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Abstract: Three synchronized pulsed Doppler wind lidars were deployed from May 2016 to June 2016
on the shores of a wide Norwegian fjord called Bjørnafjord to study the wind characteristics at the
proposed location of a planned bridge. The purpose was to investigate the potential of using lidars to
gather information on turbulence characteristics in the middle of a wide fjord. The study includes the
analysis of the single-point and two-point statistics of wind turbulence, which are of major interest
to estimate dynamic wind loads on structures. The horizontal wind components were measured
by the intersecting scanning beams, along a line located 25 m above the sea surface, at scanning
distances up to 4.6 km. For a mean wind velocity above 8 m·s−1, the recorded turbulence intensity
was below 0.06 on average. Even though the along-beam spatial averaging leads to an underestimated
turbulence intensity, such a value indicates a roughness length much lower than provided in the
European standard EN 1991-1-4:2005. The normalized spectrum of the along-wind component was
compared to the one provided by the Norwegian Petroleum Industry Standard and the Norwegian
Handbook for bridge design N400. A good overall agreement was observed for wave-numbers
below 0.02 m−1. The along-beam spatial averaging in the adopted set-up prevented a more detailed
comparison at larger wave-numbers, which challenges the study of wind turbulence at scanning
distances of several kilometres. The results presented illustrate the need to complement lidar data
with point-measurement to reduce the uncertainties linked to the atmospheric stability and the
spatial averaging of the lidar probe volume. The measured lateral coherence was associated with
a decay coefficient larger than expected for the along-wind component, with a value around 21 for
a mean wind velocity bounded between 10 m·s−1 and 14 m·s−1, which may be related to a stable
atmospheric stratification.

Keywords: wind coherence; turbulence spectrum; pulsed lidar; full-scale measurements;
WindScanner system

1. Introduction

As part of a national project to modernize the highway network in Western Norway,
the Norwegian Public Roads Administration (NPRA) plans to build a bridge crossing the 5 km wide
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and 550 m deep Bjørnafjord, about 30 km South of Bergen. For various design concepts, the sensitivity
to wind turbulence is a major issue, requiring a detailed analysis of wind turbulence in the fjord.

The application of Doppler wind lidars to study wind field characteristics at scanning distances
larger than 1 km is quite recent. At the location of the planned crossing, no infrastructure is available to
support anemometers. The use of remote sensing technology to complement wind data from sensors
on land is, therefore, an attractive option. As presented in Table 1, the mean value m1 and the standard
deviation m2 of the wind velocity are the statistics most often studied. To properly estimate wind
loading on a wind-sensitive civil engineering structure, the wind velocity spectrum and the wind
coherence are in addition required.

Table 1. Previous field measurements conducted using scanning pulsed lidar(s) to measure wind
statistics in the surface layer at scanning distances larger than 1 km, such as the mean wind velocity
m1, the velocity standard deviation m2, the turbulence length scales L, the wind velocity spectrum S
and/or the coherence γ.

Reference Year Number of Lidars Line-Of-Sight range (km) Quantities Estimated

Newsom et al. [1] 2008 2 up to 4 L
Käsler et al. [2] 2009 1 3.0 m1, m2

Cheynet et al. [3] 2014 1 1.75 m1,m2, L, S
Vasiljevic et al. [4] 2014 2 up to 1.6 m1

Berg et al. [5] 2015 2 up to 1.4 m1
Cheynet et al. [6] 2015 1 up to 1.5 L, γ
Pauscher et al. [7] 2016 3 0.7, 3.0 and 3.7 m1, m2, S

Floors et al. [8] 2016 2 up to 5 m1
Present study 2016 3 up to 4.6 m1, m2, S, γ

There is hardly any study to be found on the turbulence characteristics in the middle of a
wide fjord within a coastal area. For example, it is uncertain whether a spectral wind model
developed for an offshore or an onshore environment should be used. The present study investigates,
therefore, the validity of the wind velocity spectral model provided in the Handbook N400 [9] used
for bridge structures in Norway and the model provided by the Norwegian Petroleum Industry
Standard [10] for environmental loads on offshore structures, which is more widely known as the
NORSOK standard. Only few studies reported in the literature deal with the applicability of lidars to
measure wind coherence. The along-beam wind coherence estimated using a single pulsed lidar [11–13]
is only of limited relevance for estimating wind loading on a long-span bridge, the response of which
is governed by the lateral coherence of turbulence. Regarding the lateral coherence of the along-wind
component, encouraging results were obtained from pilot lidar measurements using limited data
sets [6,14]. The estimation of the lateral coherence of the vertical wind component using synchronized
wind lidars is, on the other hand, considerably more challenging because of the need to use relatively
large elevation angles to properly observe the vertical wind velocity component. To measure this
component, Fuertes et al. [15] used for example an elevation angle of 45◦, in a triple-lidar system,
whereas Mann et al. [16] used an elevation angle of 34◦. In the present study, a triple lidar system is
also used. However, the large scanning distances and the associated small elevation angles prevented
the measure of the vertical wind component. The three long-range lidars, synchronized in a so-called
WindScanner system [17] developed by the Technical University of Denmark (DTU), were deployed
in the West sector of the Bjørnafjord from May 2016 to June 2016. The measurement campaign was
developed as a research collaboration between the University of Stavanger, Christian Michelsen
Research and the Technical University of Denmark (DTU).

Our main objective is to assess whether a system of synchronized long-range Doppler wind lidars
can be used to measure the single-point wind spectrum and the wind coherence of the along-wind
component, at distances up to 4.6 km. The investigation relies, largely, on a comparison with empirical
spectral models established since the 1960s to describe wind turbulence, as well as the knowledge
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gathered from previous measurement campaigns conducted with the long-range WindScanner system.
The present paper is, therefore, organized as follows: firstly, the deployment location of the three
lidars is presented as well as their scanning configurations. Secondly, a preliminary analysis of the
single-point wind turbulence statistics is given. Thirdly, the along-wind turbulence spectrum is
compared to the one provided by the Handbook N400 [9] and the NORSOK standard [10]. The lateral
wind coherence is then estimated from the full-scale measurement data and compared to the one
recommended by the Handbook N400 [9]. Finally, the possibility to design a site-specific spectrum
and coherence model is discussed, as well as the environmental effects on turbulence measurements in
the Bjørnafjord.

2. Materials and Methods

2.1. Measurement Site

The Bjørnafjord is a wide fjord located 30 km South of Bergen. At the position of the planned
fjord-crossing (dashed line in Figure 1), the fjord is 5 km wide and up to 550 m deep. The orientation
of the fjord suggests that strong winds can be expected from the North-West and from the East.
The present study focuses on the flow from north-northwest, which was the dominating wind direction
during the measurement campaign. The West side of the Bjørnafjord is relatively flat and scattered
with small islands, which may affect the wind from north-northwest with a direction of ca. 330◦ to a
limited degree only. Following the European Standard EN 1991-1-4 [18], a terrain category 0 or 1 may,
therefore, be most suitable to the Bjørnafjord.
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Figure 1. Location of the three pulsed wind lidars (triangles) in the Bjørnafjord and location of the
planned fjord crossing (dashed line).

Three long-range Doppler wind lidars, named Whittle, Koshava, and Sterenn, were deployed in
the Bjørnafjord in May 2016 (Figure 1). Each lidar unit is a modified WindCube 200S from Leosphere
(Orsay, France), the main properties of which are given in Table 2, based on the information provided
by Vasiljevic et al. [17]. In the following, the lidar Sterenn is referred to as Lidar East (LE), whereas the
lidars Whittle and Koshava are referred to as Lidar West 1 (LW1) and Lidar West 2 (LW2), respectively.

