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ARTICLE INFO ABSTRACT

MSC: Characterisation of atmospheric turbulence is a central step prior to the construction of long-span bridges. The
00-01 present paper investigates the potential of a long-range scanning pulsed coherent lidar to measure the wind field
99-00 at the inlet of a fjord. The wind velocity data acquired by the lidar is compared to the data recorded by sonic
Keywords: anemometers installed on the bridge. The focus is on the ability of the lidar to capture single and two-point
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statistics of turbulence in complex terrains. Satisfying results are obtained with the Line-of-Sight scanning
mode, which provides the best sampling frequency (1 Hz). The low temporal resolution and the low signal-to-
noise ratio for the Range Height Indicator and the Plan Position Indicator scanning modes are important
limiting factors in the pilot study performed. Better results may be achieved for a lidar measurement set-up

which is adapted specifically for investigating coherence.

1. Introduction

The construction of a long-span bridge in a complex terrain
requires a detailed analysis of the local wind conditions. For wide
and deep inlets, e.g. the fjords on the Norwegian West coast, this can be
a challenging task that becomes even more difficult if no infrastructure
can be used as support for wind sensors. Because of the large size of the
spatial domain, a considerable number of anemometers would be
required to provide a sufficient spatial resolution of the wind field in
horizontal and vertical planes. In such conditions, the use of traditional
wind sensors may become unfeasible.

The development of remote sensing technologies, especially in the
field of long-range scanning pulsed coherent lidars, offers a possibility
to acquire valuable data beyond the reach of traditional single-point
wind sensors. Since around 2000, commercial wind lidars have been
mostly used as wind-profilers for the need of atmospheric research
(Reitebuch, 2012) or wind energy (Smith et al., 2006; Courtney and
Wagner, 2008). A wind profiler measures the wind directly above the
lidar and is therefore not adapted to monitor the flow along a bridge
deck as it does not provide a better spatial resolution than an
anemometer.

The recent development of wind lidars equipped with a rotating
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scanning head has extended their versatility. Contrary to a wind
profiler, a scanning wind lidar can orientate the beam in any direction
of the space or even be used as a wind profiler (Drew et al., 2013; Lane
et al., 2013). Until now, comparisons between anemometers and
scanning lidars for wind turbulence measurements have been limited
to flat and homogeneous terrains. The distances between the anem-
ometers and the lidars are most of the time less than 300 m, and only
in some exceptional cases up to 800 m (Schneemann et al., 2014). Such
comparisons can been conducted using three synchronized wind lidars
(Mann et al., 2009), a dual-lidar system (Schneemann et al., 2014;
Newsom et al., 2015) or a single lidar (Sjoholm et al., 2011). These
studies consist often of direct comparisons between the measured time
series and the corresponding mean wind velocities. In general a good
agreement is observed, although the spectra measured by wind lidars is
naturally low-pass filtered. This phenomenon, also called spatial
averaging effect, results from the weighted average of the velocities
located in a volume stretched along the scanning beam (Sjoholm et al.,
2009, 2011). Although sonic anemometers also measure the flow in a
volume, the latter is small enough with regard to the scale of turbulence
studied so that sonic anemometers are considered as point-measure-
ment devices.

The application of scanning wind lidars to measure atmospheric
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turbulence in complex terrains at distances beyond 1km remains
unexplored. This brings numerous uncertainties such as a larger
measurement noise and an increased flow complexity. A comparison
of the measured flow with reference data from sonic anemometers is
therefore necessary. A review of lidar turbulence measurement done by
Sathe and Mann (2013) shows that the turbulence intensity, the
integral length scales or the wind coherence measured by Doppler
lidars have been studied with only a limited focus on wind load
estimation on structures spanning more than several hundred meters.
New measurement configurations need therefore to be developed to
adapt the lidar technology to bridge engineering applications.

In the present study, a long-range scanning pulsed coherent lidar
was deployed at the inlet of a fjord between April and June 2014, as
part of a joint research project between the University of Stavanger, the
University of Bergen and Christian Mikkelsen Research. The purpose
was to assess the ability of such a lidar to characterise atmospheric
turbulence relevant to bridge engineering, i.e. the aforementioned
mean wind velocity, turbulence intensity, turbulence length scales
and wind coherence. This relies on a comparison between wind data
measured by sonic anemometers located above the deck of a suspen-
sion bridge and those from a wind lidar located 1.75 km away, the
scanning beam of which targets the bridge deck.

The present paper is organized as follows: first the bridge site and
its instrumentation are presented. Then the lidar device is described as
well as the different scanning configurations used. Results from the
analysis relies on a comparison between the anemometers and lidar
data in terms of statistics of wind turbulence. In addition, the influence
of the topography on the flow homogeneity is investigated in details by
the means of both lidar and anemometer data. Finally the potential and
limits of future applications of a single or multiple wind lidars in the
field of bridge engineering are discussed.

