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Abstract. A novel way of estimating near-surface mean flow
tilt angles from ground based Doppler lidar measurements is
presented. The results are compared with traditional mast
based in-situ sonic anemometry. The tilt angle assessed with
the lidar is based on 10 or 30 min mean values of the velocity
field from a conically scanning lidar. In this mode of mea-
surement, the lidar beam is rotated in a circle by a prism with
a fixed angle to the vertical at varying focus distances. By
fitting a trigonometric function to the scans, the mean verti-
cal velocity can be estimated. Lidar measurements from (1) a
fetch-limited beech forest site taken at 48–175 m a.g.l. (above
ground level), (2) a reference site in flat agricultural terrain
and (3) a second reference site in complex terrain are pre-
sented.

The method to derive flow tilt angles and mean vertical ve-
locities from lidar has several advantages compared to sonic
anemometry; there is no flow distortion caused by the instru-
ment itself, there are no temperature effects and the instru-
ment misalignment can be corrected for by assuming zero
tilt angle at high altitudes. Contrary to mast-based instru-
ments, the lidar measures the wind field with the exact same
alignment error at a multitude of heights.

Disadvantages with estimating vertical velocities from a
lidar compared to mast-based measurements are potentially
slightly increased levels of statistical errors due to lim-
ited sampling time, because the sampling is disjunct, and
a requirement for homogeneous flow. The estimated mean
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vertical velocity is biased if the flow over the scanned circle
is not homogeneous. It is demonstrated that the error on the
mean vertical velocity due to flow inhomogeneity can be ap-
proximated by a function of the angle of the lidar beam to
the vertical and the vertical gradient of the mean vertical ve-
locity, whereas the error due to flow inhomogeneity on the
horizontal mean wind speed is independent of the lidar beam
angle. For the presented measurements over forest, it is eval-
uated that the systematic error due to the inhomogeneity of
the flow is less than 0.2◦.

The results of the vertical conical scans were promising,
and yielded positive flow angles for a sector where the forest
is fetch-limited. However, more data and analysis are needed
for a complete evaluation of the lidar technique.

1 Introduction

Dellwik et al. (2010a) analyzed mean flow tilt angle and ver-
tical velocities from sonic anemometers near a forest edge
and found that instrumental precision is severely limited due
to flow distortion. Especially at the highly turbulent forested
sites, eddies hit the anemometer at steep angles of attack for
which it is usually not calibrated. Since the attack angle
distribution on the sonic anemometer is non-symmetric with
steeper attack angles from below than from above (Raupach
et al., 1996), flow distortion errors from updrafts and down-
drafts do not even out. If flow tilt angles should be related
to features in the terrain such as a forest edge, another is-
sue affecting the measurement precision concerns the verti-
cal alignment of the anemometer.
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In this study, we explore the possibility of using ground
based remote sensing wind lidars (LIght Detection And
Ranging) for mean flow tilt angle estimation. The lidar tech-
nique has the advantage that it is flow-distortion free and
builds on simple and fundamental physical principles. It also
enables measurements at several distances from the ground
in the exact same coordinate system. This last feature could
be used to correct for instrument misalignment, by applying
an assumption that far above the surface, mean flow tilt an-
gles are negligible.

Whereas sonic anemometry has been extensively used for
determining mean vertical velocities, the lidar anemometry is
a novel technique. Lasers have been used extensively to mea-
sure fluctuations of the vertical velocity (Lothon et al., 2006;
Davis et al., 2009; Mann et al., 2009), but the mean verti-
cal wind has never been reported. For the type of lidar used
in this study, the mean vertical velocity is calculated from
conical scans of velocities along the beam direction, and the
beam is focused at predefined heights. The mean wind speed
field can then be estimated from the scans. However, if the
terrain is not homogeneous and the flow field varies over the
cone, the derived velocities will be biased.

