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Abstract. Wind velocity data recorded on the shores of a wide fjord (Bjgrnafjord, Norway) by
sonic anemometers mounted on met-masts are compared with those obtained using synchronized
long-range lidar instruments. The goal is to know to what extent measurements from land-based
met-mast are representative of the wind conditions in the middle of the fjord. The lidar data
shows a good agreement with the anemometer records for a limited number of sectors only,
indicating a significant influence of the topography on the data obtained on the met-masts. For
a north-northwest wind, which was the dominant wind direction during the measurement period,
the influence of the local topography on the estimated turbulence characteristics may not be
negligible for three of the four masts deployed. This implies that the combined use of remote
sensing technology and land-based sensors may be necessary to characterize the wind conditions
in a wide fjord.

1. Introduction

The future ferry-free coastal route E39 is an ambitious plan led by the Norwegian government to
develop the economy of western Norway [1]. Crossing the Bjgrnafjord, south of Bergen, with
a bridge will be particularly challenging. At the crossing location (Figure 1), the fjord is 5km
wide and up to 500 m deep, so that a feasible solution relies on a floating bridge. The design of
such a large structure requires a detailed description of the environmental loads. The study of
wind conditions inside the fjord cannot be easily assessed using traditional anemometers. The
deployment of anemometers on met-masts on the shores of the fjord provides wind measurements
that may be affected by local topographic effects [2,3], especially at the sea-land discontinuity [4-7],
which in the case of a fjord may correspond to a sharp escarpment.

An alternative approach relies on the use of Doppler wind lidar (DWL) technology to remotely
measure the wind characteristics in the fjord from devices installed on land. The application
of DWLs in wind engineering is relatively recent [3,8] as they have been more frequently used
for wind energy applications or atmospheric research [9-11]. From May to June 2016, three
synchronized Doppler wind lidars were deployed on the south-west side of the Bjgrnafjord
(Figure 1) to study the wind conditions in a horizontal plane at a distance of at least 1.6 km
from the nearest shore [12]. The analysis of the lidar data in Ref. [12] suggested that for the
period considered, the roughness length in the fjord is similar to that of a calm open sea surface.
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Figure 1: Digital elevation map of the Bjgrnafjord showing the location of the three pulsed wind
lidars LW1, LW2 and LE1 (circles) and the met masts ME1, ME2, MW1 and MW?2 installed by
KVT (triangles). The dashed line refers to the planned fjord crossing.

The analysis done in Ref. [12] is here extended using sonic anemometer records from several
met-masts installed by Kjeller Vindteknikk (KVT, Norway) [13] for the Norwegian Public Road
Administration, on the shores of the Bjgrnafjord since 2015 (Figure 1). The novelty of the present
study relies on the combination of in-situ measurements from multiple synchronized scanning
lidars with anemometer records from the seaside and their analysis. The goal is (1) to assess the
level of consistency between the anemometer records and those from the lidar instruments; (2)
to discover to what extent the wind velocity data on the shores of the fjord are affected by the
surrounding environment.

The present study is organized as follows: Section 2 describes the sonic anemometers on each
met-mast as well as the lidar instruments. Section 3 compares the mean wind statistics and the
standard deviation of the along-wind component recorded by the sonic anemometers and the
lidars. section 4 discusses the influence of the local topography on the sonic anemometer records
through the analysis of the one-point turbulence statistics.

2. Instrumentation

Four met-masts were installed in the Bjgrnafjord by KVT in 2015. Two of them, named MW1
and MW2, are located on Ospgya island (panel (a) of Figure 2), at an altitude of 34 m and 23 m
above the sea level (asl), respectively. The third mast, denoted ME1, is positioned ca. 9m asl,
on a smaller and flatter island named Svarvhelleholmen (panel (b) of Figure 2). The fourth
mast, named ME2, is located on the north side of the fjord, at 26 m asl (panel (d) of Figure 2).
In addition to the irregular terrain around the met-masts, the vegetation differs greatly from one
location to another. Around the masts MW1 and MW2, low bushes are dominant with some few
trees irregularly spaced. The mast ME1 is mounted in an irregular clearcut, in such a way that
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Figure 2: Elevation map of the island of Ospgya (a), Svarvhelleholmen (c) and Synngytangen
(d). In panels (a), (b) and (c), each contour corresponds to a height of 5m.

no tree is located on the north side of the mast. The mast ME2 is also located in a clearcut but
remains surrounded by a conifer forest.