2. Measurement site and instrumentation
2.1. The lysefjord bridge site

The Lysefjord suspension bridge crosses the narrow inlet of the
Lysefjord in Norway (Fig. 1). It has a main span of 446 m with an
elevation of 55 m above the sea level at mid-span. It is oriented from
North-West to South-East and is surrounded by steep hills with slopes
ranging from 30° to 45° and a maximum altitude of 350 m to the North
and 600 m to the South.

Two dominant wind directions are usually recorded by anem-
ometers installed along the bridge span (Cheynet et al., 2016a). The
flow from the inside of the fjord (N-NE direction) is more affected by
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Fig. 2.10min averaged horizontal wind velocity, turbulence intensity and wind
direction recorded by the anemometers on the bridge deck on 2014-05-22 (144 samples
per sensor).

the topography than the flow from the outside of the fjord (S-SW
direction). In general the flow from N-NE is more turbulent whereas
the flow from S-SW displays a larger wind velocity (Fig. 2). The S-SW
flow may be influenced by a Venturi effect as it approaches the bridge,
whereas the wind from N-NE may be disrupted by a small island
located 1 km to the East side of the bridge with a maximum height of
54 m. This island is visible on the top-right panel of Fig. 1.

A number of studies conducted using wind profilers (Bingdl et al.,
2009; Kim et al., 2016) suggest that biased estimates of the wind
velocity may be obtained for mountainous terrains, with an error
ranging from 2—-10%. In the present study, this issue is avoided since
the WINDCUBE 100S was not used as a wind profiler.

2.2. Sonic anemometers

Five sonic anemometers were installed on the Lysefjord Bridge on
November 2013 (Fig. 3). Those located on hangers 16, 18, 20 and 24
are 3D WindMaster Pro sonic anemometers from Gill Instrument Ltd
with a sampling frequency of 32 Hz. The one located on hanger 10 is a
Vaisala weather transmitter WXT520, the sampling frequency of which
is 4 Hz.
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Fig. 1. Three different views from the bridge site: from the South-West (view (a), left), from the East (view (b), top centre), from the lidar location on the West (view (c), bottom centre),

and their position on the map (right panel).
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Fig. 3. Schematic of the anemometers installed near Hangers 10, 16, 18, 20, and 24, noted H-10, H-16, H-18, H-20 and H-24.

Fig. 4. Sonic anemometer fixed at a hanger (left) and at the top of a pole (right) at
Lysefjord Bridge.

The anemometers are installed 6 m above the west side of the
bridge deck and are either directly fixed to the hangers, or on the top of
a vertical steel pole above the main cables (Fig. 4). The wind velocity
components are continuously recorded at a sampling frequency of
100 Hz by several data acquisition units inside the bridge girder. The
wind data are then synchronized, re-sampled at a sampling frequency
of 20 Hz and transferred to a server via a mobile net.

The coordinate system for the wind components is defined in Fig. 3.
The along-wind and across-wind components are denoted U and V'
respectively. The wind components normal and parallel to the deck
span are denoted V., and V,, respectively and are obtained by projection
of the along-wind and across-wind components on the bridge axis.
Each component is split into a mean component denoted by an
overlined uppercase letter and a fluctuating component represented
by a lower case letter (Egs. (1)—(4)). Under stationary wind conditions,
the across-wind component has a zero mean value (Teunissen, 1980).

U=U+u (€))
V=yvy (2)
Vo=V +y, 3)
V=V +y )

2.3. Doppler lidar

A pulsed Doppler wind lidar is required to monitor the flow at
distances larger than 1 km. Continuous Wave (CW) wind lidar systems,
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such as the short-range WindScanner system (Mikkelsen et al., 2008)
are not suitable for this purpose since the probe length averaging would
be too large to provide useful data. A single long-range wind Doppler
lidar was therefore deployed 1.75 km West of the Lysefjord Bridge, at
an altitude of 5.7 m, between April and June 2014. The lidar is a
WINDCUBE 1008 from Leosphere and is characterized by a rotating
scanning head allowing a higher versatility than the WINDCUBE V1
from which it is inspired. Three different scanning modes were used:
PPI (Plan Position Indicator), RHI (Range Height Indicator), and LOS
(sequential fixed Line-Of-Sight measurement). The Velocity-Azimuth
Display (VAD) mode was not used here as the flow above the lidar is
likely to be different from the flow at the bridge site. In addition, Sathe
et al. (2011) observed that the VAD technique was not appropriate to
fully capture the wind turbulence, and a six-beam configuration may
have to be used instead (Sathe et al., 2015).

