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A B S T R A C T

The paper investigates the local topographic effect on the mean and integral flow characteristics recorded by sonic
anemometers mounted on tall masts near the shoreline of three different Norwegian fjords. Two years of mea-
surements are analysed, using data from 25 three-dimensional sonic anemometers mounted at heights from 12 m
to 95 m above the ground. The goal is to explore the potential and challenges of using wind measurements from
the masts located on the shores of the fjords in the design of planned bridge crossings. Therefore, the study ex-
plores the deviations of the mean and turbulent flow characteristics from the traditional case of flat and homo-
geneous terrain. Only records with mean wind speeds of 12 m s�1 and above at all elevations above the ground
are considered due to their relevance in buffeting response, which led to the identification of a limited number of
sectors representative of strong wind conditions. Mean incidence angles with absolute values above 6� and low
mean wind shear are measured in several of the selected sectors. This highlights the major influence of the local
terrain and vegetation around the masts on the wind conditions at the mast locations. Nevertheless, non-
dimensional variance and covariance estimates of the velocity components are found to be consistent with
values previously measured from bridge decks crossing narrow fjords. The paper explores also an alternative
approach to compute the friction velocity, the estimation of which is challenging in a fjord-like topography. This
first part of the paper focuses on integral flow characteristics, a second follow-on part will investigate in details
which eddy wave-numbers are most affected by the local terrain, based on the analysis of the spectra of the
velocity fluctuations.
1. Introduction

The topography of large parts of the Norwegian west coast is char-
acterized by fjords, i.e. long, deep inlets of the sea, typically surrounded
by steep mountainsides. The largest ones are several kilometres wide and
reach up to 200 km inland. A few years ago, the Norwegian Public Road
Administration (NPRA) started with the major infrastructure project
Ferjefri E39, aiming to realize a 1000-km ferry-free highway route along
the west coast of Norway (Samferdselsdepartementet, 2013). The plans
include several multi-kilometres fjord crossings by both bridges and
tunnels.

The proposed bridges will be particularly sensitive to wind loading
and the analysis of the flow conditions is therefore of crucial importance
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for their design (Scanlan, 1978; Davenport, 1961b). Among the different
types of wind loading, those induced by turbulence, i.e. buffeting loads,
are of major interest (Delaunay and Grillaud, 1998; Cheynet et al., 2016).
The flow field over the fjord, in the vicinity of steep mountain slopes, will
be strongly affected by topographic effects, such as channelling (Jackson
and Steyn, 1994), downslope wind storms (Sandvik and Harstveit, 2005),
and extreme gusts (Grønås and Sandvik, 1999), e.g caused by turbulent
eddies, either generated locally due to flow over or along complex terrain
(�Agústsson and �Olafsson, 2004), or aloft in steep and possibly over-
turning gravity waves (Guarino et al., 2016).

These fine-scale flow features challenge the identification of the flow
characteristics used to model the wind load on slender structures such as
long-span bridges. Earlier studies of relevance have been performed for
1, 0313, Oslo, Norway.
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Fig. 1. Digital terrain models with a horizontal resolution of 10 m illustrating
the location of the measurement masts and the surrounding topography for,
from top to bottom, Sulafjorden, Halsafjorden and Julsundet.
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the Saint-Nazaire bridge in western France (Sacr�e and Delaunay, 1992;
Bietry et al., 1995) for two distinctive winds directions with different
upstream roughness, the Iroise cable-stayed bridge (Delaunay and
Grillaud, 1998), also in western France, and the Stonecutters Bridge in
Hong Kong (Hui et al., 2009a,b), to name a few. Detailed investigated
bridges at the Norwegian west coast are the ones crossing the Lysefjord
(Cheynet et al., 2016, 2017b), the Hardangerfjord (Fenerci et al., 2017;
Fenerci and Øiseth, 2018a,b) and the bridge connecting Bergen with the
island of Sotra (Jensen and Hjort-Hansen, 1977). These studies are,
however, very specific and focus on a single site. There exists only a
limited number of studies discussing turbulence characterization from
multiple Norwegian fjords (Harstveit, 1996; Cheynet et al., 2019). It is
still an open question whether the wind conditions in fjords can be
studied adequately by only using met-masts installed on the shore and if
the wind flows in such locations share common turbulence characteris-
tics. The present study uses windmeasurements from eight masts in three
different fjords, providing a unique opportunity to discuss this open
question.

The paper aims at investigating the potential and limitations of using
velocity data recorded on tall masts, located on the shore of fjords sur-
rounded by steep mountains, for the computation of the dynamic wind
load on long-span bridges. The fjords of interest in this work are Sulaf-
jorden, Halsafjorden, and Julsundet. In each of them, two to four masts,
each mast carrying three to four sonic anemometers, were installed on
the seaside. The study, which is based on two years of wind measure-
ments, is split into two parts. The first part, presented hereafter, focuses
on assessing the influence of local topography on the mean flow and the
integral turbulence characteristics. In particular, the mean incidence
angle, the deviation from the assumption of Gaussian fluctuations, as well
as the variance and covariances of the velocity components, are inves-
tigated. The so-called “integral turbulence characteristics” represent here
the characteristics that can be retrieved by integrating the spectral, and
cross-power spectral densities of the velocity fluctuations over the fre-
quencies. The second part, subject to a separate publication, investigates
the influence of local topography on turbulence in the frequency space.

The present paper is organized as follows: Section 2 describes the
topography surrounding the different met masts as well as the experi-
mental setup. Section 3 summarises the data processing with a focus on
data reduction to isolate records relevant to bridge design. Section 4
quantifies the deviations of the flow characteristics from the assumptions
of horizontal mean flow and Gaussian fluctuations. The impact of the
local terrain on Reynolds stress tensor is also explored. Finally, Section 5
summarises the challenges associated with the measurement of turbu-
lence close to mountainsides.

2. Measurement locations and observation setup

Fig. 1 shows an overview of the topography at the fjords of interest,
with markers indicating the position of the respective met-masts. The
observation sites are located in the Møre and Romsdal county of western
Norway; a mountainous region characterized by a large variability in
surface roughness and land type (Fig. 2).

Sulafjorden is more exposed to the open sea from its northwestern
side, compared to Halsafjorden and Julsundet, which are located more
inland with mountains on their east and west side. Sulafjorden is sur-
rounded by mountains with heights up to 900 m. To the north and the
south at SulaNW and SulaNE, the wind has a long fetch over open water.
Towards the northwest and southeast at SulaNE, sectors associated with
an onshore flow are typically characterized with high and variable
roughness, due to a combination of steep and rough terrain as well as a
varying vegetation cover.

Topography profiles across the relevant fjords, through the mast lo-
cations, are presented in Fig. 3. All the masts are located near the
shoreline, but local conditions dictate that many of them are located in
steep terrain or on top of small headlands. Potential local topographic
effects have, therefore, to be taken into account when analysing the



Fig. 2. Overview map showing the location of the three fjords under investigation in this study.

Fig. 3. Overview of the mast positioning and height compared to surrounding topography.
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observations (Ishihara et al., 1999).
Since 2014, eleven met-masts have been installed on the seasides of

Sulafjorden, Halsafjorden and Julsundet. Data from eight of these masts
are explored in the present study. Two met-masts each were deployed on
the western and eastern sides of Halsafjorden and Julsundet, in the
following denoted as HalsaW/HalsaE and JulW/JulE, respectively
(Fig. 1). At Sulafjorden, four met masts were installed along two E-W
transects, correspondingly labelled as SulaNW, SulaNE, SulaSW, and
SulaSE (Fig. 1). The distance between the two masts in each transect is
approximately 3 km and 4 km, respectively.
3

A detailed description of the measurement setups, including instru-
mentation, sampling rate, local surface characteristics and topography is
given in Furevik et al. (2020). A summary is presented hereafter, for the
sake of completeness. Five of the eight masts are lattice structures
whereas the other three, at Julsundet and on the western shore of Hal-
safjorden, are guyed tubular masts (Fig. 4). The coordinates, mast
heights, boom orientation, measurement heights above the terrain, and
observation periods are summarised in Table 1. The tubular masts are
250 mm–300 mm in diameter, while the lattice towers horizontal di-
mensions vary from 60 cm to 2.6 m. Boom lengths and directions were



Fig. 4. Examples of mast structures used. Rectangular lattice tower at Aakvik in
Halsafjorden (upper left), Kvitneset in Sulafjorden (upper right), and Halsaneset
in Halsafjorden (below), where one of the anemometers can also been seen.
Photos: Kjeller Vindteknikk.
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chosen to minimize possible tower disturbances for the prevailing wind
directions, estimated using numerical atmospheric simulations with the
WRF model in a horizontal resolution of 500 m (NCAR, 2020). The ve-
locity records from the masts show that wind directions perpendicular to
the main fjord axes are relatively infrequent, and only a small amount of
observations are associated withmast shadow. Eachmast is instrumented
with 3D sonic anemometers of the type Gill WindMaster Pro. Data were
recorded by a Campbell CR 1000 logger and saved with a sampling
Table 1
Overview of the met-masts: Mast acronym, mast location, mast height, mast type, sens
from Furevik et al. (2020).

Mast acro. Mast loc. Mast h.(m) Mast type Sensor h. (m)

SulaNW Kvitneset 100.5 Lattice 92.5, 71.5, 44
SulaNE Trælbodneset 78.0 Lattice 76.8, 48.3, 27
SulaSW Langeneset 97.0 Lattice 94.8, 75.0, 50
SulaSE Kårsteinen 63.0 Lattice 62.8, 40.0, 13
HalsaW Halsaneset 50 Tubular 50.3, 31.9, 12
HalsaE Åkvik 50 Lattice 48.3, 31.9, 17
JulW Nautneset 68 Lattice 68.3, 52.3, 32
JulE Julbo 50 Tubular 50.3, 31.9, 12
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frequency of 10 Hz. The measurements are quality checked, described
and analysed in bi-annual technical reports, with the most recent ones
being �Agústsson et al. (2020) and Eriksen (2020).

