd , a gradient-based optimization
routine was used, where the cost function is the error between the measured and simulated My .
3. Results
3.1. Tree models

3.2. Determination of local Cd

The four different resolutions (Δ = h/6, h/12, h/24, h/48) of the
AP AD tree models are shown in Fig. 4, in which the tree is viewed from
the M2 position towards the −x direction as defined in Fig. 2. The upper row shows the results from the summer scan, when the tree had
leaves, and the lower row shows the corresponding results for the win
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The value of the drag coefficient was determined based on simulations along a single wind direction in the x direction (290°). The calibration is site-specific in that it is dependent on the local inflow parameters
Ur ef = 6 m s− 1 and Ir ef = 11 %.

Fig. 4. AP AD integrated over x for the tree with and without leaves for four different grid sizes.

Fig. 5. Estimation of plant area for the tree with and without leaves for four different grid sizes.
6
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Fig. 8 shows the influence of the grid resolution δ on the simulated
mean wind speed in the wake (left column) and the turbulence intensity
relative to the upwind velocity
(right column). The results are extracted along a line in the y-direction at (x, z) = (10, 4) m.
For the wind speed, the simulation results from the different grid resolutions are so close that they could not be distinguished, but the turbulence intensity shows a greater dependence on grid size. When refining
the resolution successively by a factor of two, the model results are increasingly close to each other and the solution converges. The distances
between the curves are an indication of how the error diminishes due to
numerical diffusion. From these results, using Richardson extrapolation
together with a Mixed-Order Analysis (Roy, 2003; Réthoré et al., 2014),
we can estimate the solution for an infinitely fine grid, and hence also
the remaining error at finite grid resolutions. We find that for δ = h/24,
the numerical error is below 1% for the peak turbulence intensity of the
summer tree (Fig. 8, bottom right). For the comparison with observational wind data, we consider this error acceptable and proceed with the
tree models resolution Δ = h/6 and grid resolution δ = h/24.
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The bending moment on the simulated tree at different tree resolution Δ changes as function of the local drag coefficient, both for different model resolutions of the summer tree with leaves (green curves)
and winter tree without leaves (brown curves) (Fig. 6). The total drag
force first increases rapidly with Cd and then levels off and asymptotically reaches a maximum value. It is clear that the maximum achievable
bending moment depends on tree model resolution; the coarser the tree
model resolution, the higher is the maximum bending moment that can
be achieved. For the summer tree with leaves, we can only achieve the
observed bending moment by use of the coarsest tree model (black lines
in Fig. 6) using Cd = 0.389. For the bare tree without leaves, the observed bending moment of 1115 Nm can be achieved with all tree models using Cd = 0.16. It is important to note that the calibration is highly
dependent on the tree model, such that any error in the tree model directly changes the Cd . For example, if the chosen value for a (see Section
2.2) would be higher, then the Cd needs to be lower in order to obtain
the same total bending moment.
For the results in Fig. 6, the grid resolution δ equals the tree model
resolution Δ. For a coarse grid, unavoidable numerical errors due to numerical diffusion are greater than those based on a high resolution grid.
We then refined δ on a fix tree model resolution of Δ = h/6. When refining the numerical grid for the summer tree model to δ = h/24, this
error should be reduced. Fig. 7 shows how the bending moments are increased when refining the grid resolution. Since the bending moment is
relatively insensitive to Cd for the high summer values, this refinement
leads to large difference in the resulting value of Cd = 0.264 (Fig. 7).
For the winter tree without leaves, the increased grid resolution leads to
a smaller change of Cd to 0.147.