The lidars LW1 and LW2 are on the west side of the fjord, at an interval of few meters. Their
latitude and longitude is, therefore, assumed identical and set to 60.0878◦ and 5.2653◦, respectively.
The lidar LE is installed some kilometres to the South-East of LW2 and LW1, with a latitude of 60.0836◦
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and a longitude of 5.3608◦. The scanning head of the lidars LW2 and LW1 is oriented toward the East,
whereas the scanning head of LE is oriented toward the North-West (Figure 2).

Table 2. Characteristics of the modified WindCube 200S used in the long-range WindScanner system
during the Bjørnafjord measurement campaign.

Characteristics Value(s)

Wavelength 1543 nm
Pulse repetition frequency 10 kHz to 40 kHz

Pulse length 100 ns to 400 ns
Range gate spacing 75 m

Shortest range 50 m
Longest range <8000 m

Line-Of-Sight detection range ±30 m·s−1

2.2. Scanning Configurations

Two different configurations were adopted in the present study. Data acquired with the first
one, called “North-South configuration” (N-S configuration), are utilized for the analysis of the wind
spectrum (left panel of Figure 2). This configuration was originally set up to study the wind coherence
for a flow from the East but turned out to be used for the analysis of the single-point spectra only
since the wind ended up coming from north-northwest. Data from the second configuration, named
“East-West configuration” (E-W configuration), are used to study the wind coherence for flow from
north-northwest (right panel of Figure 2). Therefore, the two data sets investigated are disjoint and
may correspond to different atmospheric conditions.
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Figure 2. (left) North-South (N-S) scanning configuration; (right) East-West (E-W) scanning configuration.

For the N-S configuration, the lidars LW1 and LE use a Line-Of-Sight (LOS) scanning mode, also
called staring mode, where the azimuth angle and the elevation angle are fixed, with a sampling
frequency fs = 1 Hz. The lidar LW2 uses a “discrete” Plan Position Indicator (PPI) sector scan, which
can be seen as an improved PPI sector scan, the latter being defined as a continuous scan with varying
azimuth angles and a fixed elevation angle. If the measurement is not interrupted during the motion
of the scanning head, the retrieved velocities are not only spatially averaged along the scanning beam,
but also along the arc drawn by the scanning pattern. This motion-induced spatial averaging may be
detrimental for the measurement of the lateral wind coherence, especially at a large scanning distance.
The discrete PPI sector scan used in the present study avoids such a motion-induced spatial averaging
by interrupting the measurements during the motion of the scanning head. The discrete PPI sector
scan is conducted using four different azimuth angles within a narrow sector. Consequently, the wind
data recorded by LW2 are sampled at ca. 0.22 Hz, which is slightly less than the theoretical value of
0.25 Hz. The difference is due to the time it takes for the scanning beam to move from one position
to another.
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For the E-W configuration, LW1 and LW2 utilize a Line-Of-Sight (LOS) scan towards East, whereas
LE uses the discrete PPI sector scan. The details of each scan are provided in Table 3. Although Table 3
shows that the range gate is 75 m, they overlap near the intersection of the different scanning beams,
as illustrated by the reduction of the apparent range gate spacing in Figure 2.

Table 3. Azimuth angles, elevation angles, maximal range rmax and sampling frequency fs at which
the wind data are recorded for each lidar configuration.

Configuration
North-South East-West

Lidar East Lidar West 2 Lidar West 1 Lidar East Lidar West 2 Lidar West 1

Scan type LOS discrete PPI LOS discrete PPI LOS LOS
rmax (m) 3800 4436 4508 3200 4569 4508
∆r (m) 75 75 75 75 75 75
fs (Hz) 1 0.22 1 0.22 1 1

Elevation (◦) 0.0 0.3 0.3 0.0 0.3 0.3

Azimuth (◦) 324.4 76.5; 76.8; 75.58 324.4; 327.5; 78.0 75.5877.4; 78.6 329.2; 330

2.3. Data Processing

In the following, u, v and w represent the along-wind (x-axis), the crosswind (y-axis) and the
vertical (positive z-axis) wind components, respectively. The projection of the wind velocity vector
onto the scanning beam of a lidar unit is denoted vr. Each velocity component can be decomposed
into a mean component, denoted by an overline and a fluctuating component with zero mean denoted
by a prime:

u = u + u′ (1)

v = v + v′ (2)

w = w + w′ (3)

vr = vr + v′r (4)

where v = w = 0 m·s−1 [19]. Unless the scanning beam is perpendicular to the flow, the mean velocity
of the along-beam component verifies vr 6= 0 m·s−1.

In the adopted scanning cycle, data at five different lidar beam intersections are recorded. Four of
the “points” are monitored with a frequency of 0.22 Hz, while the last intersection, where both lidars
are in a staring mode, is observed with a sampling rate of 1 Hz. The use of a common sampling
frequency between the different lidar units is a necessary condition to retrieve the two horizontal wind
components. The along-beam velocity component of each lidar unit is first resampled up to 1 Hz,
using linear interpolation with query points. Then, the two horizontal wind components are retrieved
with a sampling frequency of 0.22 Hz. Using a sampling frequency of 0.22 Hz instead of 1 Hz is not
observed to alter the turbulence statistics discussed in the present study. This is partly because the
along-beam spatial averaging (ABSA) of the velocity data leads to a truncation of the wind spectrum
above 0.22 Hz (cf. Section 3.3). More details about the ABSA are given in Section 2.6.

Assuming the elevation angles are small enough to be neglected, only two lidar units can be used
to retrieve the two horizontal wind components:[

vN

vE

]
=

[
cos(α1) sin(α1)

cos(α2) sin(α2)

]−1 [
vr1

vr2

]
(5)
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where α1 and α1 are the azimuth angles of each lidar; vr1 and vr1 refer to the along-beam wind
component of each lidar; vN and vE are the northern and eastern wind components, respectively.
The along-wind and crosswind components are then estimated using:[

u
v

]
=

[
cos(θ) sin(θ)
− sin(θ) cos(θ)

]
×
[

vN

vE

]
(6)

where θ is defined as:

θ = arctan
(

vE

vN

)
(7)

The data are analysed using an averaging time of 10 min and outliers are removed using a
Hampel filter [20], with a window length of 240 s and 5 standard deviations away from the local
median. Figure 3 illustrates the retrieval of the two horizontal wind components, using LW2 and LE,
with the E-W configuration. The azimuth angles selected are equal to 324.4◦ and 76.5◦ for LE and LW2,
respectively. The wind direction associated with the selected sample is 311◦, which means that the
beam of LE recorded mostly the along-wind component. Figure 3 shows clearly that the sampling
frequency of the time series recorded with LE is larger than with LW2. This results in an along-wind
component that seems to be described with a better time resolution than the crosswind component.
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Figure 3. Along-beam velocity component recorded by the Lidar West 2 and the Lidar East on
2016-06-07 (East-West configuration), and corresponding retrieved horizontal wind components.

The data availability is defined here as the percentage of time series of 10 min duration from
which the mean velocity can be estimated. For the E-W configuration, this results in a data availability
of ca. 46% for the combination of LW2 and LE and a data availability of ca. 19% for the combination of
LW1 and LW2. For the N-S configuration, the data availability is equal to 46% for the combination of
LW2 and LE and 7% for the combination of LW1 and LE. Because LW1 is usually responsible for the
low data availability, only data measured using LW2 and LE are considered in the following.