The WINDCUBE 100S measures simultaneously the wind velocity
at several positions along the scanning beam. Given an azimuth angle
@, an elevation angle 0 and a radial distance r, the lidar is designed to
measure the along-beam wind velocity component (Fig. 5). In the
present paper, the azimuth angle is defined with respect to North, and
the elevation angle is defined with respect to the horizontal plane. The
PPI, RHI and LOS scanning modes can be defined by using only the
azimuth and the elevation angle. The PPI scan is run for a fixed
elevation and multiple azimuth angles, whereas the RHI scan is run for
a fixed azimuth but multiple elevations angles. The LOS scan is run for
a fixed azimuth and a fixed elevation angle. The PPI scan used here is
actually a “PPI sector scan” as the scanning beam does not describe a
full circle. For the sake of brievety, the “PPI sector scan” is simply
referred to as the “PPI scan” in the following. The definition of these
scanning modes is identical to the one used with Doppler radars which
have been applied in the field of wind energy (Hirth et al., 2008). No
Doppler wind radar was utilized in the present study, although the one
used by e.g. Hirth et al. (2008) presents multiple advantages for bridge
engineering, in particular a larger maximum range or a higher scanning
speed than the lidar we used.

Some early works using RHI and PPI scans with wind lidars have

z z

Fig. 5. Coordinate system of the WINDCUBE 100S.
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been carried out e.g. by Grund et al. (2001) for atmospheric research,
or by Banta et al. (2004) in complex terrains, with a focus on the
influence of the topography on the wind field. To the authors’ knowl-
edge, none of these scanning modes have previously been used with a
single lidar to study details of atmospheric turbulence for applications
in bridge engineering.

The Carrier-to-Noise Ratio (CNR) is defined as the Signal-to-Noise
Ratio (SNR) on the carrier frequency. The minimum threshold value
for the CNR is fixed to —27 dB, as by Kumer et al. (2014). If the
threshold of —23 dB advised by Pearson et al. (2009) is used in the
present study, the availability of the data is drastically reduced.
Moreover, time series recorded with a CNR between -23 dB and
—27 dB showed an acceptable agreement with the anemometer data.

2.3.1. Case of a S-SW wind

For a wind from S-SW, a LOS scan was carried out on 2014-05-22
from 16:12:06 to 16:20:00 and time series made of a succession of 475
snapshots were created along the beam. The PPI and RHI scans were
run later, from 16:50:22 to 17:25:44 and from 16:51:06 to 17:26:31
respectively. These scans were alternated so that time series made of 28
snapshots were produced. The key parameters of the scanning patterns
for a S-SW wind are summarized in Table 1.

The PPI scan was used for three different elevation angles and the
one at 1.8° was chosen so that the laser beam crosses the bridge deck.
For the PPI scans conducted with an elevation of 0.8° and 1.8°, the
accumulation time was 0.2 s with a scanning speed of 5°. For the
elevation of 3.2°, the accumulation time was increased to 0.4 s with a
scanning speed reduced to 2.5°. For these elevation angles, the lateral
spatial resolution is 31 m at the position of the bridge deck, which
corresponds to an azimuth increment of 1°. The RHI scan was
conducted for three different azimuth angles with an accumulation
time of 1 s and an elevation increment of 1°, which leads to a vertical
resolution of 31 m at the position of the bridge deck. In the present
paper, the study of the LOS scan is done by analysing time series
obtained 1.71 km far away from the lidar, for an elevation angle of 1.8°
and an azimuth angle of 38°, so that the beam aims at the middle of the
bridge deck. For this scanning mode, the sampling frequency is 1 Hz.
The lidar was setup with 256 equidistant overlapping range gates of
25 m length over the maximum range of 2500 m. The splitting of the
maximum range of 2500 m into 256 equidistant range gates results in
an along-beam resolution of about 10 m.

2.3.2. Case of a N-NE wind

When the flow comes from the inside of the fjord, the CNR is
usually low and the number of lidar records for winds from N-NE is
therefore limited. A low CNR may be explained by a higher turbulence
intensity, an increasing complexity of the topography and the longer
distance to the lidar.

A succession of 27 PPI scans could still be carried out on 2014-05-
22 between 09:30:03 and 10:13:16 for a N-NE wind situation. The
accumulation time was increased to 1 s, with a spatial resolution of 9 m
along the bridge deck, and a range for the azimuth angle sector reduced
to 30—46°. The sampling time was 136 s, which unfortunately did not
allow a detailed time series analysis. The higher accumulation time and
the lower velocity of the rotating head increased however the CNR,

Table 1
Parameters used for each scanning scenario (S-SW wind).