Ground-based remote sensing wind lidars are in rapid de-
velopment, due to technology improvements of lasers and
other optical components used in the telecommunications in-
dustry. The development is driven by the needs of the wind
energy industry to precisely estimate wind resources typi-
cally in the range of 80–150 m above the surface. The lidar
in focus for this study has been extensively tested since high
precision is needed for wind energy applications. For exam-
ple, Smith et al.(2006) reported that the instrument repro-
duces the horizontal mean wind speed at all the investigated
heights within a few percents, but can experience problems
when the distribution of backscatter is very inhomogeneous,
as in the case of low clouds or fog (Courtney et al., 2008).
Over the ocean the instrument has been used for wind re-
source estimation (Kindler et al., 2007; Pena et al., 2008a)
and wind profile measurements (Pena et al., 2008b) show-
ing very good agreement with cup anemometer up to 160 m.
For the conically scanning mode, which is used to derive the
horizontal wind speed, horizontal homogeneity is assumed.
However, as we shall see later, for measurements over ordi-
nary terrain this may not be a valid assumption, as pointed
out by Bingöl et al. (2009), and the error committed on the
horizontal mean wind speed may be up to 10% depending
on the steepness and complexity of the terrain. A second
application of the instrument in wind energy has been the in-
vestigation of flow around a wind turbine (Harris et al., 2007;
Bingöl et al., 2010).

Precise measurements of the flow tilt angle and the mean
vertical velocityW in the lower as well as upper part of the
atmospheric boundary layer are important for several rea-
sons. In the lower part, i.e. in the surface layer, correct es-
timation of mean tilt angle is crucial for understanding the
wind flow at obstacles, forests edges and in complex terrain.

The mean flow angle is of practical importance for operating
wind turbines, where angles different from zero may lead to
suboptimal performance. Another application concerns the
estimation of the vertical advection term for the surface car-
bon balance (Lee, 1998). In the upper part of the atmospheric
boundary layer,W is a modulator of convection, since areas
of rising air increase convection and areas of sinking air sup-
press convection (Lenschow et al., 2007). Also, for the un-
derstanding and correct modeling of the height of the atmo-
spheric boundary layer, which in turn is an important param-
eter for many surface layer processes, correct quantification
of entrainment processes are important. However, both in
the upper and lower part of the atmospheric boundary layer,
the measurement ofW and mean tilt angle poses an extreme
challenge for experimentalists due to its generally small mag-
nitude.

2 Theory

2.1 Vertical velocity measured by a homodyne lidar in
the conically scanning mode

Wind lidars utilize the Doppler shift of light emitted by a
laser and scattered back by aerosols to calculate the wind
speed in the direction of the beam. The technique is
calibration-free and relies only on the detection of the laser
light frequency shift. Currently, there are several wind li-
dars available commercially, but in this study the scope was
limited to the ZephIR lidar (Natural Power, UK), which was
the first to address the wind energy market. The ZephIR li-
dar calculates the mean wind field by rotating the laser beam
at a fixed half-opening angleϕ=30.4◦, such that the surface
scanned by the lidar beam has the shape of a cone. This mode
of measurement is called conical scanning mode and is also
common for radar measurements (Frisch et al., 1989). The
ZephIR lidar is a continuous wave wind lidar, which deter-
mines the measurement range by focusing of the laser beam.
As a result, the volume over which the wind speed is mea-
sured is increasing quadratically with height (Sonnenschein
and Horrigan, 1971; Smith et al., 2006). Mathematically, the
unit vector in the direction of the laser beam is given by

n = (cosθ sinϕ, sinθ sinϕ, cosϕ), (1)

whereθ is the azimuthal direction of the beam. The pro-
jection of a homogeneous mean wind fieldU = (U,V,W) =

(Uhcosθ0,Uhsinθ0,W), whereUh =
√

U2+V 2 andθ0 is the
mean wind direction, onton yields an expression for the line-
of-sight velocityvlos:

vlos(θ) = Uhcos(θ − θ0)sinϕ + W cosϕ. (2)

With the ZephIR lidar, the Doppler shift of the light is
measured using homodyne detection, which only enables the
determination of the absolute value of the Doppler shift and
not the sign. Hence only absolute values of the velocity can
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Site Lidar Duration of experiment Measurement height (m)