3. Theoretical background and data processing

3.1. Traditional assumptions in wind turbulence

The wind velocity is generally described as a tridimensional and tri-
variate random process in wind engineering and micro-meteorology. If
the mean flow is horizontal, the along-wind, u, and cross-wind, v, com-
ponents are also located in the horizontal plane. The vertical component
is denoted by w. In flat terrain, the velocity components are studied in a
Cartesian coordinate system fx; y; zg, where x, y and z are the along-
wind, cross-wind and vertical directions, respectively. The cross-wind
direction is sometimes also referred to as the lateral direction to avoid
any confusion with the vertical direction. In this context, u, v and w can
be decomposed into a mean component, denoted by an overbar and a
fluctuating component, denoted by a prime

u ¼ uþ u’ (1)

v ¼ vþ v’ (2)

w ¼ wþ w’ (3)

In the traditional description of atmospheric turbulence, u0, v0 and w0

are stationary, ergodic, Gaussian random processes with a zero mean
value. In particular, v and w are equal to zero, as the mean transport is
assumed to occur along the mean wind direction only. Over gentle hills,
the flow is no longer horizontal and w 6¼ 0. If no flow separation occurs,
the flow characteristics can be studied in the mean streamline coordinate
system where w is zero, which is obtained after the rotation of the co-
ordinate system fx; y; zg (e.g. Wilczak et al., 2001). In more complex
terrains, there is no clear consensus on which coordinate transformation
is best suited to study turbulence (Oldroyd et al., 2016; Stiperski and
Rotach, 2016; Klipp, 2018).

The assumption of Gaussian fluctuations implies that the description
of wind turbulence can be limited to the second-order characteristics, i.e.
variance and covariance of the velocity fluctuations. Variance and
covariance estimate can be derived by integrating their auto and cross-
power spectral density over the frequencies. This justifies the term “in-
tegral” turbulence characteristics used in the following. The variance and
covariance of the velocity fluctuations, also called Reynolds stresses, can
be represented by the symmetric Reynolds stress tensor.
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In flat and homogeneous terrain, it is generally assumed that the only
non-zero off-diagonal term is u0 w0 , i.e., the Reynolds stress is aligned
with the horizontal mean wind vector. However, the term v0 w0 is not
always negligible, e.g. above the ocean (Geernaert, 1988) or in complex
or heights, boom orientation, boom length, and coordinate position. Reproduced

Boom orient. (Deg) Boom l. (m) Coord.(UTM32)

.5 72, 74, 74 6.1 6924741 N, 345142 E

.3 289, 290, 290 6.1 6925267 N, 348347 E

.0, 27.0 81, 81, 81, 81 4.4 6920740 N, 346520 E

.4 223, 223, 223 3.6 6922074 N, 351140 E

.7 106, 106, 104 1.8 6995095 N, 456472 E

.0 227, 227, 227 4 6995697 N, 458519 E

.7 239, 239, 239 5.1 6957381 N, 394634 E

.7 234, 234, 234 1.8 6957730 N, 396210 E
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terrain (Zeman and Jensen, 1987). Similarly, on the sides of a fjord, the
terms u0 v0 and v0 w0 may no longer be negligible compared to u0 w0 ,
because the vicinity of the mountain slopes can be a source of additional
shear stresses.

Deviations from the assumption of Gaussian flow may be observed on
the shore of a fjord. Such deviations can be assessed using the skewness γ
an excess kurtosis κ, which is defined as the kurtosis minus three. If the
flow is Gaussian, both γ and κ are zero.

The time-average, used in the following, can be considered as equal to
the true average if the assumption of ergodicity holds and if the time-
averaging interval is long enough. Therefore, longer records will
reduce the random error associated with the time-averaging operator. In
the wind engineering community, the time-averaging interval is typically
chosen to be 10 min or, more rarely, as 1 h (Cao, 2013). In the field of
boundary layer meteorology, the time-averaging interval is typically in
the range of half an hour to 1 h (Stull, 1988). One reason for this dif-
ference is that, in boundary layer meteorology, there is high interest in
the momentum flux between the atmosphere and the surface, expressed
by the covariance between the horizontal and vertical velocity compo-
nents. Those fluxes require longer time-averaging intervals for sufficient
accuracy compared to the variances (Kaimal and Finnigan, 1994).
Time-averaging intervals beyond 1 h are seldom used as they are typi-
cally linked to non-stationary fluctuations, for which many of the tools
used in descriptive statistics are no longer valid.

3.2. Friction velocity

The friction velocity is the fundamental scaling velocity in the surface
layer (Kaimal and Finnigan, 1994) and can conveniently replace the
variance of the velocity components to model the dynamic wind load.
However, the estimation of the friction velocity can be challenging in
complex terrain. Following Weber (1999), the friction velocity can be
estimated after the application of the double rotation technique as

u* ¼
�ðu0

w
0 Þ2 þ ðv0 w0 Þ2 �1=4 (5)

Unless explicitly stated, u* is computed in the following as in eq. (5)
because directional shear is expected to play a non-negligible role in
complex terrain (Rotach et al., 2008; Mahrt, 2011). If the horizontal
shear stress u0 v0 is non-negligible, the friction velocity might be
computed using the invariant of the Reynolds stress tensor (Klipp and
Adelphi, 2008; Klipp, 2018). The method by Klipp (2018) is an elegant
approach to compute the friction velocity without using any tilt correc-
tion algorithm. Even though it was developed using a dataset collected in
flat terrain, Klipp’s method may become a valuable tool to study the
friction velocity in complex terrain. Klipp’s method is adapted to strong
Table 2
Cumulated absolute number N and relative number of samples, including those with
uncertainties test and those stationary up to the second order, for every met-mast from
all available anemometers.

Mast N Above or equal to 12 m s�1

SulaNW Samples 65014 3890
100% 5.98%

SulaNE Samples 67659 3351
100% 4.95%

SulaSW Samples 82102 1258
100% 1.53%

SulaSE Samples 67862 616
100% 0.91%

HalsaW Samples 36696 764
100% 2.08%

HalsaE Samples 55651 738
100% 1.33%

JulE Samples 59215 1336
100% 2.26%

JulE Samples 50391 1455
100% 2.89%
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wind speeds and neutral atmospheric stratification. The method is sum-
marised hereafter for the sake of completeness. First, the eigenvalue
decomposition of the Reynolds stress tensor (eq. (4)) is applied, leading
to the three eigenvalues, i.e., principal components of the Reynolds stress
tensor, λ1 > λ2 > λ3 and their associated eigenvectors Λ1, Λ2, and Λ3
(denoted Λb, Λm, and Λs in Klipp (2018)). Then, the friction velocity is
computed as

u*R ¼ ½ðλ1 � λ3ÞcosðβÞsinðβÞ �1=2 (6)

where β is the complement of the angle between the mean wind speed
vector U and the vector Λ3

β ¼ 90� arccos
�

U �Λ3

jUj jΛ3j
�

(7)

The discrepancies between u*R and u* are investigated in Section
4.5.3.
3.3. Data selection

In the following, a subset of the complete dataset is used, i.e. obser-
vations of 2018 and 2019. The data are freely available for every met-
mast (Furevik et al., 2019, 2020). Further data-processing performed
for this study is described below

● The anemometer records were grouped into time series of 30 min.
This ensured that a sufficiently high number of turbulent eddies is
included in the calculation of the turbulence characteristics. A 30-min
time-averaging is long enough to reduce the random error associated
with the calculation of the Reynolds stress tensor but, at the same
time, short enough to limit the number of non-stationary wind
records.

● Samples with mean wind speed values lower than 12 m s�1 were
removed. For bridge design purposes, the turbulence intensity (TI) of
the along-wind component, denoted Iu, is independent of the mean
wind speed (EN 1991-1-4, 2005). Therefore, the same Iu is valid for a
wide range of mean wind speeds. In full-scale, the TI is defined as Ij ¼
σj=u, where j ¼ fu; v;wg and σj denotes the standard deviation of the
fluctuating component j. The TI is inversely proportional to u, leading
to overestimated TI values at low wind speed. Furthermore, the buf-
feting response analysis is generally done under neutral conditions
(Repetto and Solari, 2007), which are dominant under strong wind
conditions (Barthelmie, 1999; Sathe et al., 2011; Cheynet et al.,
2018b). In heterogeneous terrain, where multiple internal boundary
layers exist, the atmospheric stability is preferably studied locally
u �12 m s�1, those which passed the Gaussianity test, those with low statistical
the 01-01-2018 to 31-12-2019. Note that the number of samples are summed for

After Gaussianity test Low statistical uncertainty Stationary

3888 3445 2547
5.98% 5.30% 3.92%
3347 3089 2134
4.95% 4.57% 3.15%
1258 1214 831
1.53% 1.48% 1.01%
616 607 338
0.91% 0.89% 0.50%
758 723 537
2.07% 1.97% 1.46%
737 724 547
1.32% 1.30% 0.98%
1329 1266 722
2.24% 2.14% 1.22%
1454 1377 832
2.89% 2.73% 1.65%



Fig. 5. Histogram and wind roses of the 30-min velocity records by the anemometer nearest to 50 m above ground level from the 01-01-2018 to 31-12-2019. The red
dashed line shows the mean wind speed threshold (u �12 m s�1) chosen in the data processing. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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using sonic anemometer data and the eddy-covariance method. The
sonic temperature data were stored by the sensor on each mast and
available at a sampling frequency of 2 Hz. To obtain a reliable esti-
mate of the temperature fluxes, a sampling frequency of at least 10 Hz
and ideally 25 Hz is required (Kaimal and Finnigan, 1994). Therefore,
no reliable estimate of the Obukhov length could be obtained in the
present case. This further motivates the dismissal of low-wind speed
records.

● The double rotation technique was used to compensate for the tilt in
the flow (Kristensen and Jensen, 1979; Golzio et al., 2019), as
sectorial planar fit may not be appropriate in terrains with steep
slopes, such as on the west coast of Norway near the masts (Klipp,
2018).

● Turbulence characteristics were analysed after the removal of linear
trends. Trends come from low-frequency fluctuations not captured by
the records due to their finite duration. Both linear and non-linear
trends can lead to poorly estimated turbulence characteristics. To
avoid over-processing of the data, only linear trends were removed in
the following.

● Unphysical signals, which were characterized by an unusally high
skewness and kurtosis were removed. The maximum accepted value
of skewness was set to 2 and of kurtosis to 8, following the suggestions
by Stiperski and Rotach (2016) and Vickers and Mahrt (1997). This
step is called “Gaussianity test” in the following.

● Non-stationary samples were removed. The moving mean and stan-
dard deviation were calculated for every time series segment using a
window length of 10 min. A maximum deviation of 20% is allowed
for the moving mean and 40% for the moving standard deviation
(Cheynet et al., 2019).

● The statistical uncertainties in the momentum fluxes were calculated
following Wyngaard (1973) and Stiperski and Rotach (2016), as

a2uw ¼ z
τu

"
ðu’w’Þ2
u4*

� 1

#
(8)
6

a2vw ¼ z ðv’w’Þ2
4 � 1 (9)
τu

"
u*

#

where τ and z are the length of the time series and the measurement
height, respectively. A limit of 50% for the statistical uncertainty was
chosen (Stiperski and Rotach, 2016). Equations (8) and (9) show that
long record duration results in reducing uncertainties associated with the
calculation of the momentum flux. A shorter time-averaging interval has
the advantage of providing more time series for the analysis. However,
reducing the averaging time increases both the random error and the
measurement bias, both of which increases the statistical uncertainties.

