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Abstract Two synchronized continuous wave scan-
ning lidars are used to study the coherence of the along-
wind and across-wind velocity components. The goal is to
evaluate the potential of the lidar technology for applica-
tion in wind engineering. The wind lidars were installed
on the Lysefjord Bridge during four days in May 2014 to
monitor the wind field in the horizontal plane upstream
of the bridge deck. Wind records obtained by five sonic
anemometers mounted on the West side of the bridge are
used as reference data. Single- and two-point statistics
of wind turbulence are studied, with special emphasis on
the root-coherence and the co-coherence of turbulence. A
four-parameter decaying exponential function has been fit-
ted to the measured co-coherence, and a good agreement
is observed between data obtained by the sonic anemom-
eters and the lidars. The root-coherence of turbulence is
compared to theoretical models. The analytical predic-
tions agree rather well with the measured coherence for
the along-wind component. For increasing wavenumbers,
larger discrepancies are, however, noticeable between the
measured coherence and the theoretical predictions. The
WindScanners are observed to slightly overestimate the
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integral length scales, which could not be explained by the
laser beam averaging effect alone. On the other hand, the
spatial averaging effect does not seem to have any signifi-
cant effect on the coherence.

1 Introduction

The deployment of a single Doppler wind lidar to study
atmospheric turbulence is limited by the fact that only the
along-beam wind velocity is recorded. To retrieve the three
wind components, a system of triple lidars is necessary (Mik-
kelsen et al. 2008a, b; Mann et al. 2009). If only two of the
wind components are of interest, a dual-lidar system can be
used instead. That type of system was, for example, used in
combination with sonic anemometers by Calhoun et al. (2006)
to obtain the vertical profile of horizontal wind velocity cre-
ated by the intersection of two Range Height Indicator (RHI)
scans. If the goal is to recover the along-wind and across-wind
components, dual plan position indicator (PPI) scans with low
elevation angles can be used (Newsom et al. 2008).

A review of the estimation of the turbulence statistics
by Sathe and Mann (2013) showed that wind lidars have
mainly been used in two domains: wind energy and atmos-
pheric research. For the latter, Reitebuch (2012) has pro-
vided a short review. For wind energy applications, wind
lidars have mainly been used for wind profiling (Pefia et al.
2009), to investigate the flow variability in complex terrain
(Barkwith and Collier 2011; Lange et al. 2015), in studies
of atmospheric stability (Friedrich et al. 2012), wind turbu-
lence (Sathe et al. 2011), the flow upstream (Simley et al.
2016) or downstream of a single (Iungo et al. 2013) or mul-
tiple (Kumer et al. 2015) wind turbines.

The application of multiple wind lidars in civil engi-
neering is appealing because of their potential to study
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two-point statistics of wind turbulence. Among them, the
coherence is of particular interest. The coherence describes
the spatial correlation of wind gusts in the frequency
domain. Full-scale measurements of the wind coherence
are fundamental to accurately estimate the total wind load
acting on large structures such as long-span suspension
bridges (Toriumi et al. 2000; Miyata et al. 2002) or wind
turbines (Saranyasoontorn et al. 2004).

The characterization of wind coherence for lateral sepa-
rations has previously been obtained from arrays of met-
masts (Ropelewski et al. 1973; Kristensen and Jensen
1979), but their deployment in complex terrain or in off-
shore environment may not be easy. The installation of an
array of sonic anemometers along the deck of a long-span
bridge is an alternative (Toriumi et al. 2000; Miyata et al.
2002) that remains rarely used. Since the instrumentation
of a long-span bridge is cumbersome and such structures
are not always available, the deployment of dual wind
lidars may become an alternative to accurately measure
wind coherence in a near future.

The study of wind coherence with lidars has been lit-
tle documented so far. By using a single-pulsed Doppler
lidar and the zenith-pointing mode in flat terrain, Lothon
et al. (2006) measured the coherence of the vertical wind
component along the scanning beam. At that time, Lothon
et al. (2006) did not find similar studies in the literature
that could be compared with their results. Kristensen et al.
(2010) conducted another analysis of the along-beam
coherence by using a single wind lidar, for different angles
between the mean wind direction and the beam orientation.
In a proof-of-concept study, Cheynet et al. (2016b) used
a single-pulsed wind lidar to monitor the lateral and ver-
tical coherence for the along-wind component in offshore
environment, but were limited to the case where the wind
direction was more or less aligned with the scanning beam.
Motivated by its relevance for the wind loading on slen-
der structures, the present study focuses on the coherence
of the horizontal wind components along a line segment,
measured by a dual-lidar system.

In this pilot study, continuous wave (CW) lidars are
used to study atmospheric turbulence along the span of a
suspension bridge. The short-range WindScanner system
(http://www.windscanner.dk/) developed at the Department
of Wind Energy at the Technical University of Denmark
(DTU) Risg campus is used for this purpose. The present
paper aims to evaluate the ability of the WindScanners to
measure the coherence of the horizontal wind components
for lateral separations. In addition, we aim to evaluate the
relative importance of the lidar spatial averaging effect on
the accuracy of turbulence measurement.

The WindScanner system was deployed on the deck
of the Lysefjord Bridge during four days in May 2014.
The bridge has been instrumented with multiple sonic
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anemometers that have been measuring the wind field con-
tinuously since November 2013. The relatively low wind
velocity recorded during the WindScanners deployment
period resulted in a low availability of the data. The pre-
sent study therefore demonstrates the suitability of lidars
to measure spectral coherence rather than characterizing
the turbulence at the bridge site with statistical signifi-
cance. In the following, the particular scanning pattern of
the lidar is first described as well as the positions of ane-
mometers along the bridge span. The single-point statistics
of atmospheric turbulence are then analysed, followed by
a comparison of the coherence measurements obtained by
the anemometers and the lidars. The discussion focuses on
the influence of the non-stationarity of the wind data and
the volume averaging effect of the lidar data on turbulence
measurements.