2.4. Turbulence Model Based on the N400 Handbook

2.4.1. Wind Spectra

The wind spectra presented in the following are one-sided, i.e., their integral from a zero frequency
to infinity is equal to the variance of the corresponding wind component. The Handbook N400 [9]
follows the EN 1991-1-4 [18] definition of the mean wind velocity profile and turbulence intensity
profile, as a function of five terrain categories and based on an averaging time of 10 min. Following the
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Handbook N400, the relationship between the turbulence intensity of the along-wind, crosswind and
vertical wind components, denoted Iu, Iv and Iw, respectively, is:[

Iv

Iw

]
=

[
3/4
1/2

]
Iu (8)

The turbulence intensity Iu described in the Handbook N400 is defined as:

Iu(z) =


1

ln (z/z0)
, if z > zmin

Iu(zmin), if z ≤ zmin

(9)

where zmin is a minimum wind profile height, which depends on the terrain category, described in
EN 1991-1-4 [18].

Given three constants Au = 6.8, Av = 9.4 and Aw = 9.4, the single-point wind spectra
Si (i = {u, v, w}) are:

f Si

σ2
i

=
Aini

(1 + 1.5Aini)
5/3 , ni =

f Li
u(z)

(10)

where Li (i = {u, v, w}) is the integral length scale, defined as:

Lu =

{
L1(z/z1)

0.3, if z > zmin

L1(zmin/z1)
0.3, if 0 ≤ z ≤ zmin

(11)

[
Lv

Lw

]
=

[
1/4
1/12

]
Lu (12)

where L1 is a reference length scale equal to 100 m and z1 a reference height equal to 10 m, as prescribed
in EN 1991-1-4 [18].

2.4.2. The Wind Coherence

The coherence is the normalized cross-spectral density of the wind velocity fluctuations measured
in two different positions. It has been used since the 1960s to take into account the spatial correlation
of the wind gusts [21–23] and is, therefore, a key element of the buffeting theory [24,25]. The lateral
root-coherence Γi (i = {u, v, w}) is defined as the modulus of the root-square of the lateral coherence:

Γi(dy, f ) =

∣∣Si1i2(dy, f )
∣∣√

Si1( f )Si2( f )
(13)

where f is the frequency; Si1 and Si2 are the single-point wind spectra measured in two positions y1

and y2, respectively; dy is the cross-wind separation and Si1i2 is the cross-spectrum for the i-component.
The coherence consists of a real part (the co-coherence) and an imaginary part (the quadrature
spectrum). Since the imaginary part is often small and the in-phase wind action is more important for
wind loading modelling, the co-coherence is commonly approximated by the root-coherence.

Following the Handbook N400 [9], the co-coherence γi is approximated by an exponential decay
function, proposed first by Davenport [22] and referred to as the “Davenport coherence model”:

γi(dy, f ) ≈ exp

(
−Cj

i f dy

u

)
(14)
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where u is the horizontal mean wind velocity; i = {u, v, w}, j = {y, z} and Cj
i is a “decay parameter”,

defined in Table 4. It should be noted that the decay parameter found in the literature is highly
scattered with estimates ranging from 3 to more than 20 [26].

Table 4. Decay coefficients provided by the Handbook N400 [9] for the coherence model in Equation (14).

Coefficient Cy
u Cy

v Cy
w Cz

u Cz
v Cz

w

Value 10 6.5 6.5 10 6.5 3.0

For a large crosswind separation dy, the ratio dy/L (where L is a typical length scale of
the turbulence) cannot be considered small and the coherence becomes less than unity at zero
frequency [27]. This is not accounted for in the Davenport coherence model, which results in an
overestimation of the fitted decay coefficient. Therefore, more realistic coherence models are required.
A two-parameter exponential function can, for example, be used:

γi(dy, f ) ≈ exp
{
−
[

dy

u

√
(c1 f )2 + c2

2

]}
(15)

where c1 and c2 are coefficients to be determined by fitting the function in Equation (15) to the estimated
co-coherence. However, the coefficient c1 is dimensionless, and c2 has the dimension of the inverse of
a time. Equation (15) can be re-written as:

γi(dy, f ) ≈ exp

−
√( c1 f dy

u

)2

+

(
dy

l2

)2
 (16)

In Equation (16), l2 = u/c2 has the dimension of a distance and is proportional to a length scale:

l2 ∝ L (17)

Coherence models similar to Equation (16) have been proposed by e.g., Hjorth-Hansen et al. [28]
and Krenk [29]. If c2 = 0 s−1, then Equation (15) reduces to the Davenport coherence model. A more
complex 4-parameter exponential decay function (Equation (18)) has been used to model the wind
coherence in another Norwegian fjord [14]. Such a model is not used to estimate the lateral coherence
in the present study because the limited amount of data, the low coherence measured and the large
crosswind separations do not allow an accurate estimation of the two additional parameters c3 and c4.
The parameter c4 is, however, adapted for the study of the coherence when the wind direction is not
perpendicular to the array of measurement volumes [14] and can be related to the “phase angle” used
in e.g., ESDU 86010 [30]:

γi(dy, f ) ≈ exp
{
−
[

dy

u

√
(c1 f )2 + c2

2

]c3
}

cos
(

c4
dy f
u

)
(18)

2.5. The Frøya Wind Spectrum

The NORSOK Standard [10] uses the wind spectrum developed by Andersen and Løvseth [31],
which is based on the measurement campaign on Sletringen island (Frøya municipality) at the
Norwegian coast. This wind spectrum is defined at an arbitrary altitude z for the along-wind
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component only. It was established using time series of 40 min duration and a mean wind velocity u10

measured 10 m above sea level:

Su( f ) = 320
(

u10

10

)2 ( z
10

)0.45
(1 + Am)−

5
3m (19)

A = 172 f
(

u10

10

)−0.75 ( z
10

)2/3
(20)

m = 0.468 (21)

In the present study, the mean wind velocity u10 is calculated using u(z) measured at z = 25 m
and assuming that the logarithmic profile applies, i.e.,:

u10 = u(z)
ln(10)− ln(z0)

ln(z)− ln(z0)
(22)

where z0 is the terrain roughness.
The equation used by Andersen and Løvseth [32] to estimate the turbulence intensity from the

Frøya database is:

Iu = 0.087
[

1 + 0.302
(

u10

10
− 1
)] ( z

10

)−0.2
(23)

2.6. Spatial Averaging Effect of the WindCube 200S

A Doppler wind lidar measures the wind velocity in a volume stretched along the scanning
beam. Consequently, the recorded along-beam velocity is a low-pass filtered version of the related
point velocity. Modelling the spatial averaging is fundamental in evaluating to what extent the wind
turbulence measurements are affected by the instrument performance. Such a modelling allows,
for example, to estimate the measurement bias in the standard deviation of the wind velocity. For the
wind velocity spectrum, it is also of great interest to know above which frequency the along-beam
spatial averaging (ABSA) is no longer negligible.