4. Results

4.1. Data availability

Table 2 shows the number and percentage ratio of available 30-min
times series fulfilling the requirements for data analysis described in
Section 3.3. For each met-mast, the available data are summed up for all
the anemometers. This gives a general overview of the available data
obtained after each filtering step.

The data processing filters out more than 90% of the velocity records.
The criterion causing the largest data reduction is the minimum mean
wind speed threshold, which in the present case is 12 m s�1. The Nor-
wegian fjords are typically sheltered by mountains, although, under
certain conditions, flow acceleration may be locally observed. Never-
theless, it is unknown whether such speed-up events are commonly
observed near the measurement sites. Although interesting, this topic is
out of the scope of the present work.

The other criteria, namely the Gaussianity, statistical uncertainty,
first and second-order stationarity are only filtering out a small portion of
the remaining time series. After the filtering process, the highest amount
of data is found to be at SulaNW and SulaNE, which highlights the higher
exposure of the northern side of Sulafjorden compared to the other lo-
cations studied here.

Fig. 5 displays histograms of the wind speed, as well as the



Fig. 6. Wind roses showing the mean wind velocity (u) and incidence angles (IA) recorded by the anemometers installed closest to 50 m above the ground at
Sulafjorden, Halsajorden and Julsundet for the period 01-01-2018 to 31-12-2019.

Table 3
Incidence angle (IA): Location of met-mast, wind direction, median, 5th and 95th
percentile. The results reported are given for the anemometer closest to 50 m
above the ground.

Mast Sector (◦) Median IA 5th percentile 95th percentile

SulaNW 135–165 �2.26 �3.60 �1.05
165–185 �5.51 �6.77 �4.44
300–330 3.45 2.54 4.34

SulaNE 300–20 1.59 �2.33 5.59
150–210 5.11 2.60 6.99

SulaSW 135–165 �3.93 �6.63 �0.81
285–315 �9.46 �11.21 �5.26
315–345 0.92 �2.07 6.31

SulaSE 270–330 4.06 �0.61 7.80
HalsaW 150–180 3.53 2.54 4.26

285–360 3.10 �3.39 8.63
HalsaE 150–180 3.54 2.52 4.41

210–285 6.19 5.38 8.40
300–360 7.70 5.70 8.46

JulW 120–195 3.15 0.06 5.68
330–360 �0.41 �1.90 1.22

JulE 120–195 0.58 �0.71 1.59
210–285 1.29 0.21 2.92
300–360 3.79 3.18 4.70
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corresponding wind roses for the anemometer nearest to 50 m above the
ground level. The distributions are in general, positively skewed with a
maximum in the probability density of 6 m s�1 or below. Most of the sites
show a clear deviation from a Weibull type distribution typically
observed in open and flat terrain. One typical feature is the strong over-
representation of low wind speeds, in particular, visible for SulaNE,
SulaSE, and HalsaE, indicating a reduction of wind speed by the influence
of terrain and surrounding vegetation. Furthermore, the uneven direc-
tional distribution of the flow channelled inside the fjord might also lead
to a deviation from the Weibull distribution.

The wind roses show, for u �12 m s�1, a limited number of direc-
tional sectors, emphasizing the channelling effect by the surrounding
topography. These roses document also the complexity of the measure-
ment setup by distinct and systematic differences across the different
fjords and with different position inside the same fjord. For the three
fjords investigated, the general flow pattern in 2018 and 2019 tends to be
dominated by a wind from south and southeast to north and northwest.
This is largely due to flow channelling caused by mountains on the east
and west side of the respective fjords. At SulaNW and SulaNE, the most
dominant wind directions correspond to a south-southeasterly and north-
northwesterly flow. At SulaSE, the strongest winds come from the west-
north-west whereas, at SulaSW, large velocities are recorded either for a
north-westerly or southerly flow. The wind roses for Halsafjorden show



Fig. 7. Wind roses showing the mean wind velocity (u) and turbulence intensity (Iu) recorded on the anemometer installed closest to 50 m above the ground at
Sulafjorden, Halsafjorden and Julsundet for the period 01-01-2018 to 31-12-2019.
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that the flow is dominated by southerly winds at HalsaW while on the
other side of the fjord, at HalsaE, there is a distinctly larger spread in the
directional distribution. Also, the wind roses on both sides of Julsundet
display clear discrepancies, with a southerly dominance of wind flow at
JulW and a more homogeneous directional distribution for JulE.

As shown in Figs. 1 and 2, the lower mean wind speed values
observed at JulW and JulE may be linked to the orientation of the fjord
with respect to the direction of the strongest wind, which is from west to
north-west, and the proximity of the masts to the flank of the surrounding
mountains. However, the middle part of Julsundet is still fairly exposed
to northern wind blowing from the sea. Complementary studies using
wind tunnel tests or computational fluid dynamic simulations may help
to assess the vulnerability of Julsundet to strong northern wind, but these
are beyond the scope of this study.

The detailed data analysis is done hereafter for the sectors associated
with the strong wind conditions only, i.e. one to three specific sectors per
mast and that is because the flow characteristics vary significantly with
the wind direction.
4.2. Flow horizontality

A major source of uncertainty in the design of a long-span bridge in
complex terrain comes from the aerodynamic characteristics of the deck,
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which are functions of the incidence angle (Davenport, 1961a; Scanlan,
1978). Measuring incidence angles from in-situ sensors is also valuable to
assess to what degree the terrain slopes affect the measurements by the
sonic anemometers. Besides, strongly non-horizontal flows may be
associated with flow separation phenomena, which challenge the tradi-
tional modelling of atmospheric boundary-layer turbulence.

Fig. 6 shows the mean incidence angle (IA) as a function of the wind
direction while Table 3 summarises the mean IA recorded in terms of
median and percentile values. The met-masts at JulW and JulE show flow
conditions closest to horizontality compared to Sulafjorden and Halsaf-
jorden. This is presumably due to the long fjord-fetch at these masts and
the exposed locations on low headlands protruding into the water. As
observed in Cheynet et al. (2018a), the flow follows the terrain slopes:
positive IA indicates positive slopes upwind of the sensor whereas a
negative IA reflects negative slopes.

The median values for Sulafjorden and Halsafjorden, range from
�9.5� (SulaSW, sector 285◦-315�) to 7.7� (HalsaE, sector 300◦-360�)
while some sectors show an almost horizontal flow (JulW, sector 330◦-
360�). The large variability observed in Table 3 reflects the diversity of
the topographic elements around each mast.

At some of the stations, such as SulaNW or SulaSE, the wind roses
indicate two different flow regimes within one relatively narrow sector.
The local terrain around the masts is characterized by hills, trees, ridges



Table 4
Mean shear coefficient α and associated root-mean square value (RMSE), which
were ensemble-averaged over N samples. Only wind velocity above 12 m s�1 at
every height were considered. Data outside the 1st and 99th percentile were
considered as outliers and removed.

Mast Sector (◦) N α RMSE

SulaNW 135–165 125 0.02 � 0.04 0.0024 � 0.0028
165–185 599 0.06 � 0.03 0.0034 � 0.0062
300–330 275 0.02 � 0.03 0.0094 � 0.0163

SulaNE 330–20 203 0.04 � 0.03 0.0082 � 0.0131
150–210 876 0.02 � 0.04 0.0132 � 0.0200

SulaSW 135–165 60 0.12 � 0.06 0.0150 � 0.0087
285–315 40 0.08 � 0.03 0.0243 � 0.0085
315–345 42 0.08 � 0.02 0.0142 � 0.0179

SulaSE 270–330 95 0.15 � 0.05 0.0312 � 0.0140
HalsaW 150–180 166 0.07 � 0.03 0.0029 � 0.0042
JulW 150–180 93 0.04 � 0.02 0.0111 � 0.0020

330–360 84 0.08 � 0.03 0.0090 � 0.0034
JulE 210–270 60 0.09 � 0.05 0.0063 � 0.0066

300–360 143 0.06 � 0.01 0.0067 � 0.0089
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or escarpments which have a three-dimensional effect on the flow and
has likely a major influence on the abrupt change of flow conditions. At
SulaSW, the mast is located downstream of a gentle hill and a ridge, when
the wind direction is 150� and 180�, respectively. The slopes of the ridge
are much steeper than the slope of the hill, resulting in strongly negative
mean incidence angles with values below �4�. On the other hand, the
wind blowing from 150� is associated with an incidence angle around
�2� or lower at a height of 44 m above the surface. A similar situation is
observed at SulaSW for the sector 300◦-330�.

At SulaNE, the northern sector reflects an up-slope flow coming from
the sea when the wind direction is 330�, whereas the wind direction
around 0� is associated with a downslope flow brushing against the
mountain’s flank. Although a wind direction around 300� at SulaSE
corresponds to a limited number of storms in 2018–2019, similar ob-
servations were done at lower wind speeds. The strongly positive inci-
dence angles are likely due to the presence of an escarpment, ca. 110 m to
the northwest to the mast, followed by a positive slope. The southern side
of the escarpment is free from any vegetation and limited by the sea,
whereas the northern side is covered by bushes and small trees. The
larger turbulence intensity in Fig. 7 at SulaSE for a wind direction slightly
larger than 300� can be attributed to this vegetation, which locally in-
creases the roughness length. Morse et al. (2002) showed that a forest
edge can also significantly affect the mean incidence angle. Therefore, it
is possible that the nearly horizontal flow observed at SulaSE for a mean
wind direction slightly above 300� is a consequence of the flow passing
over the trees located on the northern side of the ridge.

At Sulafjorden and Halsafjorden, a mean absolute incident angle up to
9� is recorded (Table 3), which is substantively larger than values re-
ported from anemometers mounted above the deck of suspension bridges
(Fenerci and Øiseth, 2017; Cheynet et al., 2019). Kristensen and Jensen
(1979) measured an incidence angle up to 7� on the Sotra bridge, but
their measurements were affected by deck-induced flow distortion
(Kristensen and Jensen, 1979; Cheynet et al., 2019). Sonic anemometer
measurements from masts installed in Bjørnafjorden (Cheynet et al.,
2018a) showed angles of attack that were also up to 6� at u > 12 m s�1.