Sorø ZephIR prototype 2006 11 15 - 2007 01 06 48, 57, 65, 76, 92, 113, 175
Høvsøre ZephIR Commercial 2009 01 08 - 2009 11 02 40, 60, 80, 100, 116
Bolund ZephIR Commercial 2008 02 01 - 2008 02 05 11, 20, 50, 100, 300

Table 1. Overview of lidar experiments.
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Fig. 1. Examples of lidar line-of-sight velocities from conical scanning mode. The two plots from Sorø and the 116m plot from Høvsøre show
the los velocities for a 30 minute period and the 40m Høvsøre plot illustrate data from a 3s scan. The peaks of the fit (Eqn.3, thick red line)
define the wind speed in the mean wind direction, and the difference in the peak heights show the mean vertical velocity for homogeneous
flow.

Fig. 1. Examples of lidar line-of-sight velocities from conical scanning mode. The two plots from Sorø and the 116m plot from Høvsøre
show the line-of-sight velocities for a 30 min period and the 40 m Høvsøre plot illustrate data from a 3 s scan. The peaks of the fit (Eq.3,
thick red line) define the wind speed in the mean wind direction, and the difference in the peak heights show the mean vertical velocity for
homogeneous flow.

be measured. Examples of velocities measured in the conical
scanning mode are given in Fig.1. In the figure, each point
represents a mean value of 4000 Doppler spectra, from which
vlos is determined. The wind field is determined from fitting
a trigonometric function (full line) to the measuredvlos(θ);

y = |Acos(θ − θ0) + B|. (3)

Because of the homodyne detection of the Doppler shift,
there is a sign ambiguity in the wind vector in Eq. (3), which
affects both the mean wind direction (±180◦) and the sign
of W . The ambiguity is removed in the data processing by
an external determination of the wind direction from a wind
vane as described inSmith et al.(2006). Once the wind direc-
tion is determined, the sign ofW is also determined. When
the ambiguity is removed,Uh and W can easily be deter-
mined by equating Eqs.2 and3. In Fig. 1 (bottom left), the
arrows indicate the offsetB=W/cosϕ. The mean flow tilt
angle is subsequently calculated as

tanα =
W

Uh

. (4)

A conspicuous feature in Fig.1 is that there is a threshold
around 1 ms−1 below which no measurements are recorded.
This threshold is introduced to avoid excessive scatter at low
wind speeds since the background noise of the laser obscures

the signal. This noise is called RIN, which is an abbreviation
of Relative Intensity Noise (Siegman, 1986, Sect. 25.1), and
is an unfavorable property of the laser.

In Sect.5, the possibility to determine mean flow tilt an-
gles using another type of lidar is discussed.

2.2 Lidar error caused by inhomogeneous mean flow

Equation (4) is only valid if the mean wind flow is horizon-
tally homogeneous, but here we allow for a linear variation in
space. This approach was also used inBrowning and Wexler
(1968). Without loss of validity, the following analysis is ig-
noring the fact that the lidar only measures the magnitude of
the wind speed in the direction of the beam, not the sign.

Assume the mean wind fieldU=(U,V,W)=(U1,U2,U3)
over a 10–30 min averaging period to vary linearly

Ui(x) = Ui(0) + xj

∂Ui

∂xj

(5)

over a volume enclosing the lidar scanning circle. The origo
of the coordinate systemx=0 is the center of the scanning
circle elevated byh over the instrument. In a homoge-
neous flow field, the along beam wind speed component,vlos,
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measured at an azimuthal angleθ is the projection ofU onto
n (Eq.1):

vlos(θ) = n(θ) · U (n(θ)l − (0,0,h)), (6)

where the velocity field is evaluated in the position of the fo-
cus of the laser beam. Herel=h/cosϕ is the focus distance.
The additional variations ofvlos due to lack of homogeneity
may be expressed asv′

los(θ)=vlos(θ)−n(θ)·U(0), and it can
be written in terms of the velocity gradient:

v′
los(θ) = ni(θ)