The ABSA effect can be expressed as a convolution between the spatial averaging function φ and
the vector of the wind velocity v, at a focus distance r from the lidar. The along-beam wind velocity is,
therefore, written as:

vr(r) =
+∞∫
−∞

φ(s)n · v(s + r)n ds (24)

where n is a unit vector along the beam and s is the integration variable that has the dimension of a
distance. If the scanning beam is aligned with the wind direction, then Equation (24) can be directly
calculated using a scalar convolution product. For a pulsed wind lidar such as the WindCube 200S,
φ can be modelled as [16]:

φ(s) =


(l − |s|)

l2 , if |s| < l

0, otherwise
(25)

where l is the range gate size, i.e., the range within which the lidar signals are measured. The spectral
transfer function H corresponding to the spatial averaging function is:

H(k) =
[

sin (kl/2)
kl/2

]2
; k =

2π f
u

(26)
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The standard deviation of the along-wind component calculated as a function of the spectral
transfer function H( f ) is then:

σu =

√√√√√ ∞∫
0

H2( f )Su( f )d f (27)

If there is no ABSA, then the standard deviation of the along-wind component observed in a
single-point is denoted σuref :

σuref =

√√√√√ ∞∫
0

Su( f )d f (28)

The relative deficit in σu due to the ABSA plotted in Figure 4 is therefore:

ε =
σu − σuref

σuref

(29)
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u
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σ
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Figure 4. (left) influence of the along-beam spatial averaging (ABSA) effect of the WindCube on the
measured normalized spectrum defined in the Handbook N400, using an arbitrary mean wind velocity
u = 10 m·s−1 at z = 25 m; (right) estimation of the corresponding deficit ε of the estimated standard
deviation of the along-wind velocity due to the ABSA.

To illustrate the influence of the ABSA on the wind spectrum of the along-wind component
Su, the latter is estimated using u = 10 m·s−1 and z = 25 m, following the wind spectrum model
adopted in the Handbook N400. The wind spectrum is filtered using the spectral transfer function
(Equation (26)) for different range gate sizes, from 25 m to 100 m, and displayed on the left panel
of Figure 4. The right panel of Figure 4 shows that, for u = 10 m·s−1, the standard deviation of the
along-wind component σu may be underestimated by 8.3% if l = 25 m and 16.6% for l = 75 m because
of the ABSA. If ε is calculated for l = 75 m using the variance instead of the standard deviation, then
ε = −30.4%. For the field measurements conducted in the Bjørnafjord, the value of l was set to 75 m
so that the WindScanners could measure the flow at larger distances. Although Figure 4 provides an
overall indication of the ABSA effect, the deficit ε depends actually on additional parameters, such as
the angle between the wind direction and the scanning beams and the measurement noise.
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3. Results

3.1. Preliminary Comparison with a Sonic Anemometer on Land

Although there is no reference sensor available in the fjord allowing a direct assessment of the
data recorded with the multi-lidar configuration, two meteorological masts were installed at the end
of 2015 by the company Kjeller Vindteknikk AS (Kjeller, Norway), abbreviated KVT in the following,
on the island of Ospøya. This island is located ca. 2.3 km North of LW2. The southernmost mast is
50 m high and installed at a height of ca. 35 m above the mean sea level. This mast is equipped with
one Gill WindMaster Pro 3-axis sonic anemometer (Lymington, Hampshire, UK) at a height of 67 m
and two others located at 83 m above the mean sea level. The three sonic anemometers operate at a
sampling frequency of 10 Hz. The mast and the data gathered by the sonic anemometers are owned by
KVT. Therefore, a detailed analysis of the mast instrumentation and its measurement data is out of
the scope of the present study. Nonetheless, during the last four days of the measurement campaign,
LW2 conducted a fixed LOS scan toward the mast, with an elevation angle of 1.85◦. KVT provided
velocity measurements from the sonic anemometers so that a comparison with the lidar data could
be conducted in terms of mean value and standard deviation of the along-beam velocity component.
To the authors’ knowledge, the sonic temperature measurement data were, however, not stored. For
the sake of brevity, only data recorded by the sonic anemometer installed at the altitude of 83 m are
considered in the following. At the scanning distance of 2.3 km, the range gate closest to the met mast
is at a height of ca. 75 m above the mean sea level.

To simplify the comparison between the velocity data recorded by the lidar and the
sonic anemometer, the along-beam component is considered. For the sonic anemometer, vr is
estimated using:

vr = u cos(α− θ) cos(Ω) + v sin(α− θ) cos(Ω) + w sin(Ω) (30)

where α is the azimuth angle; Ω is the elevation angle and θ is the wind direction, as defined in
Equation (7). Figure 5 shows that the 1 min-averaged along-beam velocity component is remarkably
well captured by LW2. A more detailed comparison of the two device performances is provided in
Figure 6. The best linear fit between the mean wind velocity of the along-beam component recorded
by LW2 and the sonic anemometer shows a squared correlation coefficient of 0.94 and almost no bias.
For the standard deviation, the squared correlation coefficient is also significantly large and equal
to 0.95, but a systematic discrepancy is observed between the lidar data and the sonic anemometer
data, which is expected and attributed to the spatial averaging effect. The results presented in
Figures 5 and 6 are not surprising, as a similar comparison with sonic data has already been done in
the past by Pauscher et al. [7]. Nevertheless, the comparison given herein shows that the wind data
recorded by the multi-lidar system in the Bjørnafjord and presented in the following are reliable.

06/23 06/24 06/25 06/26 06/27 06/28

−10

0

10

Clock time (day/month)

v r
(m

·s−
1 )

Sonic anemometer
LW2

Figure 5. Along-beam velocity recorded during the last four days of the measurement campaign by
LW2, and the sonic anemometer located 2.3 km North of the lidar unit, at a height of 83 m above the
mean sea level. For illustrative purposes only, the sampling time is increased to 1 min.
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Figure 6. Ten-minute averaged mean velocity (left) and standard deviation (right) of the along-beam
component recorded by LW2 (vertical axis) and the sonic anemometer (horizontal axis), at z = 83 m,
during the last four days of the measurement campaign.

3.2. Statistical Moments

The wind roses displayed in Figure 7 for the E-W configuration (left) and the N-S one (right),
represent the wind data recorded by the long-range WindScanners in the laser-beam intersection
volume generated by LE and LW2. In both cases, the majority of wind records represents a wind
direction from north-northwest, i.e., almost aligned with the scanning beam of LE, with wind velocities
up to 17.7 m·s−1 for the N-S configuration and up to 13.8 m·s−1 for the E-W configuration. For wind
velocities above 8 m·s−1, the average values of Iu and Iv estimated using the N-S configuration are
0.056 and 0.042, respectively. For the the E-W configuration, Iu and Iv are in average equal to 0.043
and 0.030, respectively. The ratio Iv/Iu is, therefore, equal to 0.75 for the E-W configuration and 0.70
for the N-S configuration, which is in the range of expected values [26]. The low turbulence intensity
recorded here may not be explained by the ABSA influence alone, although that effect does result in an
underestimation of the standard deviation of the wind velocity and thereby an underestimation of the
turbulence intensity.

Following Equation (9), which is defined for a neutral stratification, a roughness length of 0.003 m
and an altitude of 25 m above sea level gives a turbulence intensity of 0.11. A roughness length as low as
0.0001 m has been reported for flows over the sea at moderate wind speeds [33,34]. For z0 = 0.0001 m,
the turbulence intensity calculated according to EN 1991-1-4 [18] and corrected for the ABSA is
Iu = 0.067, which is much closer to the values recorded during the measurement period. For this reason,
turbulence statistics assuming a roughness length z0 = 0.0001 m are investigated in the following.
At low wind velocities, statistical measures defined primarily for shear generated turbulence are
estimated with large uncertainties. This is mainly due to the increasing number of non-stationary
samples, related to increased convective mixing and buoyancy effects, and to less extent, to increasing
errors in the lidar measurements. In Figure 8, one can see that the turbulence intensity estimates
become steady for a mean wind velocity around 6 m·s−1. In the following, the estimated turbulence
intensity is therefore discussed for u ≥ 6 m·s−1, i.e., for wind velocities large enough to provide
consistent wind statistics.