While the flow is expected to be more horizontal near the middle of
the fjord than on its sides, the measured incidence angles are still valu-
able as they could be used to validate CFD models, which would aim to
quantify the incidence angles along the deck of a fjord-crossing bridge. It
should also be noted that a large incidence angle leads to a non-linear
dynamic response that can be significant (Argentini et al., 2020; Diana
et al., 2010; Diana and Omarini, 2020). Therefore, overestimating the
incidence angle is not desirable from a design perspective.
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4.3. Mean wind shear

The local terrain does not only affect the incidence angle but also the
mean wind shear, which is quantified hereafter, for each selected sector,
using the power-law coefficient (Frost, 1948) also called shear coefficient
in the following. This coefficient is estimated by fitting the wind profile
power law to the mean wind speed profile estimated on each mast using
three or four sensors, when available. The power coefficient α is here
used to supplement the incidence angle to describe the local topographic
effects on the estimated flow characteristics. The calculated shear co-
efficients are shown in Table 4, which includes the root mean square
error between the fitted and measured mean wind speed values. Cases in
which the wind speed at all elevations is lower than 12 m s�1 have been
ignored which resulted in no computation of the shear coefficient for
HalsaE as well as for the winds coming from the south at JulE.

The wind speed profile depends on the terrain and the thermal
stratification of the atmosphere (Touma, 1977; Irwin, 1979; Monin and
Obukhov, 1954). Selecting high wind speeds does not guarantee neutral
stability conditions but reduces the occurrence of records characterized
by a stable and unstable thermal stratification of the atmosphere. Thus,
the shear coefficient for a given wind sector will mainly be determined by
the local topography.

The shear coefficients are ensemble-averaged for each of the direc-
tional sectors selected. For every sector at SulaNW, SulaNE, HalsaW,
JulW, and JulE, a small mean shear is obtained, with α � 0.09. The
largest shear coefficients are obtained at SulaSW and SulaSE with values
of 0.12 and 0.15, respectively. The standard deviation associated with
these shear coefficients shows that the α values found may not be
significantly different in most of the masts and sectors considered. Hsu
et al. (1994) report an average shear coefficient of 0.11 for wind over the
ocean, whereas Tamura et al. (2007) measured 0.10 for wind from the
sea and 0.20 to 0.30 for wind over land for wind speed between 12 m s�1

and 16 m s�1. The low values of the shear coefficients observed suggest
possible speed-up of the flow by hills immediately upstream of the masts
or at the mast location itself (Ishihara et al., 1999; Jackson and Hunt,
1975). Accordingly, the values α � 0.12 observed at SulaSE and SulaSW
are linked to the wind blowing over a long fetch above the sea with
limited disturbance from the terrain upstream of the masts.

4.4. Flow Gaussianity

The peak response of a structure to a non-Gaussian dynamic load can
be much larger than in the case of a Gaussian distribution (Karmakar
et al., 2012; Kareem et al., 1998). Therefore, assessing the flow Gaus-
sianity is valuable to model properly the extreme wind load (Gurley and
Kareem, 1997). Besides, if a random process is Gaussian, it can be
described using the first two statistical moments only, which is attractive
for modelling purposes.

For the sectors selected, Fig. 8 shows that the along-wind component
is generally Gaussian while it is not the case for the vertical component.
However, for the case of HalsaW sector 285◦-360� and JulE sector 210◦-
285�, at measurement height located below 15 m above the ground and
near the vegetation cover, the skewness of the along-wind component is
considerable indicating non-Gaussian characteristics. Similar observa-
tions were done by Fern�andez-Cab�an and Masters (2017); Yuan and
Jouybari (2018). The skewness of the u component is not expected to
differ substantially between flat and complex terrain, whereas the excess
coefficient may increase (Mahrt, 2011). There are some few situations
where the excess coefficient κu is significantly different from zero: At
SulaSW for a wind direction between 135� and 165� and JulW for a wind
direction between 330� and 360�. In both cases, the flow is associated
with a slightly negative incidence angle (IA) with a value down to �2�

and a wind direction almost parallel to the coast. This implies that
multiple roughness changes are likely occurring, which could modify the
distribution of the along-wind component u.

The distribution of the cross-wind component v is not always



Fig. 8. Skewness γ and excess coefficient κ at the met-masts at Sulafjorden, Halsafjorden and Julsundet with u �12 m s�1 at all heights. Data outside the 1st and 99th
percentile were considered as outliers and removed. The error bar represents one standard deviation. A more detailed summary is available in Table 7.
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Gaussian and varies strongly with the sector selected. It can be noted that
flow measurements at heights below 30 m in forested areas should be
interpreted with care, as they may be affected by the vegetation. The
cross-wind component v has an excess coefficient κv below 0.3 if the
anemometers are not at the feet of a mountain and if the wind is blowing
over a long fetch of water, for example at SulaNW, JulE, and HalsaE for a
northwesterly flow and JulW for a northeasterly flow. In most of the
other cases, the cross-wind component v has a non-negligible excess
coefficient.

In the present case, a horizontal flow does not imply that the
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fluctuations are Gaussian. This is particularly visible for the vertical wind
component w. At a height of 50 m above ground at SulaSW and JulW, the
two sectors associated with a nearly horizontal flow correspond to a wind
direction of ca. 330�. For both sectors, the excess coefficient of the ver-
tical wind component w is above 0.7 whereas the skewness is close to
zero. Sectors with IAs below �4� (SulaNW, and SulaSW) shows the most
Gaussian fluctuations for the vertical components with κw < 0.5 at most
of the heights. Sectors with IAs above 4� (SulaNE, SulaSE, HalsaE, Hal-
saW, and JulW) shows in most of the cases κw > 1.

It cannot be deducted from the mast measurements on the seaside



Fig. 9. Turbulence intensity of the three velocity components at the met-masts
in Sulafjorden, Halsafjorden and Julsundet with u �12 m s�1 at every height.
Data outside the 1st and 99th percentile were considered as outliers and
removed. The error bar represents one standard deviation. A more detailed
summary is available in Table 8.

Table 5
Normalized standard deviation at Sulafjorden, Halsafjorden and Julsundet, for
u >12 m s�1 at every height and at a sector with a long-fetch winds. The ane-
mometers closest to 50 m above ground is chosen.

Mast Sector
(◦)

σw/u* σv/u* σu/u* σw/σu σv/σu

SulaNW 300–330 1.41 �
0.19

2.39 �
0.56

2.09 �
0.38

0.68 �
0.10

1.15 �
0.24

135–165 1.97 �
0.34

2.37 �
0.42

2.62 �
0.51

0.76 �
0.09

0.92 �
0.14

SulaNE 150–210 1.76 �
0.30

2.81 �
0.56

2.65 �
0.51

0.67 �
0.09

1.07 �
0.17

300–20 1.71 �
0.33

2.35 �
0.71

2.40 �
0.52

0.72 �
0.10

0.97 �
0.17

HalsaW 150–180 1.42 �
0.20

2.32 �
0.42

2.64 �
0.43

0.54 �
0.06

0.88 �
0.12

HalsaE 150–180 1.57 �
0.29

2.61 �
0.52

2.91 �
0.62

0.55 �
0.05

0.91 �
0.11

300–360 1.39 �
0.27

2.45 �
0.48

2.55 �
0.58

0.56 �
0.08

0.98 �
0.16

JulW 120–195 1.46 �
0.29

2.76 �
0.53

2.62 �
0.65

0.57 �
0.10

1.08 �
0.20

JulE 120–195 1.65 �
0.27

2.65 �
0.68

2.74 �
0.55

0.61 �
0.11

0.97 �
0.17

300–360 1.21 �
0.13

2.32 �
0.59

2.25 �
0.40

0.55 �
0.08

1.04 �
0.22

Table 6
Normalized standard deviation at Sulafjorden, Halsafjorden and Julsundet, for
u >12 m s�1 at every height for short-fetch winds. The anemometers closest to
50 m above ground is chosen.

Mast Sector
(◦)

σw/u* σv/u* σu/u* σw/σu σv/σu

SulaNW 165–185 1.98 �
0.33

1.83 �
0.35

2.32 �
0.42

0.85 �
0.07

0.79 �
0.07

SulaSW 135–165 1.68 �
0.24

1.44 �
0.12

1.81 �
0.17

0.93 �
0.12

0.80 �
0.09

285–315 1.77 �
0.24

1.72 �
0.33

2.19 �
0.27

0.81 �
0.07

0.79 �
0.15

SulaSE 270–330 1.47 �
0.23

1.96 �
0.42

2.16 �
0.38

0.69 �
0.09

0.92 �
0.18

HalsaW 285–360 1.52 �
0.26

2.43 �
0.70

2.74 �
0.74

0.57 �
0.08

0.89 �
0.12

HalsaE 210–285 1.52 �
0.17

2.41 �
0.31

2.61 �
0.27

0.59 �
0.05

0.93 �
0.10

JulW 330–360 1.58 �
0.23

2.04 �
0.48

2.51 �
0.35

0.63 �
0.08

0.81 �
0.12

JulE 210–285 1.80 �
0.32

2.44 �
0.47

2.84 �
0.49

0.64 �
0.05

0.86 �
0.09
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whether the vertical velocity component has a non-Gaussian distribution
over the whole width of the fjord. Yet, this should be clarified as the
vertical wind speed component governs the vertical and torsional buf-
feting response of long-span bridges.
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4.5. Single point turbulence characteristics

4.5.1. Turbulence intensity
The turbulence intensity here defined as the ratio of the standard

deviation of the velocity component with mean wind speed is given in
Fig. 7, which shows the dependency of Iu on the wind direction for the
different masts. The sector-averaged TI estimates, at various sensor
heights, together with the corresponding standard deviations, are sum-
marised in Fig. 9. For sectors where the flow is relatively unaffected by
the local terrain and has a long fetch over open water, e.g. the northwest
of SulaNW and south of SulaNE, the average TIs (Iu/Iv/Iw) are 0.08/0.09/
0.06 and 0.10/0.11/0.08, respectively. In Halsafjorden the average TIs
for the southern sector of HalsaW and HalsaE are 0.10/0.09/0.05 and
0.11/0.10/0.06. At Julsundet, south of JulW, the TIs are 0.09/0.09/0.05
while the south and northwest of JulE the TIs are 0.11/0.11/0.07 and
0.10/0.10/0.05.

A turbulence intensity between 0.08 and 0.10 at a height of 50 m
above ground is typically observed in coastal regions when the wind is
blowing over a long fetch or offshore under strong wind conditions. In
the Eurocode (EN 1991-1-4, 2005), if the turbulence factor and



Fig. 10. Normalized standard deviation of the three velocity components at the
met-masts located in Sulafjorden, Halsafjorden and Julsundet with u �12 m s�1

at every height. Data outside the 1st and 99th percentile were considered as
outliers and removed.The error bar represents one standard deviation. A more
detailed summary is available in Table 9.
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topography factor are both set equal to one, Iu(z ¼ 50 m) ¼ 0.10 corre-
sponds to a terrain category 0, for which the roughness length z0 is 0.003
m. It should be noted that the value z0 :¼ 0.003 m is primarily used for
the calculation of the design wind load, which is the reason it is much
higher than the roughness length usually measured for a calm sea, which
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is around 0.0002 m (Wieringa, 1992). Interestingly, similar turbulence
intensities were observed in Bjørnafjorden (Cheynet et al., 2018a) and on
the Sotra Bridge (Kristensen and Jensen, 1979) for similar wind condi-
tions and a long fetch, which confirms that turbulence characteristics in
Norwegian fjords may share common features.

