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Abstract

In this study we investigate the relationship between the mean wind-induced load on an
open-grown oak tree and the mean wind speed. The estimation of the wind load is based on
bending moment observations on the stem, using strain gauges installed close to the base of
the tree. The measurement campaign included periods where the crown was both with and
without foliage. A new post-processing method to compensate for time- and temperature-
dependent drifts of long-term strain gauge measurements is presented. The time-scale, at
which the method is applied, is determined from the observed high coherence between the
wind speed and the induced bending moments. The analysis shows that the wind load on the
tree is proportional to the wind speed raised to an exponent of 1.60 – 1.68 and 1.90 – 2.01 in the
case of a crown with and without leaves, respectively. The results indicate that the presence of
foliage increases the wind-induced load by a factor of 2 – 3. The impact of the wind speed range
on these results is discussed and compared to the measured wind deficit in the lee of the tree.
The application of this method can potentially be extended to other tree mounted sensors.

Introduction

Solitary trees, rows of trees and shelter belts are common elements in many landscapes,
but their contribution to momentum extraction from the atmosphere in large scale weather
forecasting models has, with few exceptions (Hasager et al., 2003), been ignored. This study is
concerned with how much momentum a specific solitary tree absorbs over a wide wind speed
interval. Such information can be used to parameterize atmospheric flow models (Dellwik et
al., 2019), but also to improve our understanding on wind-tree interactions.

The wind-tree interactions are processes mainly defined by the drag forces that are exerted
on the surfaces of the tree as wind flows through the tree, which result in a displacement of
the crown and in a subsequent bending of the tree stem (Gardiner, 1995; Mayer, 1987; Sellier &
Fourcaud, 2009; Wood, 1995). Parameters that define the characteristics of a tree response are
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the wind conditions (Gardiner, 1995) and the shape and the dimension of the tree (K. James,
Haritos, & Ades, 2006; Schindler et al., 2013; Schindler et al., 2010).

Measurements of the response of a tree under wind load have been carried out both in wind
tunnels and in full scale experiments. In wind tunnel experiments young trees are cut and fixed
on a balance platform, which allows the quantification of the wind load during controlled wind
conditions (i.e., magnitude, direction and turbulence intensity of the flow) (Mayhead, 1973;
Vollsinger et al., 2005). In another destructive method, used to study larger trees, a tree is cut
and anchored on the bed of a pickup truck. The wind induced loads are measured while driv-
ing the truck, using a dynamometer that is connected between the stem of the tree and a fixed
point on the truck. This setup has the advantage of combining the estimation of the wind load
with a real time monitoring of the tree frontal area and the measurement of the tree mass. This
technique is usually applied to either young trees (Kitagawa et al., 2015) or to semi-mature
trees after thinning them (Kane & Smiley, 2006), due to size limitations dictated by the spec-
ifications of the truck. One advantage of the destructive methods is that tree characteristics
such as crown mass (Vollsinger et al., 2005) and modulus-of-elasticity (Wu & Shao, 2016) can
be accurately measured. However, due to the restriction on the tree dimensions that the two
aforementioned methods impose, it is challenging to reach conclusions that are valid for the
interaction between a full scale mature tree and the wind. Young trees consist of thin and flex-
ible elements (i.e., stem and branches) and the ratio of the leaves relative to the rest of the tree
is not necessary representative of a full scale mature tree (Vollsinger et al., 2005). Furthermore,
they pose a limitation on the duration of the study due to tree dehydration, that will have an
effect on the modulus of elasticity of the tree and the state of the leaves.

The experimental assessment of the wind effect on a full scale tree can be performed in a
non-destructive manner using in-situ and remote sensing measurement techniques. The re-
mote sensing techniques are usually used in studies that focus on the dynamic response of a
tree (Baker, 1997; Hassinen et al., 1998), while various in-situ instruments have been developed
to monitor both the dynamic or the mean response of a tree (K. R. James & Kane, 2008). This
can be performed directly through the measurement of the displacement of the branches of
the crown and the stem of a tree. The displacement can be measured using linear displace-
ment transducers connected from a fixed point on the ground (e.g. a post) to the tree with fine
wires. Such measurements have been made for a range of trees sizes and species (e.g. Baker
and Bell (1992), Gardiner (1994), Holbo, Corbett, and Horton (1980), Roodbaraky et al. (1994)).

The tree response can be also measured indirectly through changes of the inclination of the
stem or branches of a tree (Rudnicki et al., 2001; Schindler et al., 2013) or through the measure-
ment of the bending moment that is induced on the base on the stem due to the displacement
of the tree crown. The bending moment results in a stress-induced strain on the outer part
of the tree (Gardiner, 1992), that can be measured by a linear variable differential transformer
(Gardiner et al., 1997; K. R. James & Kane, 2008), or by multiple strains such the one presented
by Wu and Shao (2016), where a configuration of four linear strain gauges were used to measure
both the bending and the shear stresses.

Strain gauges can also be mounted on trees using caliper-shaped transducers (Blackburn,
1997; Hale et al., 2012; J. R. Moore et al., 2005; Wellpott, 2008). Such a setup has the advantage of
a rigid mounting on a tree, which allows a long-term monitoring of the wind induced strains.
However, this measurement setup has been found to be sensitive to diurnal (Perämäki et al.,
2001) and seasonal cycles, natural age-related changes of a tree, as well as to ambient tempera-
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ture fluctuations (Blackburn, 1997). These factors introduce a challenge in associating directly
the measured strain with a specific wind speed without post-processing of the data, since the
strain corresponding to zero wind speed changes in time. With a focus on the monitoring of
the wind-induces strain on conifers in forests, Blackburn (1997), Gardiner et al. (1997) treat
the zero-drift in the strain gauge data based on the assumption that conifer trees are sweep-
ing over a balance position, which is independent of the wind speed. In this way, the strain
corresponding to zero wind speed is equivalent to the most common observation in the strain
readings. This method of determining removing drift and temperature effects is supported by
observations in Gardiner (1995) as well as in K. James, Haritos, and Ades (2006) for the trees
with pole-like structures. However, in the case of a tree with a more developed crown, such as
the solitary tree in focus of this study, K. James, Haritos, and Ades (2006) showed that it never
returns to its zero wind speed balance position when exposed to wind loading. Hence a differ-
ent method is needed in order to correctly interpret both the temperature and temporal drifts
of the instrument.

In the present study, first the linearity between the measurements of a strain gauge via a
caliper transducer and the induced bending moments on an open-grown oak tree, under static
load, is examined. Subsequently, the temporal drift and the temperature dependency of the
strain gauge measurements are quantified and a new method to post-process the strain gauge
data is presented. The estimation of the mean wind force that is exerted on the tree is obtained
through the measurements of the bending moments in the compressive and tensile side of
the stem of a tree. The wind-force relation is quantified for the tree with and without leaves
in terms of the relation force ∝ Un, where U is the mean wind speed at the center of gravity
of the area that the tree covers and n the wind exponent.The relation between wind load and
speed is investigated in different wind speed ranges and the results are discussed in relation to
streamline effects.

Material and methods

Measurement site and experimental setup

Figure A.1: Photographs of the tree without (top) and with leaves (bottom) from a surveil-
lance camera permanently installed beside the eastern meteorological mast. The top, left sonic
anemometer was the only one installed during the period of this study.

The experiment was carried out on a solitary, open-grown, European oak (Quercus robur
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tree, (Figure A.1), located 60 m from the coast of the Roskilde Fjord in Denmark (32U, 694598E,
6175776N). The measurements used in this study were acquired between April and July 2017.
This period includes both cases when the crown is with (leaves on) and without (leaves off )
leaves. These two states of a deciduous tree offer the opportunity of investigating the impact of
the crown’s foliage on the response of the tree to wind-exerted loads and on the corresponding
wind deficit.

For the needs of the study two meteorological masts were erected in two anti-diametric
sides of the tree, at a direction of 290◦ and 110◦ from the North, respectively. The direction of
290◦ coincides with an upstream fetch over water of several kilometers, hence the wind from
that direction is expected to be characterized by high speed and low turbulent intensity. More
information regarding the topography and the wind conditions of this site can be found in
Dellwik et al. (2019). A right-handed coordinate system, whose x-axis is aligned to the line
that intersects the two meteorological masts and with a positive y-axis pointing in the North-
Northeast (NNE) direction is defined and used hereafter in this study.

Tree geometry

The form of the tree is typical for an open grown tree, where the crown height is large relative
to the height of the stem (Hasenauer, 1997). The exact geometry of the tree was resolved using
a commercial terrestrial laser scanner (Leica Nova MS60, Leica Geosystems, Switzerland). The
tree was scanned on two occasions, in August 2016 (1 cm resolution, scanned from eight angles)
and in April 2017 (2 cm resolution, scanned from six angles), resulting in two point cloud data
sets of the tree with and without leaves (Figure A.2, winter tree). Descriptive parameters of the
tree geometry observations are given in Table A.1. The stem of the tree extends up to a height
of 1.7 m; beyond that point it splits into four main branches, that form the basis of the crown
which in turn stretches up to 6.5 m. The height of the tree is measured to be the same both
with and without leaves. In contrast, the crown is estimated to be 0.8 m wider, along the y-axis,
in the case of the tree with leaves. The location of the center point of the tree (xc, yc, zc) was
calculated as the mean value of all the x, y, z-coordinates in the point cloud. The height of the
center point zc was found to be independent on whether the crown of the tree had leaves or
not, whereas the xc and yc coordinates changed by 0.2 and 0.1 m, respectively (Table A.1). The
location of the estimated center point is indicated by a black dot in Figure A.2, for the case of
the tree without leaves.

Table A.1: Descriptive parameters of the European Oak, whereH is the tree height,h is the stem
height, DBH is the diameter at breast height,wx andwy are the width of the crown along the x
and y axis and xc, yc, zc are the coordinates of the center point of the tree.
State H h DBH wx wy xc yc zc

[m] [m] [cm] [m] [m] [m] [m] [m]
no leaves 6.6 1.7 29 8.3 8.3 0.4 0.0 3.8
leaves 6.5 1.7 29 8.4 9.1 0.6 -0.1 3.8
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Figure A.2: Two dimensional projection (blue) and the center point (black dot) of the tree with-
out leaves resolved by a terrestrial laser scanner.

Wind measurements

The wind speed and direction were measured at 20 Hz by a sonic anemometer (uSonic-983
Basic, Metek Gmbh, Hamburg) on each meteorological mast. The anemometers were mounted
on 1.6 m long booms, parallel to the y axis on both masts. The distance between the location
of the sonic anemometers and the center of the tree was equal to 2.3 ×H (15 m) and 1.5 ×H
(10 m) in the directions 290◦ and 110◦, respectively. The height of the sonic anemometers were
4 m above the ground, corresponding to the approximate height of the center point of the tree
(zs=3.8 m).

Strain gauge transducer and setup

The estimation of the wind-induced bending moments of the tree was performed using
strain gauge measurements acquired at the lower part of the stem. The strain gauge rather
being mounted directly on the tree, was fixed on the outer part of the hinge of a caliper shaped
transducer (Figure A.3). This transducer was first used by Blackburn (1997) to measure tree
strain and has the property of responding linearly to the applied strains. Its design was further
developed by J. Moore and Maguire (2004) to increase its sensitivity to allow the measurement
of the dynamic response of tree branches under wind loading.

In this study the caliper used was made of aluminum and had a few differences compared to
the one presented in J. R. Moore et al. (2005). Specifically, the hole at the hinge had an elliptical
shape with short and long axis equal to 11 mm and 15 mm, respectively. The thickness of the
hinge was 5 mm. The length of the two aluminum arms of the caliper transducer were elongated
to increase the distance over which the strain is measured to 315 mm.

The strain gauge used was based on a half-Wheatstone bridge configuration mounted on
the hinge of the caliper, with a gauge measuring the bending stresses and a resistor having
a passive role to mitigate the temperature dependence of the strain gauge. The completion of
the bridge was performed through a cable that extended from the tree to two resistors that were
integrated to an amplifier. The amplifier increased the strain voltage before being recorded
with a sampling frequency of 20 Hz by the same data acquisition module used for the sonic
anemometer data.
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In April 2017, while the tree crown was without leaves, the first strain gauge transducer (S1),
was mounted on the tree. The exact location of the instrument was visually determined as the
area with the most homogeneous stem surface, i.e. in absence of callus and cavities surface,
that was the closest to the direction aligned to thex-axis (Figure A.3). The height above ground,
where the center of the strain gauge was located after its installation, was 0.39 m. The vertical
cross section of the stem at that height is slightly skewed in the south southwest direction (Fig-
ure A.3).

A piece of the bark with a thickness of 5 mm was removed and afterwards the caliper trans-
ducer was mounted on the tree using 50-mm long screws. The strain gauge was placed slightly
tilted with respect to the vertical axis, to follow the decreasing trend of the stem diameter with
height and plastic washers were used to increase the distance between the bark and the caliper
to avoid their contact (Figure A.4). In addition, a second strain gauge (S2) was mounted in May
2017 on the approximate anti-diametric point of the tree. The purpose of the second strain
gauge was the study of the consistency of the measured strain. The height of this strain gauge
was 0.31 m. Using the point cloud data of the tree, the distance of the two strain gauges (r1 and
r2) from the center of the tree was measured to be equal to 0.20 m and 0.19 m, respectively. The
periphery of the stem, at the height where the strain gauges were installed, was covered by a
white cloth to prevent the exposure of the caliper transducers to sun radiation.