A rigorous estimation of the atmospheric stability relies on measurements of vertical fluxes of
momentum and heat. This can be done using either a meteorological mast instrumented with cup
anemometers, temperature and humidity sensors [35] or a 3D sonic anemometer able to measure the
sonic temperature [36,37]. In the present case, such an instrumentation was not available, and no
measurement of the vertical profile of mean wind velocity above the sea surface could be conducted
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using the lidars, due to the low elevation angles used. Therefore, alternative methods are considered in
the present study to discuss possible effects of a non-neutral atmosphere on the lidar measurement data.
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Figure 7. (left) Ten-minute mean wind velocity, direction and turbulence intensity recorded from
18 May 2016 to 21 June 2016 with the E-W configuration (326 samples with u ≥ 5 m·s−1); (right)
Ten-minute mean wind velocity, direction and turbulence intensity recorded from 2016-06-07 to
2016-06-22 using the North-South configuration (437 samples with u ≥ 5 m·s−1).
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Figure 8. Along-wind and crosswind (right) turbulence intensity retrieved from LW2 and LE as a
function of the mean wind velocity, compared to Equation (23), with and without ABSA estimated
using Equations (24) and (25).

The low turbulence intensity observed may be partly due to a stable atmospheric stratification, for
which values lower than 0.05 were recorded at a height of 70 m above the sea level and for u ≥ 10 m·s−1

in an offshore environment by e.g., Hansen et al. [38]. Previous studies conducted at bridge sites in
coastal areas have also reported a turbulence intensity close to or below 0.06. Sacré and Delaunay [39]
measured Iu = 0.062± 0.005 at z = 73 m for moderate winds from the sea (11.6 m·s−1 to 15.7 m·s−1)
and a neutral stratification. For a seasonal wind, Toriumi et al. [40] measured a turbulence intensity
close to 0.04 at z = 74 m for a mean wind velocity of about 23 m·s−1, which is strong enough to assume
that mechanically-generated turbulence was dominating over buoyancy effects.
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For u ≥ 8 m·s−1, the standard deviation of the wind direction is lower than 3.75◦

(N-S configuration) and 2◦ (E-W configuration) for 80% of the wind samples. According to
Sedefian and Bennett [41], such a low standard deviation may correspond to a slightly stable
atmospheric stratification. Nonetheless, the low standard deviation of the measured wind direction
may also result from the ABSA effect. Figure 8 indicates that a stable atmosphere may have been
predominant during the monitoring with the E-W configuration since the turbulence intensity
measured for u ≥ 6 m·s−1 is systematically lower than for the N-S configuration, whereas the wind
direction is almost the same (Figure 7). For u ≥ 12 m·s−1, the turbulence intensity seems to be rather
constant, whereas Equation (23) leads in Figure 8 to a clear increase of the turbulence intensity with
the mean wind velocity. This suggests that the roughness of the sea in the Bjørnafjord is not clearly
increasing with the mean wind velocity, as typically observed in an offshore environment.

The uncertainties regarding the atmospheric stability observed during the measurement campaign
highlight the need to associate the lidar data to measurements from weather stations and sonic
anemometers on land.

3.3. Wind Spectra Comparison

Each individual spectrum is estimated using the periodogram power spectral density (PSD)
estimate with a Hamming window, which corresponds to the particular case of Welch’s algorithm
with a single segment. We chose to use a single segment so that the wind spectrum can be described
down to a frequency of 0.0017 Hz. To reduce the large random error that results from the use of the
periodogram PSD estimate, the different spectra are ensemble averaged. An additional smoothing of
the PSD in the high-frequency range is done using non-overlapping block average with 60 blocks that
are equally spaced on a log scale.

The PSD estimate of the along-wind component is displayed on the left panel of Figure 9,
whereas the right panel shows the PSD estimate of the along-beam component recorded by LE.
In both panels, only samples characterized by a mean wind velocities between 11 m·s−1 and 18 m·s−1

are considered, but only the ensemble averaged PSD estimates are displayed for the sake of clarity.
The relatively large velocity range selected justifies the use of the wavenumber k = 2π f /u (left panel)
or kr = 2π f /vr (right panel) instead of the frequency. The wind spectra are pre-multiplied by
the wavenumber and divided by the variance of the corresponding wind velocity component.
For 11 m·s−1 ≤ u ≤ 18 m·s−1, the wind direction is on average equal to 330◦ (Figure 7), and the
along-beam component is, therefore, almost equal to the along-wind component. Assuming the flow
is uniform in the middle of the fjord, Svr was calculated using the data gathered at scanning distances
ranging from 2 km to 3.5 km, i.e., 15 different range gates. This results in a slightly smoother wind
spectrum at every frequency than for the PSD estimate of the along-wind component.

The wind spectra from the Handbook N400 and NORSOK standard are calculated for z = 25 m
and superimposed to the measured PSD. The normalization of the spectra by the variance of the wind
velocity allows, in particular, a reduction of the uncertainty related to the estimation of the roughness
length. For the NORSOK and N400 spectra, σ2

u is estimated using Equation (28). However, the lidar
data is known to be associated with underestimated values of σ2

u and σ2
vr . Therefore, σ2

u and σ2
vr were

estimated directly from the time series, and a correcting coefficient was introduced, assuming an
underestimation of ca. 30%, as suggested by Figure 4.

In Figure 9, the measured spectral peak and the one estimated using the NORSOK spectrum are
well aligned. The spectral peak of the N400 spectrum is located at a slightly higher wave-number than
the measured one. For k ≤ 2× 10−3 m−1, the NORSOK spectrum gives higher spectral values than
observed from the recorded data. This is not unreasonable, as other studies [42,43] have shown that
wind spectra measured offshore often contain more energy at low frequencies compared to the wind
spectra measured onshore. This is partly due to the fact that, in an offshore environment, the size of
eddies is not limited by topographical changes. Although the flow from north-northwest recorded in
the Bjørnafjord comes from the ocean, it is likely affected by the islands upstream of the monitored
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domain as well as the shoreline of the fjord. Consequently, an offshore wind spectrum model, such as
the one used in the NORSOK standard may overestimate the spectral values at low wave-numbers.
The discrepancies between the measured spectrum and the NORSOK spectrum may also be related to
a slightly stable atmospheric stratification. For u ≥ 14 m·s−1, Andersen and Løvseth [44] observed a
negligible difference between the Frøya spectrum measured in stable and neutral stratification. On the
other hand, Mann [45] found strong effects of stability on spectra over the Great Belt, Denmark, up to
over 16 m·s−1, albeit at a height of 70 m.
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Figure 9. Normalized wind spectrum recorded using both data recorded by LW2 and LE from the
07-06-2016 to 22-06-2016 (left panel) and LE alone (right panel) for the N-S configuration.

When the high-frequency range of the N400 wind spectrum is attenuated using the ABSA
model presented in Equation (26), the slope of the high-frequency part of the modified spectrum
is sharper than measured, as seen in Figure 9. Similar observations have been reported by
e.g., Pauscher et al. [7] with the long-range WindScanner system or e.g., Angelou et al. [46] with
the short-range WindScanner system. The discrepancies between the modelled ABSA and the
measured one may be due to fluctuations of the wind direction and the use of multiple scanning
beams to retrieve the horizontal wind components. For frequencies above 0.22 Hz and u = 14 m·s−1,
i.e., wave-numbers above 0.10, the right panel of Figure 9 shows that the PSD of the along-beam
wind velocity component is considerably attenuated by the ABSA, viz. The high-frequency turbulent
components are under-represented in the lidar data.