If the terrain upwind to the masts is more complex, e.g. for southerly
flow at SulaNW, a southeasterly flow at SulaSW or a northwesterly flow
at SulaSE, much higher TIs are measured. The corresponding values (Iu/
Iv/Iw) are 0.16/0.13/0.16, 0.22/0.17/0.20 and 0.14/0.12/0.11 at
SulaNW, SulaSW and SulaSE, respectively. Similarly, for the northwest-
erly sector of HalsaW, western sector of HalsaE, northwest of JulW and
west of JulE, the TIs are 0.18/0.16/0.11, 0.17/0.15/0.10, 0.15/0.12/
0.10, and 0.18/0.16/0.12, respectively. The average values of TIs in
these directions are consistent with those reported by Harstveit (1996).
The large values of Iu, between 0.14 and 0.22, observed when the flow is
passing over irregular terrains, is also expected and is remarkably close to
values observed from the Hardanger Bridge (Lystad et al., 2018) and the
Lysefjord Bridge (Cheynet et al., 2019). Although the wind measure-
ments in Sulafjorden, Halsafjorden and Julsundet are strongly affected by
the local topography, the similarities of the values of the turbulence in-
tensities among the three locations as well as with previous studies
confirm the relevance of the measurement data for the design of the
planned fjord crossings.

4.5.2. Normalized standard deviation
The sector-averaged single-point turbulence statistics and their

associated standard deviation are reported for two different cases: (a) For
winds coming from directions considered to have long fjord fetch up-
stream, denoted herein as long-fetch winds (Table 5); (b) for winds
coming from directions considered to have an irregular topography up-
stream of the mast referred to as short-fetch winds (Table 6). The values
of σw/u* are typically in the range of 1.2–1.3 for flat and uniform terrain
under neutral conditions (Kaimal and Finnigan, 1994) but can signifi-
cantly differ from these values in a mountainous environment (de Fran-
ceschi et al., 2009). On the Sotra Bridge, Jensen & Hjort-Hansen (1977)
estimated σw/u* 	 1.5, whereas values ranging from 1.4 to 1.8 were
recorded on the Lysefjord Bridge (Cheynet et al., 2019). The values of
σw/u* found in the present studies range also from 1.2 to 1.8 when the
wind is blowing over a long fetch. However, for short-fetch winds σw/u*
ranges from 1.5 to 2.0. The large scatter observed for the ratio σw/u* is,
therefore, linked to the different terrain characteristics at the masts.

The values of σu/u* and σv/u* are challenging to interpret because of
the scatter observed. The horizontal turbulence components are more
affected by topographical features than the vertical component. Under
neutral conditions, the horizontal velocity spectrum contains low-
frequency eddies with more energy than the vertical velocity spectrum
(Panofsky et al., 1982). This low-frequency range is more easily disturbed
by hills and roughness changes than the high-frequency range (Frank,
1996; Mann, 2000). Therefore, σu/u* and σv/u* are expected to show an
increasing range of values in rough terrain compared to the case of flat
terrain. For examples, σu/u* > 2.6 and σv/u* > 2.0 are expected in rolling
terrain (de Franceschi et al., 2009). In the present case, table 9 shows
values consistent with those recorded at the inlet of a narrow fjord
(Cheynet et al., 2019). However, lower-than-expected values of σu/u* are
also found in Fig. 10. These might be associated with a flow along the
mountain slopes.

In flat and homogeneous terrain, a ratio σw/σu 	 0.5 is expected
(Solari and Piccardo, 2001). This value is also used in the Handbook
N400 (Norwegian Public Road Administration, 2015), which is used for
the design of suspension-bridges in Norway. The turbulence model by
Kaimal et al. (1972), with correction in the inertial sub-range, leads to a
ratio σw/σu ¼ 0.57 (Kaimal and Finnigan, 1994). Offshore wind mea-
surements conducted 80 m above the surface for neutral conditions
provided σw/σu ¼ 0.53 (Cheynet et al., 2017a). In the present study, the
ratio σw/σu is around or above 0.6 for every anemometer at a height close
to or equal to 50 m above the ground. Such values are consistent with



Fig. 11. Friction velocity calculated with the eddy-covariance method (ECM, eq. (5)) and Klipp’s method using data collected by the anemometer closest to 50 m
above the ground at each mast between the 01-01-2018 to 31-12-2019.
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previous records from fjord-crossing bridges (Jensen and Hjort-Hansen,
1977; Cheynet et al., 2019) or masts on the shores of Bjørnafjorden
(Cheynet et al., 2018a). Cheynet et al. (2019) argued that the failure to
account for the unusually high value of σw/σu in a fjord leads to a sub-
stantial underestimation of the vertical buffeting response of a long-span
suspension bridge.

A ratio σw/σu > 0.8 is unusually large but has been reported in a few
case studies in fjords (Øiseth et al., 2013). In the present case, σw/σu> 0.8
might be linked to specific wind directions combined with the proximity
of the anemometers being at the flanks of mountains. Providing that the
flow is following Sulafjorden, it is unlikely that the value σw/σu is above
0.8 in the middle of this fjord. In Halsafjorden, the ratio σw/σu is between
0.50 and 0.60 for the different sectors selected. This indicates that in this
fjord, the flow characteristics on the shore might be closer to the case of a
flat terrain than at Julsundet or Sulafjorden. In table 9, the ratio σw/σu is
below or equal to 0.5 when the anemometers are located 12 m above the
ground, which testifies for local flow distortion by the surrounding trees.
It should be noted that the ratio σw/σu 	 0.4 recorded on the Hardanger
bridge (Fenerci and Øiseth, 2018b) is slightly lower than reported in the
other Norwegian fjords. It is unsure whether it is due to flow-distortion
by the deck, sensor calibration error (Gill Instruments, 2016; Billesbach
et al., 2019), or simply peculiar flow characteristics at the bridge
location.

The ratio σv/σu is expected to range from 0.7 to 0.9 in flat terrain
(Solari and Piccardo, 2001). The ratio σv/σu in the Kaimal model is 0.76.
In an offshore environment, 80 m above the surface, Cheynet et al.
(2019) reported a ratio equal to 0.77. In the present study, the ratio σv/σu
ranges from 0.7 to 1.2 for the different fjords. It appears that ratios close
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to or larger than one occur when the mountain’s flanks are close to the
anemometers, which may have a blocking effect and important direc-
tional shear, visible in the Reynolds stress tensor. Overall, the values
found on the seaside are consistent with the measurement from
fjord-crossing bridges (Jensen and Hjort-Hansen, 1977; Cheynet et al.,
2019; Øiseth et al., 2013), except the Hardanger bridge (Fenerci and
Øiseth, 2018b), where σv/σu 	 0.15, which might not be realistic.

4.5.3. Friction velocity
The reader is reminded that the friction velocity is the fundamental

velocity in surface layer scaling (Kaimal and Finnigan, 1994). Besides, it
conveniently links the logarithmic wind speed profile with the velocity
spectra for wind load modelling. The value of friction velocity depends
also on the tilt correction algorithm used. As pointed out by Klipp (2018)
or Wilczak et al. (2001), a sectoral planar fit method may not be
appropriate in terrain where flow separation occurs, which is likely the
case at the mast locations.

In Fig. 11, the friction velocity computed using eq. (5) is compared
with the method by Klipp (2018). In flat terrain and neutral atmosphere,
both approaches to compute u* should yield similar results. On the other
hand, discrepancies are expected in the presence of steep mountains
slopes. To assess the influence of v0 w0 and u0 v0 on the friction velocity
computed with Klipp’s method, correlated wind velocity histories were
simulated with non-zero covariance between the three velocity compo-
nents. The simulated time series showed that v

0
w

0
and u

0
v
0
have some

influence on the computation of the friction velocity, but these were
more limited than observed in Fig. 11. Therefore, v

0
w

0
and u

0
v
0
may not

explain the observed discrepancies, alone, especially if the atmospheric



Fig. 12. Turbulent momentum fluxes at the met-masts at Sulafjorden, Halsaf-
jorden and Julsundet with u �12 m s�1 at every height. Data outside the 1st and
99th percentile were considered as outliers and removed. The error bar repre-
sents one standard deviation. A more detailed summary is available in Table 10.
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stratification is non-neutral. Although velocity records above 12 m s�1

were used, the data set likely includes some samples representative of
unstable or stable conditions, especially near the coastline.

As shown in Figs. 11 and 12, the friction velocity estimated at Hal-
safjorden using either Klipp’s method or eq. (5) are in good agreement,
even though u

0
v
0
=u2* can have the same magnitude as u

0
w

0
=u2* . In Hal-

safjorden, the term v
0
w

0
=u2* is close to zero while this is not the case for
14
the masts at Sulafjorden and Julsundet, where the mountains are steeper
and higher than at Halsafjorden. One exception is observed at Sulafjor-
den, for which v

0
w

0
=u2* is small when the wind is blowing from north-

west, the reason for this is, however, unclear. Nevertheless, the study of
momentum fluxes helps to better understand the influence of topography
on the measurements.

5. Conclusions

The paper explores a subset of a larger data set aiming to identify the
wind conditions relevant for bridge design at three potential fjord-
crossing sites, in complex coastal terrain, in western Norway. Two
years of continuous wind measurements were analysed, at heights be-
tween 12 m and 95 m above the ground, in masts located on the shore of
the three fjords Sulafjorden, Julsundet and Halsafjorden. Eight masts
were considered for the analysis, each of them instrumentedwith three to
four sonic anemometers, i.e., 25 sonic 3D anemometers in total.

To focus on strong wind conditions of particular relevance for bridge
design, only samples with a mean wind speed above 12 m s�1 were
selected. The goal was to quantify to what extend the local topography
affects the flow conditions recorded at the shoreline by the anemometers
and how met-masts can be used to collect and provide correspondingly
filtered data valuable for bridge-design. The study highlighted also some
challenges associated with flow characterization near mountain slopes,
especially for the design of wind-sensitive structures. The main findings
of the study are as follows

● Many of the masts are in sheltered locations where weak winds are
predominant. Wind speeds above 12 m s�1 are uncommon at several
of the sites during the period analysed. This implies that several years
of data are required to capture a sufficient amount of strong wind
conditions, critical for the relevant bridge design.