Figure A.3: Vertical cross section of the stem at the height where the two strain gauges were
installed (left). Photograph of the S1 strain gauge (right).

Strain gauge calibration

In order to relate the strain gauge measurements to wind-induced bending moments, first
their response when the tree was subject to a known static load was investigated. The static load
was applied through a wire rope which was fixed between the tree trunk and a 1800 kg pickup
truck. The magnitude of the load was regulated manually using a hand-winch and monitored
by an accredited calibrated S-type load cell, with a maximum capacity of 9.8 kN, which was
connected between the winch and the rope. The load cell data were logged by the same data
acquisition system used for the strain gauge and sonic anemometer data.
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Figure A.4: Side view of the stem showing the installation of the two strain gauges (S1, left, S2:
right).

Parameters that could introduce variations to the relationship between the applied static
load and the measured strain, are the crown mass which will induce an additional strain, and/or
seasonal changes in the modulus of elasticity of the tree. Therefore, throughout the measure-
ment campaign four pulling calibrations were performed, to check the repeatability of the tree’s
mechanical response. Two of them took place while the crown of the tree was fully developed,
one during the transition from leaves on to leaves off and one after all the leaves of the tree were
fallen. To avoid any wind effects, the pulling calibration only took place when the 10-minute
mean wind speed at a 4-m height was lower than 2 ms−1. The dates and the wind conditions
of the pulling tests are presented in Table A.2.

During the pulling tests loads from 0 up to 3 kN were applied at a height of 1.9 m. The
tree was allowed to adjust to each load for approximately 30 to 60 seconds before increasing or
decreasing the load with steps of 0.5 kN. After each pulling test it was checked and verified that
the strain gauge voltage returned to the same level as before the application of the static load.

The azimuth θα and the elevation θe angles of the applied static loads were measured by
the same terrestrial laser scanner used to resolve the tree geometry. The direction of the pulling
load was almost aligned (< 3◦) to the line formed between the two sonic anemometers (x-axis
in Figures A.2 and A.3 (left)).

The pulling load data was projected to the horizontal plane by multiplying by the cosine of
the elevation angle (θe) and converted to bending moments by multiplying by the height where
the load was applied. The recorded bending moments and the corresponding measurements
of each strain gauge had a high linear correlation, with Pearson’s correlation coefficient values
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Figure A.5: Strain gauge voltage (S1) versus static loading during pulling tests performed on the
06/07/2017 (green) and 21/11/2017 (brown), which correspond to a crown with and without
leaves, respectively.

Table A.2: Wind conditions, pulling directions and results of the strain gauge calibration us-
ing static pulling loads. θα and θe are the azimuth and elevation angles of the pulling load, U
and the Udir is the mean and the standard deviation (in parenthesis) of the wind speed and
direction during the pulling, ai the slope of the regression analysis andRi is the corresponding
correlation coefficient for the two strain gauges.

Date θα θe U Udir a1 R1 a2 R2

[dd/mm hh:mm] [◦] [◦] [ms−1] [◦] [mV·N−1·m−1] [-] [mV·N−1·m−1] [-]
06/07 09:00-09:10 3 4 1.64(0.64) 300.2(14.1) 0.270 0.996 -0.318 -0.999
22/09 10:10-10:30 3 4 1.65(0.53) 035.0(20.7) 0.258 0.998 -0.296 -0.997
16/11 09:00-09:20 1 3 1.54(0.43) 166.1(12.7) 0.234 0.998 -0.278 -0.998
21/11 10:15-10:25 1 3 0.57(0.19) 107.2(20.8) 0.244 0.999 -0.286 -0.999

above 0.99 (Figure A.5). Therefore, it was possible to calculate a conversion coefficient between
strain and bending moment measurements, using linear regression. The results of the linear fit
provided a slope which indicated the bending moment to voltage relation and an intersection
corresponding to the zero offset of the strain gauge (Table A.2). The estimated values of the
slope (αi) that describe the bending moment to strain dependence present a reduction of 10%,
between the summer (July) and winter (November) pulling tests in both the cases of theS1 and
S2 strain gauges. This reduction could be explained by the absence of foliage in the case of
the winter tree. Similar magnitudes (6-11%) of additional moment due to the tree crown have
been reported by (Gardiner et al., 1997) in calibrations of strain gauges on Sitka spruce (Picea
sitchensis (Bong.) Carr) trees.

Post-processing of strain data

In Figure A.6, the time series of the 10-min mean measurements of the S1 and S2 strain
gauges over the 4-month period used in this study, are presented. Wind fluctuations are ex-
pected to result in anti-correlated signals, since the S1 and S2 are mounted on the tensile and
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the compressive side of the tree (an example of this can be seen in the data between 31/05 –
02/06). Moreover, two more types of fluctuations are observed. Daily correlated, in both strain
gauges fluctuations (e.g. the first week of May) and slow evolving drifts with a decreasing trend
from the beginning of April until the middle of May and an increasing trend from that point on
and until the end of July. These slow drifts are presumably associated with the seasonal changes
and age growth, and coincide to the period when the crown of the tree started to develop (be-
ginning of May). In addition, Blackburn (1997) observed that the strain gauge measurements
on trees via a transducer are temperature dependent, due to the thermal expansion coefficient
of the material (aluminum) that it is made from. When the time and temperature dependent
zero drift are taken into account, the strain gauge voltage Sm can be expressed as the sum of
the bending moment strain Sw, a temperature dependent strain ST and a zero drift So:

Figure A.6: Time series of the 10-min mean measurements of theS1 (black) andS2 (grey) strain
gauges.

Sm = Sw + ST + So. (A.1)

Estimation of ST

The dependence of the strain gauge measurements on temperature was investigated both
in controlled and ambient conditions. The first study was based on the measurement of the
strain gauge response while it was placed in an environmental test chamber (CTS, Citrotek
Aps, Denmark), where the air temperature was changed in a controlled way. In the second
study, strain gauge measurements during periods with low wind speeds, while the transducer
was mounted on the tree, were used. Both studies revealed a linear relationship between the
recorded strain measurements and temperature that was characterized by a negative corre-
lation. More details regarding the estimation of the temperature dependent strain ST can be
found in the Supplementary Material of this paper. Based on these findings, the three following
methods were used for the post processing of the strain gauge data;

• Method A: ST is set to zero. By this approach, the temperature influence on the strain
observations is treated only via the So term.

• Method B: ST originates mainly from the thermal expansion of the transducer and thus
it can be described by the results of a calibration in controlled conditions

• Method C: ST depends on both the thermal expansion coefficient of the transducer and
the state of the tree. The temperature-induced strain can then be resolved by monitoring
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the fluctuation of the strain measurements, on the stem of the tree, during periods with
very low wind speeds (< 1.5 ms−1).

Strain measurements as function of wind speed

When the wind direction is aligned with the pulling direction of the static load, Equation A.1
can be further expanded by expressing the wind induced strain as a function of the bending
moment:

S
′
m = aMy + So, (A.2)

whereS′
m = Sm−ST , a the calibration coefficient andMy and the bending moment. By assum-

ing that the bending moment on the stem of the tree is the result of a static crown displacement
induced by a one-dimensional, aligned to the x-axis, mean wind load (F ) that is exerted on the
center of the tree volume, located at a height zc (Table A.1), then Equation A.2 can be written
as:

S
′
m = aFzc + So. (A.3)

The load F exerted on a bluff body is can be expressed as:

F =
1

2
ρcdAU

2, (A.4)

where ρ is the air density, cd is the drag coefficient,A is the frontal area of the object andU is the
ambient wind speed at the height of the center of the object. However, as it has been observed in
wind tunnel experiments the flexible parts of a tree, i.e. leaves and branches, tend to streamline
under wind loading (Mayhead, 1973; Vogel, 1989). This phenomenon results in changes of the
frontal area and the drag coefficient of the tree and therefore it has been proposed by Vogel
(1984) that the drag force can be expressed by the following formula:

F = βUn, (A.5)

where β is a constant and n is the required exponent of the wind speed for which the drag force
is proportional to the wind speed. Using the Equations A.3 and A.5, the strain measurements
can be expressed as a function of U by the following equation:

S
′
m = βazcU

n + So. (A.6)

Estimation of So and n

The estimation of the So is performed on an hourly time scale, which is a relatively short
time period where the tree state and temperature effects on the transducers can be considered
to be approximately constant. The estimation is further based on the assumption that there is a
single value of n that can describe the strain to wind speed relationship for the whole observed
wind speed range. On this basis the following procedure is implemented:

1. Assign a n value

2. Use that value to estimate the So and β parameters for each one hour period through
linear regression
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3. Use the So estimation in Equation A.6 to remove the zero strain voltage

4. Subsequently apply a non linear model fit between the corrected strain gauge measure-
ments versus the wind speed to the data of all the hour sets:

1

azc
S

′′
m = βUk, (A.7)

where S′′
m = S

′
m − So. The non linear model fit used in this study was based on the

Quasi-Newton method and implemented in Mathematica software (Wolfram Research)

5. Estimate the difference between n and k.

The above procedure was applied for a series of n values, varying from 1 to 2, with a step
of 0.05. This iteration resulted in 21 sets of n and k from which the one with the minimum
difference is selected as the most representative one.

Frequency analysis

The method suggested in the previous section requires that first the wind speed measure-
ments are representative of the wind field that exerts a drag force on the tree and second that
the tree in a certain frequency bandwidth responds in a static way.

Due to the short distance (15 m) and the homogeneity of the terrain between the meteoro-
logical mast and the tree, the wind fluctuations with large spatial scales are expected to propa-
gate undisturbed to the tree. However, fluctuations with little spatial extent will change phase
randomly as they propagate from the mast to the tree or will not cover the entire crown and
thus will not produce tree movements that are correlated with the wind measurements. This
effect limits the coherence between the measured bending moment fluctuations at the base of
the tree and the wind speed measurement at high frequencies.

In addition the tree damping properties will dissipate turbulent fluctuations of the wind
in order to minimize the wind induced loads (Schindler et al., 2013; Sellier & Fourcaud, 2009).
In order to quantify these effects, first the spectral coherence between the two signals is used
to investigate their correlation. The coherence γ2us is defined as the ratio between the absolute
square of the cross-spectrum |Sus|2 and the product of the power spectral densities of the strain
gauge Sss and wind speed measurements Suu (Bendat & Piersol, 1986):

γ2us(f) =
|Sus(f)|2

Suu(f)Sss(f)
, (A.8)

where f is the frequency.
The response of the measured bending moments close to the base of the tree relative to

the wind speed fluctuations is examined through a spectral transfer function (H ). The spectral
transfer function is defined as the square root of the ratio of the variance-normalized power
spectral density of the strain gauge time series to the corresponding power spectral density of
the wind speed fluctuations.
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Data selection

The acquired data from the beginning of April until the end of July were split into two groups
corresponding to the leaves off and leaves on states of the tree crown. Data acquired in May
were excluded from the analysis, because during that month the foliage of the crown was de-
veloping.

The first criterion for the data selection was that the corresponding mean wind direction
during a 10-minute period should originate from a 15◦ sector centered around the x-axis. To
satisfy the assumption of Equation A.5, the wind in this sector is treated as parallel to the x-
axis and therefore any effects that the direction of the 3D wind vector could have to the ap-
plied stress, which would introduce a bias in the strain to bending moment conversion, are
neglected.

The frequency analysis is performed using 20-Hz time series of periods with mean wind
speed between 5 and 6 ms−1, as a case study. Based on this wind speed interval 156 and 44
10-minute periods were selected, corresponding to the leaves on and leaves off periods, re-
spectively.

For the estimation of the wind induced load, the data acquired during days that in addition
fulfilled the following criteria were selected for the analysis:

1. at least three 10-minutes periods with low wind speeds (< 1.5 ms−1) occurred during
either the previous or the consecutive day. A period with low wind speed is necessary in
order to estimate the strain gauge voltage to sonic temperature relation (method C). The
time limitation to the appearance of this period is set in order to reduce any errors that
could be introduced in the analysis due to changes to the temperature sensitivity of the
strain measurements.

2. the maximum 10-minute mean speed during the day should be at least 6 m/s. A wind
speed range is required in order to investigate the response of the tree at different wind
speeds.

Based on these criteria 14 days were selected corresponding to the leaves on and 2 days to the
leaves off, containing 265 and 62 10-minute periods, respectively.

Figure A.7: A 10-min time series of the 20 Hz voltage measurements of the S1 strain gauge
(black) and the wind speed (gray) acquired on 2017-06-01, 00:00 – 00:10.
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Results

Frequency response

Figure A.8: Squared coherence (γ2) between the S1 strain gauge measurements and the wind
speed in the cases of leaves on (green) and leaves off (brown). The data used correspond to
10-minute periods with a mean wind speed between 5 - 6 ms−1 at z/H=0.6. The black dot cor-
responds to the time scale used in the analysis.

The study of the high frequency (20 Hz) strain and wind speed data revealed that the two
time series, during those periods when the wind originated from the selected direction sector,
were characterized by similar variations. An example of such a 10-minute time series is pre-
sented in Figure A.7. However, it is also noticed that certain rapid fluctuations in the wind are
not reproduced in the strain gauge measurements. Moreover, due to the distance between the
sonic anemometer and the tree, on those occasions when the wind speed decreases a subse-
quent delay is observed in the corresponding response of the strain gauge (e.g. 10 - 30 seconds
and 440 - 460 seconds in Figure A.7).