The masts are 50 m high and have a tubular structure with a diameter up to 25 cm. Three of
them are equipped with three sonic anemometers, denoted A, B and C, the altitude of which
is summarized in Table 1. During the measurement period considered, the mast MW1 was
instrumented with two sonic anemometers only. On the mast MW1 and MW2, the anemometers
are mounted on 4m-long booms oriented with an angle of —8° and —2° from the North,
respectively. On the masts ME1 and ME2, the boom length is 2.2m at the lowest height
and 1.8m at the other two heights. On the mast ME1, the booms are oriented with angles
between 1° and 16° from the north, whereas this angle is between 193° and 201° on the mast
ME2. The anemometers are Gill WindMaster Pro 3-axis anemometers, configured to record
the three wind components with a sampling frequency of 10 Hz. The sonic temperature was,
however, not available in the data set used for the present study.

The first lidar unit, named LE1 in Figure 1, is located 25 m asl whereas the two other ones,
denoted LW1 and LW2, are ca. 2m asl. The lidars are WindCube 200S (Leosphere, France),
modified by the Technical University of Denmark (DTU, Denmark) and synchronized in a
so-called WindScanner system [14]. Each lidar uses an elevation angle equal or lower than 0.3°,
such that the scanning pattern at the intersection of the beams is assumed horizontal and at
25m asl. In the present study, the along-wind component is retrieved using the along-beam
velocity components of the combined lidars LE1 and LW2 with a sampling frequency of 0.22 Hz.
Consequently, the WindScanner system records the flow at a lower time resolution than the sonic
anemometers (Figure 3). The rotating head of the lidar LE1 and LW2 scans the flow with an
azimuth angle ranging from 324° to 330°, and from 76° to 78°, respectively. The lidar data are
collected where the scanning beams intersect, i.e. at a line-of-sight distance of 1.7km and 4.6 km
from the lidars LE1 and LW2, respectively. More details about the lidar instrumentation are
given in Ref. [12].
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Figure 3: Along wind velocity recorded on 2016-06-09 for a wind direction of 330° and a mean
wind velocity of 12ms~!. The measurement height indicated in the legend is the one above the
ground.

Table 1: Height of the different sonic anemometers on each mast in the Bjgrnafjord.

Height above ground (m) Height above sea level (m)
Anemometer A B C A B C
MW1 - 49 33 - 83 67
MW2 49 49 33 72 72 56
ME1 48 32 13 o7 42 22
ME2 48 32 13 74 59 39

2.1. Data processing

The along-wind (z-axis), crosswind (y-axis) and vertical (positive z-axis) wind components are
denoted u, v and w, respectively [15]. Each wind component can be expressed as the sum of a
mean component, denoted by an overline and a fluctuating component with zero mean denoted
by a prime, such that for the component j = {u,v,w}, one can write j = j + j'. The fluctuating
component, is assumed to be a stationary Gaussian random process. The standard deviation of
the wind component j = {u, v, w}, is denoted o; and the corresponding turbulence intensity I;
is defined as:

I; = (1)

SIS

For a neutral atmosphere, the Eurocode [16] proposes the following formulation to model the
variation of I, with z and zg, assuming a turbulence factor k; and an orography factor c,, equal
to 1.0:

1
——— if 2 > Zmin.
Iu(Z) ={1In (Z/Z[)) (2)
Iu(zmin) if 2 S Zmin -

where zpi, is the minimum height above which the vertical profile of mean wind velocity follows
the logarithmic law. Eq. 2 is established from the logarithmic mean wind velocity profile,
assuming that u, = koy,. If the value k = 0.40 = 0.01 is taken, as advised in Ref. [17], the ratio
ou/ux = 2.5, used in the literature since the 1960s [18], is found.