Figure 10 shows the Su spectrum, estimated without normalization by σ2
u . Consequently, the wind

spectra need to be split into several velocity bins, since a different mean wind velocity now has a
significant effect on the magnitude of the PSD estimate. The study of kSu allows the assessment
of an appropriate roughness length for the N400 spectrum. The spectra displayed in Figure 10 are,
therefore, complementing those displayed in Figure 9. In Figure 10, the N400 spectra is estimated with
z0 = 0.0001 m, which is 30 times lower than proposed in the Handbook N400. Nevertheless, it leads
to a fairly good agreement between with the measured wind spectra, especially for u ≥ 15 m·s−1.
The NORSOK spectrum is found to systematically overestimate the PSD of the along-wind velocity
component, which is likely due to the fact that this spectrum is site-specific.
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Figure 10. Power spectral density estimate of the along-wind velocity component recorded using
both data recorded by LW2 and LE from the 07-06-2016 to 22-06-2016 (N-S configuration), using
z0 = 0.0001 m.

3.4. Coherence Estimated from the Full-Scale Wind Measurements

The estimation of the lateral wind coherence using synchronized long-range wind lidars is
challenged by the large scanning distances. By using the short-range WindScanner system and a
smaller range gate (2 m ≤ l ≤ 17 m), Cheynet et al. [14] observed a negligible influence of the ABSA
on the wind coherence measurement. For l = 75 m, the ABSA may, however, affect the estimation of
the wind coherence to a larger extent. However, because the range resolution of a continuous wave
lidar increases quadratically with the scanning distance [46], the short-range WindScanner cannot be
used to monitor the flow at large scanning distances.

3.4.1. Longitudinal Coherence of the Along-Wind Component

Since one of the lidar beams in the E-W measurement configuration more or less pointed in the
mean wind direction, wind velocity records along the beam provide a unique opportunity to revisit
Taylor’s hypothesis of frozen turbulence [47], in relation to the estimation of the along-beam coherence.
For this purpose, the lidar data acquired by LE alone with a yaw angle as small as possible, i.e., β ≤ 2◦

are selected. This implies that the mean wind direction considered is the same as that of the lidar beam.
Wind records in five range gates, at distances from r = 1.0 km to r = 1.4 km from the lidar are

considered. In the present case, the longitudinal separation, denoted dx in Figure 11, ranges from 100 m
to 400 m, which is significantly larger than in previous field measurements [48,49]. For a perfectly
frozen turbulent flow moving toward the lidar, the wind data, which are simultaneously recorded at
different range gates, are distinctly out of phase because the flow recorded in a given range gate is a
“delayed version” of the flow recorded upstream.

The negative values in the co-coherence function in the left panel of Figure 11 reflect such an
out-of-phase appearance of the wind gusts, not accounted for by the Davenport coherence model.
The 4-parameter coherence function (Equation (18)) is, therefore, fitted to the measurement data.
The estimated value of c4 is very close to 2π, which is the expected value, provided Taylor’s
hypothesis is applicable, according to ESDU 86010 [30]. For a perfectly frozen turbulent field, the decay
coefficient Cx

u in the Davenport model or c1 in Equation (18), should be equal to 0. The 4-parameter
function is also fitted to the modified “co-coherence” of the along-wind velocity, where the wind
data are “synchronized”, as if they were observed at a single point (right panel of Figure 11).
This synchronization was done by introducing a time lag equal to dx/u in the lidar data at the
four range gates considered. Relatively close values of the c1 coefficient can be observed in both panels.
In the present case, c1 ≈ 0.8.

If the Davenport model is fitted to the modified “co-coherence” displayed on the right panel of
Figure 11, we obtain Cx

u = 1.0. Together with c1 ≈ 0.8 in the 4-parameter coherence model, it provides
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an indication of the relevance of Taylor’s hypothesis. For the conditions in the middle of a 5 km wide
fjord, with a fetch across water of several kilometres in each direction, a low turbulence intensity and
a sampling frequency of 0.22 Hz that limits the focus of the Lidar measurements to the large scale
fluctuations, Taylor’s hypothesis is expected to be more valid than in many other instances, for which
Cx

u values ranging from 1.0 to 10 were reported [26,48,49].
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Figure 11. Measured (markers) and fitted (lines) along-beam coherence, obtained using the staring
Line-Of-Sight scan of the Lidar East (North-South configuration), with 10 m·s−1 ≤ |vr| ≤ 15 m·s−1, a
yaw angle |β| ≤ 2◦, without (left) and with (right) synchronization of the time series considering a
time lag equal to dx/u.

3.4.2. Lateral Coherence of the Longitudinal Wind Fluctuations

Assuming that Taylor’s hypothesis of frozen turbulence is applicable and the wind direction is
perfectly aligned with the beam orientation, the lateral coherence should be unaltered by the ABSA
effect [14]. Although relevant, the investigation of the lateral coherence in the case where the wind
direction and the scanning beams are not aligned is out of the scope of the present study. In the
following, the coherence is, therefore, handled as unaltered by the ABSA.

Using the E-W configuration (Figure 2), the scanning beams intersect in eight positions,
i.e., were intended to provide data from eight different measurement volumes. Unfortunately, only
four of them could be used because the overall data availability from LW1 was insufficient during the
measurement campaign.

The co-coherence is estimated from stationary wind velocity records using Welch’s method [50]
with a sample duration of 10 min and six segments with 50% overlapping. The number of overlapping
segments is chosen to reduce the bias of the coherence estimate and the measurement noise [51,52]
while keeping the frequency resolution as high as possible. Wind data with a mean wind velocity
between 6 m·s−1 and 14 m·s−1 are considered (189 samples) and the coherence is expressed as a
function of the wavenumber k to reduce the scatter of the coherence estimates due to the dependence
of the lateral coherence on wind velocity. The measurement of the lateral coherence requires a flow
perfectly perpendicular to the different volumes monitored, i.e., a yaw angle β equal to zero. To keep
the influence of the yaw angle on the coherence low, only wind data with a mean wind direction
between 317◦ and 337◦ are selected. This corresponds to a maximal yaw angle of 10◦ with respect
to the average azimuth angle of LE (Table 3). A non-zero yaw angle introduces a non-zero phase
in the wind data and a lateral separation dy cos (β) that is shorter than measured. The Davenport
co-coherence of the along-wind component can be expressed in the horizontal plane as a function of
the yaw angle:

γu(D, u) = exp
(
− f D

u

[
Cy

u cos(β) + Cx
u sin(β)

])
(31)

D = dy cos(β) + dx sin(β) (32)
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It can be shown that for a yaw angle of 10◦ and small values of Cx
u compared to Cy

u, Equation (31)
can reduce to:

γu(D, u) ≈ exp
(
− f dy

u
Cy

u

)
(33)

For the lateral separations considered, the coherence is usually low and contaminated by
measurement noise for frequencies above 0.06 Hz. The curve fitting procedure uses, therefore, only data
from the frequency range below 0.06 Hz. The measured wind coherence is fitted, in the least-square
sense, using the two-parameter exponential decay function (Equation (15)).

Table 5. Decay coefficients available in the literature, obtained from full-scale measurements of the
wind coherence along a suspension bridge crossing a fjord, an estuary or a strait.