2 Measurement site and instrumentation

The Lysefjord Bridge crosses the narrow inlet of a fjord
in the South-West coast of Norway (Fig. 1). Its main span
is 446 m long and its centre stretches 55 m above the sea
level. The bridge is entrenched between steep hills and high
mountains, i.e. immersed in a flow strongly influenced by
the topography. Two prevailing wind directions are com-
monly observed at the bridge site and correspond to flows
from S-SW and N-NE which display different turbulent
characteristics (Cheynet et al. 2016a). The flow from N-NE
comes from the nearby mountains or follows the fjord
over a longer path. On the other hand, the flow from S-SW
comes from a more open and levelled area.

Source: Wikimedia Commons

Fig. 1 East view of the Lysefjord Bridge site
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Fig. 2 Schematic of the bridge deck and its coordinate system with
the anemometers (black dots) and the WindScanners R2D1 and R2D3
(symbols X)) installed on the deck West side. The angle between the

2.1 The sonic anemometry

In November 2013, four 3D WindMaster Pro sonic ane-
mometers from Gill Instrument Ltd were deployed on the
West side of the deck on hangers 16, 18, 20 and 24, referred
to as H-16, H-18, H-20 and H-24, respectively (Fig. 2). In
addition, a Vaisala weather transmitter WXT520 was fixed
to hanger 10, denoted H-10. These five anemometers are
installed 6 m above the deck and are fixed either directly
on the hangers or on poles supported by the main cables
(Fig. 3). The anemometer data are sampled at 20 Hz. On 22
May 2014, the five sonic anemometers were continuously
recording the along-wind, across-wind and vertical wind
velocity components, denoted u, v and w, respectively. The
along-wind component is split up into a mean part, u, and a
fluctuating part with zero mean, u':

u=1u+u (1)
v=v+V )
w=w4+w 3)

where ¥ = w = 0 ms ™! (Teunissen 1980).
2.2 Wind conditions

Wind conditions observed on 22 May 2014 are summa-
rized in Fig. 4, in terms of mean wind velocity, turbulence
intensity and mean wind direction, where all data points are
based on records of 10 min duration. In the morning, up
to 12:20, the wind direction was N-NE with a wind veloc-
ity lower than 8 ms~!. Between 11:20 and 12:00, the wind
direction switched to S-SW and remained the same until
the next day. The mean wind velocity reached its maximum
between 16:00 and 18:00, which is the period in which the

wind direction and the normal to the deck is called “yaw angle” and
denoted B in the following

Fig. 3 WindScanner R2D1 (fop) aiming at the South-West side
of the Lysefjord Bridge, and sonic anemometers (bottom panels)
installed above the bridge deck

turbulence data discussed hereafter were recorded. During
that period, the mean wind direction fluctuated between
180° and 195°. For this wind sector, a rather high turbulence
intensity was recorded, probably because the approaching
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Fig. 4 Mean wind direction, velocity and turbulence intensity of the
along-wind component on 22 May 2014. The bridge axis (thick solid
line) makes an angle of 40° with the North

flow crosses over hilly landscapes and the change in terrain
roughness due to the sea-land discontinuity occurs rela-
tively close to the bridge deck. As pointed out by Antonia
and Luxton (1972), the evolution of the turbulence intensity
for a roughness change from rough to smooth may not be
monotonically decreasing and a larger turbulence intensity
can therefore be expected in the vicinity of a roughness
change such as the one South of the Lysefjord Bridge.

2.3 The WindScanner system

The short-range WindScanner system is based on syn-
chronized coherent continuous wave (CW) wind lidar
instruments, which are actually a modified version of the
ZephIR 150 (Natural Power) equipped with a 3-inch (7.62-
cm) optical lens. The principle of CW lidar is described by
Karlsson et al. (2000), while a description of the particu-
lar short-range WindScanner used in this study is given by
Sjoholm et al. (2014). The configuration of the WindScan-
ners used here is summarized in Table 1. It is almost the
same as described in Mann et al. (2010), the main differ-
ence being that the lidars used in the present study have
a more versatile rotating scanning head allowing a scan
within a cone with a half-opening angle of 60°.

The laser transmitter of the lidar operates at a wave-
length of 1.565um, with an along-beam sampling fre-
quency of 390 Hz. The along-beam wind component is
recorded based on the Doppler frequency shift of the back-
scattered light from aerosols present in the atmosphere,
using heterodyne detection technique. Sjoholm et al. (2014)
have previously used a similar configuration to characterize
the rotorcraft downwash flow of a helicopter in a vertical
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Table 1 Configuration of the lidar instruments used in the present
study

Properties Short-range WindScanner
Wavelength 1.565 pm

Beam-width (at 40 m range) <l mm

Shortest range 10 m

Longest range <200 m

Scan line sweep frequency 1 Hz

Scan line sweep length 123 m

Line-of-sight (LOS) sampling frequency 390 Hz

Lidars LOS detection range +18 ms~!

and horizontal plane and were able to map the mean flow
with good spatial resolution. Recently, Lange et al. (2015)
applied the WindScanner system to study the wind field in
a complex terrain along several vertical line segments. In
the present study, the scan is carried out in the horizontal
plane only.