For a horizontal flow, only the along-wind component, which is parallel to the mean wind
direction (z-axis), is assumed to have a non-zero mean value, i.e. W ~ v ~ 0ms~'. This means
that the incidence angle defined as:

6 = arctan (%) (3)

has a mean value 6 equal to 0°, which is not necessarily the case for a complex terrain. For gentle
hills, the wind velocity data are often studied in the “streamline coordinate system” [19-21],
where @ = 7 ~ 0ms~!. This can be done using a sector planar fit (SPF) [22,23], which relies on
the determination of the local terrain slope from a set of several mean wind velocity estimates and
a limited wind sector. Another possibility is the use of the double or triple rotation technique [24],
which is applied to each sample by minimizing first @ and then ©. In Section 3, the sonic
anemometer data are studied after application of the double rotation technique. Note that the
horizontal flow characteristics retrieved this way are nearly the same as those obtained in the
Cartesian coordinate system.

In the following, wind statistics are derived using a 10 min averaging time. Although a longer
duration is preferable to estimate turbulence characteristic with a better accuracy, the chosen
averaging time is consistent with the one used in Ref. [12], where the data processing of the lidar
data is the same as done in the present study.

One-point turbulence characteristics are studied after de-spiking and removing the linear trend.
In section 4, non-stationary wind fluctuations are in addition disregarded, which are identified
using the reverse arrangement test [25], applied to velocity fluctuations with a frequency equal to
or lower than 0.25 Hz and a 95 % confidence interval. Note that the stationarity test is applied
to the de-trended velocity fluctuations, which is an appropriate choice in Section 4 where only
the fluctuating wind velocity component is investigated.

In Ref. [12], the lidar data were divided into two subsets corresponding to two different scanning
configurations. In the present study, the two subsets are merged. For each sonic anemometer, the
data availability is larger than 99 % whereas it is ca. 46 % for the lidar instruments. In section 3,
where the lidar and anemometer records are compared, the two data sets are collocated in time,
such that only 3.8 x 10% samples of 10 min duration are used. In section 4, only on the wind
measurements from the anemometers are considered, allowing the use of a much larger data set
since it is no longer limited by the data availability of the lidar records.

3. Inter-comparison of the anemometer and lidar data
The wind records used in Figure 4 correspond to the lidar data recorded 25 m above sea level,
ca. 1.7km on the north of the mast ME1, and those from the sonic anemometers at a height of
32m — 33 m above ground. Figure 4 shows that when the lidar data are available, the dominant
wind direction corresponds to a flow from the north-northwest, which is also the wind sector
with the strongest wind velocities observed during the measurement period. Although the wind
rose created with the lidar data is consistent with those obtained from the masts, it shows a
higher percentage of southerly winds than on the masts ME1 or MW1. This may be due to
the particular location of the scanned area, which is on the north side of the junction of the
Bjgrnafjord with another fjord. In Figure 4, the percentage of samples associated with easterly
winds is noticeably low, for which the majority of the lidar data were characterized by a low
signal-to-noise ratio, such that easterly winds are under-represented in the dataset considered.
Consequently, Figure 4 does not provide a complete description of the wind conditions in the
fjord, but demonstrates the consistency between the mean wind velocities and directions recorded
simultaneously by the lidars and the anemometers.

