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Abstract

An analysis of flow angles from a fetch-limited beech forest site with clearings is pre-
sented. Flow angles and vertical velocities from two types of sonic anemometers as
well as a ground based remote sensing lidar were analysed. Instead of using rotations,
where zero-flow angles were assumed for neutral flow, the data from the instruments5

were interpreted in relation to the terrain.
Uncertainties regarding flow distortion and limited sampling time (statistical uncer-

tainty) were evaluated and found to be significant. Especially for one of the sonic
anemometers, relatively small changes in the flow distortion correction could change
the sign of mean vertical velocities taken during stable atmospheric stratification rel-10

ative to the neutral flow. Despite the uncertainties, it was possible to some extent to
relate both positive and negative mean flow angles to features in the terrain.

Conical and linear scans with a remote sensing lidar were evaluated for estima-
tion of vertical velocities and flow angles. The results of the vertical conical scans
were promising, and yielded negative flow angles for a sector where the forest is fetch-15

limited. However, more data and analysis is needed for a complete evaluation of the
technique. The horizontal linear scans showed the variability of the mean wind speed
field. A vertical velocity was calculated from different focusing distances, but this es-
timate yielded unrealistically high vertical velocities, due to neglect of the transversal
wind component.20

The vertical advection term was calculated using the measured mean flow angles
at the mast and profile measurements of carbon dioxide, but it is not recommended to
use in relation with the flux measurement as the vertical velocity measured at the mast
is most likely not representative for the whole forest.
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1 Introduction

Eddy covariance measurements, which provide a direct method of measuring turbulent
fluxes of carbon to and from the land surface, are the main component in the FluxNet
(Baldocchi et al., 2001) network of towers for assessing the terrestrial carbon balance.
However, also the mean motion of the air may result in a net flux. This has been5

recognized in many studies on advection flows (Lee, 1998; Finnigan, 1999; Baldocchi
et al., 2000; Paw et al., 2000; Feigenwinter et al., 2004; Aubinet et al., 2005; Vickers
and Mahrt, 2006; Mammarella et al., 2007; Heinesch et al., 2007; Feigenwinter et al.,
2008; Leuning et al., 2008; Yi et al., 2008; Kutsch et al., 2008).

The advective terms and their contribution to the net exchange of carbon are difficult10

to assess. For example, after enormous experimental effort, Feigenwinter et al. (2008)
concluded that the advection terms should not be included for net ecosystem exchange
of carbon on an hourly basis, due to excessive scatter. Heinesch et al. (2007) pointed
out that the lack of precision of the of mean vertical velocity estimates was one of the
main causes of the large uncertainty in the calculated vertical advection term. In a15

recent study, Leuning et al. (2008) stressed this point by stating a necessary accuracy
for the mean vertical velocity of 1 mm s−1 in order to include the term at the short
timescale. Such precision poses an extreme challenge, especially over forests, where
the natural variations due to the turbulent nature of the flow are at 100–1000 times
greater.20

By comparing data from different instruments including both laser and sonic
anemometry we try to assess the instrumental precision of determining mean verti-
cal velocities. Using sonic anemometry, vertical velocities can be measured directly.
Limitation to the precision of the sonic anemometer comes from flow distortion from
the instrument itself as well as limited precision of the sonic transducer positioning and25

a possible temperature dependence of the transducer. The effect of flow distortion cor-
rection for sonic anemometry has previously been studied by Heinesch et al. (2007),
but was analyzed in more detail here.
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Whereas sonic anemometry has been extensively used for determining mean ver-
tical velocities, laser anemometry is a novel technique. Lasers have been used to
measure fluctuations of the vertical velocity (Lothon et al., 2006; Davis et al., 2009;
Mann et al., 2009), but the mean vertical wind has never been reported. For the type
of lidar (LIght Detection And Ranging) used in this study, the mean vertical velocity5

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. In comparison to a profile of sonic
anemomter measurements of vertical velocity, the lidar has the advantage of measur-10

ing with the exact same tilt relative to the surface at all focus distances.
Common for measurements from both sonic anemometers and lidars is – as men-

tioned above – the inherent difficulty of assessing a precise mean value from a rapidly
varying time series. This limitation to accuracy can be quantified by the statistical or
stochastic uncertainty, which is estimated using the ratio of the natural variation and15

the length of the time series (Lenschow et al., 1994). In this study, the statistical uncer-
tainty was estimated for varying stability conditions.

With vertical velocity, we mean the velocity component parallel to the force of gravity.
For a flat and homogeneous site covered with low vegetation, the velocity component
normal to the mean flow will coincide with the vertical velocity. In this case, the mean20

flow follows the terrain and the flow angle during neutral atmospheric stratification is
zero. This fact can be used to compensate for the limited instrumental precision of
measurement instruments, by letting the measured neutral flow define the surface over
which the mean vertical flow is zero.

For forests, the surface defined by the level of maximum drag in the canopy crown25

space, which is closely related to the displacement height (Thom, 1971), may or may
not be parallel to the ground surface due to variable tree height, thereby adding a level
of complexity to the flow. For more complex sites, where either clearings are present,
the fetch is limited or the terrain itself is complex, the neutral flow may not follow neither
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the ground surface nor the surface defined by the tree crowns, since the flow is still
adapting to the inhomogeneities.

With an implicit focus on the instrumental limitations, it has however been common
in advection studies to define an empirical reference surface, which in turn defines
the direction of the vertical flow component. The definition of this empirical surface is5

based on the wind measurements, regardless if the flow can be expected to follow the
terrain or not. Finnigan (1999) recommended that only measurements taken during
near-neutral atmospheric stratification should be used for defining this plane, whereas
it also has been common to use all measurements. Once this reference plane has been
defined, mean vertical velocities relative to the plane can subsequently be calculated10

for each measurement run.
Generally, two types of rotation methods have been used for defining a reference

plane from the measured wind field: (1) Sinusoidal and offset corrections are applied
to measured data, which compensates for a tilt between the underlying surface and the
plane defined by the sonic coordinate system as well as an arbitrary off-set (Baldocchi15

et al., 2000; Paw et al., 2000; Feigenwinter et al., 2004). (2) The reference plane is
made up of cake slice shaped planes, where each sector is intended to be parallel
to the underlying surface in the corresponding wind direction. Such an approach has
been used by Lee (1998); Mammarella et al. (2008); Feigenwinter et al. (2008); Kutsch
et al. (2008) and Yi et al. (2008).20

Method 1 corrects for a potential misalignment of the sonic anemometer relative to
the underlying surface as well as compensates for an off-set. Method 2 would, as
well as remove sonic tilt effects and instrumental off-sets, also remove any systematic
vertical velocity caused by i.e. flow distortion from mast and booms as well as local
effects from clearings, roughness changes and non-flat terrain. If a systematic off-set25

in measured flow angles is caused by the terrain rather than the instrument, the effect
of the local terrain of the flow is also removed by method 1.