Parameters PPI PPI RHI LOS
Azimuth (°) 13 to 63 13 to 63 37, 38 and 39 25
Elevation (°) 3.2 0.8 and 1.8 Oto 6 1.8
Sampling frequency (Hz) 0.0128 0.0128 0.0128 1
Scan speed (°/s) 25 5 1 -
Accumulation time (s) 0.4 0.2 1 1
Approximate duration (min) 35 35 35 8
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which allowed an analysis of the mean wind field at longer distance
from the lidar.

2.4. Along-beam wind velocity

The comparison between the lidar and the anemometers is relevant
only if the wind data are analysed in the same coordinate system. Since
the scanning lidar measures the line-of-sight wind velocity only, the
wind records from the anemometers must be transformed into a
spherical coordinate system (Lhermitte, 1969):

V, = U + VZcos(a — @)cos(d) + Wsin(9) )

where a is the wind direction recorded by the anemometers. The along-
beam wind velocity can be expressed in the bridge-based coordinate
system using:

V. = Vsin(® + y)cos(d) — Vicos(® + y)cos(0) + Wsin(0) 6)

where y is the bridge orientation from the North, equal to 39.5°. The
along-beam wind component becomes therefore equal to V. if the
azimuth angle is equal to 50.5°.

2.5. Turbulence length scales

The line-of-sight wind velocity V,. is split into a mean and a
fluctuating part denoted V. and v,. respectively. Using this definition,
a modified turbulence length scale is introduced to capture the extent
of the wind gusts propagating along the scanning beam. The integral
length scale Lj; is calculated by assuming that Taylor's hypothesis of
frozen turbulence applies for the along-beam wind velocity:

_ [HRA)=0)
L=V /H) R,(t) dt

’ @)
where R, is the single-sided auto-covariance function of the fluctuating
along-beam wind velocity calculated with a time lag . More specifi-
cally, the integral time scales are calculated by integrating the auto-
covariance function from a zero time lag up to the time lag correspond-
ing to the first zero-crossing of the auto-covariance (Lenschow and
Boba Stankov, 1986).

The turbulence length scale L; along a horizontal line normal to the
scanning beam is computed with the PPI sector scan for a set of
different azimuth angles and a single distance to the lidar using:

. +o0
L= [ R, o ®
4, 18 the vector containing the correlation coefficients of the
along-beam wind velocity, calculated at two separated spatial points
along the arc created by the scanning beam. For small angles and a
large distance from the lidar, this arc can be approximated by a line
segment.

where R

2.6. Wind spectra

The power spectral density (PSD) of the along-beam velocity
component is calculated using the lidar measurements from the LOS
scan, and compared to the one calculated from the sonic anemometer
records. The PSD are computed using Welch's overlapped segment
averaging estimator (Welch, 1967), based on two segments and 50%
overlapping. The PSD is afterwards bin-averaged using a logarithmi-
cally spaced interval to reduce the high-frequency noise. The wind
spectra are expressed as a function of the modified wavenumber k,
which is based on the hypothesis of Taylor's frozen turbulence, and is
here defined as:

k=4

v, 9
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Fig. 7. Along-beam wind velocity from the LOS scan and the anemometer on H-18 on 2014-05-22 (S-SW wind).
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Fig. 8. Mean value and standard deviation of the line-of-sight wind component
measured by the lidar and the sonic anemometer (SA) on H-18. The data set used is
recorded on 2014-05-22 between 10:56 and 16:20 with the LOS scanning mode (15
samples of 8—10 min duration).

3. Results and discussions
3.1. Single-point statistics of wind turbulence

In a first step, the times-series obtained from the lidar records are
directly compared to those from the anemometers (Figs. 6—7). If the
CNR of the wind records at the bridge deck position is too low, then the
time series are recorded in a volume located 40 m upstream of the
bridge instead. In that case, Taylor's hypothesis of frozen turbulence is
assumed valid and is used to correct the time shift introduced by the
spatial gap. For an along-beam wind velocity V. = 10 ms™' for example,
the time lag is set to 4 s for the PPI scan. This correction has been done
for the PPI and RHI scans, as well as the LOS scan carried out from
16:12 to 16:20 on 2014-05-22. An estimation of the time lag by using
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the cross-correlation between the lidar and anemometer signals could
not be carried out because of the insufficient correlation between the
two signals.

According to e.g. IEC (2005), the mean wind velocity should be
calculated over a 10 min period. In the present paper, the mean wind
velocity is based on the length of the available data, ranging from ca.
8 min (for the LOS scan) to ca. 35 min (for the PPI and RHI scans). For
the PPI and RHI scans, a detailed comparison with a single anem-
ometer may not be statistically meaningful, because of the low
sampling frequency used, even if a satisfactory agreement may be
expected according to Fig. 6. The low CNR is an additional limiting
factor which prevents a detailed analysis of the single-point statistics of
atmospheric turbulence for the PPI and RHI scans.