We recall that the lidar records are gathered where the scanning beams intersect (Figure 2).
If the collocated data from the anemometer C on the mast MW1 are used, the relative difference
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Figure 4: Wind roses obtained using the wind data recorded simultaneously by the sonic
anemometers and the lidars, between the 2017-05-18 and 2017-06-22, 33 m (MW1 and MW2),
32m (ME1 and ME2), and 25m (lidars) above the ground or sea surface.



for the mean wind velocity is denoted E%V . If the anemometer B on the mast ME1 is used instead,

the relative difference is referred to as e%:
UMW1
e =1-— (4)
Ulidars
UME1
=1-— (5)
Ulidars

Using the same notations as in Equations (4) to (5), the relative difference for the mean wind
direction © is denoted e\g and e%, whereas eX‘; and eEu refer to the relative difference for the
standard deviation of the along-wind component o,. Only data recorded at z = 33m (MW1)
and z = 32m (ME1) are used in Figure 5 because a similar comparison pattern is found using the
velocity records at z = 49m (MW1) and z = 48 m (ME1). Note that the reference wind direction
and mean wind velocity used in Figure 5 are those from the lidar measurements associated with
a mean wind velocity above 6ms!.

Figure 5 shows that the relative error for the mean wind velocity reduces clearly for increasing
wind velocities. The main sources of discrepancies are likely the large distance between the
masts and the location where the lidar beams intersect as well as the terrain heterogeneity near
the masts. For a mean wind direction between 320° and 340° and w > 14ms~! (38 samples),
e ~ 8% and € ~ —2%, which indicates a remarkable agreement between the lidar data and
those recorded by the anemometer C on MW1. For the anemometer B on the mast ME1, a
slightly larger relative error is observed in average, with £ ~ 16 % and e\g ~ 3 %. For this wind

direction (320° — 340°), a positive value of e% is expected, since the analysis of the lidar data
in Ref. [12, Fig. 17] suggested that the flow from the northwest is decelerated as it approaches
the shore where the mast ME1 is installed. This is likely due to the presence of a large island,
named Reksteren, located one hundred meters south of the mast ME1, which has a blocking
effect on the wind records obtained on the mast ME1.

For a wind direction between 320° and 340° and @ > 14ms™!, eg\i ~ —53 % and egu ~ —-37%.
There is also no clear reduction of the data dispersion for increasing mean wind velocities.
The low-pass filtering of the velocity data by the lidar instruments is likely the main source of
discrepancies. The lidar line-of-sight velocity component is indeed estimated as the weighted
average of velocity data measured in the volume where the backscattered light is collected [26].
This volume is stretched along the scanning beam and possesses an axial dimension L much
larger than the radial one. Consequently, the length L, also called range gate length, is often
used alone to describe the spatial dimension of this volume [27]. In the present case, L ~ 75m,
which is expected to be responsible for an underestimation of ca. 16 % of the turbulence intensity
if the scanning beam is perfectly aligned with the wind direction [12].

The volume averaging effect is also clearly visible in Table 2, where the turbulence intensity I,
is estimated with 7 (z = 32m) > 10ms~! and a wind direction between 320° and 340°. Although
the turbulence intensity estimates in Table 2 are consistent, the value obtained with the lidar
instruments is significantly lower than with the anemometers at z = 32m — 33 m. The differences
between the lidar records and those from the anemometers (fig. 5 and Table 2) do not seem to
be explained by the differences in height above ground at which the observations are done.

In the Eurocode [16], wind actions are estimated using a mean return period of 50 years, where
a “terrain category 0” corresponds to the sea or a coastal area exposed to the open sea and is
associated with a roughness length 2y = 0.003 m. For a calm open sea surface, a lower roughness
length is expected, with values ranging from 0.0001 m to 0.0003m [28,29]. For zy = 0.0002 m,
Equation (2) leads to I,, = 0.08 at a height of 33 m above ground, which is in agreement with the
values displayed in Table 2. The larger turbulence intensity recorded on MW1 is expected since,
for a northwestern wind, the mast is located downstream of the top of Ospgya (Figure 2). The



presence of multiple sea-land discontinuities some kilometres on the north side and north-west
side of Ospgya seems, however, to have a limited influence on the turbulence intensity recorded
by the mast MW2, for which I, =~ 0.08 at z = 33 m.