The above methods are similarly described in Paw et al. (2000), who also list a third
method which is the one we attempt in this study; namely to relate the measured verti-
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cal velocities and flow angles to the terrain in the area of the footprint for the measured
flux. The main reason for using this method is that at the study site, the flow angles
can not be expected to follow the terrain due to both heterogeneities within the forest
as well as a limited fetch.

The measurement site in focus for this study is located in a flat and fetch-limited5

beech forest surrounded by agricultural fields near the municipality of Sorø, Denmark.
Influence from the fetch limitation has previously been studied at this site (Dellwik and
Jensen, 2000, 2005; Mammarella et al., 2008), where the presence of both an internal
boundary layer as well as a roughness sublayer were demonstrated and investigated.
Vertical velocities in connection with a roughness change have previously been studied10

by Vickers and Mahrt (2006). They investigated the horizontal and vertical advection
components in a 300 m×300 m large plantation of young pine trees surrounded by taller
trees. Compared to their study, the roughness change at our site is larger and of re-
verse sign (from smooth to rough terrain). Vickers and Mahrt (2006) introduced a fourth
method to deduce the mean vertical velocities in an advection study, which is based on15

careful measurements of the horizontal wind components. Using the continuity equa-
tion, the vertical velocity can be deduced from divergence in the horizontal wind field.
Compared to methods 1 and 2, no assumption about whether the mean neutral flow
angle is equal to zero is necessary. The same method has hence been used by Leun-
ing et al. (2008) and Heinesch et al. (2007). Since the lidar campaign at the Sorø site20

included a period where the horisontal variability of the mean flow was measured by
mounting the lidar head directly on the mast, this approach was also tested.

Lee (1998) proposed several possible sources for vertical mean velocities, which are
caused by large scale temperature driven atmospheric motions. Near the surface, it
was estimated that these temperature-driven vertical velocities are of the order mm s−1

25

to cm s−1. Lee assumed that flux sites are located in homogeneously vegetated and
flat terrain, in which case local effects on the vertical flow would be negligible. By
calculating the vertical velocities relative to the defined reference plane, one would
therefore directly be able to assess the large-scale driven vertical motions and estimate
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their impact on the carbon budget.
For the more non-ideal sites, where carbon dioxide advection studies have taken

place, the interpretation of positive or negative flow angles relative to the reference
plane is less straight-forward. The estimated vertical velocities can then only repre-
sent large scale temperature driven vertical motions described by Lee (1998) if one5

assumes that the topography effects and the stability effects can be separated. This
assumption is problematic especially over forested terrain, where – in addition to the
relatively large natural variability of a forest – specific canopy-flow features such as flow
separation already at moderately sloped forested hills (Sogachev et al., 2004; Belcher
and Hunt, 1998) and separation of the above/below canopy flow (Smith et al., 1972;10

Belcher et al., 2008) are typically expected to vary with atmospheric stability.
The aim of this paper is to understand the most crucial uncertainties related to mea-

sured vertical velocities, the possible effect of inhomogeneity on the vertical velocities
and what the implication is for determining the vertical advection term in the carbon
dioxide mass conservation equation at sites influenced by surface inhomogeneities.15

Finally, the possibility of using remotely sensed vertical velocities by lidars is evaluated
based on field experiment data.

2 Theory and initial lidar evaluation

2.1 Expected effect of forest edge on vertical velocities

We hypothesize that the atmospheric flow encountering a perfect two-dimensional for-20

est edge, may be described by the following phases (Fig. 1):

1. Edge phase: At the forest edge, the mean flow is dominated by the physical effect
of the edge, which accelerates the flow above the canopy and decelerates the flow
within the canopy. Both above and below the crowns, the mean vertical velocity
W is positive. Above the canopy W decreases with height and within the canopy25

W increases with height.
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2. Deceleration phase above the canopy: At canopy height hC, the mean wind speed
U starts decelerating (dUdx |hC=0), due to the high roughness and a roughness sub-
layer as well as an internal boundary layer develop. The mean wind speed in the
canopy (UC), reaches its minimum value UC,min. W is, due to continuity, slightly
positive within the canopy. Above the canopy W is positive nearly zero, but in-5

creases slightly with height. The end of phase 2 is defined by W (hC)=0.

3. Interaction phase: The roughness sublayer is now deep enough to produce large-
scale eddies which can penetrate into the canopy. Any interaction between the
two flows will result in an acceleration of the flow in the canopy, which, again using
the continuity argument, will result in negative values of W .10

4. Equilibrium phase (W (hC)=0): There is no net vertical motion between the below-
canopy and above canopy regions as the below canopy flow and the above
canopy flow are in equilibrium. The internal boundary/equilibrium layer is deep
and effects from the edge are of no importance.

Experimental support for the existence of phases 1, 2 and 3 was presented by Irvine15

et al. (1997), who reported positive flow angles near the edge of a dense Sitka spruce
plantation, a slight speed-up of the flow at the edge for the height 2hC at x=3.5hC,
flow deceleration at hC for x<14.5hC and negative flow angle of −2.5◦ at x=14.5hC
at the height of 2hc, where x is the distance from the measurement position to the
upwind edge and hC is the canopy height. However, at x=14.5hC, flow angles within20

the canopy was still positive and near-zero within the canopy and at the canopy top
respectively, which would point towards an acceleration of the flow above canopy, rather
than interaction between the above and below canopy regions. For a k−ε closure
Reynold’s averaged CFD model, a study by Sogachev et al. (2008) showed negative
vertical velocities in the region of 25hC<x<40hC near the canopy top.25

Negative flow angles could also occur as an effect of limited extension of the forest.
The forest edge wind-tunnel study by Morse et al. (2002) indicated negative vertical
velocities from x>7hC near the canopy top, which could be an effect of the limited
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extension of 12hC of the forest. In the large eddy simulation modelling study by Yang
et al. (2006), negative flow angles were present from x>11hC above the canopy where
the trailing forest edge was located at x=19hC. In contrast, the LES study by Cassiani
et al. (2008) did not report any negative flow angles near canopy height for a forest
block of the horizontal extension 25hC.5

2.2 Statistical uncertainty of the mean vertical velocity

The relationship between averaging time T and statistical uncertainty expressed as the
variance of mean vertical velocity σ2

WT
can be stated from i.e. Lenschow et al. (1994)

as follows

T = 2
σ2
w

σ2
WT

· τW = 2
σ2
w

σ2
WT

LW

U
. (1)10

Here, σ2
w is the variance of the instantaneous vertical wind speed w and τW is the

integral time scale of the vertical velocity fluctuation. The time scale is expressed as
the ratio of the vertical length scale LW and the mean horizontal velocity U . Equation (1)
is re-arranged to

σWT
= σw

√
2LW

TU
(2)15

From Eq. (2), the uncertainty of the mean flow angle α can be derived as:

σαT
≈

σWT

U
. (3)

For the calculations in this study, LW≈zm−d where zm is the measurement height, d
the displacement height and σw and U are associated with mean values of measured
data for different atmospheric stratification.20
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2.3 Vertical velocity measured by lidar in the conically scanning mode

We currently work with two types of lidars, that potentially can measure the vertical
average velocity. Both instruments are developed for measuring profiles of horizontal
velocity and direction with high precision and over long periods in the context of wind
resource estimation. One, the ZephIR developed by QinetiQ, UK and produced and5

sold by Natural Power (UK), is a homodyne, continuous wave laser Doppler instrument
that determines the range by focusing (Smith et al., 2006). The other, called WindCube,
is a heterodyne pulsed lidar produced by Leosphere, France (Courtney et al., 2008).