The mean, smoothed over equal intervals on a logarithmic frequency axis, squared spectral
coherence is observed to be between 0.95 and 0.85 up to frequencies of 0.02 Hz, for both the
time series acquired during the leaves on and off states of the crown (Figure A.8). Beyond that
frequency range the coherence decreases, which indicates that the strain gauge fluctuations
become more and more uncorrelated with the wind speed fluctuations. Differences between
the leaves on and off cases are not observed in the frequencies up to 0.05 Hz, after that the
coherence of the tree with leaves decreases slightly faster in comparison with the one from the
tree without leaves.

Furthermore, in the frequency range below 0.02 Hz, the mean, smoothed over equal in-
tervals on a logarithmic frequency axis, spectral transfer function (H) has an approximately
constant level (Figure A.9), which indicates that the tree is responding in a static way at these
frequencies (Sellier & Fourcaud, 2009). Based on these results, we conclude that a one-minute
block (0.017 Hz) averaging of the 20 Hz time series of the wind speed and strain gauge mea-
surements allows the study of the tree response in a static mode. Moreover, when the tree has
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Figure A.9: Spectral transfer function (H) of the variance-normalized power spectral densities
of the S1 strain gauge and wind speed measurements in the cases of the leaves on (green) and
leaves off (brown) periods. The data used correspond to 10-minute periods with a mean wind
speed between 5 - 6 ms−1 at z/H=0.6. The black dot corresponds to the time scale used in the
analysis.

leaves no noticeable peaks, that would indicate a dominate vibration frequency of the stem,
are observed. In contrast a weak peak is observed in the case of the tree without leaves at ap-
proximately 1.1 Hz.

This difference between the two transfer functions is probably due to the presence of the
leaves that increase the damping of the tree vibrations. A similar behaviour of the frequency
response of a deciduous tree has been reported by Schindler et al. (2013). The characteristics of
the spectral transfer function in Figure A.9 are different from those measured in conifer trees,
where a gain higher than one is observed in the bandwidth close to the natural frequency of
the trees (Gardiner, 1994; Mayer, 1987; Sellier, Brunet, & Fourcaud, 2008). The magnitude of
the frequency response over a specific bandwidth is also dependent on the position on the tree
where the bending moments are measured, as indicated by Schindler et al. (2013), where an
increase of the measured gain with an increasing measurement height was observed. Hence,
at least part of the difference between our results and those of Mayer (1987), Gardiner (1994)
and Sellier, Brunet, and Fourcaud (2008), could be attributed to the location of the measuring
sensor.

Temperature induced-strain compensation

In Figure A.10, an example of a scatter plot of the 1-min mean values of the strain gauge
versus the wind speed is presented (method A), using the data acquired on the 01/06/2017.
The data are concentrated in different clusters and a variability of the strain gauge voltage for a
given wind speed is observed. By estimating a temperature-induced strain, using the methods
B (yellow) and C (green), and subtracting it from the raw data it is observed that the scattering
is reduced, with method C giving the best results.
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Figure A.10: Scatter plots of the 1-minute mean raw (method A: blue) and temperature cor-
rected (method B: yellow and method C: green) strain data versus the wind speed, acquired on
the 01/06/2017.

Wind load estimation

The strain gauge measurements were converted to wind load using Equation A.3, by replac-
ing the parameter awith the pulling calibration coefficient measured in July in all the summer
data (leaves on) and the one measured in November for the April data (leaves off ). The results
of the wind load estimation based on the application of the three processing methods on the
data of the strain gauge (S1) that was located on the tensile side of the stem, are presented in
Figure A.11.

In the leaves off case the estimated wind force is proportional to the wind speed raised to an
exponent between 1.90 - 2.01. This result indicates that the leafless oak tree is interacting with
the wind in a similar way as a bluff body. However, when the foliage of the crown of the tree has
developed, the value of the exponent decreased to 1.61, which can be attributed to streamline
effects. Similar results have been reported by Kane and Smiley (2006) in the case of young red
maple trees and by J. Moore and Maguire (2004), based on the wind tunnel study of Mayhead
(1973), in the case of conifer trees. In terms of absolute load when the tree has leaves the wind
exerts a force that is 2 – 3 times larger than in the leaves off case (Table A.3).

When comparing the results of the different methods, it is observed that the effect of the
temperature correction does not change the value of the exponent that describes the relation-
ship between the force and the wind speed. Nevertheless, it introduces a variation in the esti-
mated values of the force with a relative difference of 3% and 7%, when comparing the method
A with the B and C, respectively (Table A.3).

The accuracy of these results was tested through the comparison to the S2 stain gauge, for
the leaves on case. The results based on the S2 reveal a similar value of the n exponent that
varies between 1.65 – 1.68, for all the methods. However, when comparing the estimated forces
from the two strain gauges, it is observed that method C results in the smallest difference be-
tween the two sensors (Figure A.12), whereas the method A gives the highest bias between the
two sensors. The impact of these variations in the estimation of the wind load in the cases when
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Table A.3: Results of the relation between the wind induced load and the wind speed. N is the number
of 1-minute periods used, n and β are the exponent and the multiplier parameters in Equation A.5 re-
spectively, R is the Pearson correlation coefficient between the estimated valuesF versusUn and RMSD
the root mean square deviation of the linear fit between the estimated values F versus Un, and F and
M the estimated mean values of the load and measured bending moments for two different wind speed
levels (in parenthesis is the associated standard deviation to the mean).
State Strain Method N n β R RMSD Case 1: (U = 6 ms−1) Case 2: (U = 10 ms−1)

Gauge [Nm−nsn] F [N] M [Nm] F [N] M [Nm]

le
av

es
on S1

A 4220 1.61 44.96 0.984 80 798(95) 3032(360) 1804(122) 6856 (464)
B 4220 1.61 42.76 0.984 78 771(89) 2930(337) 1751(120) 6653 (454)
C 4220 1.61 41.85 0.975 91 740(104) 2811(394) 1680(116) 6385 (442)

S2

A 3070 1.65 37.34 0.970 92 738(93) 2804(353) 1660(117) 6308(445)
B 3070 1.66 37.25 0.970 95 755(95) 2869(361) 1710(116) 6498(441)
C 3070 1.68 35.11 0.969 97 737(98) 2801(372) 1686(115) 6407(437)

le
av

es
off

S1

A 890 2.01 8.11 0.930 64 311(56) 1180(212) 812(58) 3085(222)
B 890 1.90 10.19 0.916 67 328(50) 1245(191) 801(57) 3045(218)
C 890 1.90 10.18 0.911 69 325(48) 1234(182) 791(58) 3007(221)

the measured mean wind speed was equal to 6 ms−1 and 10 ms−1 are presented as an example
in Table A.3.

Wind dependent streamlining

In order to investigate the dependence of the results presented in Table A.3, on the wind
speed interval, the analysis was repeated by applying a constrain on the maximum acceptable
mean wind speed used. The analysis was iterated by increasing the maximum acceptable mean
wind speed from 5 ms−1 to 14 ms−1, with an incremented step of 0.5 ms−1. The results of the
analysis, for the case of theS1 data in the leaves on period, are presented in Figure A.13, where it
is seen that as the wind speed interval increases the exponent decreases. This trend is observed
in the data regardless of the processing method applied. Below 6 ms−1 the wind speed range
is narrow which results in a high variation of the estimated parameters of n. However, above 6
ms−1 the exponent decreases from approximately 1.8 to 1.6 at 11 ms−1.

This observation is supported by the results of the estimation of the wind speed relative
deficit (rd), defined by:

rd =
Uu − Ud
Uu

, (A.9)

whereUu andUd are the 10-minute mean measurements of the upwind and downwind speed,
respectively, in the case when the upwind direction was between 279◦ to 282 ◦. This specific
narrow wind sector is selected since (i) the deficit was found to be a function of wind direction
(Dellwik et al., 2019) and (ii) is the one with where the maximum deficit values were observed.
In the leaves on case the wind deficit was found to be wind dependent. The maximum deficit
was estimated to be equal to 88% between 5 and 6 ms−1. As the mean wind speed increases,
a decrease of the wind deficit is observed reaching 80% at 10 ms−1 (Figure A.14). In the leaves
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Figure A.11: Scatter plots of the 1-minute wind force versus the magnitude of the wind speed
vector. The data corresponds to measurements acquired while the tree had both no leaves
(brown) and leaves (green) from the S1 strain gauge.

off case the deficit appears to be approximately equal to 33% and independent of the wind
speed. The results of the wind deficit in the low wind speed range (< 6 ms−1) are in a good
agreement with a wind tunnel study presented by Lee, Lee, and Lee (2014), where the wind
reduction between the upstream and downstream sides around a single young white fir tree
was measured.

Discussion

Precision and accuracy of the developed method

The similarity between the independently treated S1 and S2 strain gauges in Figure A.12
demonstrates that the proposed method provides consistent results to a high precision, inde-
pendent of whether the strain gauge is mounted on the tensile or the compressive side of the
tree stem. However, the accuracy of both measurements relies on the precision of the calibra-
tion from the static pulling tests. In Table A.2, it was shown that the calibration coefficient a
changed by 4% (for the S1 strain gauge) and 7% (for the S2 strain gauge) between early July and
late September, whereas the differences between the two November pulling tests were only 4
and 3% forS1 andS2, respectively. This observed change in the calibration coefficient over time
has probably a tree-state related dependence, due to seasonal changes of the wood stiffness.
By using summer data from June and July only, the early July calibration should reliably reflect
the seasonal state of the tree, whereas more uncertainty is associated with the April data, for
which the November calibration was used. To increase the accuracy of the results, more fre-
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Figure A.12: Scatter plots of the 1-minute wind load using the data of the S2 (FS2) and S1 (FS1)
strain gauges for three data processing methods.

Figure A.13: The estimated values of the exponent n for the S1 data processed using the meth-
ods A, B and C for different wind speed ranges.

quent calibrations with a known force would be necessary. To make sure that the calibration
was not affected by the naturally occurring wind, tree pulling was only attempted during very
low wind speed days, which in our case severely limited the possibility of frequent calibrations.

Temperature related effects on the observed strain

As documented by Blackburn (1997), the strain gauge measurements via a caliper trans-
ducer can be expected to be influenced by both temperature and tree-state related factors. Two
methods based on either temporally changing the observed temperature-strain relationship
during low wind speed periods or based on laboratory temperature calibrations were therefore
attempted.

In the case of the measurements of the strain gauge in the tensile side of the stem (S1), the
results of the wind speed exponent appear independent of whether a temperature dependent
correction to the strain has been taken into account or not in the analysis. However variations
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Figure A.14: 10-minute mean wind deficit in the wake of the tree with leaves (green) and without
leaves (brown) measured by the upwind and downwind sonic anemometers.

in the estimated force magnitude are observed between the results of the different methods. On
the contrary, the results of the force based on the strain gauge in the compressive side of the tree
(S2) appear independent of the method used, even though a small increase of the wind speed
exponent is observed between the method A and C. The highest consistency of the results in
the tensile and compressive side are found in the case when the post processing using the sonic
temperature (method C) is applied. This is an indication that the correction of the temperature
induced strain can contribute to a better interpretation of the strain gauge data. However, the
application of this method requires the study of the strain gauge response during periods with
low wind speeds, which in the case of windy areas, limits the data availability.

The study of the strain voltage dependence on ambient temperature, presented in the sec-
tion Supplementary material, revealed differences in the temperature sensitivity of the two
strain gauges, which varied from -99 to -31 mV/◦C and from -66 to -22 mV/◦C in the case of
the S1 and S2 strain gauge, respectively. These values are higher than the ones derived from
the lab-based calibration (-24 mV/◦C). An explanation of the difference between the lab-based
and the low-wind speed period temperature corrections could be that the temperature of the
strain gauge and the caliper was different to the reading of the sonic anemometer temperature.
A temperature reading taken at the surface of the instrument would be better suited for an in-
depth study of the temperature-induced strain. Such a configuration would also minimize any
errors that result from the lag between the temperature of the air and of the strain gauge.

Further development

In this study, the upwind mast with the ultrasonic anemometer was located close to the tree
(2.3×tree height) in a direction where the wind conditions are expected to be homogeneous
across the tree surface. For these conditions the wind speed measurements and the strain gauge
voltage output were found to be highly coherent for the selected averaging time of one minute
(Figure A.8). This high correlation made it possible to identify distinct clusters of strain data
that had different zero offsets (Figure A.10). The zero drifts that were observed in this study are
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attributed to temporal changes that occur to a tree, therefore the methodology presented here
can be applied to correct similar drifts in other in-situ stem mounted sensors (e.g. accelerom-
eters or inclinometers). For less coherent wind/strain signals, it is expect that such clusters
would not be as easily recognizable. This lack of correlation would increase the spread in the
data. Since the time-dependent offsets are relatively large in comparison to the strain gauge’s
sensitivity to the wind speed, less coherent signals could make the described method less easy
to apply.