● The flow on the shore of the fjords is horizontal for a limited number
of situations only. A median incidence angle up to �9.5� was
measured at Sulafjorden. In Halsafjorden and Julsundet, values up to
7.7� and 3.8� were observed. For the majority of the directional
sectors considered, the mean wind speed profiles fitted by the wind
profile power law provided shear coefficients below 0.10. A lowmean
wind shear may reflect the flow speed-up above the hills. Such ob-
servations indicated that, on several occasions, the sensors were likely
inside the internal boundary layers created by the rough terrain up-
stream of the masts.

● Significant deviations from the assumption of Gaussian fluctuations
were observed. The non-Gaussianity was assessed using the skewness
and excess kurtosis. Non-Gaussian fluctuations were particularly
strong in the vertical velocity component whereas the along-wind
component was generally Gaussian, except when the flow was dis-
torted by the surrounding vegetation. The influence of the terrain
upwind to the masts on the skewness and excess kurtosis was sig-
nificant, especially for the lateral velocity component, at heights
below 15 m and in the roughness sublayer. Finally, it was found that a
horizontal flow does not imply Gaussian fluctuations on the shore of a
fjord.

● The turbulence intensity showed a clear dependency on the sector
selected. For sectors characterized by a large fjord fetch, the
ensemble-averaged values for the turbulence intensities were up to
0.11 for the horizontal components and up to 0.08 for the vertical
component. For the sector characterized by complex upstream
topography, much larger values were measured with Iu, Iv and Iw up to
0.22, 0.17, and 0.20, respectively. These observations highlight the
importance of studying sectorial differences of the wind conditions at
the masts and for bridge design.

● The normalized standard deviation σw/σu and σv/σu were close to the
values previously reported in the literature in Norwegian fjords. In
the present case, σw/σu was around or above 0.6. While σv/σu ranged
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from 0.7 to 1.2. These values are larger than advised in the handbook
N400, used for the design of long-span suspension bridges in Norway.
The ratio of the vertical standard deviation with the friction velocity
σw/u* showed a clear dependency on the wind sector chosen, ranging
from 1.2 to 1.8 for long-fetch winds and from 1.5 to 2.0 when passing
over complex terrain.

● Two methods to compute the friction velocity were assessed. Results
suggested that at Halsafjorden, the turbulence measurements were
less affected by the surrounding mountains than in Sulafjorden.
Nevertheless, it is still unsure whether the friction velocity u*
computed with Klipp’s method given in eq. (6) or the traditional
double-rotation technique and eq. (5) should be used. Studies
including an analysis of the Reynolds stress in complex terrain are
scarce and often linked to boundary-layer micrometeorology.
Therefore, it is legitimate to wonder if and how u0 v0 and v0 w0 should
be accounted for in wind load modelling on structures.

The mast measurements near the shore of Sulafjorden, Halsafjorden
and Julsundet provided valuable information on the local wind condi-
tions. However, the aforementioned results suggest that the integral
turbulence characteristics recorded on the seaside may not be represen-
tative of the flow conditions in the middle of the fjord. Therefore, to
estimate the turbulent load acting on the deck of a fjord-crossing bridge
with higher confidence, computational fluid dynamic (CFD) simulations
or remote sensing observations of the flow field may be required to
complement these anemometers records.

The integral flow characteristics provide only a partial understanding
of the local flow conditions because turbulence covers a large range of
wavenumbers or frequencies. The blocking by the surface distorts more
easily large eddies, which are associated with low wavenumbers, than
smaller eddies (Hunt and Morrison, 2000; Hunt and Carlotti, 2001;
H€ogstr€om et al., 2002). Also, the low-frequency range of the turbulence
spectrum can be substantially affected by roughness changes and hills
(Mann, 2000; Frank, 1996). The detailed assessment of the turbulence
characteristics on the shores of fjords can be achieved through spectral
analysis, providing that the velocity records can be described as sta-
tionary, ergodic random processes.

Therefore, the second part of the present study will focus on the
spectral energy content of the velocity fluctuations. The one-point power
spectral density can be used to indicate which frequency range is no-
15
longer affected by the local topography and whether such a range has
similar characteristics to traditional velocity spectra (Kaimal et al.,
1972). The adequacy of computation of the friction velocity with Klipp’s
method (Klipp, 2018) will also be assessed in terms of normalization of
the velocity spectra. This will help to investigate to what degree such a
normalization follows surface-layer scaling in fjords. Two-point spectral
densities will be studied through the coherence function. In particular,
the blocking by the surface could substantially affect the vertical coher-
ence such that Bowen’s scaling (Bowen et al., 1983; Cheynet, 2019) may
become more appropriate than Davenport’s scaling (Davenport, 1961b)
for the design and construction of the bridge towers.
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Appendix
Table 7
Flow Gaussianity: Wind direction, height above terrain (H), number of samples (N), skewness γ, excess coefficient κ and associated standard deviation at the met-masts
at Sulafjorden, Halsafjorden and Julsundet. Wind velocity above 12 m s�1 for all elevations. Data outside the 1st and 99th percentile were considered as outliers and
removed.

Mast Sector (◦) H N γu γv γw κu κv κw
SulaNW
 135–165
 92
 64
 0.01 � 0.23
 0.15 � 0.23
 �0.47 � 0.17
 0.05 � 0.29
 0.24 � 0.41
 0.61 � 0.42

71
 100
 �0.01 � 0.20
 0.14 � 0.23
 �0.45 � 0.15
 �0.03 � 0.32
 0.24 � 0.39
 0.59 � 0.39

44
 69
 0.07 � 0.23
 0.17 � 0.24
 �0.52 � 0.16
 0.00 � 0.35
 0.30 � 0.48
 0.91 � 0.60
165–185
 92
 537
 �0.09 � 0.17
 0.05 � 0.16
 �0.24 � 0.14
 �0.05 � 0.24
 0.26 � 0.27
 0.23 � 0.28

71
 522
 �0.06 � 0.16
 0.06 � 0.16
 �0.31 � 0.14
 �0.06 � 0.25
 0.19 � 0.28
 0.32 � 0.28

44
 519
 �0.03 � 0.14
 0.10 � 0.16
 �0.37 � 0.13
 �0.03 � 0.24
 0.16 � 0.31
 0.53 � 0.32
300–330
 92
 96
 �0.16 � 0.29
 0.02 � 0.29
 0.41 � 0.19
 0.05 � 0.54
 �0.02 � 0.48
 0.73 � 0.39

71
 87
 �0.15 � 0.26
 �0.04 � 0.25
 0.34 � 0.20
 �0.01 � 0.41
 �0.04 � 0.44
 0.71 � 0.44

44
 112
 �0.14 � 0.25
 �0.03 � 0.29
 0.36 � 0.20
 �0.04 � 0.42
 �0.03 � 0.59
 0.79 � 0.46
SulaNE
 300–20
 76
 83
 �0.21 � 0.36
 0.04 � 0.27
 �0.05 � 0.34
 0.22 � 0.64
 0.35 � 0.65
 1.07 � 0.84

48
 97
 �0.11 � 0.29
 0.04 � 0.24
 �0.06 � 0.34
 0.01 � 0.42
 0.17 � 0.55
 1.03 � 0.64

27
 96
 �0.04 � 0.27
 0.08 � 0.21
 �0.14 � 0.27
 0.04 � 0.43
 0.17 � 0.40
 0.94 � 0.76
150–210
 76
 533
 0.07 � 0.23
 �0.03 � 0.26
 �0.27 � 0.28
 0.08 � 0.37
 0.22 � 0.46
 1.34 � 0.76

48
 637
 0.06 � 0.24
 �0.08 � 0.26
 �0.10 � 0.28
 0.15 � 0.37
 0.25 � 0.43
 1.55 � 0.80

27
 637
 0.07 � 0.23
 �0.14 � 0.26
 0.04 � 0.25
 0.13 � 0.39
 0.32 � 0.43
 1.52 � 0.75
SulaSW
 135–165
 94
 92
 �0.13 � 0.28
 0.14 � 0.22
 �0.50 � 0.23
 0.44 � 0.67
 0.78 � 0.63
 0.97 � 0.78
(continued on next column)
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Table 7 (continued )
Mast
 Sector (◦)
 H
 N
 γu
 γv
16
γw
 κu
 κv
 κw
75
 120
 �0.12 � 0.26
 0.09 � 0.18
 �0.57 � 0.25
 0.44 � 0.53
 0.71 � 0.57
 1.43 � 0.93

50
 131
 �0.11 � 0.22
 0.01 � 0.18
 �0.45 � 0.25
 0.31 � 0.37
 0.38 � 0.40
 1.50 � 0.84

27
 80
 0.07 � 0.19
 0.17 � 0.17
 �0.40 � 0.16
 0.25 � 0.29
 0.21 � 0.26
 0.91 � 0.47
285–315
 94
 34
 �0.20 � 0.27
 0.06 � 0.19
 �0.21 � 0.20
 0.07 � 0.35
 0.49 � 0.37
 0.70 � 0.67

75
 48
 �0.09 � 0.28
 0.13 � 0.19
 �0.23 � 0.13
 �0.02 � 0.30
 0.40 � 0.35
 0.51 � 0.47

50
 52
 �0.03 � 0.25
 0.09 � 0.20
 �0.20 � 0.12
 �0.00 � 0.31
 0.32 � 0.35
 0.41 � 0.27

27
 31
 0.01 � 0.19
 0.13 � 0.20
 �0.19 � 0.11
 �0.03 � 0.16
 0.42 � 0.40
 0.85 � 0.27
315–345
 94
 39
 �0.09 � 0.23
 �0.07 � 0.20
 �0.15 � 0.23
 �0.03 � 0.31
 0.06 � 0.36
 0.70 � 0.66

75
 37
 �0.10 � 0.19
 �0.10 � 0.22
 �0.18 � 0.22
 �0.06 � 0.31
 0.22 � 0.60
 0.91 � 0.46

50
 33
 �0.10 � 0.20
 �0.09 � 0.28
 �0.12 � 0.25
 0.01 � 0.37
 0.23 � 0.47
 0.74 � 0.36

27
 39
 �0.09 � 0.24
 �0.21 � 0.29
 �0.10 � 0.21
 0.08 � 0.36
 0.37 � 0.54
 1.19 � 0.52
SulaSE
 270–330
 62
 128
 0.01 � 0.24
 0.05 � 0.24
 �0.23 � 0.30
 0.06 � 0.37
 0.25 � 0.42
 0.92 � 0.82

40
 121
 0.01 � 0.27
 0.12 � 0.23
 �0.17 � 0.29
 0.17 � 0.39
 0.34 � 0.39
 1.22 � 0.64