2.3.1 Beam sweeping mode

When the beam sweeping mode is used, the two lidars
denoted R2D3 and R2D1 in Fig. 5 aim at the same point
40 m upstream of the deck. By synchronized steering of
the measurement location, the WindScanners scan con-
tinuously the area along a 123-m line segment parallel to
the bridge deck and centred on H-18. The continuously
acquired measurements along the line are in the post-pro-
cessing discretized into 26 segments, with a mean spatial
resolution of 5 m except at the end points where the res-
olution is 3.7 and 4.3 m, respectively. The pattern drawn
by the intersection of the two scanning beams is almost a
triangular waveform when displayed as a function of the
time, except for the turning points which are rounded for a
smooth motor motion (Fig. 6).

The scanning beam needs 0.5 s to travel along the 123-m
line segment. At the centre of the scanned line, the sam-
pling frequency is uniformly 2 Hz, while towards the ends
it alternates between a short and a long sampling separation
(Fig. 6). The transformation of the non-uniform sampling
frequency into a uniform one is therefore a preliminary step
that must be carried out before analysing the wind velocity
data. The upper limit of the spectral analysis of the wind
data is therefore fixed to 0.5 Hz. The choice of a Nyquist
frequency of 0.5 Hz is governed by the largest sampling
time for the lidar data, which is 1 s.

For a zero elevation angle, the along-beam velocity is
first expressed as a function of the wind components normal
and along the bridge deck, denoted v, and vy respectively.
The angles between the deck axis and the orientation of the
beams are «¢1 and op for the WindScanner R2D1 and R2D3,
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Fig. 5 Schematic of the dual-lidar system with the along-wind and across-wind components (black), the along-span and across-span compo-

nents (blue), and the along-beam wind component (red)
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Fig. 6 Trajectory followed by the intersection of the two scanning
beams of the WindScanners. Each circle represents one volume ana-
lysed at a given time step

respectively (Fig. 5). For two synchronized wind lidars, the
across-wind and along-wind components can be retrieved
using a two-step procedure inspired from algorithms previ-
ously proposed by Newsom et al. (2008) and applied by e.g.
Stawiarski et al. (2013) and Newsom et al. (2015). Firstly,
the wind components v, and vy are obtained using:

Vx| _ aa—=1|Vr
b= ) @
where:

_|sin(a;)  —cos(a)

- Lin(az) —cos(az)} S

Secondly, the wind components u and v are calculated
using the yaw angle g:

ul | cos(B) sin(B) Vy
v| = |=sin(B) cos(B)| |y (6)

where:

B = arctan (Vy> (N

Vx

2.3.2 The spatial averaging effect

Contrary to sonic anemometers that are essentially moni-
toring the flow in a volume small enough to be considered
as a point for wind engineering applications, Doppler wind
lidars measure the wind velocity in a volume stretched
along the beam, in which the high-frequency wind compo-
nents are “smoothened” out to a certain degree. This results
in an attenuated spectrum at high frequencies for the along-
beam wind velocity in comparison with the wind spectrum
from the sonic anemometers (Sjoholm et al. 2008, 2009;
Angelou et al. 2012).

Following Smalikho (1995), the low-pass filter effect
can be expressed as a convolution between the spatial aver-
aging function ¢ and the vector of the wind velocity V? pro-
jected along the beam at a focus distance r from the lidar:

400
ve(r) = / ¢ (s)n - v (sn + rn)ds (8)

Here, n is a unit vector along the beam and s is the distance
along the beam from the measured point. When the beam
is aligned with the wind direction, Eq. 8 can be directly
calculated using a scalar convolution product. The function
¢ can be approximated by a Lorentzian function (Sonnen-
schein and Horrigan 1971):

1 Z

d(s) = ;m )
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where Z, is the Rayleigh length defined as:

r?

Z, =
" 2mad (19)

where 4 = 1.565 um is the wavelength of the laser source
and ap ~ 20 mm is the beam radius.

The range resolution of a CW lidar is expressed by its
full width at half maximum (FWHM), which is approxima-
tively equal to two times the Rayleigh length (Mikkelsen
2009). As shown in Eq. 10, the FWHM increases quad-
ratically with the measurement distance. Consequently, a
constant spatial resolution along the laser beams cannot be
achieved in the present case because the scanning distance
to the WindScanners is varying. The focus distances meas-
ured here range from 40 m to ca. 114 m, i.e. the FWHM
fluctuates between 2.0 m and 16.6 m.

The spectral transfer function H associated with Eq. 9 is
therefore expressed as a function of the distance r and the
wavenumber k:

[H(k,r)|* = eIkl (11)

If the scanning beam is aligned with the mean wind direc-
tion, the spectrum of the filtered radial velocity S, is:

S,, (k) = [H(k,r)* - 89 (k) (12)

If the scanning beam is not aligned with the wind direc-
tion, Eq. 8 must be solved considering the three-dimen-
sional structure of wind turbulence. Then the spectral
transfer function depends on three variables: the distance
r, the wavenumber k and the angle 6 between the beam and
the wind direction. This does not allow a simple analytical
expression of the spectral transfer function, except for the
case of isotropic turbulence in the inertial subrange (Kris-
tensen et al. 2011).

3 Single and two-point statistics

The data from the anemometers and the CW lidars are syn-
chronized using GPS time. For the time series considered,
the gust front recorded 40 m upstream to the deck needs ca.
4 s to reach the bridge position, based on the mean wind
velocity of the flow. Because the integral timescale meas-
ured by the anemometers was larger than 11 s, we used
Taylor’s hypothesis of frozen turbulence to assume that the
wind data recorded 40 m upstream to the deck differ from
those along the deck by a time lag only. The time lag was
estimated using a cross correlation between the wind veloc-
ity recorded by the sonic anemometer on H-18 and the
WindScanners and was equal to about 4 s.