(
nj (θ)l − δj3h

) ∂Ui

∂xj

. (7)

Substituting Eq. (1) into this equation and ordering the terms
as a Fourier series inθ we finally get

vlos(θ) = W cosϕ+
l

2
sin2ϕ

=−∂W/∂z︷ ︸︸ ︷(
∂U

∂x
+

∂V

∂y

)
+ sinϕ

(
U + lcosϕ

∂W

∂x

)
cosθ

+ sinϕ

(
V + lcosϕ

∂W

∂y

)
sinθ

+
l

2
sin2ϕ

(
∂U

∂x
−

∂V

∂y

)
cos2θ

+
l

2
sin2ϕ

(
∂U

∂y
+

∂V

∂x

)
sin2θ. (8)

The horizontal and vertical wind speeds are derived from
the lidar measurements by fitting a trigonometric series
a+bcosθ+csinθ , which is equivalent to Eq. (3), to the data.
The vertical wind speed is then estimated asa/cosϕ while
the horizontal components areb/sinϕ and c/sinϕ, respec-
tively. In the presence of a linear deviation from homogene-
ity we thus get for the wind vector estimated from the lidar:

Ulidar = U + h
∂W

∂x
(9)

Vlidar = V + h
∂W

∂y
(10)

Wlidar = W −
h

2
tan2ϕ

∂W

∂z
. (11)

Equation (11) was obtained by isolating all terms in Eq. (8)
that were independent ofθ and then dividing the result with
cosϕ. Since the constant terms, the cosnθ(n=1,2) and sinnθ

terms are orthogonal, the fact that the cos2θ and sin2θ term
in the fitting procedure (Eq.11), will not add to the bias of
W caused by the linearly varying flow field. The omittance
of these terms may however result in a worse fit by Eq. (3)
and contribute to a random error onW .

The error inW caused by the inhomogeneity will van-
ish for high altitudes, since 0.5h∂W/∂z approaches zero
monotonously with height.

As a result of these equations, the error due to inhomo-
geneity of the mean flow will disappear for the vertical com-
ponent as the half opening angleϕ goes to zero, while the
errors on the horizontal components are independent ofϕ.

3 Materials and methods

The goal of this study is to estimate the flow tilt angles at a
flat forested site described below. However, since the method
of determiningW from a lidar has not been tested before and
the mean flow tilt angles at the forest site are expected to
be small (Dellwik et al., 2010a), two reference sites were
included in the analysis.

3.1 Sites

Three Danish sites were investigated; the forest site Sorø
(55◦29′9.5′′ N 11◦38′40.5′′ E), the steep terrain site Bolund
(55◦42′13.0′′ N 12◦05′51.9′′ E) and the coastal flat site at
Høvsøre (56◦26′25.80′′ N 8◦9′2.9′′ E). The Sorø site is de-
scribed in detail inDellwik et al. (2010a). It is a typical
Danish beech forest of limited extent (≈2×1 km) containing
clearings. At the time of the experiment, the trees were about
26–27 m tall. The mast at the site is 57m and 8m south of the
mast, a scaffolding tower of 24 m height is located. The lidar
was placed on the scaffolding tower, such that no trees shad-
owed the lidar beam. A Solent R2 (Gill Instruments Ltd.)
was mounted at 48 m height in the mast, thereby matching
the lowest focus distance of the lidar.

The Høvsøre site represents a very flat site with low vege-
tation (Fig.2), where zero mean flow tilt angles are expected.
Høvsøre is situated 1.5 km from the North Sea on the west
coast of Denmark in a rural area. The site has seven masts
ranging from around 70 m to 160 m equipped with anemome-
ters and other meteorological sensors measuring tempera-
ture, pressure, precipitation etc. The southernmost mast is
the most well equipped with cup anemometers at 10, 40, 60,
80, 100, and 116.5 m and USA-1 scientific sonic anemome-
ters (Metek GmbH) at 10, 20, 40, 60, 80, and 100 m. The
cup and sonic anemometer data were stored almost continu-
ously at 10 Hz and 20 Hz, respectively, since 2004. The lidars
investigated here were located close to the mast. More infor-
mation about the site may be found inSmith et al.(2006);
Sjöholm et al.(2009).