In the conically scanning mode, the wind vector is determined from the lidar by fitting
a trigonometric function to the velocity component in the beam direction over circle,10

defined by the cone edge, at predefined focus distances. Usually it is assumed that
the wind field is homogeneous in space, but here we allow for a linear variation in
space. Without loss of validity the analysis is ignoring the fact that the QinetiQ lidar
only measures the magnitude of the radial wind speed, not the sign.

Assume the mean wind field U=(U, V,W ) to vary linearly15

Ui (x) = Ui (0) + xj
∂Ui

∂xj
(4)

over a volume enclosing the lidar scanning circle. The origo of the coordinate system
x=0 is the center of the scanning circle elevated by h over the instrument. Let

n = (cosθ sinϕ, sinθ sinϕ, cosϕ) (5)

denote a unit vector in the direction of the laser beam, where ϕ is the half opening20

angle of the cone and θ the azimuthal angle. In a homogeneous flow field, the along
beam wind speed component, vr , measured at an azimuthal angle θ is the projection
of U onto n as given by Eqs. (4) and (5):

vr (θ) = n(θ) · U (n(θ)l − (0,0, h)) , (6)
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where the velocity field is evaluated in the position of the focus of the laser beam.
Here l=h/ cosϕ is the focus distance. The additional variations of vr due to lack of
homogeneity may be expressed as v ′r (θ)=vr (θ) − n(θ)·U(0), and it can be written in
terms of the velocity gradient:

v ′r (θ) = ni (θ)
(
nj (θ)l − δj3h

) ∂Ui

∂xj
. (7)5

Substituting (5) into this equation and ordering the terms as a Fourier series in θ we
finally get

vr (θ) = W cosϕ +
l
2

sin2 ϕ

=−∂W/∂z︷ ︸︸ ︷(
∂U
∂x

+
∂V
∂y

)
+ sinϕ

(
U + l cosϕ

∂W
∂x

)
cosθ

+ sinϕ
(
V + l cosϕ

∂W
∂y

)
sinθ10

+
l
2

sin2 ϕ
(
∂U
∂x

− ∂V
∂y

)
cos 2θ

+
l
2

sin2 ϕ
(
∂U
∂y

+
∂V
∂x

)
sin 2θ . (8)

The horizontal and vertical wind speeds are derived from the lidar measurements by
fitting a trigonometric series a+b cosθ+c sinθ to the data. The vertical wind speed is
then estimated as a/ cosϕ while the horizontal components are b/ sinϕ and c/ sinϕ,15

respectively. In the presence of a linear deviation from homogeneity we thus get for the
wind vector estimated from the lidar:

U lidar = U + h
∂W
∂x

(9)
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V lidar = V + h
∂W
∂y

(10)

W lidar = W − h
2

tan2 ϕ
∂W
∂z

. (11)

The last Eq. (11) was obtained by isolating all terms in Eq. (8) that were independent
of on θ and then dividing the result with cosϕ

As a result of these equations, the error due to inhomogeneity of the mean flow will5

disappear for the vertical component as the half opening angle ϕ goes to zero, but
the errors on the horizontal components are independent of ϕ. For the ZephIR lidar,
ϕ=30.4◦ and if we assume W/z≈∂W/∂z and h≈z, W lidar will deviate 17% from the
real W . The systematic error in the horizontal velocity due to inhomogeneity has been
analyzed in more detail in Bingöl et al. (2009).10

2.3.1 Tests at Høvsøre

Suppose that the mean vertical velocity is zero, the statistical uncertainty of
WT≡ 1

T

∫T
0 w(t)dt measured, for example, by the sonic is given by Eq. (2). The stochastic

variation in the vertical velocity measured by the lidar is probably not very different. For
a measurements period of 10 min, this implies for the flow angle α that σ(αT )=0.4◦ for15

low turbulence conditions (σw/U=0.05) and σ(αT )=0.7◦ for high turbulence conditions
(σw/U=0.1). For a measurement period of 30 min the corresponding numbers are 0.2◦

and 0.4◦.
These estimates are probably too optimistic for the lidar, since it does not measure

continuously for thirty minutes. Instead, the beam is turned one round per second mea-20

suring three rounds at each focus height. If five heights are measured, each height is
scanned for three seconds every fifteen seconds. This paused or disjunct sampling
was studied for fluxes by Lenschow et al. (1994), who found that as long as the sam-
pling cycle is shorter than the integral time scale, the statistical uncertainty does not
increase significantly. However, here the sampling cycle is probably larger than the25
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integral time scale implying a larger statistical uncertainty.
We want to investigate whether the estimates presented in the beginning of this sub-

section were of the right order of magnitude by looking at measurements from a very
flat site. The Høvsøre test site operated by Risø DTU is ideal for that purpose (Smith
et al., 2006). Høvsøre is situated 1.5 km from the North Sea on the west coast of Den-5

mark in a very flat, rural area. The site has seven masts equipped with anemometers
and other meteorological sensors measuring temperature, 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 Metek sonic anemometers at 10, 20, 40, 60, 80, and
100 m. The cup and sonic data were stored almost continuously at 5 Hz and 20 Hz,10

respectively, since 2004. The lidars investigated here were located close to the mast.
More information about the site may be found in Smith et al. (2006).

The data shown in Fig. 8 are 30 min averages of the vertical velocity measured by a
ZephIR close the meteorological 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.15

Between the gray vertical lines the lidar is undisturbed by the turbines. A misalignment
of the instrument with respect to the vertical direction will give a spurious sinusoidal
variation of the vertical wind speed with direction. Such a variation with an amplitude
of 0.5◦ was observed for the highest focus distance and was subtracted from all fo-
cus distances. Subsequently, the mean vertical wind speed was close to zero for all20

directions and heights, except 38 m, and the scatter around zero on the half hour val-
ues is approximately 0.25◦. The deviation of the mean at 38 m cannot be explained at
present. In conclusion, for a perfectly aligned instrument the scatter in the vertical flow
angle is close to the theoretical estimates given in the beginning of this subsection.

Preliminary investigations of the Windcube showed that there were small offsets in25

the vertical velocity. They may be attributed to the acousto-optical modulator in that
instrument, which offsets the zero Doppler shift such that the sign of the wind velocity
along the beam can be derived. Since we do not have WindCube measurements over
a forest, we do not pursue this issue in more detail.
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3 Material and method

3.1 Site

The vegetation at the Sorø site (55◦29′09′′ N, 11◦38′41′′ E) on the island of Zealand,
Denmark, consists predominantly of an 85 year old beech forest with a rather uniform
height of about 26–27 m. The standard setup at the 57 m tall mast and 25 m tall scaf-5

folding tower 8 m north of the mast, as well as general site information, can be found
in Pilegaard et al. (2003). Information about fetch limitation and how it influences the
wind and temperature profile at the mast position was discussed in Dellwik and Jensen
(2005).