The LOS scan may overcome these issues, even if some abrupt
variations of the wind field recorded by the anemometer are not
captured by the lidar. On Fig. 7, the along-beam velocity from the
LOS scan is measured for an elevation angle of 1.8°, an azimuth angle
of 38°and at a distance of 40 m upstream to the bridge deck. It is
compared to the anemometer data after correction of the time lag
following the method presented above. Results suggest that this simple
correction is good enough as a first approximation. The lidar and
anemometer data displayed in Fig. 7 show a difference of only 2.1% for
the mean along-beam wind velocity and 3.6% for its standard devia-
tion.

A more detailed analysis of the LOS scanning mode is made by
including multiple 10 min samples obtained on 2014-05-22 between
10:56 and 16:20 (Fig. 8). Even at low wind velocity, i.e. lower than
5ms~!, a good agreement is obtained between the lidar data and the
anemometer measurements, although a slightly larger dispersion is
observed for the standard deviation of the along-beam component.
This is in agreement with the results of Mann et al. (2009) who
observed only a marginal effect on the data quality for low wind
velocities, even though the CNR decreases. An additional source of
discrepancy may also be explained by the fact that anemometers
provide more or less single-point measurements whereas Doppler
wind lidar are monitoring the wind field in a volume.

The azimuth increment for the PPI scan is small enough to study
the correlation or the homogeneity of the wind velocity along the bridge
span. For the RHI scan and the bridge in question, the vertical spatial
resolution is too low to analyse the wind field close to the deck. As our
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from the sonic anemometers on H-16 to H-24. The data set used is recorded on 2014-05-
22 between 16:12 and 16:20 (Fig. 7).

investigations indicate certain limitations of the RHI scan pattern for a
turbulence investigation at a suspension bridge, we consequently have
not included that data set in the following discussion.

The modified integral length scale L, is calculated using Eq. (7) and
displayed for each sensor with the underlying auto-covariance func-
tions in Fig. 9. The auto-covariance functions are calculated using de-
trended wind records to reduce the influence of any non-stationarity
fluctuations on the integral length scale. The re-sampling process
carried out for every anemometer had no visible consequences on the
estimation of the integral length scale. The value found on Fig. 9 by the
lidar for L, is compatible with the values found by the anemometers on
H-16, H-18 and H-20. The measured integral length scales tend to
increase towards the North tower (bottom panel of Fig. 13). The along-
span fluctuations of L, are not due to the varying azimuth angle. A
similar increase of the along-wind integral length scales toward the
North tower is indeed recorded by the sonic anemometers. Based on
wind tunnel tests, Hui et al. (2009) have observed remarkable
variations of the integral length scale along the Stonecutter Bridge
for an over-land exposure. This suggests that non-uniform flow may be
more common than expected for complex topographies.

In Fig. 10, a more general comparison of the along-beam integral
length scale shows a good overall agreement between the lidar data and
the anemometer measurements. Among the 15 samples used, only one
outlier was observed, which was probably due to some non-stationary
fluctuations that could not be corrected by simply removing the linear
mean trend from the wind data.

< A SSW a %
@100 @ N-NE
| ® A
fE\ — 11 A A
= 50 N =
82 (@]
= 0
0 20 40 60 80 100 120

L} (m) - lidar

Fig. 10. Integral length-scales for the line-of-sight component, based on 15 samples
recorded on 2014-05-22 between 10:56 and 16:20 by the lidar and the anemometer on
H-18 (1 outlier removed).
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3.2. Spectral analysis

The wind spectra is studied first for the along-beam velocity
recorded from 16:12:06 to 16:20:00 on 2014-05-22, then for 7 of the
15 sample studied on 2014-05-22 between 10:56 and 16:20 (Fig. 11 ).
The selection of a reduced number of samples is justified by the need to
use a stationary wind direction. If the wind direction shows a large
variability, the lidar spectra may have little meaning as the spatial
averaging effect is affected by the angle between the beam and the wind
direction.

On the top panel of Fig. 11, a good overall agreement is observed
between the PSD calculated from the anemometers and the lidar data.
By comparing the wind spectra measured with a modified WINDCUBE
and a sonic anemometer, Sjoholm et al. (2011) observed that the
spatial averaging effect was clearly visible for wavenumbers larger than
0.06 m™. In the bottom panel of Fig. 11, the spatial averaging effect
becomes clear for wavenumbers above 0.17! and is not clearly visible in
the top panel. This indicates that the lidar data contains measurement
noise which may be due to the relatively low threshold value for the
CNR and the larger scanning distance.

The value of the angle between the wind direction and the beam
orientation may also play a non-negligible role on the spatial averaging
effect (Sjoholm et al.,, 2011). In the present study, this angle was
fluctuating between 10°and 20°. The evolution of the spectral transfer
function with the angle between the wind direction and the beam
orientation will be investigated in a further study.