Furthermore, the wind exerted loads were estimated in only one dimension, using a narrow
wind direction sector aligned to the axis where the strain gauges were mounted. Under these
wind conditions it is assumed that the bending moments that are applied in the transverse
direction are negligible. However, for a better understanding of the wind-tree interaction that
also takes the transverse bending moment into account, the use of two orthogonal strain gauges
is required to accurately derive the two dimensional bending moment vector.

Conclusion

Solitary trees and small-scale tree configurations are common in both agricultural and nat-
ural landscapes, but have so-far received limited scientific attention in terms of mean wind
loading. In this study, we present findings from a full-scale experiment on a 6.5 m tall, open
grown European oak tree.

A new post processing method of long-term strain gauge observations over a wide wind
speed interval, that makes it possible to quantify the mean load on a tree, has been introduced.
A key element in the method concerns the treatment of strain gauge offsets. The method makes
use of the observation that, in the experimental site of this study, the wind is tightly correlated
to the observed strain at time scales down to 1 minute and it is based on the assumption that
non-temperature dependent drifts can be assumed constant over an hour. The method further
relies on the observation of a linear relationship between the applied static bending moments
and the measured strain, which was documented during static pulling tests with a known force
to a high correlation (R > 0.99).

The post-processed data shows that the force on the tree is proportional to the wind speed
to the power of 1.61 – 1.68 and 1.90 - 2.01, in the cases of the tree with and without leaves, respec-
tively. The estimated exponents indicate that the interaction between a bare winter tree and the
wind can approximately be described by treating the tree as a solid bluff body. However, in the
case of the tree with leaves, phenomena like streamlining and reduction of the frontal area with
increasing wind speed result in a lower wind speed exponent equal to 1.6. This observation is
supported through the measurement of the wind deficit in the wake of the tree, which is in-
dependent on the magnitude of the wind speed in the case of the tree without leaves. On the
contrary, during those periods when the crown of the tree was fully developed, a decreasing
trend in the deficit with increasing wind speed was observed.

Supplementary material

"The following supplementary material is available at Forestry online"
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In the supplementary material the study of the dependence of the strain gauge voltage to
temperature is presented.
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Temperature sensitivity of the transducer under control conditions (Method B)

Figure A.15: Photograph of the caliper transducer inside the environmental test chamber.

The dependence of the strain gauge transducer on temperature was investigated in an envi-
ronmental test chamber (CTS, Citrotek ApS, Denmark) which can control the temperature and
relative humidity of the enclosed air. The transducer was placed in the chamber after being
mounted on a piece of wood, in a direction along its grains, in a similar setup as it would be
mounted on a tree (Figure A.15). Subsequently, the temperature was increased in a controlled
way from 0◦C to 50◦C, in steps of 5◦C per 20 minutes, followed by a relaxation period of 60 min-
utes. Once the temperature reached the maximum level the temperature chamber was allowed
to cool down to room temperature (21◦C), at a rate of 2.94◦C/h (see Figure A.16). The relative
humidity during the test varied between 40 % and 55 %.

Figure A.16: Time series of the 1-minute mean measurements of the air temperature (T) in the
environmental test chamber and of the voltage from the strain gauge (S).

The response of the strain gauge voltage during both the warm up and the cool down was
observed to be highly correlated (R>0.99) to the temperature fluctuations. By applying a linear
regression analysis the temperature response of the transducer (aT ) was estimated to be equal
to -24 mV/◦C.

Temperature sensitivity of the transducer under ambient conditions (Method C)

The accuracy of the resolved temperature sensitivity of strain gauge transducer under con-
trolled conditions, was tested after the transducer was mounted on the stem of the tree. The
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Figure A.17: Scatter plot between the 1-minute mean measurements of the air temperature in
the environmental test chamber and of the voltage of the strain gauge during warm up (solid
line) and cool down (dashed line).

response of the strain gauge to temperature fluctuations was investigated during periods with
wind speeds lower than 1.5 ms−1, irrespective of the wind direction. In this low wind speed
range it is expected that the wind-induced bending moments on the tree are negligible. The
10-minute mean strain gauge voltages were compared to the temperature measurements ac-
quired by the sonic anemometer at a height of 4 m above ground. The use of 10-minute mean
data was selected in order to minimize the bias that is related to inertia due to the thermal con-
ductivity of the aluminum (Figure A.16). In the same way as in Method B, the linearity between
the strain gauge measurements and the sonic temperature measured at 4 m was investigated
and an estimation of the temperature dependent strain was attempted, through linear regres-
sion.

Based on this procedure, the temperature response (aT ) of the S1 and S2 strain gauges was
estimated for the days used in the data analysis. The results of the temperature correction are
presented in Table A.4, which indicate that the voltage measured by the strain gauges during
periods with low wind speeds appear to have a high linear negative correlation (R < −0.8)
with temperature in most of the cases for both the S1 and S2 strain gauge. Days that did not
appear to have a high correlation are highlighted in grey and are not included in the analysis.
The slope of the linear regression between the sonic temperature and the strain gauge voltage
varied from−99mV/◦C to−31mV/◦C and from−66 to−22mV/◦C in the case of theS1 andS2
strain gauge, respectively. The aT parameters presented in Table A.4 were used to compensate
for the temperature-induced voltage in the strain gauges measurements (Method C).
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Abstract

Open-grown trees are common natural elements in urban and rural landscapes. Their pres-
ence increases the heterogeneity of a terrain and modifies the local wind conditions. The im-
pact of solitary mature trees on the distortion of the mean wind and the quantification of the
associated drag has received so far limited attention in the scientific literature. In this study,
we test a new method of quantifying the wind-induced drag force on an open-grown, mature
oak tree. The method is based on the application of the principles of mass and momentum
conservation, over a control volume that encloses the tree. The drag force is then estimated
through the momentum deficit in the wake. The novelty of this method lies on the detailed
characterization of the wind field in the wake of a full-scale tree. For this purpose, spatially dis-
tributed measurements of the wind vector in a cross-section in the near-wake region have been
acquired using three synchronous scanning wind lidar instruments. The resulting drag force
estimate is compared to a reference measurement acquired by tree-mounted sensor at the base
of the stem. We find that the drag force in both methods shows a dependency on the wind speed
raised to an exponent of 1.8. However, the drag force, based on the momentum deficit method,
consistently underestimates the drag force by approximately 15 – 18%. Potential reasons for
this offset are discussed in respect of the accuracy of both methods.

Introduction

Trees act as obstacles to the wind in the surface layer of the Atmospheric Boundary Layer
(ABL). Their presence over an area will lead to an decrease of the amount of momentum that the
substrate surface will absorb (Raupach, 1992). The loss of momentum is the result of the drag
that the surface of a tree is exerting to the flow, which can be expressed by a force vector (F d).
Using a non-dimensional drag coefficient (Cd) then the drag force vector can be expressed by:

F d =
1

2
ρCdA|U |U , (B.1)
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where ρ is the air density, A the frontal area of a body (in this study we define the frontal area
as the orthogonal projection of a three-dimensional body to a plane normal to the mean hori-
zontal wind vector) and U is the wind speed vector. Numerical studies of the flow around full
scale trees (Dellwik et al., 2019; Gross, 1987), as well as wind tunnel (Gromke et al., 2008; Lee
et al., 2014) and full-scale (Dellwik et al., 2019) experimental studies of the wind conditions on
the lee-side have shown that trees are very efficient at reducing the mean wind speed.

Due to this property, trees are used to form shelter-belts in agricultural and urban areas (e.g.
highways, roads and public spaces). In addition to meet the current demand for more green in
urban spaces, trees are included as a part of the architectural design of building facades and
roof tops. For this reason it is important to know the momentum that a tree will absorb, both
in order to quantify the impact of a tree to the local wind climate, but also to understand the
associate loads induced to trees exposed to high wind speeds (Aly et al., 2013).

Trees consist of elements of different dimensional scales that are in-homogeneously dis-
tributed in the crown. This results into a structure with a complex geometric shape and a vary-
ing porosity. In addition the wind-induced deformation of the branches and the leaves has
both viscous and elastic properties. The implication of these characteristics is that the drag on
a tree, departs from the bluff body relationship described by Eq. B.1 and its physical description
requires the consideration both of a dynamic drag and frontal area (Gosselin, 2019) but also the
reconfiguration of the branches and leaves under wind loading (Vogel, 1984).

The integrated drag force over all the elements of the tree results to a bending moment at
base of the stem. This bending moment induces a stress on the surface of the tree (Gardiner,
1992). By measuring the strain of the stress it is possible to estimate the bending moments and
consequently the mean drag force (Angelou et al., 2019). One of the challenges of full-scale tree
studies is to resolve the parameters as geometry, crown porosity and distribution of mass, which
can be used to define the bending moment lever arm. These parameters can be measured
accurately in small scale, i.e. young or pruned semi-mature, trees. Wind tunnel studies using
simultaneous measurements of the drag using load cell at the base of the stem and of the frontal
area using photographs of the crown in the case of young conifer (Rudnicki et al., 2004) and
hardwood (Vollsinger et al., 2005) trees, have found that the static and dynamic drag coefficient
was decreasing with wind speed. This was attributed to both changes of the frontal area but also
due to the reconfiguration of leaves (Vogel, 1984). Similar results are presented by Manickathan
et al. (2018) and Tadrist et al. (2018). However, a question exists on how representative are these
results to the response of full-scale trees.

In this study, an estimation of the drag force is performed using observations of the mo-
mentum deficit in the near-wake of a tree. This approach doesn’t require information of the
exact parameters that define the frontal area of a surface obstacle. The use of the momentum
deficit for the estimation of the drag has been used in scaled studies in the case of shelter-belts
(Dong et al., 2008; Hagen L.J. and Skidmore E.L., 1971), artificial shrubs (Lv et al., 2014), low
vegetation (Thom, 1971) and tree belts (Woodruff et al., 1963). But with few exceptions these
scaled studies are rarely evaluated in full-scale experiments (Woodruff et al., 1963). Due to the
inhomogeneous three-dimensional geometry of a tree, spatially distributed measurements in
the transverse plane would be required to characterize the wake. This would require a dense
measuring setup based on in-situ measuring instruments on multiple meteorological masts,
which could have a direct impact on the flow or the movement of the measuring equipment in
different locations, with the drawback that each measurement occurrence is performed under
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different wind conditions.
For the needs of this study, an experiment has been performed to measure the flow in the

near-wake region of a full-scale European oak tree. The observations were acquired using a
remote system that consists of three scanning Doppler wind LIght Detection And Ranging (li-
dar) devices (Mikkelsen et al., 2017). These remote sensing instruments, denoted short-range
WindScanner, are a part of a research infrastructure developed in the Technical University of
Denmark (DTU). They are capable of resolving the three-dimensional wind vector without any
assumption of the flow, by the interception in an air volume of three line-of-sight measure-
ments (Sjöholm et al., 2018). This feature is very useful when measuring complex flows, due
to the spatial variations of the flow the use of commercial wind profiles is not possible. The
main limitation of this technique is that measurements are acquired over a volume, the length
of which scales with the square of the distance from the instrument (Reference).

The objective of this experimental study is to estimate the drag-force exerted on the wind
using the observations of the momentum deficit in the near-wake of a tree. The momentum
deficit is quantified by the comparison of the measurements acquired in the wake of the tree
to the upwind profile measured by a meteorological mast. Using the experimental observa-
tion in combination with the application of the mass and momentum conservation principles
over a control volume, we construct a framework of the experimental methodology used in this
study (Section B). This framework is applied in different cases of wind speeds (Section ??) and
results in the estimation of the drag load (Section B). The accuracy of these results is assessed
through the comparison to estimations of the measured bending moments using strain gauges
following the methodology presented in (Angelou et al., 2019). The use of this methodology
to predict the corresponding load in different application is discussed and a summary of the
results concludes this study.

Material and methods

Site

The tree used in this study is an open-grown, mature, European oak tree. The height (H)
and width (W ) of the tree was equal to 6.5 m and 8.5 m, respectively. The largest part of the tree
consisted by branches and leaves that formed the crown, which extended from 2 m until 6.5 m.

The tree is located on the eastern shore of the Roskilde fjord (Denmark), approximately 60
m from the coast and at 2.6 m above sea level (a.s.l.). From the west to the east, the terrain
is characterized by a positive slope of 2.7◦ between the sea level and the location of the tree
(Figure B.1, the elevation map was drawn using raw data provided by the Danish Map Supply
of the Danish Agency for Data Supply and Efficiency). During the period of the experiment, the
grass on the surrounding area of the tree was approximately 1 m tall. For the needs of the study
we define a three-dimensional right-handed Cartesian system, where the x-axis is pointing to
the direction of 110◦ from the geographic North. The origin of the coordinate system coincides
with the center of the base of the stem.

This study is based on data acquired within a 10.5-hour period, between 13:30 and 23:59
(local time, UTC+2), on the 25-10-2017. During this period the leaves of the oak tree were in
the abscission phase. This had an effect mainly on the porosity of the tree and not on the char-
acteristic width and length, in comparison to the area of the crown during the summer and
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winter (Figure B.2).

Figure B.1: Elevation map of a 80×40 m2 area around the tree used in this study. On the map
are highlighted the locations of: a. the sonic anemometers at the M1 and M2 meteorologi-
cal masts using the symbol +, b. the three short-range WindScanner instruments (denoted as
R2D1, R2D2 and R2D3, respectively) using the symbol • and c. the horizontal projection of the
vertical scanning pattern using a white line. the positive x-axis is pointing towards the direc-
tion of 110◦, relative to the geographic North. The elevation map is drawn using data provided
by the Danish Map Supply service of the Danish Agency for Data Supply and Efficiency.