For the current focus on flow angles and vertical velocities in relation to the terrain,10

a terrain map is presented in Fig. 3 (left) where the full line shows the outline of the
forest. The forest is located on almost flat terrain with a an inclination of ≈0.5◦ from
the SW to the NE. Each height contour in the graph signifies 2 m height differences.
Height profiles from aerial photography taken in 1995 (Dellwik and Jensen, 2005) in-
dicated that the local variation of canopy height is much greater than the ≈0.5◦ over15

distances of ≈10 m. Over longer distances however, the canopy height may compen-
sate for the slope, such that a general direction of the canopy top inclination is hardly
distinguishable.

To the right of Fig. 3, an aerial photography from 2006 is shown (courtesy to Google
Earth). The complex nature of the vegetation cover is clearly visible. The numbers in20

the Figure refer to the following features: 1. 8hC to a large clearing in the direction of
≈60◦ from the mast, 2. Narrow strip of 17hC homogeneous beech forest to forest edge
in ≈90◦, 3. 4hC to a 15m tall planation of Norway Spruce in 155◦, 4. 13hC to a clearing
in 200◦, 5. 10hC to another 15 m tall plantation of Norway Spruce in 245◦, 6. 17hC to
the forest edge in 260◦, 7. 9hC to a clearing with younger beech of 5-6m height in 315◦

25

and finally 8. 26hC to the forest edge in 360◦.
The above stated distances to clearings, inhomogeneous surface cover and forest

edges were assessed using Google Earth, as the distance from the mast to the first
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step change in vegetation height. The directions from the mast to the clearings/change
of vegetation are approximate, given the relatively large transversal extension of the
terrain features.

The leaf area index (LAI) at the Sorø beech forest site shows a strong intra-annual
pattern, characterized by a low value during winter, a sharp transition to a high leaf area5

index around 1 May and a slow descent back to winter values in October–November.
Between the beginning of June to the end of August, LAI is near constant and ap-
proximately 5 m2 m−2. During no-leaf conditions LAI is approximately 1 m2 m−2. These
values are based on measurements by a LAI-2000 PCA (Li-Cor, Nebraska, USA).

The displacement height was estimated to be 21 m based on earlier analysis of the10

wind profile (Dellwik and Jensen, 2005) as well as an estimate of forest height to ap-
proximately 26–27 m.

The mast has a diameter of 30 cm and the instruments are mounted on 2 m long
booms pointing towards 310◦. For the eddy-covariance system at Sorø, a Solent 1012
R2 (Gill Instruments Ltd.) at 43 m height and a LiCor 7000 (Li-Cor, Nebraska, USA)15

were employed. The measurement record of carbon dioxide and water vapor fluxes
started in 1996 and has run continuously since then. A profile system for measurement
of carbon dioxide was operational from the spring of 2007 after a longer break. The
carbon dioxide concentrations were measured at 0.1, 0.5, 1, 5, 15, 30 and 41 m above
the soil surface via a series of Teflon tubes (inner diameter 4.8 mm) installed on the20

mast. One height at a time was sampled for 90s and the different heights were sampled
in a step-wise order to ensure that all heights were measured at least twice per 30 min
interval. The carbon dioxide concentrations were analyzed on an ADC-7000 infra-red
gas analyzer, see (Pilegaard et al., 2003) for more details.

3.2 Experiments25

For this study, data from several experiments were analysed. The duration and instru-
mentation are listed in Table (1).
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3.2.1 Sonic anemometers

In order to assess the instrumental precision of sonic anemometry for mean vertical
velocities, periods where both the eddy-covariance Solent R2 sonic anemomter and a
USA-1 Basic (Metek Gmbh) at 31.5 m height were operational. Both the Solent R2 and
USA-1 sonic heads are designed with the acoustical transducers on a vertical rod. The5

rod of the Gill sonic is 52cm and the sonic head has the dimensions 24×23 cm including
supporting rods. The sound path is 14.9 cm. The USA-1 sonic head is slightly larger
with the dimensions 32×24 cm with no supporting rods and the vertical bar is 47 cm.
The length of the sound path is 17.5 cm.

Sonic anemometers by Gill are calibrated individually in a wind tunnel and corrected10

for flow distortion from the sonic structure itself, but only for wind attack angles up to
30◦ relative to the horizontal. It has been shown (Gash and Dolman, 2003), that over
high roughness areas, such as forests, eddies hit the surface at a much steeper angle
than over low-roughness terrain, and that the limited calibration was a likely cause for
underestimation of surface energy fluxes. Following the work of Gash and Dolman15

(2003), van der Molen et al. (2004) developed a new sonic calibration scheme based
on wind tunnel data for attack angles up to 90◦ for Gill R2 and R3 sonic anemometers.
This correction scheme has hence been numerically improved by Nakai et al. (2006)
to account more rigorously for the fact that the angle of attack, which is calculated from
the measured wind vectors, also contains an angle of attack error. Apart from this20

numerical improvement of the correction scheme, the Nakai et al. study also included
an updated correction for near-zero flow angles. The effect of the sonic calibration
presented in van der Molen et al. (2004) has to some extent previously been examined
by Heinesch et al. (2007), but these effect have otherwise been ignored. Both van der
Molen et al. (2004) and Nakai et al. (2006) provide add-on corrections for the R2 design25

for all angle of attacks that can be downloaded from home pages listed in Nakai et al.
(2006). These schemes were applied to the measured data.

The USA-1 basic sonic has a built-in calibration for flow distortion at zero-angle of
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attack. Metek Gmbh further provides a correction scheme for the instrument in the
interval of −50◦ to +45◦ angle of attack on demand. This correction has to be applied
to the raw data, such that the corrected data in this study are first de-corrected for the
built in correction and then re-corrected with the −50◦ to +45◦ correction. For attack
angles outside the calibration interval, the end point values were applied.5

3.2.2 Lidar experiment

Between late August 2006 and January 2007, the ZephIR lidar was mounted on the
scaffolding tower near to the mast, where it was used in the conically scanning mode
described in the previous section. The height of the lidar head was estimated to 26 m
and the focusing heights 24 m, 33 m, 41 m, 52 m, 68 m, 89 m, 116 m and 151 m were10

chosen.
During January and February 2007, the lidar head was mounted on the mast. With

this setup, the lidar measures the wind component in the direction of the lidar beam
for a fixed wind direction. This mode of running the lidar is referred to “linear” in the
text. This experiment was designed to determine the spatial variation of the mean wind15

speed above the canopy. During mid-end of January the lidar was mounted at 38 m
height with the beam pointing towards 270◦.