@ Springer

3.1 Integral length scales

The streamwise turbulence length scales or integral length
scales are calculated based on the integration to the first
zero crossing of the auto-covariance of the wind velocity
components as proposed by e.g. Lenschow and Stankov
(1986). The integral timescale T;, where i = {u, v} refers to
the along-wind and across-wind components, respectively,
is first calculated. Taylor’s hypothesis of frozen turbulence
is then applied to estimate the integral length scale L;:

1(Ri(1)=0)
T; = Ri(t)dt (13)

t=0

Li=u-T; (14)

where u is the horizontal mean wind velocity component
recorded at a single point and R; is the auto-covariance
function of the fluctuating wind velocity.

3.2 Spectral analysis

The power spectral densities (PSD) of the wind veloc-
ity data are calculated using Welch’s overlapped segment
averaging estimator (Welch 1967) and bin averaged using a
logarithmic spaced abscissa. A record of 20 min duration is
used and divided into overlapping segments of 10 min with
50% overlapping as suggested by Carter et al. (1973). The
frequency band ranges therefore from 1.67 mHz to 0.5 Hz.

3.3 Root-coherence and co-coherence

The root-coherence is defined in Eq. 15 using the same
notations as Davenport (1961). It is expressed as the nor-
malized cross-spectral density of the wind fluctuations
measured simultaneously at two different positions y, and
¥4 along the bridge deck:

Yog(F) = /o2, () + QuZ,(f) (15)

in which Cop, and Qu,, are the co-coherence and quad-
coherence of the velocity fluctuations, respectively,
defined for a given frequency f, and a spatial separation

dy = |y,, _Yq|aS:

(16)

C%@=M( Spa /) )

VSp(f) - Sq(f)

Spq () ) (17

=1 [ b A —
Qupq (f) m ( hp (f) : Sq (f)



Exp Fluids (2016) 57:184

Page 70f 17 184

where S, is the cross-spectral density of the velocity fluc-
tuations recorded at the positions y, and y,. In the follow-
ing, the root-coherence function is denoted y,, and y, for the
along-wind and across-wind components, respectively. The
application of the root-coherence to estimate wind loads on
structures was first introduced by Davenport (1961, 1962)
for vertical separations and then generalized by Vickery
(1970) for both lateral and vertical separations. To con-
sider the in-phase correlation of the wind load only, the co-
coherence defined in Eq. 16 is used, as illustrated by early
works from e.g. Panofsky and Singer (1965) or Shiotani
and Iwatani (1971). In the present paper, the root-coher-
ence and the co-coherence are studied separately.

The root-coherence is calculated for the along-wind and
across-wind components in the cross-flow direction. The
cross-flow separation, denoted D, is obtained by projec-
tion of the bridge axis segment in question onto the line
perpendicular to the flow in a similar fashion as done by
Saranyasoontorn et al. (2004). For the calculation of the
co-coherence, instantaneous wind measurements for dif-
ferent cross-flow separations are required. Unfortunately,
the wind direction was not normal to the deck during the
period studied. For a mean wind direction of 190°, a non-
negligible yaw angle of 40° between the wind direction
and the normal to the deck is recorded. Consequently, we
hereby present the co-coherence for the wind component
normal to the deck axis. This allows a comparison between
the data from the WindScanners and the anemometers,
but not a direct comparison with the characteristics of the
along-wind turbulence reported in the literature.

The coherence is calculated based on 10 min of wind
data recorded between 16:25:00 and 16:35:00 on 22 May
2014. To reduce the measurement noise and the bias of
the coherence spectrum estimate, the root-coherence
and co-coherence are computed using overlapping seg-
ments of 1 min each via Welch’s method and 50% over-
lapping, leading to recorded data at frequencies ranging
from 16.7 mHz to 0.5 Hz. With a larger data set, we can
increase the length of the overlapping segment to improve
the frequency resolution, and keep the measurement noise
and the bias low. The co-coherence and root-coherence
are calculated for all possible combinations of lateral sep-
arations, and the average over identical distances is calcu-
lated. The measured co-coherence is approximated in the
least-square sense by a four-parameter exponential decay
function inspired by e.g. Hjorth-Hansen et al. (1992) and
Jakobsen (1997):

Co(dy.f) = exp {— K’m] 3 } cos <C4Ciyf>

X
(18)
where v, is the mean wind velocity normal to the deck
and ¢y, ¢2, ¢3, ¢4 are coefficients to be determined.

The measured root-coherence is compared to two theoreti-
cal models. The first one is the von Kdrman isotropic coher-
ence model (Kdrmédn 1948) which is defined for the along-
wind and across-wind components as:

1
Yu(f) =A- [Ks/e(n) - 2’7K1/6(77)} (19)
3n?
w() =A- |:K5/6(7)) + 3772_'_5”2771(1/6(7))} (20)

where 1, A and n are:

2 /6

4= 55 ) @

n=1/n + (/L (22)
= Z”Eﬂ) — kD (23)

According to ESDU 86010 (2001), the isotropic integral
length scale L is defined as L = 2L,,, where L, is here calcu-
lated using Eqgs. 13, 14. I" is the gamma function and K; is the
modified Bessel function of the second kind (Luke 1962).