3.3. Two-point statistics of wind turbulence

The cross-correlation coefficients for volumes measured along a line
parallel to the deck are calculated 40 m upstream of the bridge, by
using the wind data from the PPI scan obtained on 2014-05-22
between 16:50:22 and 17:25:44. During that period, the averaged
mean along-beam wind velocity measured by the lidar was
V. = 8.6ms™'. Eight azimuth angles ranging from 36°to 43°, i.e. for
positions along the bridge located between H-09 to H-24, are used. The
range of the azimuth angles is assumed small enough so that the arc
created by the scanning beam can be approximated by a line segment.
The angle between this line segment and the bridge deck is ca. 11.5°,
which is considered small enough so that the non-parallelism has little
consequences on the comparison between the lidar and the anem-
ometers. The anemometers installed from H-16 to H-24 are used to
calculate the reference correlation coefficients that are compared to
those measured by the lidar in Fig. 12.

The correlation coefficients for the lidar data show a satisfactory
agreement with the results provided by the anemometers, despite the
low sampling frequency of the lidar and the low CNR of the signal,
which may explain the considerable scatter. The corresponding mod-
ified turbulence length scales L; for the PPI scan and the anemometer
data are 163 m and 193 m respectively. It should be noted that these
length scales are not appropriate for the estimation of buffeting loads.
Firstly because they are calculated based on the line-of-sight wind
component, and secondly because the sampling interval does not allow
a detailed investigation of the co-coherence. The Nyquist frequency for
the present PPI scan is 6 mHz, which is too low for a corresponding co-
coherence analysis.

3.4. Requirement for coherence analysis

The results from the analysis of the PPI scan recorded at Lysefjord,
and the co-coherence calculated from the anemometer data suggests
that lidars may have the potential to give useful estimates of the co-
coherence under certain conditions. For the along-wind component
and for lateral separations above 30 m, the instantaneous rate of
change of the co-coherence is usually low for frequencies larger than
0.10 Hz. Consequently, a sampling frequency between 0.20 Hz and
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Fig. 11. Top: PSD of the recorded time series between 16:12:06 and 16:20:00. Bottom:
PSD averaged over 7 samples recorded between 12:10 and 13:20 on 2014-05-22.

0.25 Hz should be sufficient to accurately fit the co-coherence using an
exponential decay function like the one used e.g. by Davenport (1961)
or Jakobsen (1997).

Let us consider a lidar aiming at a point 2 km away and using an
accumulation time large enough to provide a satisfactory CNR, i.e. 0.4—
0.5 s. The lateral distance is limited to 150 m with a spatial resolution
of 30 m. Under these conditions, the arc created by the lidar can be
approximated by a line segment. The horizontal wind velocity compo-
nent normal to that line is denoted V.. This configuration provides a
sampling frequency of 0.20—0.25 Hz at the extremities of the scanned
area, i.e. 0.40-0.50 Hz at its centre. The sweeping angle, i.e. the
difference between the initial and final azimuth angles, would be lower
than 5°, which is small enough so that the along-beam component V.
can be assumed equal to V,. To optimize data availability and to study
the two-point statistics of atmospheric turbulence with a sufficient time
and spatial resolution, a single elevation angle is required. To reach an
altitude of 60 m at a distance of 2 km from the scanning lidar, an
elevation angle of 1.7° is sufficient and small enough so that the
influence of the vertical flow on the along-beam wind component can
be neglected. At the end of 2015, such a scanning configuration was
investigated in offshore environment with encouraging preliminary
results (Cheynet et al., 2016b).

3.5. Homogeneity of the wind field

3.5.1. Case of a S-SW wind

During the measurement period ranging from 16:50:22 to 17:25:44
on 2014-05-22, the wind direction was assumed stable enough to
derive representative averages of the along-beam wind velocity over the
different snapshots. The measured PPI scans give the opportunity to
investigate the horizontal homogeneity of the wind field in more detail.
Fig. 13 presents the corresponding PPI scan for an elevation of 3.2° for
a S-SW wind inflow case. A close-up for the nearest 300 m to the bridge
is shown in Fig. 14. The azimuth of O°corresponds to the North

1 :
(] anemometers
0.8 B L —— Best fit for sonic data ||
0.6 -] WINDCUBE 100S
fa'et ' —— Best fit for lidar data
0.4
0.2
0 !
0 100 200 300 400 500

distance (m)

Fig. 12. Along-span correlation coefficients measured with the PPI scan of the lidar
(squares) and the anemometers (circles) for the S-SW wind case on 2014-05-22.
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Fig. 13. Mean (top) and standard deviation (bottom) of the along-beam wind velocity
derived from PPI scans recorded on 2014-05-22 between 16:50:22 and 17:25:44 with an
elevation of 3.2°. The wind was blowing from S-SW with ¥, = 8.0 ms™! at the bridge site.
The radial grey contour indicates the altitude (in meters) above the sea level.

direction whereas the azimuth of 90°corresponds to the East direction.
In the S-SW wind, the lidar measures positive velocities since the
particles that backscatter the emitted light move away from the lidar.