3.3 Data processing and screening

Data were analyzed for both the summer and winter period. For the leaf-on period data
between 1 June and 31 August were selected, and for the leaf-off period, data between20

18 January and 1 April were selected. These periods are referred to “summer” and
“winter” respectively. The limits of the periods were decided either by strict constancy
of leaf area or availability of data from both sonic anemometers.

The data were block averaged over 30 min intervals and the sonic data were calcu-
lated using only one sonic rotation (alignment with the mean wind direction). For the25

heat and momentum fluxes, the difference between this single rotation scheme and
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the more traditional double rotation McMillen (1988) was assessed and considered
negligible.

As mentioned above, the Sorø site has been operational since 1996. In an initial
analysis, the flow pattern’s dependence on wind direction was checked for all years. It
was found that during the first four to five years of experiment, the flow tilt angle showed5

a sinusoidal dependence on wind direction, which could be explained by a misalign-
ment of the sonic relative to the surface. However, from 2002 onwards the flow angles
show a different pattern, which can not directly be linked to sonic misalignment. The
change in sonic flow angle pattern is most likely an effect of a change of instruments.

Initially, we assume that the measured vertical data represent the flow parallel to the10

acceleration of gravity and perpendicular to the underlying surface. The real deviations
and their possible effect on the interpretation of the measured data is discussed in
Sect. 5.

For all neutral data it was required that |zm−dL |<0.1 and that Uzm>3 ms−1, where
zm=43 m. Especially during the winter time, the Metek sonic showed irregular in-15

strumental failures possibly due to precipitation and further screening was necessary.
These were U43 m>U31 m, σ2

W>0.03 m2 s−2 and finally less than 10 samples were re-
moved by requiring flow tilt angles to be less than 6◦. Data not fulfilling this last criterion
were typically taken immediately before or after instrumental failures. This procedure
left 2150 samples for the summer period and 3347 samples for the winter period. For20

summer data, stability effects were examined, both in relation to the statistical uncer-
tainty analysis (Eq. 2) and for interpreting the dependence on the terrain. In these
analyses, it was required that (zm−d )/L<−0.1 (unstable) or (zm−d )/L>0.1 (stable)
and Uzm>1 ms−1 (both unstable and stable).

A subset of the summer data was selected for 10Hz time series analysis. Here the25

criteria were sharpened as follows: wind directions should be in the interval [250◦,280◦]
to provide a uniform fetch, |zm−dL |<0.01 (near-neutral subset), −0.5<zm−d

L <−0.1 (unsta-

ble subset), 0.1<zm−d
L <0.5 (stable subset)

These sharpened stability criteria left 50 near-neutral, 45 stable and 19 unstable of
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30 min averaged measurement runs.

4 Results

4.1 Statistical uncertainty

Following Eq. (2), mean values of measured σw and U were calculated and the sta-
tistical uncertainties σWT

and σα were evaluated for T=1800s (Table 2). The statistical5

uncertainty σWT
was of the same order of magnitude as the measured mean value of

the absolute vertical velocity |WSolent|. There was a clear dependence on atmospheric
stability with the greatest uncertainties associated with the unstable subset.

4.2 Effect of sonic flow angles and flow distortion corrections

Before applying the flow distortion correction, the attack angle probability density func-10

tion (“pdf”) on the Solent sonic were calculated as arctan w√
u2+v2

, where v denotes the

instantaneous transversal wind component (Fig. 4, left). Similarly, the pdf for vertical
wind speeds were evaluated using 10 Hz data (right).

The attack angle distribution during unstable atmospheric stratification was wider
than for the neutral subset, which in turn was wider than the stable subset. The15

maximum values of W are generally higher during neutral conditions than during sta-
ble/unstable atmospheric stratification. The maximum measured value of W for this
10 Hz subset of summer data was around 7 ms−1.

The effects of the sonic flow distortion corrections are shown in Fig. 5, where mean
daily courses of W are presented. For this analysis, all data with U43 m>1 ms−1 were20

used. The flow distortion correction led to a different daily course for the Gill R2 sonic
measurements, whereas the weaker daily course for the Metek USA-1 sonic was pre-
served. For the Solent R2 anemometer, the “corr 1” and “corr 2” corrections corre-
spond to the corrections presented by van der Molen et al. (2004) and Nakai et al.
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(2006). Both flow distortion corrections for the Gill sonic led to a negative shift of verti-
cal velocities, whereas the flow distortion correction for the Metek resulted in a positive
shift of the vertical velocities. The Solent vertical velocities were changed on average
0.09 ms−1 and the USA-1 signals were changed 0.013 ms−1. Mean flow angles were
calculated as arctan(W/U), and here the effect of the flow distortion correction was on5

average 1.3◦ and 0.3◦ for the Solent R2 (both schemes) and USA-1 sonic respectively.
After the corrections, the mean daily course of W by the two sonic anemometers

agreed better.

4.3 Flow angle dependence on wind direction for near-neutral subset

In order to understand the possible terrain effect on the sonic measurements, the flow10

angles were calculated as a function of wind direction for the Solent R2 and the USA-1
sonic anemometers for both a winter and a summer period (Fig. 6). Only near-neutral
data was chosen for this analysis and flow distortion corrections were applied. For the
Solent R2 sonic, the numerically improved version of the correction was used (“corr
2”). The thick red line shows the centered running mean of 50 samples. The vertical15

dashed line indicates the direction of the mast from the boom at 130◦.
During the summer, the flow patterns measured by the two sonic anemomters were

rather similar (Fig. 6, top), with a pronounced minimum of −1◦ to −2◦ around 270◦, a
less pronounced minimum around 110◦ and weak maxima around 60◦ and 160◦.

The flow angles from the Gill sonic are slightly lower than the Metek sonic in the20

interval [330◦,100◦]. This difference could be due to a small relative misalignment
between the sonic anemometers or an effect caused by the different measurement
heights.

The good agreement between the directional flow pattern from the two sonic
anemometers disappear during the winter period (Fig. 6, bottom). Whereas the main25

features from the summer were preserved for the Metek sonic, the Gill sonic flow pat-
tern was changed with more negative flow angles in the northeast and less negative
flow angles in the southwest. Flow angles from both sonic anemometers showed a
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more varying pattern, with many local maxima and minima. These features were still
common for the two instruments. For example, three local maxima around 200◦, 250◦

and 315◦ appear for both sonics. These local maxima were not as pronounced for the
summer data.

Generally, the flow angles from the Metek sonic were more negative during winter5

than summer.
The squared correlation coefficient (R2) for near-neutral data from the two sonic

anemometers was 0.25 for the summer period and 0.18 for the winter period.