The second model is a modified von Karmén coherence
model provided by ESDU 86010 (2001). For a given cross-
flow separation D, it is defined for the along-wind and
across-wind components as:

Vu(f) = exp (—1-15n}'5> (24)

o(f) = exp (—0-650%'3) (25)

where:

n =V (0.747r)2 + (cn)2 (26)
D

r= Eg 27

1.6-013

¢ = max (1,”b> (28)

b = 0.35:92 (29)

Lg =21,{1-046exp [-35c/m"7| } (30)
_ Lot

h= - 10 ah
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where 1 and n are defined in Eqgs. 22 and 23, respectively.
L¢ is the length scale of the along-wind turbulence in the
cross-flow direction. It is expressed as a function of the alti-
tude z of the anemometers and the height % of the boundary
layer, expressed as a function of the friction velocity u, and
equal to 358 m in the present study.

4 Stationarity test

To assess the stationarity of the wind velocity data
recorded, the reverse arrangement (RA) test (Bendat
and Piersol 2011) is considered. This test has been pre-
viously applied to wind velocity data (Xu 2013; Wang
et al. 2016) and more generally to a variety of random
processes, see e.g. Aryan et al. (2013), Beck et al. (2006).
According to Bendat and Piersol (2011), the RA test is
a “nonparametric and distribution-free procedure where
no assumption is made concerning the probability distri-
bution of the data being evaluated” used to detect non-
negligible trends in a random data set. By paraphrasing
Siegel and Castellan (1988), the null hypothesis for this
test is that the wind sample considered is made of inde-
pendent observations. The alternative hypothesis is that
the data points are not random because of the existence
of an underlying trend.

Consider a sample X = {X1,X>,...,Xy} made of N
data points corresponding to the along-wind velocity com-
ponent. According to Bendat and Piersol (2011), a reverse
arrangement is defined as the number of times that X; > X;

y (m)

40 50 60 70

y (m)

40 50 60 70

80

80

time (s)

fori < j. For a number A of reverse arrangements, the mean
and standard deviation of A are:

NV -1
Mo = ———— (32)
_NCeN+5N-1) (33)

7a 72

Following Siegel and Castellan (1988), a z-score is calcu-

lated as:

_ A-— Ha
A/ Oa

In the following, the null hypothesis is verified at 5% sig-
nificance level if —1.96 < z < 1.96.

z (34)

S Results
5.1 Wind field mapping

The high spatial and temporal resolution of the dual-
lidar system allows a mapping of the wind field along a
123-m-long line segment parallel to the deck (Fig. 7). The
largest gusts are seen to appear systematically along the
entire monitored domain and are skewed with respect to
the bridge deck orientation, which indicates a nonzero yaw
angle for the wind direction.

A more detailed comparison of the recorded veloc-
ity data between the anemometer on H-18 and the

u (m/s)

90 100 110 120 130 140 150

v (m/s)

90 100 110 120 130 140 150

Fig. 7 Along-wind (fop) and across-wind components (bottom) recorded by the WindScanners from 16:20 on 22 May 2014
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Fig. 8 Along-wind (top), across-wind components (middle) and wind direction (bottom) measured by the WindScanners and the anemometers

near hanger 18, on 22 May 2014, after synchronization of the records

WindScanner 40 m upstream to the bridge, at a lateral dis-
tance of 2 m from H-18, is shown in Fig. 8. A good agree-
ment is obtained between the data from the anemometers
and the WindScanners. The last 5 min of the record show
a sudden decrease in the wind velocity for both the along-
wind and across-wind components. Such variations are
rather common at the Lysefjord Bridge site and are often
associated with slight changes in the mean flow direction,
as indicated in the bottom panel of Fig. 8. In this particu-
lar case, wind from S-SW implies that the bridge becomes
sheltered by the terrain in the South and exposed to lower
wind velocities. This may be interpreted as non-stationary
wind fluctuations (cf. Sect. 5.4), which are likely to be
responsible for an overestimation of the turbulent length
scales and the turbulence intensities (Chen et al. 2007,
Wang et al. 2016). Similar large variations are noticeable
during the first 5 min of the time series corresponding to
the across-wind component and the wind direction.

5.2 Uniformity of the flow along the deck

The along-span variations of the integral length scales L,
and L,, the horizontal mean wind velocity u, the standard
deviations o, and o, and the mean wind direction are pre-
sented in Fig. 9. The anemometer and WindScanner meas-
urements are compared to investigate the capability of the

CW lidars used in the present study to capture single-point
statistics of atmospheric turbulence. The abscissa is defined
as the distances varying from 0 to 168 m, corresponding to
the distance between the anemometers at H-10 and H-24.
The values of L, and L, data are particularly large for
both the anemometers and the WindScanners. In addition,
the dual-lidar system seems to systematically measure
larger integral length scales than those obtained with the
anemometers. We suspect the beam averaging effect to be
responsible for the overestimation, i.e. the smoothing of the
high-frequency content of the data leads to an auto-corre-
lation function that decays more slowly with the time lag.
The mean wind velocity u recorded by the WindScan-
ners shows a good overall agreement with the one measured
by the anemometers near mid-span (hangers 16-20), but a
larger difference is observed with the value recorded by the
sonic on H-24. The discrepancy between the data from the
anemometers and the WindScanners is, however, on aver-
age lower than 3% for the mean wind velocity, which is
acceptable. Pefia et al. (2009) have used a similar profiling
CW lidar in offshore environment and found a coefficient
of determination R? higher than 0.95 between the horizon-
tal mean wind speed recorded by cup anemometers and the
lidar. Although the lidar device measures slightly lower val-
ues than the anemometers for o, and o, a rather good agree-
ment is obtained. However, Pefia et al. (2009) observed a
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Fig. 9 Single-point statistics of atmospheric turbulence measured by the WindScanners and the anemometers along the bridge deck on 22 May

2014 between 16:20 and 16:40

larger discrepancy between the standard deviation of the
horizontal wind components measured by the anemometers
and the wind lidar. One must note that Pefia et al. (2009)
used a velocity—azimuth display (VAD) scanning mode
which was shown by Sathe et al. (2011) to have limited
capacities to accurately measure atmospheric turbulence.