Figure B.2: Photographs of the oak tree used in this study during the summer, autumn and win-
ter of 2017. The photographs corresponds to different states of the crown with fully developed
foliage (left), during the leaves abscission phase (center) and bare crown (right).

Theoretical concepts

The estimation of the drag force that the tree exerts on the wind is performed by applying
the principle of momentum and mass conservation on a control volume of air. The design of the
control volume is based on a. the streamwise distance of the inlet and outlet surfaces and b. the
estimated impact that the three-dimensional structure of the tree will have on the streamlines
of the wind. The dimension of the control volume are going to be specified by applying the
mass conservation.

Considering an arbitrary, steady, control volume V that encapsulates the tree. The bound-
ary of this closed volume is called A = ∂V and an outward normal vector is n. The fluctuat-
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ing but statistically stationary wind field ũ can be decomposed into a mean and fluctuations
ũ = u+u′ = u(x)+u′(x, t) such that the mean of the fluctuations is zero: 〈u′〉 = 0. All other
variables can be decomposed similarly. Incompressibility, ∇ · ũ = 0 and constant density ρ,
implies: ∫

V
ρ∇ · udV =

∫
A
ρn · udA =

∫
A
ρniuidA = 0, (B.2)

using the divergence theorem and the convention of summation over repeated indices. The
rate of change of the momentum inside the control volume can be written as the sum of the
transport of momentum into the volume and the integral of all body forces including pressure
gradient forces (we ignore gravity):

d

dt

∫
V
ρũdV = −

∫
A
ρũnj ũjdA+ F̃ −

∫
V
∇p̃dV (B.3)

where F̃ is the sum of all other body forces. Because of stationarity, the mean of the left hand
side is zero. The mean of the integrand inside the first term on the right side is ρ 〈ũinj ũj〉 =
ρuinjuj + τijnj , where the Reynolds stress is defined as τij = ρ

〈
u′iu
′
j

〉
. The average of (B.3)

can be used to determine the mean force:

Fi =

∫
A
ρuiujnjdA+

∫
A
τijnjdA+

∫
A
pnidA . (B.4)

In principle, the force on the three can be calculated by measuring fluid quantities on the sur-
faceA. However, experimentally we are not able to assess all the terms. Our experimental strat-
egy is to chose V limited by two areas on vertical planes upstream and downstream from the
tree and the areas are assumed to be connected by mean stream lines. SoA = Ainlet +Aoutlet +
Atube, see figure B.3. This choice has the advantage that only the inlet and outlet terms, not the
tube term since here njuj = 0, contribute to the force. In order to proceed, we do the following
assumptions:

1. By using continuity (B.2) we are able to chose Ainlet and Aoutlet such that inflow equals
outflow and the edges of the two areas are connected by streamlines.

2. the contribution of the second term on the right-hand side of (B.4) can be neglected. We
will crudely assess it later by measurements on the inlet and outlet areas.

3. The pressure term can be ignored. The inlet and outlet are sufficiently far away from the
tree to have the ambient pressure and the tube wall normals are sufficiently normal to
the upstream flow direction (the x-axis) not to contribute significantly to F1.

The drag force, i.e. the force exerted on the tree by the wind Fd is equal to−F1.
Based on the ratio between the width and the height of the crown (W/H = 8.5/4 = 2.1), we

approximate the shape of Ainlet as en ellipse. We approximate the three-dimensional control
volume with a stream tube with an elliptical cross-section centered around the center of gravity
of the aerodynamic deficit. It extends in the streamwise direction from the upwind meteoro-
logical mast (x/H = −2.3) to the scanning plane (x/H = 1.3) of the short-range WindScanner
(Fig. B.3).
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The continuity equation B.2 can thus be written:∫
Ainlet

u dA =

∫
Aoutlet

u dA (B.5)

where u = u1, and with all our assumptions the momentum equation B.4 simplifies to

Fd =

∫
Ainlet

ρu2dA−
∫
Aoutlet

ρu2dA, (B.6)

The first of the two equations above allow us to adjust the inlet and outlet areas such the
the net flow through the tube walls is zero. Once these areas are fixed the second permit us to
estimate the drag force.

Figure B.3: The tree (black), the scanning plane (gray) and the up- and downwind sonic
anemometers (black dots) viewed from a horizontal (top) and vertical (bottom) plane of the
experimental setup.
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Wind measurements

In order to acquire measurements of the wind field in the wake of the tree, three short-
range WindScanner wind lidar instruments were used. The three short-range WindScanner
instruments, denoted R2D1, R2D2 and R2D3, were installed in a triangular formation around
the tree (Fig B.1). The lidar instruments were programmed to acquire measurements within
a rectangular vertical plane, that was parallel to the y-axis at a distance of 8.5 m (1.3H) from
the tree in the leeward direction. The plane was synchronously scanned using a trajectory that
consisted of 30 vertical lines that extended from 1.5 m (0.2H) to 16 m (2.5H). The lines spanned
from −7.25 m (−1.1H) to 7.25 m (1.1H ) across the y-axis. These characteristics resulted in
completing approximately 25 iterations of the scanning pattern per 10-minute period.

Two meteorological masts (denoted M1 and M2) equipped with 5 and 10 sonic anemome-
ters (uSonic-983 Basic, Metek Gmbh, Hamburg, DE) were used in this study to provide informa-
tion regarding the free wind (M1 in Figure B.1) and to validate the resolved wind vector from the
short-range WindScanner at ten different locations within the scanning pattern (M2 in Figure
B.1). The upwind M1 mast had five sonic anemometers at the heights of 1.5, 4.0, 6.0, 8.5, 11.0 m
above ground level (a.g.l.), installed on booms that pointed at the direction of 200◦, relative to
the geographical North. The downwind M2 mast was equipped by two booms at each height,
pointing at the directions 20◦ and 200◦, respectively. The heights of the booms of the M2 mast
were at the same height a.g.l. as the M1 mast. A small offset (+0.15 m) had to be applied in the
installation of the booms that pointed towards the north due to mounting limitations.

The sonic anemometer acquired data at 20 Hz. A flow distortion correction was applied to
the sonic data. The sonic measurements were aligned to the horizontal plane, by taking into
account the necessary rotations based on the misalignment angles during the installation. The
data acquired by the sonic anemometers and the short-range WindScanner instruments were
synchronized after applying a time shift in the lidar data. The time shift was computed using a
cross-correlation between the two wind speed time-series sampled by the two instruments.

Drag force reference measurement

Reference measurements of the drag force were provided from tree-mounted sensors. Two
strain gauges, mounted on a caliper-shape transducer, were installed close to the base of the
stem of the tree. The strain gauges were used to measure the bending moment induced at
the base of the tree, following the methodology presented in (Angelou et al., 2019). By this
methodology, the raw strain gauge data which shows strong drifts and temperature-dependent
offsets is post-processed to isolate the wind dependency on the logged signal. The measured
strain is converted to a bending moment, via calibration with a known force. Finally, the drag
force is estimated by estimating the length of the lever arm to the geometrical center of the
tree. The latter, using a high-resolution terrestrial-laser scanner, was estimated to be at 3.8 m,
for both the case of the summer and winter tree.

Meteorological conditions

During the period of the experiment, the wind originated from the west-northwest (NNW)
directions (275◦ – 305◦) (Fig. B.4, left). In this sector, the streamwise wind component (u) is well
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Figure B.4: Histograms of the mean wind direction over the time period examined in this study
(left) and the mean wind speed of the direction sector 285◦ ≤ a < 295◦ (right). The averaging
period corresponds to the iteration-time of a scanning plane. The dashed line in the wind speed
histogram represents the threshold criterion applied to the selection of the cases used in this
study.

aligned to the x-axis of the coordinate system used in this study and therefore the trace of the
wake is expected to be within the scanning plane.

Using the block-averaged 10-minute statistics of the time series, measured by the sonic
anemometer at 11 m (M1 mast), the Obukhov-length scales (L) were derived using the function:

L = −To
κg

u3?
Qo

, (B.7)

where To is the temperature at a height z, κ is the von Karman constant = 0.4, u? is the friction
velocity defined by u∗ = (−〈u′w′〉)1/2, Qo=〈θ′w′〉 is the surface kinematic heat flux and g is the
gravitational acceleration (9.81 ms−2). The atmospheric stratification was characterized with
near-neutral stability with−0.03 < z/L < 0.03 for the whole measurement period.

Inter- and extrapolation of upwind wind profile

Whereas the wind profile over the high-gradient outlet area (Fig B.3) is directly measured
by the WindScanner, the wind speeds over the inlet area are inter- and extrapolated from the
sonic anemometers taken on M1.

As stated above, the tree is located close to the shoreline and, therefore, expected to be
located in an Internal Boundary Layer (IBL) extending downwind from the shoreline. There-
fore, the near-neutral wind profile cannot be expected to be simply logarithmic, but rather, it
should reflect different regions where the influence from the upwind and downwind roughness
is blended (Garrat, 1990).

The mean horizontal and vertical wind speed, the vertical tilt angle of the flow direction,
as well as friction velocity, measured by the sonic anemometers at M1 are shown in Fig. B.5.
Except for the top anemometer, the vertical wind speed and the tilt angle show close agreement
with the terrain inclination. The u∗ profile shows a systematic decrease with height, which is in
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Figure B.5: Mean measured profiles of: a. the horizontal wind speed in five different heights
(black dots) and the three models of vertical profile (A: logarithmic profile (z ≥ 1.5m) (dashed
gray), B: logarithmic profile (z ≥ 4m) (solid gray) and C: profile based on the model suggested
by Högström (1988) (solid black). b.the vertical component of the wind vector, c. the tilt angle
and d. of the friction velocity.

accordance with the expected structure in the lowermost part of the Internal Boundary Layer
(Dellwik et al., 2000). The expected deviation from an equilibrium logarithmic profile can also
be seen in the left plot of Fig.B.5, where the two gray lines, representing logarithmic fits to the
data for z≥ 1.5 m and z≥ 4 m, fail to fit all observations. Instead, we use the more flexible wind
profile fit suggested by (Högström, 1988):

u(z) = uo +A ln z +B ln2 z, (B.8)

where uo, A, B are fitted parameters and z the height. The application of this model (uo =
5.49ms−1, A = 3.00, B = −0.50, black line in Fig. B.5 left) shows a close agreement with all
observed wind speeds. This fit is extrapolated in the y direction to provide the inflow speeds
over the whole inlet area in Fig.B.3.

Case studies

The acquired data was grouped using the mean speed and direction of the wind, measured
by the sonic anemometer at 4 m on the M1 mast. The averaging time was based on the period of
a scanning trajectory iteration (28 seconds). In this study only periods that were characterized
by a wind direction between 285◦ – 295◦ are used. In this sector, most of the data have been
acquired while the wind speed varied between 6.5 and 8.5 ms−1 (Fig. B.4, right).
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The measurements acquired during one scan, are treated as instantaneous snapshots of
the flow field, characterized by the mean wind speed and direction. The resulting partition
had an unequal length. In the following table (Table B.1) information regarding the amount
of data and the wind conditions for the cases investigated in this study, are presented. The
table also presents the relative information regard the model of the upwind profile, as well as,
an estimation of the transverse displacement of the wake (dy) at the scanning plane, using the
equation:

dy = ysp · tan(290◦ − 〈α〉), (B.9)

where ysp=8.5 m is the distance between the tree and the scanning plane and 〈α〉 is the mean
wind direction of the ensemble of each case (Table B.1).

Table B.1: Wind conditions during the selected case studies, whereN is the number of the scans
realized, Ubin is the 1-ms−1 range between the minimum and maximum wind speed in a bin,
〈u〉 and σu is the mean and standard deviation of the streamwise wind and 〈α〉 and σα are the
mean and standard deviation of the wind direction, dy the expected displacement of the center
of the wake. A, B and uo are the fit parameters of the upwind profle using Eq. B.8.

Case N [#] Ubin [ms−1] 〈u〉 [ms−1] σu [ms−1] 〈α〉 [◦] σα [◦] dy [m] uo A B

I 23 6.5 - 7.5 7.15 0.27 288.0 2.2 0.30 4.36 2.56 -0.41
II 43 7.5 - 8.5 7.95 0.27 287.7 2.5 0.34 4.95 2.87 -0.52
III 14 8.5 - 9.5 8.89 0.28 288.8 2.9 0.18 5.55 3.26 -0.62
IV 12 9.5 - 10.5 10.11 0.28 292.7 2.4 -0.40 6.65 3.11 -0.43
V 9 10.5 - 11.5 11.05 0.20 293.2 1.6 -0.48 7.24 3.43 -0.47
VI 5 11.5 - 12.5 11.87 0.35 293.1 1.6 -0.43 7.84 3.43 -0.40

Results

Wind profile analysis

In Fig. B.6 the vertical profile of the streamwise component in the wake (y/H=0) is pre-
sented and compared to the corresponding upwind, for each of the six wind speed cases. It can
be observed that in most of the cases the upwind and downwind profile above 1.2H is approx-
imately the same. An exception is observed in the fifth case, where the downwind profile is 6 %
lower than the upwind for z/H ≥ 1.2. In the cases I – IV the wind speed deficit is concentrated
between 0.2 ≤ z/H ≤ 1.2. A different trend is exhibited in the profile of the sixth case, which
corresponds to the highest wind speed, in which the wind speed deficit is observed to extend
up to a height of 1.8H . A decrease of the deficit is appearing in all the profiles, in the region 0.6
≤ z/H ≤ 0.9, which is attributed to an increase of the porosity of the crown at the area.