4.4 Flow angle dependence on atmospheric stability and wind direction

The analysis in the previous subsection was extended for the summer case to include10

an unstable and a stable dataset. The result is shown in Fig. 7, where the full line is
the neutral data, the dashed line represent stable conditions and the dotted line shows
the unstable data. Only the 50 samples running mean curve is shown, in order to
be able to distinguish the main feature of the flow pattern. The stable and unstable
subset were much smaller than the neutral data, with 738 stable samples and 23815

unstable samples compared to the 2150 neutral samples. The scatter for the half-
hourly samples was evaluated for the [250◦,280◦] interval to σαn

=0.7◦, σαs
=0.6◦ and

σαus
=2.0◦, where subscripts n, s and us denote the neutral, stable and unstable subset

respectively. The high value for the unstable subset was partly caused by a too small
sample size (25 samples). By widening the interval to [230◦, 300◦], σαus

was reduced20

to 1.6◦.
Relative to the neutral data, the flow angles from the Solent R2 during stable condi-

tions were predominantly more negative or more positive, depending on whether the
flow distortion correction by van der Molen et al. (2004) or Nakai et al. (2006) was
applied. For both flow distortion corrections as well as the raw data, the flow angles25

during unstable conditions were more positive than during neutral conditions. For the
USA-1 sonic anemometer, the flow distortion corrected unstable dataset was following
the neutral subset more closely than for the Solent-R2.
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Common features in all three graphs in Fig. (7) were that the stable subset gave
lower flow angles in sector [0◦,90◦] and that the stable subset followed the neutral in
the southern and wester sector.

Uncorrected data from the Solent R2 were qualitatively similar to the “Corr 2”
scheme, and the difference between the uncorrected and the corrected scheme for5

the USA-1 was minor.

4.5 Analysis of lidar data

In contrast to the data from Høvsøre, the vertical velocities from conically scanning
lidar data at Sorø showed no sinusoidal behavior at the furthest measurement height
of 177 m (Fig. 8, lower right), which implies that the instrument was well aligned to the10

surface. For the western and southern directions relative to the mast, the lidar flow
angles were between −1◦ and −2◦, which is very similar to the winter result of the
USA-1 sonic by Metek.

The variation in the horizontal flow field deduced from the linearly scanning lidar
is shown in Fig. 9. Each point represents a mean value over 97 half hours of scan-15

ning. Near-neutral data from the western sector of the forest ([250◦, 280◦]) were se-
lected to match the lidar scanning direction of 270◦ and provide a uniform forest fetch.
The vertical bars show the standard deviation of the wind. The flow showed an ap-
parent random variation of about 1.3% (left), but no systematic horizontal gradient.
The continuity equation for two-dimensional flows W=−

∫zm
0

dU
dx dz was used to derive20

W=−∆U∆x·zm/2 where zm=38 m and dU/dx is assumed to be a linear function of
height with boundary conditions dU/dx=0 s−1 at z=0 m and dU/dx=∆U/∆x s−1 at
zm=38 m, where ∆x denotes the distance between two focus points. To the right in
Fig. 9, two derived vertical velocities using the focus points 36 m and 61 m, and 20 m
and 55 m are plotted against each other. The mean value of the two derived vertical25

velocities were W55 m,20 m=0.05 ms−1 and W61 m,30 m=0.008 ms−1. The corresponding
standard deviations were σW55 m,20 m

=0.7 ms−1 and σW61 m,30 m
=0.6 ms−1. The correlation
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between the two derived vertical velocities was low with R2=0.036.

5 Discussion

5.1 The effect of flow distortion corrections

The flow distortion correction from the sonic structure led to a large negative shift of
vertical velocities and flow angles for the Solent R2 sonic, whereas it led to a positive5

shift of vertical velocities and flow angles for the USA-1 sonic (Fig. 5). The reason
for the strong negative shift of the Solent R2 signals is that negative vertical velocities
generally were corrected more than the positive vertical velocities.

Contrary to the Solent R2, the flow distortion correction supplied by Metek Gmbh for
the USA-1, does not cover the whole (−90◦,90◦) interval, and this correction is there-10

fore not complete. A study by Högström and Smedman (1989) pointed to a difference
of the flow distortion corrections achieved in wind tunnels with laminar flow compared
to the necessary correction for the turbulent atmospheric flow using Gill R2 and R3
instruments. They also found that Solent R2/R3 correction schemes for different in-
dividual anemometers were non-identical. It therefore seems likely that neither of the15

applied corrections schemes perfectly reflects the real distortion by the anemometer
structure. However, a positive off-set in flow angles seems to be a general feature of
the Solent sonic anemometer (Heinesch et al., 2007; Wilczak et al., 2001) and as it
improved the agreement with the USA-1, it seems likely that the correction improved
the precision of the anemometer.20

It is difficult to assess the final precision of the sonic anemometers. Taking the effect
of the flow distortion schemes as an indirect rough estimate of the precision, we esti-
mate that the precision of the vertical velocity was in the order of 0.01 ms−1 to 0.1 ms−1

depending on what type instrument is used. Similarly for flow angles, the precision
should not be considered better than 0.5◦−1◦.25

For the Solent R2, the data taken during stable conditions showed flow angles either
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more negative of more positive than the neutral flow angles depending on what flow
distortion scheme was applied (Fig. 7). The small difference between the corr1 and
corr2 calibration schemes still had significant effects. Since the probability function of
the angle of attack on the sonic depends on atmospheric stability as shown in Fig. 4,
the flow distortion correction affects different atmospheric stabilities differently and if5

a standard advection rotation relative to the neutral flow angles had been applied,
as done in most of the cited advection studies, we could either have achieved rather
small positive or negative vertical velocities depending on which of the two corrections
was applied. Instrumental uncertainties due to flow distortion can not – unless the
calibration scheme is absolutely perfect – be easily removed by assuming that the10

neutral data defines the zero-flow angle surface.

5.2 Limitation of sonic anemometer accuracy due to statistical uncertainty

One of the main conclusion of Feigenwinter et al. (2008), was that sonic based vertical
advection estimates should not be applied on a half-hourly basis. In the light of the
data presented in Table 2, this conclusion is very natural as the statistical deviation of15

the vertical velocity estimate is many times greater than the expected signal. With the
current setup, and in order to reach the accuracy limit of 1 mm s−1 stated by Leuning
et al. (2008), stationary time series of more than 100 days duration would be necessary.
A more robust alternative to using measured W for each half hour average, could be to
calculate a mean flow angle for the wind direction of interest, which was based on an20

ensemble of the single-run flow angles. This would reduce the scatter significantly.