On Fig. 13, the towers are clearly visible as dark spots with a wind
velocity close to 0 ms™!, giving a clear contrast to the surrounding flow.
The South tower is visible for an azimuth angle of 46° and a distance of
1.7 km from the lidar. It is slightly more difficult to detect the North tower
which is visible for an azimuth angle of 32°and a distance of 1.8 km from
the lidar. The range of the observable data is limited by dark borders. The
latter indicate wind speed and standard deviation of 0 ms™! and are due to
the effect of the mountainous terrain on the measured flow. The mean
wind velocity V. increases when the flow joins the corridor crossed by the
bridge and is higher near the North tower, downstream of the bridge. It is
unsure whether the wake created by the towers is visible or not as the
maximal height of the towers is 102 m whereas the beam is scanning at a
slightly higher altitude beyond the bridge position. Near the South tower,
a strong gradient of the radial wind velocity is apparent, potentially
indicating turbulent flow separation. Additional lidar records may be
required to confirm these observations.

An apparent inhomogeneity on Fig. 13 may result from the
dependency of the along-beam wind velocity on the azimuth angle.
Therefore, the homogeneity of the wind field cannot be properly
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Fig. 14. Close-up of the PPI scan with the mean (top) and standard deviation (bottom)
of the corrected along-beam wind velocity on 2014-05-22 between 16:50:22 and
17:25:44. The towers are shown as thick crosses.

discussed if the PPI scan is based on the along-beam wind velocity
alone. For small elevation angles, the horizontal mean wind velocity
component can be retrieved according to Eq. (5) by dividing the mean
radial wind velocity by cos(a — @), where a is the wind direction and ®
is the azimuth angle. In the present analysis, this operation is only
relevant near the bridge deck, where the mean wind direction is known
from the sonic anemometer measurements. For wider azimuth angles
and a larger distance to the bridge, the uncertainties related to the
mean wind direction increase. The correction was therefore applied for
the case of the close-up of the bridge deck only, on Fig. 14, where the
mean wind direction a is assumed uniform and equal to 190°.

On Fig. 15 the mean and standard deviation of the wind velocity
component V. and the wind direction measured by the anemometers
are almost uniform near the bridge centre, but increase toward the
North tower. On the bottom panel of Fig. 14, the standard deviation of
the radial wind velocity o, seems also to increase towards the North
tower. However, the largest fluctuations for the standard deviation
appear to occur on the South part of the bridge deck.

On the bottom panel of Fig. 13, it can be seen that the standard
deviation of the radial wind velocity downstream of the bridge, i.e. for radial
distances greater than 1.8 km, shows a less reliable data structure than for
the upstream flow. This loss of information is most likely related to the
increased distance and low CNR recorded but may also be influenced by
greater turbulence in the downstream flow. The associated inaccuracy
prevents any deeper data analysis of the wind field downstream of the
bridge deck.
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Fig. 15. Mean wind velocity (top), mean wind direction (middle) and RMS of the wind
velocity (bottom) along the bridge, based on anemometer records between 16:50:22 and
17:25:44 on 2014-05-22.

Fig. 16. Mean (top) and standard deviation (bottom) of the radial wind velocity derived
from the PPI scan recorded on 2014-05-22 between 09:30:03 and 10:13:16, with an
elevation of 1.8°. The wind was blowing from N-NE with V, = 6.0 ms~! at the bridge
centre. The radial grey contours indicate the altitude (in meters) above the sea level.
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Fig. 17. Close-up of the PPI scan with the mean (top) and standard deviation (bottom)
of the corrected radial wind velocity on 2014-05-22 between 09:30:03 and 10:13:16. The
deck is visible as a white strip for r=1.7 km.

3.5.2. Case of a N-NE wind

For the N-NE wind situation, Figs. 16—17 show that the flow from
N-NE is more heterogeneous near the bridge than for a S-SW wind.
The North side of the deck displays a higher wind velocity than the
South part, indicating a wake effect of the bridge structure. A closer
view to the bridge in Fig. 17 shows that the non-homogeneity of the
flow downstream to the deck is more complex than expected. Because
the North side of the deck is higher than the south side, the lidar
detects the wake for a limited portion of the bridge only. Consequently,
a locally higher turbulence intensity may be recorded where the
scanning beam crosses the wake created by the deck. Another source
of non-uniformity may be the island located 1 km to the East side of the
deck, the wake of which may be visible in Fig. 16.