The Bolund site is located on a peninsula, where flow an-
gles should vary due to the steep terrain slopes. The hill is
covered with low grass. It is 12 m high and extends 130 m
in the W-E direction and 75 m in the N-S direction (Fig.3).
During the Bolund experiment, ten masts were operated. The
lidar was located 8.5 m to the south of mast 2 near the edge
of the escarpment. Mast 2 was instrumented with five USA-1
basic anemometers (Metek GmbH.) at 1.1, 2.1, 3.6, 5.1 and
9.1 m height as well as two cup anemometers at 9.1 and
11.1 m height. The lidar position and measurement heights
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Fig. 2. Photo and map of the Høvsøre site. In the foreground of the photo, a row of lidars and sodars can be seen. However, the lidar utilized
in this study was located approximately 20m to the north of the mast. The highest point of the map represents a height of 50m, whereas the
mast (cross) and turbines (circles) are located only a few meters above sea level.

Fig. 3. Photo of the ZephIR lidar (left) and map with masts positions at the Bolund experiment (right). In the background of the photo, masts
2 and 6 can be seen. Mast 2 was located 9m from the western escarpment. The ZephIR lidar was located at the cross in the map, 8.5m to the
south of mast 2 and only 3m from the escarpment.
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in this study was located approximately 20 m to the north of the mast. The highest point of the map represents a height of 50 m, whereas the
mast (cross) and turbines (circles) are located only a few meters above sea level.
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Fig. 3. Photo of the ZephIR lidar (left) and map with masts positions at the Bolund experiment (right). In the background of the photo,
masts 2 and 6 can be seen. Mast 2 was located 9 m from the western escarpment. The ZephIR lidar was located at the cross in the map, 8.5 m
to the south of mast 2 and only 3 m from the escarpment.

changed during the approximately two-month long cam-
paign. Also, instrumental errors occurred, and the longest
continuous measurement series with a very high measure-
ment height (300 m) only covered five days. More informa-
tion on the Bolund experiment can be found inBechmann
et al.(2009).

3.2 Lidar instrumentation

For this study, field campaign lidar data from the three sites
were analyzed. The first experiment took place at the Sorø
site, where the prototype of the ZephIR was used, whereas at
the two experiments at Bolund and Høvsøre, the commercial
version of the instrument was used. The prototype differs
from the commercial version in that the optical head contain-
ing the focusing system and the rotating wedge is separated

from the processing unit by an optical cable, thereby allow-
ing for more flexible use since the less bulky and lighter opti-
cal head can be mounted in a variety of positions. The noise
level of the prototype is slightly higher than in the commer-
cial version.

The durations of the experiments, measurement heights
and lidar types are listed in Table 1. Both versions of
the ZephIR measure three revolutions at each measure-
ment height, where each revolution takes about one second.
The shift between heights also takes about 1 s. A whole
measurement cycle therefore takes aboutn×4 s wheren is
the number of measurement heights.

After completing the experiment listed in Table 1, the op-
tical head was for a shorter period mounted on the mast mea-
suring horizontally. The prototype was focus calibrated at
Risø-DTU.
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Table 1. Overview of lidar experiments.

Site Lidar Duration of experiment Measurement height (m)

Sorø ZephIR prototype 15 Nov 2006–6 Jan 2007 48, 57, 65, 76, 92, 113, 175
Høvsøre ZephIR Commercial 8 Jan 2009–2 Nov 2009 40, 60, 80, 100, 116
Bolund ZephIR Commercial 1 Feb 2008–5 Feb 2008 11, 20, 50, 100, 300

3.3 Data processing

The Solent R2 and USA-1 basic sonic anemometers were
corrected for flow distortion in the same way as was de-
scribed inDellwik et al. (2010a). The USA-1 Scientific
anemometers at Høvsøre have a built-in flow distortion cor-
rection identical to the one that was applied for the USA-
1 Basic in the post-processing. These corrections and their
limitation were described inDellwik et al. (2010a).