5.3 Linearly scanning lidar

Although the assumption of linearly declining divergence with height may not hold for
the calculation of W in Fig. 9, the results still point towards at least two difficulties in
determining W from wind speed differences: (1) Mean values over the 97 samples25

could give rise to both positive and negative mean horizontal gradients depending on
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what focus points were chosen indicating large spatial variability and (2) the horizontal
variation of the flow was many times greater than the gradient associated with flow
angle of a couple of degrees. This led to derived values of mean vertical velocities
near 0.5 ms−1, which is nearly an order of magnitude greater than the measured W
from the sonic anemometers. An explanation for the large magnitude of the derived5

vertical velocities is the neglect of the transversal wind component in the derivation.
An instrumental problem with the linearly scanning lidar, is the difficulty of aligning

the sensor in parallel with the underlying surface. In order to use a continuity approach
for above canopy flows, we estimate that much greater distances are needed in order
to find a systematic deceleration or acceleration of the flow, such that small alignment10

errors can be neglected. Vickers and Mahrt (2006) successfully utilizes a set of towers
200 m apart to derive vertical velocities from the continuity approach including both the
mean wind and the transversal component of the flow. In the studies by Leuning et al.
(2008); Heinesch et al. (2007) towers at a distance of 50 and 90 m respectively are
used to measure below canopy wind gradients which in turn are used to derive W .15

5.4 Comparison of flow angles

In Fig. 10, the 50 sample running mean averages were plotted for the summer experi-
ment (top) and the winter experiments (middle and bottom). For the winter sonic-sonic
comparison, the disagreement between the two anemometers shown in the previous
section could be compensated by a small tilt of the Solent. By applying a 1◦ tilt to the20

measured data, the comparison in the western sector became equally good as for the
summer and the disagreement between the instruments in the northeastern directions
were also similar to the summer. We speculate that the less robust Solent anemometer
may have been flexed due to higher wind loads during winter, which could explain the
tilt.25

The agreement between the two lowest focus distances by the lidar at 50 and 60 m
agree rather well with the flow pattern by the USA-1 (bottom), except for the direction of
180◦. The systematic error in the vertical lidar-derived velocity due to inhomogeneity of
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the flow was estimated to be less than 20% and will not change the results significantly.
Due to the limited extension of the lidar experiment, flow angles from all wind direction
could unfortunately not be sampled, and the good agreement between the lidar and
the sonic in Fig. 10 may be a coincidence. However, the result is encouraging and
further campaigns should prove the usefulness of the ground based remote sensing5

lidars also for mean vertical velocities and flow angles.

5.5 Interpretation of flow angles in relation to the terrain

It is possible to relate the flow angles in Fig. 10 with features of the terrain at the Sorø
site in combination with the presented conceptual model for flow angles near a forest
edge in Fig. 1. For the summer data, the local maxima around 60◦ and 160◦ could10

be related to the acceleration and deceleration phases for features 1 and 3 defined in
Fig. 3. The local minima around 270◦ and 110◦ could similarly be related to either an
interaction phase for feature 6 or an effect of a trailing edge for feature 7. This would
mean that the deceleration phase (Fig. 1), extends to at least 8hC during summer time.
For the winter case, the local maxima in Fig. 10 (middle) can be related to acceleration15

or deceleration phases for features 4, 5 and 7. Since these features are located further
from the mast than features 1 and 3, this would point towards a slower adaptation of
the step change in vegetation during winter time than during summer time. This could
in turn be explained by the edge being more porous during winter, thereby letting more
flow go through it and slowing up the adaptation.20

As the instrumental uncertainties were of such large magnitude relative to the mea-
sured variation in flow angles, and we further have assumed that the surface parallel to
the canopy top followed the ground surface perfectly, this detailed interpretation of the
absolute values of the flow angles in relation to the terrain is uncertain. Some features
in Fig. 10 may therefore also be influenced by a sloping canopy top or smaller scale25

variations in the ground surface inclination.
The flow angles were more positive during un-stably stratified flows than for neutrally

stratified flow (both sonic anemometers) and followed the neutral mean curve to some
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extent, whereas the results for stable subset was closer to the neutral. Using the
internal boundary layer concept, this could be explained by the expected faster growth
of IBL for unstably stratified flows (Rao, 1975; Kaimal and Finnigan, 1994).

Instead of relating the non-zero flow angles to larger-scale temperature driven cir-
culation as in Lee (1998), these results point to an alternative interpretation, namely5

that the vertical velocities in complex terrain/terrain with inhomogeneous surface cover
during stably and unstably stratified flows follow the terrain – or the surface defined by
the canopy crowns – differently than under neutral conditions.

5.6 Implications for vertical advection estimates at fetch-limited sites and sites
with clearings10

If systematic vertical advection caused by flow adaption to the terrain should be in-
cluded in the carbon budget of the surface, advective flows would be of greater impor-
tance than previously estimated. To illustrate this, we have constructed an example
based on the presented results.

For the summer data, data from both sonic anemometers showed a well-defined min-15

imum around 270◦, which corresponds to the wind direction of a homogeneous fetch for
approximately 500m. Turbulent carbon dioxide flux data at near-neutral conditions from
the direction interval [250◦, 280◦] and carbon dioxide profile data from the summer of
2007 were used to assess the potential effect of systematic advection. The advection
term was evaluated following Lee (1998) as20 ∫ zm

0
W (z)

∂C
∂z

dz = Wzm

(
Czm − z−1

m

∫ zm

0
C(z)dz

)
. (12)

For C(z) a piecewise constant measured values of the CO2 gradient was used in the
integration.

In Fig. 11, the mean daily course of the estimated fluxes are presented. Here we
have used a hypothetical case of a mean wind speed of 4 ms−1 and mean flow angles25

of −0.5◦ to −1◦. Compared to the turbulent flux, the advection term during night time
8193
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would enhance the total flux by as much as 25–50%, whereas the day time enhance-
ment would not be greater than 25%. To calculate this example, only neutral data was
considered.

A common argument for not including the large vertical advection term, is that a
horizontal advection term would balance out the vertical advection leading to a near-5

zero advection contribution (Feigenwinter et al., 2004; Aubinet et al., 2005). A large
horizontal advection term of opposite sign as the vertical is of course also a possibility
that can not be ruled out for this study.

However, disregarding the horizontal advection term, we still find it questionable to
include the vertical advection term, which represents such a large correction to the10

eddy-covariance flux. Since W can change sign as an effect of local surface hetero-
geneities, the vertical advection term estimated at the mast will not be representative
for the whole forest.

Given this argument, we would like to extend the conclusion by Feigenwinter et al.
(2008), that the vertical advection term should not be included at a half-hourly time15

scale, to question whether the term should ever be included if the surface cover is
heterogeneous.

6 Conclusions

An analysis of mean vertical velocities and flow tilt angles from 3-D sonic anemometers
and a ground based remote sensing wind lidar was presented. For the sonic anemome-20

ters (Solent Gill R2 at and Metek USA-1), flow distortion correction schemes were ap-
plied to account for how the sonic itself affects the measured flow. It was found that the
flow distortion correction affects the mean flow angles significantly. For the Solent R2,
the mean value of the vertical velocity over all stabilities and wind directions changed
from being positive to negative. As the corrections were dependent on sonic attack25

angle distribution, which varies with atmospheric stability, the flow distortion correction
affected vertical velocities during different atmospheric stability differently. Relative to
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the flow angles during neutral atmospheric stratification, the flow angles during non-
neutral conditions changed from being predominantly positive to negative depending
on which flow distortion correction was applied.

The statistical uncertainty of the 30 min mean vertical velocities was estimated using
sonic anemometer data and was found to be of large magnitude relative to expected5

mean values of the vertical velocity. The estimated statistical uncertainty fit well with
the actual scatter of half-hourly averages of measured flow angles. A horisontal lin-
early scanning lidar mounted on the mast showed the spatial variation of the flow field.
The apparent random variation of the flow of 1.3% resulted in a derived vertical veloc-
ity almost an order of magnitude greater than the vertical velocities measured by the10

sonic anemometers. Based on these data, the calculation of vertical velocities from a
continuity approach was discussed.