13
 59
 �0.08 � 0.22
 0.21 � 0.24
 �0.24 � 0.17
 0.12 � 0.42
 0.43 � 0.34
 0.68 � 0.44
HalsaW
 150–180
 50
 170
 �0.24 � 0.30
 0.00 � 0.33
 0.19 � 0.23
 0.25 � 0.79
 0.53 � 0.66
 1.20 � 0.86

31
 155
 �0.19 � 0.21
 0.05 � 0.33
 0.17 � 0.23
 0.05 � 0.43
 0.56 � 0.89
 1.15 � 0.87

12
 114
 �0.04 � 0.19
 0.02 � 0.26
 0.15 � 0.19
 �0.06 � 0.61
 0.39 � 0.65
 0.83 � 0.62
285–360
 50
 27
 0.09 � 0.22
 �0.13 � 0.19
 �0.08 � 0.12
 �0.01 � 0.29
 0.29 � 0.38
 0.88 � 0.64

31
 24
 0.14 � 0.22
 �0.24 � 0.24
 �0.09 � 0.18
 �0.00 � 0.35
 0.29 � 0.52
 1.06 � 0.53

12
 21
 0.10 � 0.18
 �0.27 � 0.20
 �0.01 � 0.24
 0.40 � 0.41
 0.37 � 0.43
 1.76 � 0.79
HalsaE
 150–180
 48
 199
 �0.10 � 0.21
 �0.18 � 0.21
 �0.01 � 0.22
 0.05 � 0.31
 0.32 � 0.37
 0.95 � 0.51

31
 172
 �0.29 � 0.24
 �0.40 � 0.25
 0.35 � 0.17
 0.70 � 0.55
 0.91 � 0.55
 1.86 � 0.61
210–285
 48
 33
 0.19 � 0.20
 0.09 � 0.24
 �0.22 � 0.16
 �0.05 � 0.32
 0.19 � 0.34
 0.96 � 0.41

31
 19
 0.25 � 0.20
 0.10 � 0.31
 �0.20 � 0.17
 �0.00 � 0.23
 0.47 � 0.43
 1.45 � 0.54
300–360
 48
 43
 0.05 � 0.26
 0.01 � 0.26
 0.08 � 0.25
 �0.15 � 0.28
 0.12 � 0.46
 0.91 � 0.51

31
 31
 0.11 � 0.24
 �0.02 � 0.24
 0.06 � 0.25
 �0.02 � 0.36
 0.21 � 0.56
 1.12 � 0.56
JulW
 120–195
 68
 96
 �0.21 � 0.30
 0.28 � 0.30
 0.15 � 0.36
 0.29 � 0.62
 0.36 � 0.72
 1.31 � 1.11

52
 192
 �0.17 � 0.28
 0.22 � 0.25
 0.10 � 0.35
 0.14 � 0.44
 0.23 � 0.56
 1.29 � 0.96

32
 198
 �0.14 � 0.30
 0.20 � 0.23
 0.07 � 0.36
 0.13 � 0.42
 0.22 � 0.61
 1.20 � 0.90
330–360
 68
 45
 �0.26 � 0.22
 �0.23 � 0.22
 �0.17 � 0.27
 0.32 � 0.56
 0.62 � 0.57
 0.84 � 0.79

52
 92
 �0.27 � 0.21
 �0.25 � 0.22
 �0.20 � 0.26
 0.34 � 0.52
 0.60 � 0.42
 0.91 � 0.76

32
 74
 �0.25 � 0.18
 �0.29 � 0.19
 �0.19 � 0.23
 0.38 � 0.36
 0.52 � 0.31
 0.95 � 0.46
JulE
 120–195
 50
 97
 0.02 � 0.28
 �0.10 � 0.29
 �0.05 � 0.21
 0.02 � 0.35
 0.32 � 0.44
 0.91 � 0.73

31
 102
 0.04 � 0.24
 �0.08 � 0.33
 �0.02 � 0.20
 0.00 � 0.29
 0.32 � 0.59
 1.08 � 0.69

12
 5
 �0.55 � 0.27
 0.33 � 0.36
 �0.08 � 0.07
 1.09 � 0.78
 1.32 � 0.37
 0.74 � 0.26
210–285
 50
 111
 0.08 � 0.18
 0.02 � 0.19
 �0.29 � 0.13
 �0.08 � 0.28
 0.22 � 0.33
 0.67 � 0.36

31
 110
 0.13 � 0.19
 0.04 � 0.19
 �0.35 � 0.13
 �0.05 � 0.32
 0.17 � 0.31
 0.98 � 0.42

12
 49
 0.11 � 0.26
 �0.02 � 0.16
 �0.15 � 0.25
 0.19 � 0.40
 0.20 � 0.33
 1.54 � 0.54
300–360
 50
 91
 �0.06 � 0.30
 �0.04 � 0.31
 0.20 � 0.19
 �0.07 � 0.41
 0.06 � 0.61
 0.69 � 0.39

31
 91
 �0.04 � 0.24
 �0.05 � 0.29
 0.17 � 0.18
 �0.12 � 0.33
 0.05 � 0.43
 0.78 � 0.41

12
 75
 0.04 � 0.21
 �0.02 � 0.26
 0.29 � 0.12
 �0.13 � 0.30
 0.10 � 0.43
 0.72 � 0.35
Table 8
Turbulence intensity: Wind direction, height above terrain (H), number of samples (N) and the turbulence intensities (TI) and associated standard deviations at the met-
masts at Sulafjorden, Halsafjorden and Julsundet with u �12 m s�1 at every height. Data outside the 1st and 99th percentile were considered as outliers and removed.

Mast Sector (◦) Sensor height (H) N Iu Iv Iw
SulaNW
 135–165
 92
 64
 0.12 � 0.03
 0.11 � 0.03
 0.11 � 0.02

71
 100
 0.13 � 0.03
 0.12 � 0.02
 0.12 � 0.03

44
 69
 0.13 � 0.02
 0.11 � 0.02
 0.10 � 0.02
165–185
 92
 537
 0.16 � 0.03
 0.12 � 0.02
 0.16 � 0.03

71
 522
 0.16 � 0.03
 0.13 � 0.02
 0.16 � 0.03

44
 519
 0.17 � 0.03
 0.13 � 0.02
 0.14 � 0.02
300–330
 92
 96
 0.07 � 0.02
 0.08 � 0.03
 0.06 � 0.01

71
 87
 0.08 � 0.02
 0.09 � 0.03
 0.06 � 0.01

44
 112
 0.08 � 0.02
 0.09 � 0.03
 0.05 � 0.01
SulaNE
 300–20
 76
 83
 0.12 � 0.04
 0.12 � 0.04
 0.10 � 0.03

48
 97
 0.13 � 0.03
 0.13 � 0.04
 0.09 � 0.03

27
 96
 0.13 � 0.04
 0.13 � 0.04
 0.09 � 0.02
150–210
 76
 533
 0.10 � 0.02
 0.11 � 0.03
 0.08 � 0.02

48
 637
 0.10 � 0.02
 0.11 � 0.03
 0.07 � 0.02

27
 637
 0.11 � 0.02
 0.11 � 0.03
 0.07 � 0.01
SulaSW
 135–165
 94
 92
 0.20 � 0.05
 0.16 � 0.03
 0.19 � 0.04

75
 120
 0.20 � 0.04
 0.16 � 0.03
 0.19 � 0.04

50
 131
 0.22 � 0.03
 0.17 � 0.03
 0.20 � 0.04

27
 80
 0.24 � 0.03
 0.20 � 0.02
 0.22 � 0.03
285–315
 94
 34
 0.16 � 0.03
 0.13 � 0.03
 0.14 � 0.02

75
 48
 0.17 � 0.03
 0.14 � 0.04
 0.15 � 0.03

50
 52
 0.18 � 0.03
 0.14 � 0.04
 0.15 � 0.02

27
 31
 0.21 � 0.02
 0.17 � 0.03
 0.14 � 0.01
315–345
 94
 39
 0.15 � 0.04
 0.15 � 0.04
 0.12 � 0.04

75
 37
 0.13 � 0.04
 0.13 � 0.04
 0.09 � 0.03

50
 33
 0.13 � 0.03
 0.13 � 0.03
 0.09 � 0.02

27
 39
 0.15 � 0.05
 0.15 � 0.04
 0.09 � 0.04
(continued on next column)
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Table 8 (continued )
Mast
 Sector (◦)
 Sensor height (H)
 N
17
Iu
 Iv
 Iw
SulaSE
 270–330
 62
 128
 0.14 � 0.04
 0.12 � 0.03
 0.11 � 0.04

40
 121
 0.14 � 0.04
 0.12 � 0.03
 0.10 � 0.03

13
 59
 0.19 � 0.04
 0.15 � 0.02
 0.13 � 0.02
HalsaW
 150–180
 50
 170
 0.10 � 0.02
 0.09 � 0.02
 0.05 � 0.01

31
 155
 0.11 � 0.02
 0.09 � 0.02
 0.05 � 0.01

12
 114
 0.11 � 0.01
 0.10 � 0.01
 0.06 � 0.01
285–360
 50
 27
 0.18 � 0.05
 0.16 � 0.04
 0.11 � 0.04

31
 24
 0.18 � 0.05
 0.17 � 0.05
 0.09 � 0.04

12
 21
 0.17 � 0.03
 0.15 � 0.03
 0.07 � 0.02
HalsaE
 150–180
 48
 199
 0.11 � 0.03
 0.10 � 0.02
 0.06 � 0.01

31
 172
 0.14 � 0.04
 0.12 � 0.02
 0.07 � 0.02
210–285
 48
 33
 0.17 � 0.02
 0.15 � 0.03
 0.10 � 0.01

31
 19
 0.16 � 0.03
 0.16 � 0.03
 0.08 � 0.02
300–360
 48
 43
 0.14 � 0.03
 0.14 � 0.03
 0.08 � 0.02

31
 31
 0.15 � 0.03
 0.15 � 0.04
 0.08 � 0.02
JulW
 120–195
 68
 96
 0.09 � 0.04
 0.09 � 0.04
 0.05 � 0.03

52
 192
 0.09 � 0.04
 0.10 � 0.04
 0.05 � 0.03

32
 198
 0.10 � 0.03
 0.11 � 0.04
 0.05 � 0.02
330–360
 68
 45
 0.15 � 0.04
 0.12 � 0.03
 0.10 � 0.04

52
 92
 0.15 � 0.04
 0.12 � 0.03
 0.10 � 0.04

32
 74
 0.16 � 0.04
 0.13 � 0.03
 0.09 � 0.03
JulE
 120–195
 50
 97
 0.11 � 0.02
 0.11 � 0.03
 0.07 � 0.02

31
 102
 0.11 � 0.02
 0.11 � 0.03
 0.07 � 0.02

12
 5
 0.13 � 0.01
 0.10 � 0.01
 0.07 � 0.01
210–285
 50
 111
 0.18 � 0.03
 0.16 � 0.03
 0.12 � 0.02

31
 110
 0.18 � 0.03
 0.16 � 0.03
 0.10 � 0.01

12
 49
 0.22 � 0.04
 0.20 � 0.02
 0.09 � 0.01
300–360
 50
 91
 0.10 � 0.02
 0.10 � 0.03
 0.05 � 0.01

31
 91
 0.10 � 0.02
 0.10 � 0.03
 0.05 � 0.01

12
 75
 0.11 � 0.01
 0.12 � 0.03
 0.05 � 0.00
Table 9
Normalized standard deviation: Wind direction, height above terrain (H), number of samples (N), normalized standard deviation and associated standard deviation at
the met-masts at Sulafjorden, Halsafjorden and Julsundet. Wind velocity above 12 m s�1 for all elevations. Data outside the 1st and 99th percentile were considered as
outliers and removed.