However, the application of eq. (2) may not always be appropriate at a sea-land discontinuity.
In Ref. [30, Eq. 2¢|, the turbulence intensity was studied on the western tip of the island Frgya.
Using their Equation (2c) with z = 32m and %(z = 10m) = 10ms~!, one gets I,, ~ 0.07, which
is lower than estimated with the anemometers in Table 2.
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Figure 5: Relative difference for the mean wind velocity %, the mean wind direction © and o,
between the lidar data and the sonic anemometer measurements on the mast MW1 at z = 33m
above ground (left panels) and on the mast ME1 at z = 32m above ground (right panels). The
dataset comprises 830 samples of 10 min duration.



Table 2: Turbulence intensity estimated from the lidar and anemometer data collocated in time,
for a wind direction between 320° and 340° and @ > 10ms~'. Average values of the turbulence
intensity are derived using a number of samples N.

Sensor Lidars (z = 25m) MW1 (z = 33m) MW2 (z = 33m) ME1 (z = 32m) ME2 (z = 32m)

L, 0.05 £ 0.02 0.11 £ 0.02 0.08 £0.01 0.08 £0.01 0.09 £ 0.02
N 255 160 126 41 144

4. Influence of the local topography on the turbulence characteristics

As suggested in section 3, the local topography around the masts is likely a significant source
of discrepancies between the anemometer and lidar data. It is investigated more in details in
the present section using the anemometer records alone. The measurement period selected is,
therefore, extended from the beginning of May to the end of June, i.e. without restriction with
respect to the data availability of the lidar records. Figure 6 shows that the 10 min mean incidence
angle recorded by the anemometer B on each mast deviates significantly from 0°. Note that the
mean incidence angle is found to be positive when the flow comes from the sea and negative when
it comes from the land. Figure 6 shows that the four masts are located in a complex terrain, close
to a sea-land discontinuity characterized by both a roughness change and an abrupt elevation
difference, generating an internal boundary layer (IBL) with increased shear [4,31,32]. The
determination of the minimum measurement height above which the anemometers are monitoring
wind conditions representative of the middle of the fjord is not straightforward and cannot rely
on change-of-roughness models only. The influence of the local topography and the vegetation on
the turbulence characteristics estimated from the masts is here investigated using a comparison
with values found in the literature in both flat and complex terrains. For the sake of brevity,
only anemometer records with a wind direction ranging from 320° to 340° and a mean wind
velocity bounded between 12ms~! and 16ms™" at z = 48 m or z = 49 m are considered. This
excludes samples characterized by a strongly non-neutral atmospheric condition.

In Table 3, the friction velocity is estimated as advised in Ref. [33]:

. 1/4
Uy = (u'w’2 + U'w’2) (6)

Table 3 shows some of the fundamental single-point turbulence characteristics estimated on
each sonic anemometer, after application of the double rotation technique. The ratios o, /0y
and o0,/0, estimated on ME1 are consistent with those estimated in flat and homogeneous
terrains [34], with the value advised in the Eurocode [16] or with those obtained in a coastal
area [35,36]. The ratio o, /0, is also found to agree well with the one estimated using the lidar
data [12]. Note that if the double rotation technique is not applied, the turbulence characteristics
estimated on the mast ME1 are similar to those listed in Ref. [5], where a met mast was located
near a sea-land discontinuity on the west coast of France.

The turbulence statistics from the three other masts (Table 3) are associated with values
different than observed in the literature for homogeneous terrain and show similarities with those
observed in mountainous terrains [37,38]. Once again, this indicates that for the wind conditions
considered here, observational data from the masts ME2, MW1 and MW2 cannot be directly
employed to characterize the flow at the middle of the fjord. It should be noted that at the
lowest level on the mast ME2, up to 16 % of the samples selected are detected as non-stationary
because the anemometer measures a flow significantly disturbed by the surrounding canopy.
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Figure 6: Wind roses showing the mean wind velocity and the incidence angle recorded on the
anemometer B on each met-mast for @ > 6ms™! from the 2016-05-01 to 2016-07-01.