For all sites a minimum wind speed of 3 ms−1 was used, to
ensure (a) that the signal is above the RIN level and (b) that
the mean wind direction was well-defined. Initially, the min-
imum wind speed requirement was investigated, where it was
found that the 3 ms−1 limit was satisfactorily as long as the
initial guesses for the constants in the non-linear fits of line-
of-sight velocities (Eq.3 and Fig.1) were sufficiently accu-
rate. The presented results did not depend strongly on the
value of this minimum velocity.

For the Høvsøre lidar data, it was also required that at
every three second measurement cycle, the number of valid
measurements of the line-of-sight velocities should be larger
than 100, and that the fit of the rectified cosine function to
the data should have some maximum averaged deviation.
The validity of a measurement is determined using an al-
gorithm implemented by the manufacturer. The reason for
the requirement of more than 100 valid measurements was to
avoid possibly erroneous samples due to, for example, lack
of aerosols in the air. The Høvsøre analysis was also done
without this constraint, which resulted in only a few extra
outliers and almost the same median flow tilt angle. At Bol-
und, all lidar data were used, since the mean wind speed was
always larger than 3 ms−1 during the period, and the instru-
ment worked well. Both at Bolund and Høvsøre, the 30 min
vertical velocity was obtained by averaging all three second
vertical velocities in that period. This corresponds to using
the fits in Fig.1 (bottom right), which is the standard output
from the commercial lidar.

At Sorø, the prototype was working less reliably and we
chose, for each half hour period, to collect all line-of-sight
velocities for a given height and do the fit to the rectified
cosine function with all these data. Examples of fits at a low
wind speed (U=3.4 ms−1 at 57 m) are given in Fig.1 (left),
where the horizontal stripes are caused by discrete values of
the line-of-sight velocity.

4 Results

4.1 The flat terrain reference site

The data shown in Fig.4 (top) are 30 min averages of the
vertical velocity measured by the ZephIR close to the mete-
orological mast at Høvsøre as a function of wind direction.
Wind coming from the north may be disturbed by the five
large turbines on the test stand, but between the gray verti-
cal lines the influence from the turbines should be negligible.
A misalignment of the instrument with respect to the verti-
cal direction gave a spurious sinusoidal variation of the mean
flow tilt angle with direction. Such a variation with an am-
plitude of 0.5◦ was observed for the highest focus distance
and was subtracted from all focus distances. Subsequently,
the mean vertical wind speed was close to zero for all direc-
tions and heights, and the scatter around zero on the half hour
values is between 0.25◦ and 0.5◦.

In Fig. 4 (bottom), the corresponding mean flow tilt an-
gles at 40 and 100 m from the sonic anemometers are shown.
They have an off-set of−1.5◦ (40 m) and−0.5◦ (100 m), and
the 40 m anemometer seems to show a misalignment of about
1.5◦.

The scatter, which is an estimate of the statistical error,
from the sonic anemometers and the lidar is of similar size,
despite the fact that the sampling of the lidar is disjunct and
in absolute time only covers 30/n minutes at each sampling
height.

4.2 The complex terrain reference site: Bolund

A comparison of mean flow tilt angles from the lidar and the
9.1m sonic anemometer as a function of wind direction is
shown in Fig.5. During the five-day lidar experiment, wind
directions were predominantly from South-West. Both the
300 m and 100 m focus distances show flow angles very close
to zero, and the influence from the Bolund escarpment (west-
ern edge) is clearly visible for the lower focus distances. The
shape of the wind direction response is similar for the lidar
and the 9.1 m sonic anemometer, but the tilt angles measured
by the sonic anemometer are considerably smaller in the in-
terval [160◦, 290◦] with a maximum around 4.5◦ compared
to around 9◦ for the lidar at 11m focus height.