Both the anemometers and the WindScanners measure
a uniform wind direction near the central part of the deck.
Near hangers 10 and 24, the anemometer data show a cer-
tain variation in the wind direction, which may be due to
slight differences in the alignment of the sensors or the
influence of the topography on the wind direction near the
towers.

5.3 Overestimation of the integral length scale by the
WindScanners

To investigate the influence of the spatial averaging effect
on the estimation of the integral length scales, the case
where the along-beam component recorded by the WindS-
canner R2D1 with an angle oy = 128° between 16:20 and
16:40 on 22 May 2014 is considered. Under this configura-
tion, the focus distance, r, is around 51 m and the beam
is aligned with the measured mean wind direction. Equa-
tions 8—11 are then applied to introduce the spatial averag-
ing on the along-wind velocity component recorded by the
anemometer on H-18. The auto-covariance function of the
filtered and unfiltered along-wind component is compared
to the auto-covariance function measured by the WindS-
canner R2D1 in Fig. 10.
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Fig. 10 Auto-covariance function for the along-wind component cal-
culated at mid-span for wind data recorded from 16:20 to 16:40 on 22
May 2014, with and without introducing spatial averaging

In this subsection, the integral timescale is considered
instead of the integral length scale to avoid the introduction
of an additional discrepancy due to the slightly different
mean wind velocity measured by the WindScanners and the
anemometer on H-18. The integral timescale for the Wind-
Scanner data is 31.7 s, whereas it is 28.8 and 29.4 s for the
unfiltered and the filtered along-wind component measured
by the anemometer on H-18. This leads to a difference of
10% between the WindScanners and the unfiltered ane-
mometer data. The difference increases to 13% if Eq. 14 is
used because of the discrepancy that already exists between
the value of u estimated by the WindScanners and the ane-
mometers. The anemometers measure a more heterogene-
ous along-span distribution of the integral length scales
than the WindScanners, leading to an increased discrep-
ancy between the anemometer and WindScanner estimates
when the integral length scales L, are averaged along the
deck span.
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As shown in Fig. 10, the spatial averaging effect intro-
duced leads to a slight increase in the estimated integral time-
scales. However, it does not fully explain the discrepancies
between the WindScanner and the anemometer estimates.
The calculation of the integral length scales was done in the
present study by using both WindScanners, which results
in a more complex spatial averaging that cannot be simply
expressed analytically. In addition, the spatial filtering in the
transverse direction due to the beam motion was not modelled
here and may lead to an increased measurement error. As
pointed out by Stawiarski et al. (2015), additional sources of
discrepancies such as data aggregation and weighting in the
lidar data retrieval process are likely to be present. Finally, a
minor difference between the flow conditions 40 m upstream
of the bridge and those observed 6 m above the bridge deck
may also result in different length scales.

5.4 Influence of non-stationary wind fluctuations

Large streamwise turbulence length scales have been pre-
dicted by Hui et al. (2009a) for the Stonecutter Bridge with
values for L, and L, equal to 378 and 125 m, respectively.
Based on 10 min averaged data, a long-term monitoring
campaign conducted by Wang et al. (2013) showed that
these length scales could fluctuate from couple of metres
to more than 1 km. The measured turbulence length scales
shown in Fig. 9 correspond to integral timescales above
25 s, which are considerably larger than those usually
recorded at the Lysefjord Bridge site, which range from 10
to 15 s. As underlined by Chen et al. (2007), the calculation
of the streamwise and cross-flow turbulence length scales
should be done with caution for non-stationary flows.

In the present case, wind conditions during the first and
the last 5 min of the data discussed are different from those
in the remaining part of the time series and thus introduce
a non-stationarity of the overall record. Figure 11 shows
results from the reverse arrangement (RA) test based on
wind data recorded from 16:20 to 16:40 (top panel) and
from 16:25 to 16:35 (bottom panel).

Measured
o T ——-z=196 ]
159 0 [ z=+1.96 ||
172}
K e e

z-score
W
N
:

50 100 150 200 250
Number of observations

Fig. 11 RA test applied to wind data recorded by the anemometer on
H-18, on 22 May 2014 between 16:20 and 16:40 (top) and between
16:25 and 16:35 (bottom). Outside the 95% confidence level (dashed
and dotted lines), the flow is non-stationary

For the RA test used here, the sampling frequency was
decimated to 0.5 Hz, which explains why the maximal
number of observations is equal to 600 for a wind record
of 20 min duration. On the top panel of Fig. 11, the z-score
falls outside the acceptance range for almost every obser-
vation, whereas in the bottom panel of Fig. 11, the z-score
falls within the acceptance range after ca. 150 observations
which suggests a more stationary flow.