Reference Bridge Cy
u u (m·s−1) z (m) Iu dy (m)

Jensen and Hjorth-Hansen [53] Sotra 10.7 13.0 60 0.11 5 to 16
Sacré and Delaunay [39] Saint Nazaire 11± 1 13.5± 1.5 73 0.06 5 to 35

Toriumi et al. [40] Ohnaruto 12.5 23 74 0.04 11 to 233
Present study Bjørnafjord 21.3 6− 14 25 0.04 18 to 177

Figure 12 shows the average coherence estimated for six different lateral separations. The relatively
low number of data points with significantly high coherence leads to some uncertainties regarding
the parameter c2. A coherence lower than 1 at zero frequency may be expected for large lateral
separations [27], which would correspond to a value of c2 between 0.01 s−1 and 0.2 s−1 as observed
in the Lysefjord [54]. In the present case, the coefficient c1 is the same as the decay coefficient Cy

u of
the Davenport coherence model because the value of c2 is close to 0 s−1. The measured exponential
decay parameter is larger than the one given in the Handbook N400 as well as the values found in
the literature for a flow measured above the sea with a low turbulence intensity (Table 5). It should
be noted that the coefficient Cy

u = 12.5 given in Table 5 for the study of Toriumi et al. [40] is the value
estimated by fitting the Davenport Model to the data provided in their research article. The coherence
measured by Andersen and Løvseth [32] is well approximated by Davenport coherence model but is
considerably lower than in any other studies found in the literature with a decay parameter Cy

u equal
to 64. If Equation (15) is applied to the data point provided in Andersen and Løvseth [32], then c1 = 60
and c2 = 0.17. The reason for such a low coherence estimate remains unclear.
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Figure 12. Measured (scatter plot) lateral wind coherence of the along-wind component recorded
using the data from LW2 and LE from 18 May 2016 to 21 June 2016 (E-W configuration) fitted with
Equation (15) (smooth lines).
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3.5. Coherence Estimated from Single Lidar Data

3.5.1. Comparison with the Two-Parameter Coherence Function

In the present case, if only the data recorded by LE are used with an along-beam mean velocity
|vr| ≥ 10 m·s−1, the wind direction is mostly from north-northwest (Figure 7). Here, only samples
characterized by 10 m·s−1 ≤ |vr| ≤ 14 m·s−1 are, therefore, considered. Because a pulsed wind lidar
measures simultaneously the wind velocity in several positions along the scanning beam, the lateral
wind coherence can be estimated at several scanning distances from the lidar unit. For each range
gate, the wind co-coherence was, therefore, calculated and fitted by a two-parameter exponential
decay function, using four measurement volumes, the spacing of which increases for increasing
scanning distances.

In Figure 13, the measured coherence is presented for r = 500 m and r = 1600 m. The scanning
distance r = 1600 m corresponds to the location monitored jointly by LW2 and LE, as discussed in the
previous section. Although the coherence decreases for increasing lateral separations, the reduction
is rather limited for separations beyond ca. 40 m, for both r = 500 m and r = 1600 m. In the case of a
scanning distance of 1600 m, the measured coherence at f = 0.01 Hz varies between 0.27 and 0.37 for
dy ranging from 46 m to 157 m. Similarly, the lateral co-coherence estimated by Toriumi et al. [40] is not
well modelled by the Davenport coherence model and displays a limited dependency on dy at large
cross-wind separations. The limited “sensitivity” of the coherence function to lateral separations larger
than 40 m may be related to the fact that, in general, the coherence becomes weak at such separations.
The estimated coefficient c1 = 25.4 governing the fitted coherence function is consistent with the one
based on LW2 and LE data.
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Figure 13. Measured (markers) and fitted (Equation (15), lines) co-coherence using data recorded by
the four scanning beams of LE only (E-W configuration), at a scanning distance r = 500 m (left panel,
using 84 samples) and r = 1600 m (right panel, using 93 samples), with 10 m·s−1 ≤ |vr| ≤ 14 m·s−1,
from 18 May 2016 to 21 June 2016.

In Figure 14, the coefficient c1 varies from ca. 20 to 28 for the different scanning distances and is
relatively constant for r ≥ 1 km. For r = 500 m, the cross-wind separation ranges from 7 m to 49 m,
whereas, for r = 1600 m, it ranges from 23 m to 157 m. The fluctuations of the coherence and the
decrease of the coefficient c2 with r reflects the increasing difficulty to estimate the wind co-coherence
at greater scanning distances and larger lateral separations. The variation of the coefficient is also
expected to partly reflect the physical change of the flow conditions closer to land. More generally,
Figure 13 suggests that the functional form of the Davenport coherence model may not be suitable for
the coherence measured in the Bjørnafjord.
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Figure 14. Coefficients of the two-parameter wind coherence function fitted to the wind
coherence measured from 18 May 2016 to 21 June 2016 using LE only (E-W configuration),
with 10 m·s−1 ≤ |vr| ≤ 14 m·s−1 and 0.5 km ≤ r ≤ 3.2 km.

3.6. Application of an Alternative Coherence Model

The more complex dependency of the measured co-coherence on the lateral separation may be
modelled using Bowen’s coherence model [55], which is derived from the Davenport coherence model,
except that the decay parameter Cy

u has the following form:

Cy
u = b1 + b2

dy

z
(34)

where b1 and b2 are two coefficients to be determined and z is the measurement height. The function
is an idealized representation of the lateral coherence of the along-wind turbulence near the ground.
Bowen et al. [55] arrive, for example, at b1 = 12 and b2 = 11. In the present case, b1 and b2 are
determined using a least-square fit to the measured co-coherence. Minh et al. [56] proposed a more
complex three-parameter coherence model, which also depends on dy and d2

y, but is independent of the
measurement height. For the sake of simplicity, only the Bowen model is investigated in the following.

Figure 15 shows that the Bowen coherence model seems to provide a much better fit to the
measured coherence than the Davenport coherence model at both r = 500 m and r = 1600 m.
Figure 16 shows, however, that the fitted coefficients display a large variability at r ≤ 1 km. This is
likely due to the fact that the coherence seems to become independent of dy for dy > 50 m and the
majority of the cross-wind separations are larger than 50 m for r > 1 km. The low dependency of the
estimated co-coherence on dy at large crosswind separations is reflected in the negative value of b2 that
counterbalances b1, as shown in the right panel of Figure 16.
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Figure 15. Same as Figure 13, except that the solid and dashed lines correspond to the coherence model
derived from Bowen et al. [55].
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The Bowen coherence model suggests that the coherence depends on the measurement height z
and d2

y, which is not predicted by the Davenport coherence model. To estimate the wind load on a
suspension bridge, the measurements should, therefore, be conducted at the deck height. Because the
Bowen coherence model was designed at an altitude lower than 20 m, it is uncertain beyond which
height such a model ceases to be valid. Measurement in a narrower Norwegian fjord reported
in ([54], chapter 2), conducted at a height of 60 m for a wind speed above 8 m·s−1, showed, for example,
that a coherence model that is simply scaled by f dy/u was sufficient to properly capture the lateral
wind coherence of the along-wind component.
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Figure 16. Coefficients of the Bowen coherence model fitted to the wind coherence measured from
18 May 2016 to 21 June 2016 using LE only (E-W configuration), with 10 m·s−1 ≤ |vr| ≤ 14 m·s−1 and
0.5 km ≤ r ≤ 3.2 km.