Over the hill, the tilt angles decrease with height and us-
ing Eq. (11) with ∂W/∂z<0, the lidar would overestimate
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Fig. 4. Comparison of lidar (top) and sonic (bottom) mean flow tilt angles (α) at Høvsøre using all data. Each point in the graphs signifies a
30 min mean value, the full line is the median and the dashed lines represent the 25% and 75% quartiles.
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Fig. 5. Comparison of lidar (left) and sonic (right) 30 min mean flow tilt angles at Bolund using all data.

the flow angle as a result of the inhomogeneity of the flow.
However, the mismatch can also be explained by the prox-
imity to the edge; since the sonic anemometer was located
about three times further from the edge, the lidar flow angles
should be considerably larger. In Sect.5, the error due to the
inhomogeneity of the flow is estimated.

4.3 The forest site: Sorø

Mean flow tilt angles as a function of wind direction during
the several months long campaign at the Sorø site are shown

in Fig. 6. Because of a limitation of the variation in wind di-
rections during the experiment, it was hard to deduce whether
the lidar was slightly tilted with respect to vertical. As for the
Bolund results, the flow tilt angles decrease monotonously
with height. In Fig.7, 30 min mean values both from the li-
dar (top) and the two sonic anemometers (bottom) are shown.
At the 48 m level, the coincidence between the median curves
of the lidar and the sonic anemometer is rather good. How-
ever, the 43 m anemometer shows negative tilt angles for the
same direction interval. The scatter around the median from
the lidar was higher than for the sonic anemometer, probably
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Fig. 6. Mean flow tilt angles measured by lidar at Sorø, all mea-
surement heights.

reflecting the effect of the disjunct sampling in the very tur-
bulent forest flow.

The positive flow angles can be explained by a deceler-
ating flow and a growing internal boundary layer (Dellwik
et al., 2010a).

5 Discussion

5.1 Assessment of lidar accuracy for measuring flow tilt
angles and mean vertical velocities

None of the lidar experiments presented here was designed to
measure mean flow tilt angles, but rather to assess mean wind
speeds and directions as well as momentum fluxes. Since the
lidar and the mast was not co-located, the comparison be-
tween sonic anemometer and lidar is not straight-forward at
the Bolund site. Both terrain effects and fundamental mea-
surement issues caused by flow inhomogeneity could explain
the mis-match in the mean directional response. To estimate
the error; the flow tilt angle error due to inhomogeneity of
the mean flow field was estimated as

αerr = −
h

2
tan2ϕ

∂α

∂z
. (12)

where Eq. (11) together with the small angle approximation
tanα≈α was used. Equation (12) was evaluated to approxi-
mately +1◦ at the 11 m focus distance at the Bolund site, us-
ing the difference between the flow angles at 11 m and 20 m.
This is a conservative estimate since we evaluate the differ-
ence on the measured data (which include the error) and the
measured gradient is slightly higher than the true gradient.
Hence, it can be concluded for the Bolund results, that the
mismatch of the sonic anemometer at 9.1 m and the lidar in
Fig. 5 was mainly caused by the different positions and mea-
surement height of the ZephIR lidar and the met mast 2.

Since the tilt angles are small at the Sorø site, it was
assumed thatα/z≈∂α/∂z, and using Eq. (12), αerr was

estimated to−0.13◦ from the realα for the 48 m measure-
ment. The error could also be estimated from the tilt angle
difference between 57 and 48 m to +0.18◦.

From the Høvsøre experiment, the ZephIR lidar systematic
error, defined as the difference between zero and the mea-
sured flow angle at 100 m, is for any wind direction sector
less than 0.3◦.

The statistical error due to limited sampling time, was
ranging from 0.5◦ for the Høvsøre experiment up to about 1◦

for the lowest measurement height at the Sorø forest. These
estimates could be expected to be lower for sonic anemome-
ters due to the effect of disjunct sampling of the lidar data.
The good agreement between the 48 m sonic anemometer
and lidar data in Fig.7 is regarded as coincidental, because
of the great uncertainties associated with sonic anemometer
flow distortion and alignment (Dellwik et al., 2010a) and the
discrepancy with the measurements at 43 m.