Because a more stationary flow is recorded between
16:25 and 16:35, the single-point statistics of wind turbu-
lence are calculated again for this period. Table 2 summa-
rizes the values found by the anemometers and the WindS-
canners, as well as the relative differences calculated, with
respect to the anemometers measurements. When 10 min
of wind data are considered, the WindScanners and ane-
mometers measure much lower turbulence length scales
than in the initial case where 20 min of wind data are used.
For an averaging period of 10 min, the ratio between the
across-wind and along-wind turbulence intensities I,/I,

Table 2 Single-point statistics

) Period sensors Measurements Relative difference (%)
of wind turbulence measured by
the WindScanners (WS) and the 16:25 to 16:35 16:20 to 16:40 16:25 to 16:35 16:20 to 16:40
sonic anemometers (SA) _— _—
WS SA WS SA - -
L, (m) 180 140 385 331 29 17
L, (m) 74 60 168 154 23 9.1
7 (ms™ 1) 13.2 12.7 12.3 12.0 3.8 2.6
o, (ms™1) 1.38 1.47 2.14 2.16 -5.7 —1.1
o, (ms™h) 1.00 1.16 1.43 1.56 —14 —-8.2
I (%) 10.5 11.6 17.3 18.0 -9.1 -3.6
1, (%) 7.6 9.2 11.6 13.0 —18 —11
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Fig. 12 Co-coherence measured (scatter plot) and fitted (solid lines) on 22 May 2014 between 16:25 and 16:35 for different separations along

the deck span

is 0.72 and 0.79 for the WindScanners and the anemom-
eters, respectively. These ratios are realistic according to
the review of Solari and Piccardo (2001), but are slightly
lower than those obtained during more recent measure-
ment campaigns on long-span bridges site by e.g. Hui et al.
(2009b) or Wang et al. (2013). For the present case and the
single-point statistics studied, it was generally found that
the deviation between the data from anemometers and the
WindScanners was relatively stable. However, additional
WindScanner data are needed to be included to provide sta-
tistical significance.

5.5 Co-coherence

In Fig.12, the scatter plot shows the co-coherence meas-
ured by the WindScanners and the anemometers for the
wind component v, and for three different values of dy. The
four-parameter decaying exponential function is fitted to
the measured co-coherence and represented by solid lines.
The fitted function captures relatively well the negative part
of the measure co-coherence, which justifies the introduc-
tion of the parameter c4 in Eq. 18.

The fitted coefficients for the WindScanners and the
anemometers are presented in Table 3 and are of the same
order of magnitude for both the along-wind and the across-
wind components. According to Saranyasoontorn et al.
(2004), the computation of the co-coherence should be

@ Springer

Table 3 Coefficients estimated with the four-parameter function for
data recorded from 16:25 to 16:35 on 22 May 2014

Coefficients

C1 c2 c3 Cq
Co,, (WindScanners) 1.9 0.02 1.4 4.3
Co,, (Anemometers) 1.4 0.02 1.4 3.9
Co‘,y (WindScanners) 1.8 0.02 1.5 2.3
Coy, (Anemometers) 1.8 0.02 1.4 3.1

done based on records divided into overlapping segments
of 75-300 s. Herein, overlapping segments of 60 s are used
to improve the readability of the subplots in Fig. 12. For
verification purposes, the fitting process was repeated using
a co-coherence measured based on overlapping segments
of 120 s. Insignificant differences were observed for the
estimation of the coefficients ¢ to c4, and the initial choice
of 60 s overlapping segments is therefore maintained.

Despite the limited length of data used, the good agree-
ment between the WindScanners and the anemometers
suggests that the WindScanners can properly capture the
co-coherence for the horizontal wind components. Larger
data set should, however, be analysed to further vali-
date the good agreement between the coherence meas-
ured by the anemometers and the one obtained with the
WindScanners.
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Fig. 13 Root-coherence for the along-wind (left) and across-wind components (right) from wind records on 22 May 2014 from 16:25 to 16:35

5.6 Root-coherence

The root-coherence is displayed for the horizontal wind
components and for lateral separations ranging from ca.
18 to 73 m in Fig. 13. It is expressed as a function of a
non-dimensional wavenumber obtained by multiplying the
wavenumber k with the crosswind separation D. The results
based on the measured root-coherence from the WindScan-
ners and the anemometers (scatter plot) are compared to
theoretical root-coherence calculated with the von Karman
model and the ESDU model. A good agreement is visible
between the anemometers and the WindScanners data for
the different lateral separations presented.

For the along-wind component, the von Kdrmédn model
agrees fairly well the measured root-coherence, but gives
larger values than the theoretical models for kD > 2. For
the across-wind component, the measured root-coherence
decreases faster than predicted.

The changing signs of the co-coherence function and
the related positive values of the root-coherence function
might be a signature of the particular coherent flow struc-
tures at the fjord inlet. Perhaps more likely, they are associ-
ated with the time lags by which the gust fronts arrive at
different points along the measurements line upstream of
the bridge. When the flow comes from S-SW with a yaw
angle B = 40°, the distance between two points separated

P

'y
v

dy

Fig. 14 Schematic of a skewed gust front arriving at point P, with a
time delay d/u with respect to Py

by e.g. dy = 72m along the measurement line (say points
Py and P; as shown in Fig. 14) corresponds to a distance
d = 46 m travelled in the along-flow direction. The distance
is crossed in about 3.9 s at the mean wind speed of 12 ms™".
For the velocity component with a period of 8s, this cor-
responds to the out-of-phase variations, i.e. a systematic
velocity increase at point Py and a simultaneous decrease at
P, and a negative co-coherence. In the left panel of Fig. 12,
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this underpins a negative co-coherence value around
k = 0.065m™! for dy = 72 m. Correspondingly, positive co-
coherence has local culminations at about 2k.