Flow angles from eight heights between 50 m and 177 m were also calculated from a
conically scanning lidar, which was based on top of a scaffolding tower near the mast.
The vertical velocity was deduced by assuming horisontal homogeneity. The violation15

of the horisontal homogeneity assumption was estimated to cause a relatively small
error to the derived vertical velocity. As this technique is novel, measurements from
the forest site were compared with measurements at a flat low-vegetation site. It was
found that flow angles from the forest site showed more variation than at the flat low-
vegetation site. The standard deviation of the derived vertical velocity was of similar20

size as the vertical velocities from the sonic anemometers.
Since the forest site is fetch-limited and contains clearings, non-zero flow angles

were expected even during neutral atmospheric stratification. The dependence of the
measured flow angle on wind direction was therefore analyzed. Instead of using a tilt-
rotation algorithm where flow angles were assumed to be zero for neutral conditions,25

as has been done in most vertical advection studies, the coordinate system defined by
the sonic anemometers and lidar were used.

Both positive and negative flow angles were found, which could be related to either
a clearing within the forest, the limited fetch of the forest or a trailing edge downwind
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of the mast. A simple conceptual model explaining the non-zero flow angles was pre-
sented. The directional dependence and the magnitude of the flow angles from the
conically scanning lidar and the sonic anemomters match reasonably well.

Generally, all presented methods for assessing vertical mean velocities and flow
angles must be considered uncertain and at the limit of what can be measured experi-5

mentally.
The vertical advection term based on a single point measurement was estimated for

the western sector of the forest. However, it was not recommended to include this term
in connection with the measured flux, as the vertical velocity measured at the mast is
not representative for the whole forest.10
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Sogachev, A., Rannik, Ü., and Vesala, T.: Flux footprint over complx terrain covered by hetero-
geneous forest., Agric. For. Meteorol., 127, 143–158, 2004. 8173

Sogachev, A., Leclerc, M., Zhang, G., Rannik, U., and Vesala, T.: CO2 fluxes near a forest
edge: a numerical study, Ecol. Appl., 18, 1454–1469, 2008. 8174

Thom, A.: Momentum absorption by vegetation, Q. J. Roy. Meteorol. Soc., 97, 414–428, 1971.25

8170
van der Molen, M., Gash, J., and Elbers, J.: Sonic anemometer (co)sine response and flux

measurement II. The effect of introducing an angle of attack dependent calibration, Agric
For. Meteorol., 112, 95–109, 2004. 8182, 8185, 8187

Vickers, D. and Mahrt, L.: Contrasting mean vertical motion from tilt correction methods and30

mass coninuity, Agr. For. Meteorol., 138, 93–103, 2006. 8169, 8172, 8191
Wilczak, J., Oncley, S., and Stage, S.: Sonic anemometer tilt corrections algorithms, Bound.-

Lay. Meteorol., 99, 127–150, 2001. 8189

8199

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/8167/2009/bgd-6-8167-2009-print.pdf
http://www.biogeosciences-discuss.net/6/8167/2009/bgd-6-8167-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
6, 8167–8213, 2009

Mean vertical
velocities and flow tilt

angles at a fetch
limited forest site

E. Dellwik et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Yang, B., Raupach, M., Shaw, R., U, K., and Morse, A.: Large-eddy simulation of turbulent flow
across a forest edge. Part1: Flow statistics, Bound.-Lay. Meteorol., 120, 377–412, 2006.
8175

Yi, C., Anderson, D., Turnipseed, A., Burns, S., Sparks, J., Stannard, D., and Monsoon, R.: The
contribution of advective fluxes to net ecosystem exchange in a high-elevation, subalpine5

forest, Ecol. Appl., 18, 1379–1390, 2008. 8169, 8171

8200

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/6/8167/2009/bgd-6-8167-2009-print.pdf
http://www.biogeosciences-discuss.net/6/8167/2009/bgd-6-8167-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
6, 8167–8213, 2009

Mean vertical
velocities and flow tilt

angles at a fetch
limited forest site

E. Dellwik et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Table 1. Overview of experiments and sites used for instrument intercomparison. The mea-
surement height denotes the height above the ground for the sonic anemometers and the
conically scanning lidar, and the focus distance from the mast for the linearly scanning lidar.

Dataset Duration of experiment Measurement height/focus distance (m)

Sorø “summer” 1 Jun 2005–31 Aug 2005 43 m Gill R2, 31.5 m Metek USA-1
Sorø “winter” 18 Jan 2005–1 May 2005 43 m Gill R2, 31.5 m Metek USA-1

Conically scanning lidar 15 Nov 2006–6 Jan 2006 50, 59, 67, 78, 94, 115, 89, 142, 177
Linearly scanning lidar 25 Jan 2007–4 Feb 2007 20, 25, 30, 36, 40, 45, 50, 55, 61
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Table 2. Statistical uncertainties evaluated for T=1800s and measured mean values of |W |
and σw/U from the flow distortion corrected Solent sonic anemometer for varying atmospheric
stratification.

Subset σw
U (–) σWT

(ms−1) σαT
(◦) |WSolent| (ms−1)

Near-neutral 0.19 0.07 0.8 0.07
Stable 0.08 0.02 0.4 0.04
Unstable 0.24 0.05 1.4 0.06
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1

Fig. 1. Sketch of flow downstream of a forest edge.
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Fig. 2. Half hour averages of the flow angle measured by lidar at a very flat site. The solid lines
are binned median values, and the dashed are 25% and 75% quantiles, respectively. Between
the vertical gray lines the flow is undisturbed by the wind turbine array.
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Fig. 3. Map and photography of the Sorø site. The height contours (right) signifies 2 m height
differences.
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Fig. 4. Probability density of attack angle on sonic anemometer and vertical velocities for three
atmospheric stability subsets based on 10 Hz data.
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1

Fig. 5. Effect of flow distortion corrections on mean daily courses of vertical velocities for all
wind directions and stabilities.
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Fig. 6. Neutral data tilt angle during full leaf area index conditions (top) and low leaf area index
conditions (bottom).
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Fig. 7. Directional response of neutral, stable and unstable dataset for the summer of 2005.
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1

Fig. 8. Half hour averages of the flow angle measured by lidar at Sorø during the late autumn
and winter of 2006–2007. The solid lines are binned median values, and the dashed are 25%
and 75% quantiles, respectively.
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Fig. 9. Horizontal variation in the mean wind speed as measured by the mast-mounted lidar
(left) and derived mean vertical velocities from a continuity approach (right).
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Fig. 10. Comparison of direction response for the two sonic anemometers (top and middle)
and the conically scanning lidar (bottom).
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Fig. 11. Sensitivity analysis of the contribution of the vertical advection term to the measured
turbulent eddy-flux during near-neutral conditions.
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