For the presented data, the vertical alignment was deter-
mined from the assumption that at the highest measurement
level, the flow tilt angle is zero. Another possibility would
be to improve the alignment of the instrument itself by using
high-accuracy leveling devices.

5.2 Other possibilities for utilizing lidars for surface
layer flow tilt angles

The presented study is devoted to the ZephIR lidar. Since this
lidar is affected by RIN, it is difficult to measure at very low
mean wind speeds. If the lidar is pointed directly vertically,
RIN would drown the signal and besides, the sign ambiguity
would not be resolved, which would render the signal useless
for mean vertical velocity estimation. However, the develop-
ment of laser technology is rapid and already as of today,
RIN can essentially be eliminated.

Another possibility to measureW with ground-based li-
dar would be to use the WindCube, which is a heterodyne
pulsed lidar produced by Leosphere, France (Courtney et al.,
2008). This lidar does not suffer from RIN, and because of
heterodyning, the sign ambiguity can be resolved without us-
ing a wind vane. The fact that it is pulsed and measure at all
heights simultaneously implies that there should be no effect
of increased scatter due to disjunct sampling. Yet another
possibility is the Galion lidar (Sgurr Energy, UK). This li-
dar is also heterodyne and pulsed, but has in addition flexible
mirror-based scanning head that can do conical scanning as
well as staring directly upwards. These possibilities should
be investigated further in order to assess more completely the
potential of the lidar for mean vertical velocity and flow tilt
angles measurements.

A disadvantage of the pulsed lidar systems, is that the low-
est possible measurement height is in the order of 40 to 60 m,
whereas the continuous wave ZephIR lidar can measure
down to 10 m and even further down with simple modifica-
tions.
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Fig. 7. Lidar and sonic comparison from Sorø. There is only one overlapping measurement height (48 m).

6 Conclusions

The ZephIR Doppler wind lidar was tested for its ability to
measure mean flow tilt angles. The motivation for this study
was to evaluate flow tilt angles in a very turbulent forest
flow, where flow distortion constitute at severe limitation on
sonic anemometer accuracy (Dellwik et al., 2010a). Since the
mean flow tilt angles over the forest are expected to be small,
the method was evaluated at two reference sites: the very flat
site Høvsøre and the steep hill site Bolund. At the Høvsøre
site, the lidar measured tilt angles very near zero, whereas
the two sonic anemometers used for comparison showed a
negative off-set and – one of them – an effect of misalign-
ment. The systematic error of the Høvsøre lidar was evalu-
ated to much less than 0.5◦. The scatter around the median,
which reflects the statistical error due to limited sampling
time, was similar for sonic anemometers and the lidar. For
the Bolund site, flow angles up 10◦ was measured with the
lidar. The high flow angles were measured in the wind di-
rection where the flow is the most inhomogeneous. By us-
ing the measured lidar gradient, the systematic error due to
the flow inhomogeneity was estimated to +1◦. The Bolund
sonic anemometer at the most similar height as the lowest
lidar focus distance measured flow angles almost half the
magnitude as the lidar. This discrepancy could mainly be
explained by the lidar being located closer to the Bolund es-
carpment. Finally at the Sorø forest site, where the ZephIR

prototype was employed, the lidar measured positive flow an-
gles of around 1.5◦ at the lowest measurement height (48 m)
and between 0.1◦ and 0.4◦ at the highest measurement level
(175 m). The systematic error due to the flow inhomogeneity
was estimated to less than 0.2◦, where the sign of the er-
ror could not be determined. The two sonic anemometers at
the Sorø site measured positive and negative flow angles, re-
spectively. The high level of turbulence at the forest site was
reflected in higher statistical uncertainty. We conclude that
lidar anemometry can provide consistent estimates of mean
flow tilt angles also for the very turbulent forest flow. In gen-
eral, the results from all sites pointed to the high accuracy
of the lidar. Since this is the first study concerning the use
of the vertical mean wind speed, more evaluation of the lidar
technique for measuring the mean vertical component of the
wind is needed.
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