4. Discussion

4.1. Determination of a Site-Specific Wind Spectrum

In the present study, the range gate of 75 m introduces a large ABSA that prevented a detailed
analysis of the wind spectrum for frequencies above 0.03 Hz. A site-specific single-point spectrum
may be developed by combining sonic anemometer and lidar measurement data so that the ABSA
can be better modelled. Once this challenge is overcome, the determination of the first two statistical
moments of the longitudinal wind component (u and σu) and the integral length scale Lu may allow
the application of e.g., the von Kármán spectrum [57] as a site-specific wind spectrum.

The turbulence spectra provided in the wind loading sections of several standards (e.g., [9,18]) are
characterized by the same spectral form as the von Kármán spectrum model. When these spectra are
pre-multiplied by the frequency, they follow a −2/3 power law in the high-frequency range (inertial
subrange) and a +1 power law at low frequencies. The smooth junction between these two frequency
ranges is done through a spectral peak, centered at a frequency around 10−2 Hz. However, there is
evidence of the existence of a plateau instead of a spectral peak [58,59], for both the crosswind and
longitudinal wind components. For the latter component, the width of the plateau increases at
decreasing altitudes. For a floating bridge with pontoons, typically characterized by a low altitude
above sea level, an erroneous modelling of the structural response may be accentuated by the use of
the so-called “blunt” and “pointed” models [60], which do not predict the existence of such a plateau.

4.2. Environmental Effects on the Estimated Coherence

The decay coefficients Cy
u and Cy

v provided by the Handbook N400 (Table 4) are almost the same as
those obtained from the full-scale measurements conducted by Jensen and Hjorth-Hansen [53] in 1977
on the Sotra Bridge, for a neutral stratification, at an altitude of 60 m above the sea level. This bridge
crosses a narrow fjord located ca. 40 km on the North-West of the Bjørnafjord. The discrepancies
between the estimated decay coefficients and those predicted by the Handbook N400 may therefore be
explained by the following reasons:
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• The atmosphere may have been predominantly stable during a part of the measurement campaign.
In particular, a stable stratification leads to a lower coherence than for a neutral atmosphere.
Ropelewski et al. [49] suggested that it may result from the reduction of the lateral size of the
eddies with respect to their longitudinal size. Following Panofsky and Mizuno [61], the decrease
of the wind coherence with increasing stability is, however, only valid for cross-wind separations
larger than 50 m.

• Ropelewski et al. [49], Kristensen and Jensen [27] or Sacré and Delaunay [39] observed that Cy
u

decreases for increasing heights. It is, therefore, not surprising if the lateral co-coherence estimated
at z = 25 m is lower than the one at z = 60 m, as measured by Jensen and Hjorth-Hansen [53].
Such an evolution of the coherence is expected and may reflect the increasing size of the eddies
with the altitude [62,63].

• The estimation of the coherence using large crosswind separations is more challenging than with
small separations. That is one of the reasons why Kristensen and Jensen [27] considered only
relatively small lateral separations. If a coherence model with a single parameter is used, the decay
coefficient may increase for increasing cross-wind separations, especially in stable or near-neutral
atmosphere [61,64]. This issue is taken into account in the present study, where the 2-parameter
exponential decay function (Equation (15)), which relies on an additional parameter c2, was used
instead of the Davenport model. However, the coherence was likely not sufficiently large to
accurately estimate c2. For wind load estimation on a bridge deck, a more rigorous comparison
between the coherence measured in a wide fjord and the one provided in the Handbook N400
should, therefore, be undertaken by considering both small and large cross-wind separations in
conjunction with observations of the atmospheric stability.

4.3. Environmental Effects on the Flow Uniformity

The influence of the nearby islands and the coastal terrain on the turbulence statistics studied can
be briefly assessed using the along-beam mean wind velocity and its standard deviation for the case of
a flow from North-West. Figure 17 shows that the mean velocity estimated using LE is rather uniform
for both the N-S and E-W configurations, whereas the standard deviation σvr decreases for increasing
scanning distances. LW2 measures σvr with a larger dispersion for the N-S configuration than for the
E-W one, which may partly be due to the lower sampling frequency used for the N-S configuration.
The influence of the topography on the turbulent component recorded by LW2 is clearly visible on the
right panel of Figure 17, for r < 2 km, whereas the flow is more uniform for r ≥ 2 km. In summary,
Figure 17 shows that the influence of the topography on the flow at the position of the intersection of
the two beams (r ≈ 4.5 km for LW2 and r = 1.6 km for LE) is limited.
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Figure 17. Uniformity of the mean velocity vr (left) and the standard deviation σvr (right) of the
along-beam component of LW2 and LE during the E-W and N-S configurations, for vr(LE) ≥ 10 m·s−1.
The scatter plots represent the ensemble averages of N samples of 10 min duration.
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5. Conclusions

Three synchronized long-range pulsed wind lidars were deployed in the Bjørnafjord, South of
Bergen in Norway, in May and June 2016. The purpose of the measurement campaign was to investigate
the potential of using lidars to study the wind conditions in the middle of the fjord, where traditional
anemometry is not easily deployed. Wind turbulence measurements in such a location are vital to
identifying the wind spectral model best suited to estimate the dynamic wind load on a possible
future crossing over the 5 km wide fjord. During the measurement period, the wind direction was
predominantly from north-northwest, with wind velocities up to 18 m·s−1 at an altitude of 25 m
above the mean sea level. The average along-wind turbulence intensity was found to be lower
than 0.06 for u ≥ 8 m·s−1. The normalized wind spectrum for the along-wind component estimated
from the lidar data showed a satisfactory agreement with the NORSOK spectrum [10], except for
wave-numbers below 2× 10−3 m−1, where it overestimates the spectral values. If the PSD estimates
are not normalized, the NORSOK spectrum overestimates the one estimated from the lidar velocity
data, whereas the wind spectrum from the Handbook N400 evaluated using an appropriate roughness
length shows a fair agreement with the estimated wind velocity spectrum across the frequency range.
The suggested roughness length provided in the Handbook N400 seems, however, to overestimate the
one in the middle of a wide fjord in a coastal area.

The along-beam spatial averaging (ABSA) had a significant influence on the estimation of the
wind spectrum, down to frequencies around 0.03 Hz, especially because a range gate as large as 75 m
was used. The measured standard deviation and, therefore, the derived turbulence intensity may be
underestimated by up to 16%. Future studies should consider similar wind turbulence measurements
with a reduced range gate, where possible. A campaign over extended monitoring time is also a
prerequisite to increase the variety of wind conditions within the data set. The ABSA was assumed to
play a limited role in the estimation of the coherence. Although this assumption is likely correct for a
flow aligned with the scanning beams, further analysis should consider the case where the wind data
are retrieved with large yaw angles.

The lateral wind co-coherence was estimated using four measurement volumes, for wind velocities
ranging from 6 m·s−1 to 14 m·s−1 and a yaw angle up to 10◦. The fitted decay coefficients were larger
than found in previous studies conducted in fjords, straights or estuaries. The predominance of a
stable atmospheric stratification during the measurement period and the relatively low measurement
altitude may explain the existence of such a low co-coherence. In this situation, the functional form of
the Davenport coherence model may not be well suited to represent the wind co-coherence.
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Abbreviations

The following abbreviations are used in this manuscript:

ABSA Along-beam spatial averaging
SA Sonic anemometer
PSD Power spectral density
LOS Line-Of-Sight
N-S North-South
E-W East-West
LE Lidar East
LW1 Lidar West 1
LW2 Lidar West 2
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