5.7 Influence of the spatial averaging effect on the
coherence

Angelou et al. (2012) compared the wind spectra obtained
with one anemometer and one CW lidar located 67.5 m
away, and the beam was aligned with the wind direction.
Their results showed that the spatial averaging effect is low
for wavenumbers below 0.1 m~, but becomes clearly vis-
ible for larger wavenumbers. In the present study, the wind
spectra measured by the WindScanners and the anemome-
ters in Fig. 15 agree rather well with the results from Ange-
lou et al. (2012), bearing in mind that the WindScanners
used here have larger beam diameter emitted, i.e. smaller
measurement volume at a given measurement range than
the lidar used in the previous study.

On Fig. 15, the power spectral densities of the wind
fluctuations evaluated based on data from anemometers
and the WindScanners are directly compared for both the
along-wind (top-left) and the across-wind components
(top-right). The bottom panels show a comparison between
the two wind components for the anemometers (bottom-
left) and the WindScanners (bottom-right). The spatial
averaging effect appears to be rather low for wavenumbers
below 0.1 m~! for the along-wind component and below
0.08 m~! for the across-wind component. According to the
bottom panels, a ratio close to 4/3, as predicted by the Kol-
mogorov hypothesis for the inertial subrange is expected.
Such a ratio was observed in flat and homogeneous terrain
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Fig. 15 PSD of the along-wind (top-left) and across-wind compo-
nents (fop-right) measured by the WindScanners and the anemom-
eters, and direct comparison between S, and S, for the anemometers
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by e.g. Kaimal et al. (1972), despite a non-negligible
dependency on atmospheric stability. In the present study,
a ratio of 1.4 was obtained using the anemometer data for
frequencies ranging from 1 to 8 Hz. Such a comparison
was not possible by using the WindScanner system, which
in the particular scanning mode used, produces time series
with a sampling frequency too low to accurately measure
this ratio in the inertial subrange.

The wind coherence measured by the WindScanners is
affected by the volume averaging effect, although Table 3
shows that the difference from the coherence based on
the anemometer data remains small. There are two pos-
sible explanations for this. Firstly, the normalization of
the cross-spectra reduces the spatial averaging effect. In
a general case, the relation between the coherence and
the spatial transfer function H is cumbersome to model
because the latter depends on both the radial distance r
and the angle 6 between the beam and the wind direction.
The spatial averaging effect can, however, be cancelled in
a particular case, where two lidar beams are aligned with
the flow, and monitor the wind field at two points y; and
2, located at distances rj and r, from each lidar, respec-
tively. Under these conditions, analytic expressions of the
single and two-point spectral densities of the wind com-
ponents are much simpler, because they are not expressed
as a combination of the different along-beam velocities:

Su(k,y1) = [Hk, r)|? - S (k, y1) (35)

Su(k,y2) = [H(k, r2)|* - SA(k, y2) (36)

Su(k,y1,y2) = H*(k, r2) - H(k, 1) - S2(k, y1,¥2) (37)
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recorded on 22 May 2014 between 16:20 and 16:40
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where H* is the conjugate of the spectral transfer
function.

If ry =r, =r, then H becomes identical for the two
along-beam wind velocities, and the root-coherence func-
tion becomes independent of the spectral transfer function:

|Su(k’y1,Y2)|
VSu(k,y1) - Su(k, y2)

Vu()’Is)’Zsk) =

(3%

_ [Sbkyiy)
V/SU(k,y1) - SY(k, y2)

(39)

The second reason that may explain why the averaging
effect is hardly visible for the measured coherence is linked
to the frequency range of interest. In Fig. 15, the spatial
averaging effect for the along-wind component is rather
low for wavenumbers below 0.1 m~!, which is precisely the
domain where the coherence is significantly high.

6 Conclusions

On 22 May 2014, horizontal turbulence was studied by a
system of dual-Doppler wind lidars (short-range WindS-
canners) installed on the main span of the Lysefjord Bridge.
Measurements from sonic anemometers installed along the
bridge span were used as reference data. The comparison
of single-point and two-point statistics of wind turbulence
aimed to investigate the applicability of dual-lidar systems
to complement anemometers for the estimation of wind
conditions relevant to structural design. A rather good
agreement between data from the anemometers and the
lidars was observed for the mean and standard deviation
of the horizontal wind components. In the single case stud-
ied, the WindScanners overestimated the turbulence length
scales, but the spatial averaging effect could not explain
this overestimation alone. The difference was up to 29%
when 10 min of data are considered and 17% when 20 min
of wind data were used. A large amount of 10 min samples
need to be considered for a more reliable estimation of this
measurement error.

For the first time, the coherence has been measured for
cross-flow separations by a dual-lidar system and com-
pared to measurements from sonic anemometers. Encour-
aging results were obtained since the volume averaging
effect cancels to a large degree when studying coherence.
The measured coherence showed some discrepancies for
kD > 2 compared to the values predicted by three different
theoretical models. Anyway, a good overall agreement was
observed between estimates based on data from anemom-
eters and lidars.

Because the present work is partly based on the analysis
of a single wind record of 20 min, further studies should
include a larger amount of samples to investigate atmos-
pheric turbulence statistics. A short data set has, however,
the advantage of allowing a relatively detailed comparison
between the WindScanner system and sonic anemometers
through an estimation of wind coherence. For a more com-
plete assessment of the WindScanners performances, the
vertical wind component should also be studied. This com-
ponent plays a major role for the wind-induced vibrations
of long-span bridges and its measurement would allow the
evaluation of the capabilities of short-range WindScan-
ners to capture the three-dimensional structure of wind
turbulence.
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