The close-up of the flow near the bridge deck on Fig. 17 is corrected
in a similar fashion as in Fig. 14, with a mean wind direction a assumed
uniform and equal to 30°. Because the scanning head of the lidar
sweeps a narrower area for the N-NE wind, the correction is less
effective for that wind direction. The anemometer measurements
presented in Fig. 18 confirm that the mean and standard deviation of
the wind velocity are much higher near H-10 with values about
7.0 ms™* and 2.2 ms™! respectively. The evolution of the wind direction
along the span has however the same order of magnitude as the S-SW
wind situation studied previously. The North side of the deck shows
stronger wind fluctuations than the South part which is likely a
consequence of the non-uniformity of the mean wind velocity along
the span.

The relatively good spatial resolution of the PPI scan shows its
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Fig. 18. Mean wind velocity (top), mean wind direction (middle) and RMS of the wind
velocity (bottom) along the bridge, based on anemometer records between 09:30:00 and
10:10:00 on 2014-05-22.

potential to study the effect of topography on the flow uniformity along
a bridge deck. This can be particularly useful for longer spans and
wider fjords, but such conditions require a lidar with a longer range
than the one used in the present study.

3.6. Toward a multi-lidar configuration

A complete description of the flow upstream of a suspension bridge
requires measurements of both the horizontal and vertical wind
components. For a relatively flat terrain, measurements of the wind
components normal to a bridge deck could be conducted first by using a
single lidar as proposed in Section 3.4. Then, measurements of the
vertical wind component could be done by using the method applied by
Lothon et al. (2006), Lothon et al. (2009) which is based on a LOS scan
with an elevation angle of 90°.

Simultaneous measurements of different wind components is not
achievable if only a single wind lidar is used. Dual or tri-lidar
configurations may overcome this challenge. To monitor the flow
upstream of a future long-span or super long-span suspension bridge,
the multi-lidar system needs to be based on long-range pulsed lidars.
The limited range of CW lidars restrains their application despite their
encouraging performances to measure 2-D flows at a smaller scale
(Sjoholm et al., 2014; Lange et al., 2015; Simley et al., 2016).

If a system of dual wind lidar is available, the method proposed by
Newsom et al. (2015) to retrieve the three wind components may be
considered. However, this configuration may not be compatible with
the need to use a sampling frequency of at least 0.2 Hz to properly
measure wind coherence. This constraint may be overcome by using a
system of three synchronized lidars. Encouraging results have been
obtained at an experimental site by e.g. Mann et al. (2009) or Fuertes
et al. (2014) with the tri-lidar technology. Such results have yet to be
validated in a real-case situation, i.e. where the flow is measured
several kilometres from the scanning devices.

4. Conclusion

A long-range scanning pulsed coherent lidar was installed 1.75 km
West of the Lysefjord Bridge to analyse the wind field in the vicinity of
the deck. Different scanning modes were used to study the single and
two-point statistics of wind turbulence as well as the flow homogeneity.
The data evaluated based on the lidar observations were compared to
the wind records from anemometers installed along the bridge deck.
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The uniqueness of this study is emphasized by the complex topography
surrounding the measurement devices, where high mountains, steep
hills and sea-land transitions are likely to influence the flow. The
distance at which the lidar has measured the flow is considerably larger
than in most previous studies, which constituted a new challenge for
the device used.

The LOS scan and the anemometer data showed a satisfying
agreement for the mean value and standard deviation of the line-of-
sight wind velocity. In addition, the LOS scan provided a good
estimation of the single-point wind spectrum, although a deeper
investigation is required to better evaluate the spatial averaging effect.
The compatibility between the anemometer and lidar data for the
description of the wind field uniformity along the bridge span suggests
that lidars may complement anemometers to study the wind effects on
large wind-sensitive structures.

The PPI scan may be used to measure the coherence along the
bridge span thanks to the good spatial resolution it provides. In the
present study, the sampling frequency was too low to calculate the co-
coherence, which is a fundamental parameter in estimating the
dynamic wind load. The low CNR and the low sampling frequency
are at present two technical limitations that reduce the applicability of
long-range Doppler wind lidars for wind coherence measurement. An
additional issue is the nature of the along-beam wind velocity, which
depends by definition on the lidar position and the wind direction. The
latter issue may be partially overcome for long-span suspension bridges
by using small sweeping angles and a large scanning distance.

Future applications of lidars for a more complete characterisation
of turbulence for bridge engineering purpose will rest on further
improvements of lidar measurement capabilities as well as the use of
two or three synchronized measurement units. Lidars clearly have the
potential to play a prominent role in complementing traditional
anemometers for monitoring the wind conditions in the vicinity of
future long-span bridge sites.
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