The accuracy in the measurement of the streamwise component of the flow is evaluated
using the data from the ten sonic anemometers of the M2 mast as a reference ( B.7). The result
of a linear fit shows that the measurements of the two instruments are in good agreement (mean
absolute error: 0.35 ms−1) and highly correlated (R2 = 0.98).
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Figure B.6: Vertical profile of the mean streamwise (〈u〉) component of the six wind speed
cases of different wind speeds as measured by the SRWS (blue) and up- and down-wind sonic
anemometers (red and black, respectively). A model of the up-wind profile is also presented in
a thick red line. The error bars correspond to one-standard deviation about the mean.
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Figure B.7: Scatter plot of the mean streamwise component measured in the wake of the tree
by a SRWS versus the corresponding sonic anemometer measurements. The dashed line cor-
responds to the identity line. The linear fit over the ensemble of all the cases is presented with
a black line.

Center of aerodynamic deficit

The location of the center {yc, zc}of the wake of the tree is estimated by calculating the cen-
ter of gravity of the aerodynamic deficit. The calculation is based on those grid cells where the
normalized by the corresponding upwind profile measurements was found to be below 90%.
For the normalization step, the upwind conditions are considered horizontally homogeneous
and thus the wind profile measured by the M1 meteorological mast is considered to be charac-
teristic of the vertical upwind flow across the whole area covered by the scanning pattern.

The wake center is then calculated using the following equations:

yc =

∑N
i=1 y0.9[i]û0.9[i]∑N

i=1 û0.9[i]
and zc =

∑N
i=1 z0.9[i]û0.9[i]∑N

i=1 û0.9[i]
, (B.10)

where N is the total number of those grid cells where the normalized streamwise component
is equal or smaller than 90%. The calculated transverse offsets (yc) of wake center, which are
presented in Table B.2, are found to be very similar to the predicted displacement of the wake
due to the horizontal wind direction (dy in Table B.1). The height (zc) of the wake center is found
to be within 4.3 – 4.5 m for all the cases.

An example of the wake center location is presented in Fig. B.8, where it is observed that the
wind speed deficit is not homogeneous within the wake. This is also depicted in the horizontal
normalized profile of the streamwise component between the regions y/H ≥ 0 and y/H ≤ 0.
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Figure B.8: Example (Case II) of the mean a. measured (〈u〉) and b. normalized by the upwind
profile (〈û〉) streamwise component of the case II. The vertical and horizontal profiles that in-
tersect at the aerodynamic center, depicted by white dashed lines in b. are presented in the
plots c. and d., respectively.

Determination of the inlet area of the control volume

According to the mass conservation, the mass flow through the outlet should match that of
the inlet (Eq. B.2). Because the tree decelerates the flow, the area of the inlet is therefore smaller
than that of the outlet. Here, we shrink the area of the inlet such that the mass flow matches
the outlet mass flow.

Due to the distance of the crown from the ground, the inhomogeneous geometric shape
of the frontal area of the crown and of the porosity of the tree, it is difficult to predict whether
the streamlines of the free flow will get diverged homogeneously towards all the radial direc-
tions or whether they will tend to diverge more above or around the tree. In order to assess the
importance of the shape of the inlet surface relative to the outlet surface, we investigate three
different divergence patterns according to which, the streamlines: a. are homogeneously dis-
tributed around an ellipse, b. that they tend to flow mainly above or c. around the tree (Fig B.9).

The estimation of the inlet area for each of the three streamline divergence cases was per-
formed using the following procedure: First the inlet and outlet areas were defined as two el-
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Figure B.9: Three patterns of streamline divergence due to the presence of the tree, according to
which the streamlines are considered that a. diverge homogeneously radially from the center
of the tree, b. diverge mainly above and below the tree and c. diverge mainly around the tree.

lipses, described by the following equations:

(y − yc)2

(ainlet + da)2
+

(z − zc)2

(binlet + db)2
= 1 and (y − yc)2

a2outlet
+

(z − zc)2

b2outlet
= 1, (B.11)

where ainlet, binlet and aoutlet, boutlet are the major and minor semi-axis, of the inlet and outlet
area, respectively. The parameters da and db are used to add a weight to the diverging of the
streamlines (homogeneous da = db, mainly above da = 2db and mainly around da = db/2). yc
and zc are the coordinates of the center of the ellipse.

Subsequently:

1. Decrease the area of inlet by a parameter d, which varied between 0.0 and 1.5 m, with a
step of 0.25 m.

2. Apply a spatial two dimensional linear interpolation in the planes, where the inlet and
outlet areas was located.

3. Estimate the different in the mass rate using the Eq. B.5.

4. Use an inverse function to estimate the zero crossing of the interpolated function.

In Fig. B.10, the curves of the mass rate for each wind speed case, is presented for the three
different streamline divergence hypothesis (plot a: homogeneous, c: above, e. around). The
corresponding normalized by the product ρUinlet[4 m] show that the differences of the mass
rate is not dependent to the upwind wind speed.

The results are presented in Table B.2. The largest decrease of the inlet area is observed
in the case when the streamlines are homogeneously expanded radially to all the directions
around the tree. The larger decrease of the upwind area is required, in the case that the stream-
lines diverge more to the sides. In all the cases, the decrease of the inlet area was approximately
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equal, regardless the upwind wind speed, except from the last case where a larger inlet area is
estimated.

Figure B.10: Measured (left column: a, c and e) and normalized (right column: b, d and f) by
the mean wind speed, difference of the mass rate between the inlet and outlet vertical ellipti-
cal planes, for different dimensions of the inlet plane for three different streamline divergence
patterns.

Estimation of drag force

In Fig.B.11 the results of the estimation of the drag force (Fbm) based on the momentum
deficit (Eq.B.6) are presented. Prior the integration over the inlet and outlet surface areas, the
spatial resolution of the measurements in the two planes was increased using a two-dimensional
linear interpolation, from 0.5 m to 0.01 m. This step was performed in order to ensure the mass
rate between the two areas is in equilibrium.
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Table B.2: Values of the size of the inlet area for each of three hypothesis of the streamlines di-
vergence. {yc, zc} are the transverse and vertical coordinates of the location of the wake center,
d andAinlet is scaling parameter and the size of the inlet area, respectively.

Cases yc zc
Pattern 1 Pattern 2 Pattern 3

d [m] Ainlet [m2] d [m] Ainlet [m2] d [m] Ainlet [m2]
I 0.4 4.5 0.63 48.5 0.74 45.6 0.91 41.5
II 0.4 4.4 0.65 47.9 0.79 44.5 0.94 40.6
III 0.3 4.4 0.63 48.4 0.77 44.9 0.90 41.6
IV -0.7 4.4 0.59 49.4 0.70 46.6 0.84 43.1
V -0.6 4.3 0.63 48.5 0.76 45.1 0.90 41.6
IV 0.1 4.4 0.55 50.6 0.65 47.8 0.79 44.4

A non-linear model fit (F = bUn), was applied to the the data of all the cases, excluding
the case V (〈u〉= 11.05 ms−1). The reason of the exclusion is the difference between the upwind
and wake profile in the heights above z/H ≥ 1.2 (Fig.B.6e), which will lead to a positive bias
for this case.

Based on the fitting model, the drag is proportional to the wind speed raised at the power
of 1.8. This result is consistent for all the three hypotheses concerning how the streamlines di-
verge. The estimated values of the drag (Fd) using the method based on the momentum deficit
are on average lower than the ones estimated using measurements of the bending moment
(Fbm) at the base of the tree (Figure B.11). The mean relative difference between the two meth-
ods, over the wind speed range 7 – 12 ms−1 (after excluding the case V (TableB.1)) is found to be
within the range of 17%, 15% and 18%, for each of the streamline divergence patterns examined
in this study.

However, both methodologies result to the same exponent for which the drag is propor-
tional to the wind speed (n = 1.8). This value is between the values 1.6 and 1.9 that have been
estimated on the same tree, during periods where the crown was fully developed and leafless,
respectively Angelou et al., 2019. This result should be expected since during the period exam-
ined in this study the leaves of the tree were in the abscission stage and thus the crown has lost
part of its foliage.

Impact of the turbulence stresses on the drag estimation

The deviation between the estimation of the drag force based on the two methods used in
this study, could be attributed partially to the assumption that the contribution of the turbu-
lence stresses is negligible.

The largest number of measurements in this study has been acquired in the wind speed
range 6.5 − 7.5 ms−1 (Case II, Table B.1). This set forms an ensemble of 43 scanning pattern
iterations, which is equivalent to a period of 17 minutes. Using this data set we can quantify
the contribution of the normal stresses to the conservation of momentum Eq. B.6, by including
two more terms that take into account the pressure force due to the normal stress in the inlet
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Figure B.11: Estimated values of the wind drag based on the momentum deficit,Fd (black dots),
and based on the bending moment, Fbm, measured by strain gauges in the bottom of the tree
trunk (gray line), for each of the streamline divergence pattern examined in this study. The
black solid line corresponds to a fit model. The two gray dashed lines corresponds to the esti-
mated wind load on the same tree during the summer (Fbms) and the winter (Fbmw ) based on
the results presented in Angelou et al. (2019).

and outlet surface of the control volume, can be written:

Fd =

∫
Ainlet

ρu2dA−
∫
Aoutlet

ρu2dA+

∫
Ainlet

τ11dA−
∫
Aoutlet

τ11dA. (B.12)

Here we ignore the turbulent momentum transport through the stream tube wall.
The vertical profile of the variance of the streamwise wind component at the lateral dis-

tance of y/H = 0, shows a strong increase in a thin-layer that is located within the height
range 0.8 ≤ z/H ≤ 1.1. The sonic (M2 at 6 m) that it is found within the width of this layer is
also measuring an increase of the variance. The measured variance from the sonic anemome-
ter is generally higher than the one calculated from the short-range WindScanner. Since the
wind lidar instruments measure over a probe length, the high frequency turbulence is partially
filtered and therefore an underestimation should be expected (Angelou et al., 2012). This ob-
servation could be explained either by random noise in the WindScanner data that results in a
bias of the second order estimation, or due to an offset in the vertical position of the scanning
plane.

The thin layer where an increase of the streamwise variance is observed in Fig. B.12a is
extended radially along the periphery of the crown Fig. B.12c. This layer corresponds to the
mixing-layer where momentum is transferred from the free flow towards the center of the wake.
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Figure B.12: a. Vertical profile at y/H = 0, of the 〈uu〉 variance measured at the upwind
distance of x/H = −2.3 (red dots) and at the downwind of x/H = −1.5 (black, M2) and
x/H = −1.3 (blue, scanning plane). b. Linearly interpolated plane of the upwind 〈uu〉 vari-
ance and c. measurement of the 〈uu〉 variance in the wake of the tree.

By applying the same methodology used for the estimation of the momentum deficit, which
included interpolation and integration over the areas of the inlet and outlet surfaces, the result-
ing contribution of the normal stresses is calculated according to (B.12). This results shows that
part of the momentum deficit should be attributed to the surface forces. Therefore, the estima-
tion of the drag force by using solely the momentum deficit could lead to an overestimation of
the drag by approximately 3.5%.

Discussion

Uncertainties

The difference between the reference method and momentum deficit method could be at-
tributed to the assumptions that were made for the formulation of the conservation of momen-
tum. For example, since the scanning plane is close to the tree (z/H=1.3) a pressure imbalance
between the inlet and outlet surfaces of the control volume could be expected. This distance
was selected due to limitations of space in the lee-side of the tree, however ideally the scan-
ning plane should be further away. Furthermore, it has been assumed in this study that the
momentum transport through the sides of the stream tubes is negligible. The impact of the
pressure terms could be tested using the numerical Reynolds Averaged Navier Stokes (RANS)
simulations, that have been performed on the same tree and which showed a close agreement
with wind observations in the wake of the tree (Dellwik et al., 2019). The difference between
the RANS study and the work presented in this article is that the tree in the RANS study used
with a fully developed foliage on its crown. Therefore we cannot quantify exactly the effect of
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pressure differences between the inlet and outlet surface. However, it could provide a valuable
insight regarding the maximum pressure difference that is expected in the wake at the down-
wind distance where the scanning plane was located.

Another possible explanation for the discrepancy between the reference and momentum
deficit methods concerns an error in the reference method. Here, we have followed the method-
ology presented in Angelou et al. (2019), in which the calibrated bending moment from the
strain gauges is translated to a drag force using an estimation of the lever arm. The estimation
of this parameter is very challenging in a three-dimensional complex object, such as a mature
tree. In this study the lever arm location is estimated by the geometrical center of the tree sur-
faces. The height of the wake center (Table B.2) is found approximately 0.6 m higher than the
geometric center used in the study of (Angelou et al., 2019) as the height of the bending mo-
ment lever arm. An underestimation of that parameter would lead to the overestimation of the
bending moment using the strain gauge methods, which could explain partially the difference
between the two methodologies used in this study.