3.3. Wind observations and model validation

UN
CO
RR
EC
TE
D

The comparison between wind observations and simulations are
shown as a function of wind direction in Fig. 9. To capture the wind
direction effects on the tree in the simulations, the tree was rotated in
the simulation grid. All the quality-controlled, near-neutral data with
−
 1 are shown as grey circles, whereas the data with
a 5 ≤ UM
 1≤7ms
10% ≤ IM
 1 ≤ 12% are shown with red circles in Fig. 9. The velocity
deficit from the measurements that is filtered for turbulence intensity
does not change significantly compared to the unfiltered measurements,
while the filtering mostly affects the turbulence intensity at the wake
edges, where the fetch over land is longer which results in a higher observed turbulence intensity.
The observational results in Fig. 9 shows that the velocity deficit (left
column) in the wake of the tree is asymmetric, which can be explained
by the asymmetry of the tree (Fig. 4). The observed turbulence intensity
(right column) also shows asymmetry. For the summer tree with leaves,
the observations indicate a decrease in the turbulence in the inner wake
and an increase of the turbulence near the edge of the wake, whereas for
the winter tree without leaves, the turbulence observations in the wake
indicate a decrease only. The maximum magnitude of the wake deficit
changed between 90% (summer tree with leaves) and ≈35% (bare winter tree).
The simulations (green lines in Fig. 9) capture both the asymmetry of the wake and the wake turbulence behaviour well. For the summer tree, the wake wind speed is slightly underestimated, whereas it
is slightly overestimated for the winter tree. The mean absolute wind
speed errors were 5% and 3% for the summer and winter trees, respectively. The errors are typically positive (summer tree with leaves) or
systematically negative (bare winter tree). When integrating the wind
speed deficit over the wind direction interval of the wake, the error is
−20% for the winter tree, but only 7% for the summer tree. The largest
discrepancy between simulated and observed wake flow occurs for the
turbulence intensity of the “No leaves” case (Fig. 9, upper right).
To match the simulated wake with the observed wake, the observed
M2 wind directions was rotated southward by 7°; the modeled wake
showed no change in wind direction relative to the upwind direction
(not shown). The turning of the wake could be explained by terrain effects, and more specifically the ridge downwind of the tree in the 285°
direction (Fig. 2 B), that are not modeled in the RANS simulations. A
part of the off-set could also be due to the downwind sonic anemometer
being oriented slightly differently than the upwind sonic, which would
lead to an error in the observed wind direction.

Fig. 6. Bending moment versus Cd for the tree with and without leaves for three different
tree model and grid resolutions, Δ = δ. The observed bending moment and the resulting
Cd values are indicated in bold.

Fig. 7. Bending moment versus Cd for a fix tree model resolution Δ = h/6 with and without leaves for three different flow domain grid resolutions δ. The observed bending moment and the resulting Cd values are indicated in bold.
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Fig. 8. Single wind direction simulation results showing the influence of grid size on wake velocity deficit and turbulence intensity using the tree model resolution Δ = h/6. Top row:
winter tree without leaves, Cd = 0.147; bottom row: summer tree with leaves Cd = 0.264. The results were extracted along a line in the y-direction at (x, z) = (10, 4) m.

Fig. 9. Comparison of RANS simulations with measurements (z = 4 m) for the tree with (bottom row) and without leaves (top row). The grey points (“All data”) represent near-neutral
data with inflow wind speeds 5 ≤ U ≤ 7 m s− 1 with a variable turbulence intensity, while the red circles represent the data for
. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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3.4. Wake planes

sen Cd . It is therefore only meaningful to compare Cd values from different studies if they lie outside the saturated regime. For the calibrated
tree model with resolution Δ = h/6, the summer and winter tree calibration curves differ, because the summer tree AP AD tree model differs
from that of the winter tree, i.e., the Cd is also highly dependent on the
tree model. It is therefore only meaningful to compare Cd values from
different studies if the trees are equally well-described. Further, the calibration is likely dependent on the closure model choice. Given these
results, it is very difficult to apply Cd values derived from one study to a
different study.
A more robust way of ensuring that tree representations are comparable in different numerical setups is to estimate the integrated drag and
bending moment on the trees, as demonstrated here.
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A simulated mean wind speed plane through the summer tree is
shown in Fig. 10 for a wind direction of 290°. Each subplot represents
a different cross plane taken at y/h =−0.25, 0 and 0.25. The contours
of the streamwise velocity normalized by the inflow profile are shown
together with contours of the absolute value of the drag force distribution of the tree (grey scale on the tree). The largest drag force occurs
on the higher branches on the upwind (left) side of the tree in Fig. 10,
where the local velocity is high. The middle plot of Fig. 10 (y/h = 0)
also shows the location of the two sonic anemometers. It appears that
the down wind sonic anemometer is placed at the location of the maximum velocity deficit in the wake. At all three planes, an increase of the
mean wind speed above the crown and behind the stem can be distinguished. At around x = 5h, the wind speed in the wake has recovered
to 50% relative to the inflow wind speed. For all the wake planes, the
wake is tilted downwards and extends far behind the tree.