The turbulence characteristics estimated after application of the double rotation algorithm
show only minor differences with those obtained with the SPF technique, which are not displayed
here for the sake of brevity. In the Cartesian coordinate system, on the mast ME1, the average
wind incidence angle is equal to 6.4° at the highest level. For the masts ME2, MW1 and MW2,
the incidence angles at the highest boom are 5.6°, —2.0° and 5.1°, respectively. After application
of the SPF algorithm , the incidence angle in the streamline coordinate system is 0.7°, —3.8°,
1.6° and 0.7° for the masts ME1, ME2, MW1 and MW2, respectively. The SPF algorithm does
not necessarily succeed in fitting the best plane such that @w = Oms~!. This is likely because
the terrain is clearly different from the “gently sloping” case described in Ref. [23]. In fact, the
complexity of the topography investigated here is such, that it cannot be reduced to the case
of a two-dimensional sloping terrain. Even though the wind sector ranges from 320° to 340°
only, there exists a multitude of mean streamline coordinate systems from which the turbulence
characteristics from the middle of the fjord cannot be easily derived.



Table 3: Number of samples (N), percentage of non stationary samples (NS), single-point
turbulence statistics and associated standard deviation at the mast ME1, for a wind direction
between 320° and 340° and a wind velocity between 12ms~! and 16ms~! at z = 48m or
z =49 m. Data outside the 15 and 99" percentile are considered as outliers and removed.

Mast N z (m) NS (%) Ow/Us O /U Ou/Us Ow/0u 0v/0u
48 2 1.13£0.12 1.41 +0.21 1.93+0.19 0.59 4+ 0.06 0.73 £ 0.09
ME1 130 32 0 1.124+0.10 1.48 +£0.21 1.98 £ 0.16 0.57 £ 0.05 0.75 £+ 0.08
13 0 1.04 £0.05 1.55£0.14 1.93 £0.10 0.54 + 0.04 0.80 = 0.06
48 1 1.98 £ 0.60 2.24 £0.67 2.49 £0.78 0.81 +0.08 0.91 £0.11
ME2 94 32 0 2.16 £0.55 3.26 £0.81 3.16 £ 0.74 0.69 £+ 0.06 1.04 £ 0.11
13 16 1.27+£0.08 1.32£0.09 1.81 £0.07 0.71+£0.05 0.73 = 0.06
MW1 220 49 4 1.64 +0.28 2.11£0.41 2.54 £0.42 0.65 4+ 0.07 0.83 £0.13
33 3 1.43+0.18 2.11£0.37 2.81+£0.34 0.51 £0.05 0.75£0.10
49 4 1.36 £0.16 1.70 £ 0.28 1.89 +0.18 0.72 + 0.06 0.90 £0.12
MW2 145 49 5 1.61 +0.31 1.97 £ 047 2.25£0.38 0.72 £ 0.06 0.87+0.13
33 3 1.41+£0.19 1.87£0.35 2.06 +0.26 0.68 = 0.06 0.91 +0.12

5. Conclusions
Wind velocity records obtained on the shores of a wide fjord in May and June 2016 from four
met-masts are compared to wind data obtained in the middle of the fjord during the same period
by synchronized long-range lidars located on the seaside. The data analysis of this unique set-up
shows that the mean wind velocity and direction recorded by the lidars and sonic anemometers
agree well for a limited number of wind sectors only. Most of the time, the mean statistics and
turbulence characteristics recorded on the masts are significantly affected by the local topography.
In the second part of the study, wind records from the anemometers were investigated alone,
considering a mean wind velocity from 12ms~! to 16 ms™! at z = 48m or z = 49m and a wind
direction ranging from 320° to 340°. The anemometer measurements on three of the four masts
lead to one-point turbulence characteristics that are not representative of flat and homogeneous
terrain. For a wind direction between 320° and 340°, the mast ME1 is less affected by the
topography than the others for two reasons: (1) it is located directly on the sea-land discontinuity,
which is flatter than for the masts MW1 and MW2; (2) contrary to the mast ME2, it is not
located downstream of trees for the wind sector selected. The unavoidable influence of the local
topography on the wind data recorded by the anemometers on land encourages the combined use
of remote sensing technology and land-based sensors to properly characterize the wind conditions
in a wide fjord.
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