Future perspective

Despite the difference between the two methods, the results presented in this study are en-
couraging regarding the possibility to quantify the drag exerted by objects on the wind using
only wind observations. This methodology does not require detailed information on the geom-
etry of the object, as long as it is ensured that the measuring volume contains the far wake of
the object.

Conclusions

We presented a new way of estimating the force on a solitary, open-grown, mature tree and
compared it to observations from a tree mounted sensor. The flow field in a cross section of the
wake the tree was measured with a high spatial resolution using three synchronized wind scan-
ning lidars. The measurements were acquired during a short field experiment and the analysis
is limited to a narrow wind direction interval, where the flow is near-perpendicular to the scan-
ning plane. The acquired observations were used to estimate the drag by applying the momen-
tum conservation principle to a control volume, where only the inlet and the outlet faces of
the control volume was measured while the contribution from the side walls was sought elim-
inated using mass conservation. The momentum conservation applied to five different wind
speed cases (7 – 12 ms−1) showed that the power exponent of the drag force – wind speed re-
lation was equal to 1.8. The departure from the quadratic exponent that characterizes bluff
bodies, shows that the tree tends to streamline under wind loading. This result is consistent
with measurements of the bending moment at the base of the tree, but a discrepancy of 14 –
18% underestimation of the momentum deficit method was found. This discrepancy increases
by approximately 3% when the turbulent transport through the in- and outlet of the control
volume is taken into account. Two possible error sources have been identified: the force es-
timation based on the tree-mounted bending moment sensors may be overestimated and the
pressure terms in the momentum deficit approach may not be negligible.
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Abstract

Solitary trees can be found in most landscapes, yet their influence on the surrounding air
flow is poorly known. In this paper, we present for the first time, spatially resolved measure-
ments of the wind field in the near-wake region of a mature, open-grown tree. For this purpose,
we demonstrate the feasibility of utilizing three scanning Doppler wind lidar instruments to re-
solve the wind vector in a vertical cross-section of the wake. These measurements represent a
new level of detail, previously not attainable in full-scale experiments. The resulting data shows
that the mean wind speed deficit is concentrated in an area similar to the dimensions of the
crown, which is bounded by a layer of high turbulence. In that region, we show that the lo-
cal transverse gradient vector of the streamwise wind component is has the opposite direction
to the momentum flux vector, which supports the eddy-viscosity hypothesis. The turbulence
length scale (l) in that layer is found that it can be described approximately by one, height-
independent, characteristic value. This length scale when normalized by the tree height (H) is
found to be equal to 0.03, at a downwind distance of 1.3H . These results point to that is feasible
to include the effects of solitary trees into the commonly used wind and dispersion models.

Introduction

Solitary trees are common elements on Earth’s surface, planted or naturally grown, in ur-
ban, rural and grassland (e.g. Savannah) areas. The effect that trees have on the physical en-
vironmental processes that define the micro-climate are largely dependent on the mechanical
wind-tree interaction (de Langre, 2008). This interaction has consequences on both the tree, via
a forcing to a wind-adapted growing (Telewski, 1995) and on the wind conditions at the lee side
of the tree. Trees distort the free wind, by reducing the mean wind speed, thus providing shelter.
The reduction of the mean wind speed is coupled with variation in the atmospheric turbulence
between the free and wake flow. The turbulence length scales that describe the fluctuations in
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the wake of a tree control the mixing of momentum and scalar quantities. The accurate es-
timation of the momentum transfer vertically and horizontally is crucial for determining the
relationship between the structural characteristics of a tree and the turbulence mixing-length
scales.

Due to the flexibility of the individual parts of a crown of a full-scale trees, the description
of their interaction with the wind requires highly complex considerations(Gosselin, 2019). The
wind-tree interaction, with a focus on the surrounding flow around solitary trees, has been in-
vestigated using numerical tools in the case of both ideal model (Gross, 1987) and full-scale
(Dellwik et al., 2019) trees. Numerical studies are performed using solutions of the Navier
Stokes equations. In the case of the Reynolds Average Navier Stokes (RANS) method, the ac-
curacy of the results rely on the flow representativeness by the model used as a closure(Pope,
2000).

The validation of these models is investigated usually in wind tunnel flow characterization
studies. In the case of the trees, such studies have been performed using small natural (Ishikawa
et al., 2006; Lee et al., 2014; Manickathan et al., 2018), scaled artificial (Gromke et al., 2008) and
scaled fractal-shaped (Bai et al., 2012) trees. This type of research studies, has the advantage of
providing details of both the spatial and temporal features of an heterogeneous flow using both
in-situ (Ishikawa et al., 2006) and remote sensing techniques, as the Particle Image Velocimetry
(PIV) (Bai et al., 2012; Lee et al., 2014; Manickathan et al., 2018) and the Laser Doppler Velocime-
try (LDV) (Gromke et al., 2008). However, the interpretation of the results assumes that a scaled
model is a realistic representation of a full-scale tree.

In this study we provide a new insight into the wind conditions on the lee side of a full-
scale, open-grown deciduous oak (Quercus robur). The tree, with a 6.5 m height (H ) and a
crown width equal to 8.5 m, is located along the shores of the Roskilde fjord (Denmark) (32U,
694598E, 6175776N), at a distance of ∼56 m from the coast and at 2.6 m above the sea level
(a.s.l.).

The features of the wind in the wake of the tree are observed using a novel measurement
technique which is based on the synchronous operation of three scanning Doppler wind light
detection and ranging (lidar) instruments (Short-Range WindScanner (SRWS) (Sjöholm et al.,
2018)). This remote sensing technique does not require the release of trace particles. The mea-
suring concept is based on the naturally suspended aerosols in air and the measurement of
the induced Doppler shift to a transmitted electromagnetic radiation (Henderson et al., 2005).
When three line-of-sight wind measurements intercept in one location, then it is possible to
fully resolve the wind vector within any assumptions of the wind flow. As described by Mikkelsen
et al. (2017), this feature is very useful on locations where the wind flow is expected to be highly
complex, as in the case of flow over forests or hills, or in the case of wakes from wind turbines
or surface obstacles.

Using a system of three scanning wind lidar instruments we perform a characterisation of
the three-dimensional wind vector in a cross section of the near-wake of a full-scale tree with
high spatial resolution. The novelty of this study is that the synchronous scanning allows the
estimation of both the first and second order moments of the flow, such as the momentum flux.
Information regarding the experimental setup, the selection, post-processing and analysis of
the data can be in found in the Methods section of this manuscript. The features of the flow
have been determined over an area that encapsulated both the tree wake but also the free wind,
revealing this way the differences in the characteristic features of the two flows. We further
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investigate the eddy-viscosity hypothesis (Pope, 2000) and the corresponding mixing length
scales of the turbulence eddies.

Figure C.1: Photographs of the oak tree and the experimental setup. (a) Area around the oak
where the location of the three SRWS instruments (R2D1, R2D2 and R2D3), the two meteoro-
logical masts (M1 and M2) and the surveillance camera used are marked. (b) An upwind view
from the lee side of the tree’s crown and stem, with four of the ultra-sonic anemometers on the
downstream mast in the foreground. The upstream mast can be discerned partly behind the
tree.

Methods

Experimental Setup

For the needs of this study, we define a right-handed coordinate system whose origin is at
the base of the tree stem and the x-axis is pointing towards 110◦ relative to the geographic North
(Fig.C.2).

Scanning mode

The location of the SRWSs, displayed in Fig. C.2b, was selected based on the criteria that i.
the instruments should be as close as possible to a measuring position in order to ensure short
probe lengths (Angelou et al., 2012), ii. the measuring area should be within the field-of-view
of each lidar, and iii. the three beam directions should at every measurement point be able to
resolve a three-dimensional vector. This last point is not fulfilled closest to the ground where
the line-of-sight of the laser beams are close to being horizontal, making it impossible to resolve
the vertical component of the wind vector. The SRWS instruments were programmed to acquire
measurements within a rectangular vertical plane, that was parallel to the y-axis at a distance of
8.5 m (1.3H ) from the tree towards the leeward direction. At that distance, the terrain is elevated
by 0.25 m in comparison to the location of the tree. In this study, we assume that the flow is
following the terrain and therefore all wind measurement locations are presented relative to the
corresponding local ground level. The plane was synchronously scanned using a trajectory that
consisted of 30 vertical lines that extended from 1.5 m (0.2H ) to 16 m (2.5H ). The lines spanned
from −7.25 m (−1.1H ) to 7.25 m (1.1H ) across the y-axis forming a rectangle, whose height
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Figure C.2: Depiction of experimental setup. (a) Upstream view along the x-axis of the rect-
angular lidar scanning plane covering the tree wake showing the sonic anemometers at the
lee-side of the tree and (b) top view of the experimental setup in a three-dimensional Cartesian
right-handed coordinate system. The hat (ˆ) symbol denotes normalized by the tree height.

and width are 2.5H and 2.2H, respectively. For the specific configuration used in this study,
the probe length of the individual SRWS varied between 0.25 and 1.87 m, depending on the
measuring positions. The three beams were following the path of the lines with an alternating
motion direction, starting from the lowest height (Fig. C.2c). The scanning duration of each line
was 710 ms (scanning speed equal to 20 ms−1), which including the transition time between
two neighbouring lines (90 ms), resulted in a scanning duration of the whole rectangle equal to
24 seconds. Following the completion of one scanning plane, the three beams were returning to
the original location of the first measurement within 2 seconds. These characteristics resulted
in completing approximately 25 iterations of the scanning pattern per 10-minute period.

Post-processing and Data Analysis

The data acquired within an iteration of the scanning trajectory was grouped in square grid
cells with a dimension of 0.5×0.5 m. The scanning speed (20 ms−1) and the sampling rate (205
Hz) of the instruments resulted in acquiring on average five Doppler spectra per grid cell per
scanning pattern iteration. The Doppler spectra acquired in each grid cell were averaged in or-
der to decrease the variance of the noise floor. Finally, the estimation of the Doppler frequency
was performed using a method based on the median of the accumulated energy in the spec-
trum. This method has been proven to be less affected by noise and to produce accurate first
and second order statistics (Held et al., 2018).

Sonic anemometers

In addition to the lidar measurements, high-frequency (20 Hz), in-situ observations of the
wind vector were performed in this study, using sonic anemometers. Two meteorological masts
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used, were equipped with sonic anemometers (uSonic-983 Basic, Metek Gmbh, Hamburg, DE),
installed at five different heights 1.5 m (0.23H), 4.0 m (0.62H), 6.0 m (0.92H), 8.5 m (1.31H) and
11.0 m (1.69H), above ground level (a.g.l.). The two masts (hereafter denoted as M1 and M2)
were located in two anti-diametric locations from the tree (Figure C.2). The positions were cho-
sen in order to allow the simultaneously monitoring of the wind conditions in both the wind-
ward (M1) and the leeward (M2) direction of the tree, when the wind direction was 290◦. The
sonic anemometers in both masts were installed on booms pointing towards 110◦. In addition,
the M2 mast was instrumented with five more sonic anemometers, in booms pointing towards
20◦. Base on the dimension of the booms, an array of ten sonic anemometers was formed in the
M2 mast, with a width of 3.6 m (0.55H) and a height of 10 m (1.53H). A flow distortion correc-
tion algorithm was applied to all the sonic anemometer data following the method described
in Peña et al. (2019).

Data selection and validation

Figure C.3: Time series of the 26-second mean speed and direction of the wind. The pre-
sented data was acquired during the 3-hour period examined in this study. The wind speed
and direction was measured in five different heights, z = 1.5, 4.0, 6.0, 8.5 and 11.0 m a.g.l., at
the windward side of the tree by sonic anemometers on the M1 mast. The red dots correspond
to the data selected for the analysis.

This study focuses on a period of three hours (13.30 - 16:30), during which the wind came
from the direction 275◦-305◦ (Fig. C.3). In this sector the streamwise wind component (u) is
approximately aligned to the x-axis of the coordinate system and the wake is expected to be
within the scanning plane. The ambient mean wind speed varied between 7 - 15 ms−1, in all
heights, except at the location of the lower sonic anemometer (1.5 m) which reported relatively
lower wind speeds.

The sonic anemometer measurements, at 4 m, on the M1 meteorological mast were used
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as reference of the horizontal wind speed and direction. Subsequently, the WindScanner data
of each iteration of the scanning pattern, was grouped according to their corresponding 26-
second mean wind direction of the period, when it was acquired.

First and second order moments of the wind vector components in the lee side of the tree
were estimated, using the ensemble of the data acquired by the individual scanning pattern
iterations, when the upwind direction was between 282 - 287 degrees (Figure C.3). This wind
direction sector was selected since it was the one with the most frequent occurrences (96 scan-
ning pattern iterations). The wind speed during these occasions varied between 6 - 10 ms−1,
with a mean 7.9±0.9 ms−1. Prior the estimation of the the wind statistics, two post processing
steps were performed. First, a filtering was applied by treating wind vector measurements that
laid outside the inner and outer lower fence of the corresponding distribution as outliers. After-
wards the wind speed measurements of each iteration, were normalized by the corresponding
26-second mean wind speed (Uref ), acquired at 4 m at the upwind mast.

Atmospheric stability

During the period examined in this study, the local atmospheric conditions were charac-
terized by neutral stability as the height normalized by the Obukhov length L, the so-called
stability parameter, was found within the range 0 < z/LO < 0.01.