4.3. The effect of model tree resolutions on numerical simulations
For dense trees, our analyses show that only a coarse tree model can
represent the tree well, i.e. when we increase the realism of the canopy
representation, we decrease the accuracy of the numerical prediction.
For a sparser tree, we saw no indication of improvement when using a
finer tree model.
Possible explanations of these somewhat counter-intuitive effects
may be: (i) when resolving the tree to high detail, the resulting model
is a mixture of areas with very high values of AP AD and correspondingly
low values of U, and areas with low AP AD and correspondingly high U.
When applying the force density term parameterization (Eq. (1)), it is
clear that the polarization into these two types of voxels will lead to
a lower total force on the tree than a coarser tree models where both
AP AD and U remain at a more averaged level. (ii) The formulation of the
RANS closure used here is consistent with the flow regimes of grid turbulence and wall-bounded flow as described by Pope (2000). The parameterizations by Sogachev and Panferov (2006) and Sogachev et al.
(2012b) were adapted for homogeneous shear flows observed inside tall
homogeneous forests. By inferring a high variability in AP AD, the situation we try to model is further from the flows the model can be expected
to reproduce well and the model should perform poorly. In light of these
limitations, and the fact that none of the RANS constants were tuned to
improve the fit between wake simulations and observations, the close
match indicate that the modelling approach is robust.
The detail required to suitably represent trees in numerical simulations needs to be determined via grid studies such as those presented
here in this manuscript. Such studies are also recommended for future
simulations focused on heterogeneous forest canopies.

4. Discussion
4.1. Uncertainties

UN
CO
RR
EC
TE
D

All the key components in the presented analyses are affected by uncertainty. The tree model was based on a very simple algorithm compared to Queck et al. (2012) and Béland et al. (2014). An assumption
in our model is that all areas of the tree are covered by the scans at
a high resolution, and it is hard to judge whether this assumption is
justified. However, the resulting
profile in Fig. 4 shows similarity
in magnitude of the profiles as estimated by e.g., Lalic and Mihailovic
(2004), which is encouraging. Also, systematic errors made in the AP AD
tree model will be balanced in the calibration step where the simulated
bending moment is matched to the value of the observations in Fig. 6.
The wind measurements are less uncertain, because we present ratios of
wind measurements for which at least part of the systematic instrumental error can be assumed to disappear, since the error should be similar
for the two sonic anemometers. A further potential source of error is the
choice of an equilibrium inflow profile, used for the RANS simulation,
where the tree in reality is located in an internal boundary layer.
4.2. Drag coefficient

Several authors have noted the difficulty of correctly prescribing Cd
in forest canopy modeling (e.g.(Brunet et al., 1994; Ayotte et al., 1999;
Pinard and Wilson, 2001). From our calibration of Cd in Fig. 6, two
regimes in the force – Cd plot can be defined; one near-linear regime,
and one saturated regime, in which the force is independent of the cho

5. Conclusion

This study presents first results from a number of new methods,
that together allow for an estimate of the impact of a solitary open-

Fig. 10. Contours of fractional change in mean streamwise velocity (color), and contours of the Fx force distribution (grey scale) for the tree with leaves and Cd = 0.264. Contours are
extracted at cross planes: y/h = −0.25, 0, 0.25. The two sonic anemometers are illustrated as black (M1) and white (M2) crosses. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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grown tree on the wind field. These methods are (i) a detailed tree
model based on terrestrial lidar scans (ii) bending moment observations
taken at the stem of the tree, and (iii) a numerical model. The effect
of the tree was adjusted in the model such that the simulated bending moment matched the observation. The model results were compared
with wind observations taken at single-points upwind and downwind
of the tree. The prediction of the mean wind speed in the wake of the
tree showed good agreement (mean absolute errors ≤5%) for both the
bare and less dense winter tree and the dense summer tree. The model
predictions of the turbulent kinetic energy in the wake showed worse
agreement with the observations for the winter tree than for the summer tree with leaves.
Especially for the dense summer tree, the level of detail in the tree
model had an effect on the total simulated bending moment on the tree.
A calibration of the tree model against an observed drag force further
showed that the chosen value of the drag coefficient was highly dependent on the grid resolution. Given that the simulations matched the
wind observations well and that the numerical setup is relatively inexpensive in terms of computational cost, the presented approach could
be adapted for different configurations of multiple trees with the aim to
study their collective effect on the wind.
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