The Obukhov length LO was derived using the 10-minute statistics based on the measure-
ments of the windward sonic anemometer at 4 m, through the expression:

LO = −To
κg

u3?
Qo

, (C.1)

whereTo is the temperature at a height z,κ is the von Karman constant,u? is the friction velocity
defined by u? = (〈u′w′〉2 + 〈v′w′〉2)1/4, Qo=〈θ′w′〉 is the surface virtual temperature flux (here
we use the sound virtual temperature) and g is the gravitational acceleration (Wyngaard, 2010).

Results

Accuracy in the estimation of the first and second order moments

The accuracy of the SRWS in resolving the wind vector was evaluated using the sonic anemome-
ters located in the lee-side of the tree. In Fig. C.4, the vertical profile of the mean streamwise
component of the wind (〈û〉) and of the spanwise (〈û′v̂′〉) and vertical (〈û′ŵ′〉) horizontal mo-
mentum fluxes, where ′ means the deviation from the mean, measured by the SRWS and the
co-located sonic anemometers, are presented. The uncertainty on the first and second order
statistics is estimated by splitting the ensemble in four equally sized subsets and subsequently
calculate the ratio of the standard deviation of each moment with the square root of n − 1
(n = 4).

It is observed that the vertical profiles of the mean streamwise component measured by
the SRWS are consistent with the sonic anemometers, regardless the vertical and transverse
distance. The difference between the individual first order moment estimations of the SRWS
and the sonic anemometers are varying between 0.2–7.7 %, depending on the location. The
lowest differences, in the order of 0.6%, are found in the lowest (i.e. 1.5 m) and highest (i.e.
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Figure C.4: Vertical profiles of the first and second moments. a-f The vertical profile of the
normalized mean streamwise wind speed (〈û〉), the spanwise (〈û′v̂′〉) and vertical (〈û′ŵ′〉) fluxes
of the horizontal momentum, as measured by the SRWS (blue) and downwind (black) and up-
wind (red) sonic anemometers in two different lateral positions (a-c) in the center ŷ = 0 and
(d-f) towards the edge (ŷ = 0.55) of the wake. The blue area corresponds to the estimated val-
ues of the statistical uncertainty of each quantity. The ẑ denotes the, normalized by the tree
height, vertical axis. The horizontal dashed line corresponds to the tree height.

z ≥ 8.5m) heights. In the wake the differences are increased to 4.1–7.7%. A cumulative relative
difference of 3% is found between the two. As far as it concerns the second order moments,
the vertical trends of variances and covariances of measured by the sonic are also captured by
the SRWS. The accuracy of the measurement depends on the position, since, especially in the
heights above the tree the fluxes tend to be approximately equal to zero.
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Wake characterization

Figure C.5: Normalized first and second moments of the wind in the lee side of the tree. a-f,
(a) mean streamwise component 〈û〉, (b) spanwise (∆〈û〉/∆ŷ) and (c) vertical (∆〈û〉/∆ẑ) gra-
dient of the mean streamwise component, (d) streamwise variance 〈û′û′〉, (e) horizontal 〈û′v̂′〉
and (f) vertical 〈û′ŵ′〉 covariances of the longitudinal wind component. The hat (ˆ) denotes
normalized values. The dashed line in all figures represents the periphery of the tree. ŷ and ẑ
denote the transverse and vertical axes normalized by the tree height.

In Fig. C.5, we present the normalized ensemble average of the streamwise wind compo-
nent (〈û〉) in a vertical plane at the lee side of the tree and at a distance equal to 8.5 m (normal-
ized by the tree height distance x̂=1.3). At that distance, the shape of the wake depicted by the
wind speed deficit resembles that of the tree’s crown (Fig. C.5a). The non-axisymmetric feature
of the wake is attributed to the inhomogeneous shape and distribution of the leaf-area-index
(LAI) of the tree’s crown, as presented in the work of Dellwik et al. (2019) for the case of the tree
used in this study. No recirculation is observed in any part of the wake.

At the height (ẑ=0.6H) of the reference upwind speed (Uref ) the minimum normalized wind
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speed observed in the wake is measured to be equal to 0.27. This deficit of the upwind free
wind represents the momentum absorption that the tree induces to the wind, which is char-
acterized by the steep gradients of the spanwise (∆〈û〉/∆ŷ) and vertical (∆〈û〉/∆ẑ) gradients
of the streamwise component (Fig.C.5b–c). The spatial variation of the gradients depicts the
impact of the in-homogeneous LAI. In the spanwise gradient of the streamwise component
(∆〈û〉/∆ŷ), higher values are found in the region −0.7 < ŷ < −0.2 than between 0.2 < ŷ <
0.7.

The edges of the wake are characterized by an increase of the streamwise variance 〈û′û′〉.
This increase reveals a thin interface layer of high turbulence, with a width between 1 – 2 m (0.15
– 0.3 H), extending along the periphery of the tree’s crown. This layer corresponds to the area
where momentum transfer between the free wind and the center of the wake takes place and it
is a typical feature of wakes generated by porous bodies (Huang et al., 1995). This momentum
transfer results in high values of the 〈u′v′〉 and the 〈u′w′〉 covariances, as presented in Fig. C.5
(e) and (f). The horizontal covariance has alternating signs in both sides of the tree and it is
about half the one measured above the tree.

Eddy viscosity hypothesis

The increase of the 〈û′v̂′〉 and 〈û′ŵ′〉 covariances, as presented in Fig.C.5e–f, is observed
at the sides and the top of the tree’s crown. This shows that the momentum fluxes are mov-
ing towards the center of the wake. In the case of flows under neutral atmospheric stability,
as the conditions during this study, turbulence is generated mechanically. In these conditions,
the momentum fluxes can be considered proportional to the gradient of the streamwise wind
component. This hypothesis, which was introduced by Boussinesq as eddy-viscosity hypothe-
sis (Pope, 2000), can be mathematically formulated as:

〈u′v′〉 = −Km∇y,z 〈u〉 , (C.2)

where 〈u′v′〉 is the covariance of the transverse wind vector v = {v, w} with the streamwise
component u, Km is the eddy viscosity and∇y,zu is the transverse gradient of the streamwise
component. The eddy viscosity is a variable that describes locally the flow and it is dependent
on the atmospheric conditions. According to Eq.C.2 the direction of the fluctuations of the
mean streamwise component is opposite to the direction of the covariance vector.

The validity of this hypothesis in the three-dimensional flow in the near-wake of the tree, is
investigated in locations, where the mean wind is characterized by a high transverse gradient.
In specific, grid cells with high gradients are selected (H/Uref |∇y,z 〈u〉 | > 1) (Fig.C.6a). In those
grid cells we show that the angle of the gradient vector (Fig.C.6c) is radially pointing outwards
from the center of crown. On the contrary, the vector of the covariances is pointing inwards
(Fig.C.6d). The mean difference between the two angles is equal to 178◦, with a standard de-
viation of 30◦ (Fig.C.6e). The observation that the direction of the gradient vector is most of
the times antiparallel to the covariance vector, shows the validity of the eddy viscosity hypoth-
esis in the case of the near-wake of a tree. Large deviations from the 180◦ are be attributed to
random errors in the estimation of the covariances.
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Figure C.6: Length and direction of the transverse gradient and streamwise covariance vec-
tor. a–e, length of (a) the gradient∇y,z 〈u〉 and (b) the covariance vector 〈u′v′〉, direction of (c)
the gradient and (d) the covariance vector and (e) histogram of the corresponding differences
of the two directions. The hat (ˆ) is used to denote normalized values. The dashed line in fig-
ures (a) – (d) represents the periphery of the tree. ŷ and ẑ denote the transverse and vertical
axes normalized by the tree height.

Mixing length scales

According to Prandl’s mixing-length theory (Pope, 2000), the eddy-viscosity is equal to the
absolute local gradient times the square of a length scale L:

Km = L2 |∇y,z 〈u〉| , (C.3)

where L is a characteristic length scale that describes the size of the dominant turbulence ed-
dies in a volume of air.

By substituting Eq.C.3 into Eq.C.2, the length scale can be expressed as a function of the
length of the covariance and gradient vectors:
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Figure C.7: Mixing-length scale, a-c. (a) Normalized length-scales (L̂) in the region where
high gradients are observed. The dashed line indicates the periphery of the tree. (b) Verti-
cal profile of length scales in the wake (black) and upwind (gray) estimated using the SRWS
measurements. Length scales in red are based on measured fluxes from sonic anemometers
and mean gradients from the SRWS. (c) Magnitude of the transverse gradient of the horizon-
tal mean wind speed versus the square root of the length of the transverse vector of horizontal
momentum flux. The line is a linear least squared orthogonal distance fit forced through zero.

L =

√
|〈u′v′〉|

|∇y,z 〈u〉 |
(C.4)

Using the estimated values of the length of the gradient and covariance vectors, presented
in Fig.C.6a–b, we estimate an individual length scale per grid cell Fig.C.7a. The length scales
describe the eddy sizes that are responsible for the momentum transfer between the free wind
and the wake. Overall, longer length scales are observed on the periphery of the crown of the
tree. In addition, higher values are found on the side of the crown that lies in the positive y-axis.
This can be attributed to the lower gradients that we have observed at that area of the crown
(Fig C.5b), which again can be explained by a more gradual transition of high LAI to zero.

The cross-spectral density of the horizontal and transverse wind components at 6 m (0.92H)
shows a much more vigorous transport of momentum downwind compared to upwind (Fig.C.8).
A strong negative peak in the uw-co-spectrum is found at 0.7 Hz. The peak is found to be 13
times higher than upwind at the same height. The vertical covariance is stronger than the hor-
izontal, in consistency to the observations of Fig. C.5 (e, f). Beyond that frequency the down-
wind co-spectra start to drop. This peak is a feature found in the edges of the near wake of
porous bodies and represents the characteristic frequency of the turbulence vortices. These
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vortices are small in the near wake and grow with downwind distance (Huang et al., 1996).
More information regarding the estimation of the cross-spectral density can be found in the
Supplementary material of this manuscript.

Figure C.8: Co-spectra of the along-wind component and the transverse components for both
the upwind (dashed line) and downwind (solid line) sonic anemometers at 6 m in the M1 and
M2 masts.

The horizontally averaged mixing length-scale in the wake shows no variation with height
(FigC.7b). Furthermore, its magnitude seems unrelated to the length-scale in the free wind.
The free-wind mixing length scales are estimated by applying Eq.C.3 to grid cells at the sides of
the tree that are free of the wake (|ŷ| > 1) and subsequently average with height. In Fig.C.7b
we show that even though the free wind length scale is increasing with height, the horizontally
averaged length-scale of the wake is approximately constant with height. The Pearson’s corre-
lation coefficient between the square root of the length of the covariance and of the transverse
gradient vectors of all the individual grid cells is 0.78. Using the least-squares method the aver-
age normalized length scale is found to equal to 0.03, or 0.03× 6.5 = 0.2 m.

Discussion

In this study, we present spatially distributed measurements of the wind vector acquired
by three scanning wind lidars. We use these measurements to estimate the first and second
order moments of the wind in the wake. We focus on the area around the outer edge of the
crown, where strong near-wake turbulence eddies are formed, to validate the eddy viscosity
hypothesis and to estimate the turbulence mixing length in the wake.

The spatial variations of the mixing length scale are presented. On average, the mixing
length within the wake is shown not to depend on height. This observation is not in agree-
ment with results from fractal trees with a height dependent complexity, according to which
the mixing length scale should decrease with complexity of the structure of the tree Bai et al.,
2012. In the case of a full-scale open-grown tree, leaves and branches of varying scales are
in-homogeneously distributed in the crown volume. However, around the edges of the crown
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where this study is focused, it is expected that the elements of the tree have more similar sizes
and density.

Due to the probe length averaging along the line-of-sight of the wind lidar measurements,
the variances and covariances of the wind vector are underestimated. A comparison of the
mixing length estimated by the wind lidar and by the sonic anemometers using co-located
measurements, shows a on average a 20 – 30% underestimation, independent on the height.
Therefore, even though this has an effect on the magnitude of the mixing length, it does not
have an impact neither on the validation of the eddy-viscosity hypothesis nor on the constant,
when averaged with respect to height, values of the mixing length scale in the wake.

The strong correlation between the length of the covariance and gradient vectors shows
that the use of one length-scale to describe the turbulence eddies in the wake of a tree is a good
approximation. Finally, the results of this study highlight the value of remote sensing system
based on multiple scanning wind lidars to probe flows that are changing rapidly in space. These
variations could never be mapped in such detail with arrays of conventional in-situ sensors
such as sonic anemometers.
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Manuscript 3: Supplementary material

Supplementary material

Cross-spectrum

The contribution in the covariance of different frequencies was performed by the estima-
tion of the cross-spectral density (Bendat et al., 1986). The Fourier transforms of 110 time series
samples were multiplied and logarithmically smoothed Fig. C.8.

The cross-spectrum of the wind vector components is thus estimated using the following
formula:

Sij(f) = C
〈
ui(f)u∗j (f)

〉
(C.5)

where 〈〉 means average over the 96 time series samples used in this study, ∗ is the complex
conjugate, f the frequency, and C a normalizing constant ensuring that

∫∞
−∞ Sij(f)df equals

the covariance. The real part of the cross-spectrum, the so-called co-spectrum is shown in
figure. C.8.
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