Mast Sector (◦) Sensor height (H) N σw/u* σv/u* σu/u* σw/σu σv/σu
SulaNW
 135–165
 92
 64
 2.05 � 0.30
 2.04 � 0.31
 2.22 � 0.34
 0.93 � 0.11
 0.93 � 0.13

71
 100
 2.07 � 0.34
 2.04 � 0.46
 2.32 � 0.46
 0.90 � 0.12
 0.88 � 0.12

44
 69
 1.97 � 0.34
 2.37 � 0.42
 2.62 � 0.51
 0.76 � 0.09
 0.92 � 0.14
165–185
 92
 537
 2.13 � 0.31
 1.64 � 0.28
 2.14 � 0.32
 1.00 � 0.08
 0.77 � 0.08

71
 522
 2.04 � 0.33
 1.63 � 0.31
 2.11 � 0.35
 0.97 � 0.07
 0.77 � 0.08

44
 519
 1.98 � 0.33
 1.83 � 0.35
 2.32 � 0.42
 0.85 � 0.07
 0.79 � 0.07
300–330
 92
 96
 1.61 � 0.29
 2.37 � 0.60
 2.08 � 0.46
 0.79 � 0.15
 1.16 � 0.26

71
 87
 1.49 � 0.24
 2.33 � 0.54
 1.99 � 0.42
 0.77 � 0.13
 1.18 � 0.23

44
 112
 1.41 � 0.19
 2.39 � 0.56
 2.09 � 0.38
 0.68 � 0.10
 1.15 � 0.24
SulaNE
 300–20
 76
 83
 1.77 � 0.30
 2.23 � 0.62
 2.28 � 0.50
 0.79 � 0.10
 0.98 � 0.18

48
 97
 1.71 � 0.33
 2.35 � 0.71
 2.40 � 0.52
 0.72 � 0.10
 0.97 � 0.17

27
 96
 1.57 � 0.24
 2.22 � 0.64
 2.26 � 0.52
 0.71 � 0.11
 0.98 � 0.18
150–210
 76
 533
 1.80 � 0.27
 2.62 � 0.45
 2.45 � 0.41
 0.74 � 0.10
 1.08 � 0.17

48
 637
 1.76 � 0.30
 2.81 � 0.56
 2.65 � 0.51
 0.67 � 0.09
 1.07 � 0.17

27
 637
 1.53 � 0.27
 2.68 � 0.56
 2.57 � 0.57
 0.61 � 0.08
 1.06 � 0.16
SulaSW
 135–165
 94
 92
 1.73 � 0.23
 1.48 � 0.34
 1.82 � 0.31
 0.96 � 0.08
 0.81 � 0.11

75
 120
 1.78 � 0.21
 1.50 � 0.26
 1.89 � 0.24
 0.95 � 0.10
 0.79 � 0.10

50
 131
 1.68 � 0.24
 1.44 � 0.12
 1.81 � 0.17
 0.93 � 0.12
 0.80 � 0.09

27
 80
 1.58 � 0.21
 1.44 � 0.10
 1.74 � 0.18
 0.91 � 0.07
 0.83 � 0.08
285–315
 94
 34
 1.97 � 0.26
 1.78 � 0.31
 2.27 � 0.26
 0.87 � 0.08
 0.78 � 0.11

75
 48
 1.92 � 0.29
 1.76 � 0.33
 2.21 � 0.30
 0.87 � 0.08
 0.80 � 0.12

50
 52
 1.77 � 0.24
 1.72 � 0.33
 2.19 � 0.27
 0.81 � 0.07
 0.79 � 0.15

27
 31
 1.59 � 0.15
 1.96 � 0.30
 2.33 � 0.23
 0.68 � 0.05
 0.84 � 0.14
315–345
 94
 39
 1.86 � 0.26
 2.40 � 0.49
 2.37 � 0.39
 0.80 � 0.12
 1.02 � 0.12

75
 37
 1.73 � 0.29
 2.47 � 0.48
 2.42 � 0.44
 0.72 � 0.09
 1.03 � 0.12

50
 33
 1.46 � 0.27
 2.28 � 0.42
 2.24 � 0.39
 0.65 � 0.07
 1.02 � 0.11

27
 39
 1.39 � 0.22
 2.38 � 0.34
 2.38 � 0.39
 0.59 � 0.08
 1.01 � 0.12
SulaSE
 270–330
 62
 130
 1.58 � 0.25
 1.89 � 0.51
 2.10 � 0.39
 0.77 � 0.12
 0.91 � 0.19

40
 121
 1.47 � 0.23
 1.96 � 0.42
 2.16 � 0.38
 0.69 � 0.09
 0.92 � 0.18

13
 59
 1.34 � 0.13
 1.53 � 0.16
 1.93 � 0.24
 0.70 � 0.04
 0.81 � 0.13
HalsaW
 150–180
 50
 170
 1.42 � 0.20
 2.32 � 0.42
 2.64 � 0.43
 0.54 � 0.06
 0.88 � 0.12

31
 155
 1.35 � 0.19
 2.34 � 0.38
 2.63 � 0.43
 0.52 � 0.05
 0.89 � 0.10

12
 114
 1.19 � 0.08
 2.06 � 0.24
 2.29 � 0.21
 0.52 � 0.04
 0.90 � 0.09
285–360
 50
 27
 1.52 � 0.26
 2.43 � 0.70
 2.74 � 0.74
 0.57 � 0.08
 0.89 � 0.12

31
 24
 1.52 � 0.21
 2.87 � 0.73
 3.08 � 0.71
 0.51 � 0.09
 0.93 � 0.11

12
 21
 1.42 � 0.23
 3.21 � 0.54
 3.59 � 0.86
 0.40 � 0.05
 0.91 � 0.13
HalsaE
 150–180
 48
 199
 1.57 � 0.29
 2.61 � 0.52
 2.91 � 0.62
 0.55 � 0.05
 0.91 � 0.11
(continued on next column)
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Table 9 (continued )
Mast
 Sector (◦)
 Sensor height (H)
 N
 σw/u*
18
σv/u*
 σu/u*
 σw/σu
 σv/σu
31
 172
 1.58 � 0.27
 2.52 � 0.49
 3.03 � 0.61
 0.52 � 0.04
 0.84 � 0.10

210–285
 48
 33
 1.52 � 0.17
 2.41 � 0.31
 2.61 � 0.27
 0.59 � 0.05
 0.93 � 0.10
31
 19
 1.47 � 0.24
 2.86 � 0.43
 2.81 � 0.40
 0.52 � 0.05
 1.02 � 0.11

300–360
 48
 43
 1.39 � 0.27
 2.45 � 0.48
 2.55 � 0.58
 0.56 � 0.08
 0.98 � 0.16
31
 31
 1.42 � 0.33
 2.78 � 0.57
 2.89 � 0.83
 0.50 � 0.06
 0.99 � 0.18

JulW
 120–195
 68
 96
 1.49 � 0.28
 2.71 � 0.56
 2.66 � 0.66
 0.58 � 0.11
 1.05 � 0.19
52
 192
 1.46 � 0.29
 2.76 � 0.53
 2.62 � 0.65
 0.57 � 0.10
 1.08 � 0.20

32
 198
 1.38 � 0.28
 2.85 � 0.52
 2.61 � 0.56
 0.53 � 0.09
 1.12 � 0.23
330–360
 68
 45
 1.58 � 0.29
 1.97 � 0.40
 2.45 � 0.36
 0.65 � 0.09
 0.81 � 0.11

52
 92
 1.58 � 0.23
 2.04 � 0.48
 2.51 � 0.35
 0.63 � 0.08
 0.81 � 0.12

32
 74
 1.53 � 0.13
 2.13 � 0.31
 2.61 � 0.25
 0.59 � 0.05
 0.82 � 0.12
JulE
 120–195
 50
 97
 1.65 � 0.27
 2.65 � 0.68
 2.74 � 0.55
 0.61 � 0.11
 0.97 � 0.17

31
 102
 1.61 � 0.29
 2.85 � 0.69
 2.81 � 0.48
 0.58 � 0.11
 1.02 � 0.21

12
 5
 1.83 � 0.28
 2.42 � 0.49
 3.35 � 0.48
 0.55 � 0.03
 0.72 � 0.05
210–285
 50
 111
 1.80 � 0.32
 2.44 � 0.47
 2.84 � 0.49
 0.64 � 0.05
 0.86 � 0.09

31
 110
 1.86 � 0.31
 2.97 � 0.53
 3.31 � 0.53
 0.56 � 0.04
 0.90 � 0.10

12
 49
 1.62 � 0.42
 3.78 � 1.23
 4.12 � 1.05
 0.39 � 0.02
 0.90 � 0.12
300–360
 50
 91
 1.21 � 0.13
 2.32 � 0.59
 2.25 � 0.40
 0.55 � 0.08
 1.04 � 0.22

31
 91
 1.20 � 0.14
 2.39 � 0.66
 2.32 � 0.40
 0.53 � 0.07
 1.03 � 0.21

12
 75
 1.05 � 0.08
 2.30 � 0.56
 2.27 � 0.37
 0.47 � 0.05
 1.01 � 0.19
Table 10
Normalized momentum fluxes: Wind direction, height above terrain (H), number of samples (N), horizontal and vertical momentum fluxes and associated standard
deviation at the met-masts at Sulafjorden, Halsafjorden and Julsundet. Wind velocity above 12 m s�1 for all elevations. Data outside the 1st and 99th percentile were
considered as outliers and removed.

Mast Sector (◦) Sensor height (H) N u0 v0 u0 w0 v0 w0
u2*
 u2*
 u2*
SulaNW
 135–165
 92
 64
 0.44 � 0.74
 �0.68 � 0.36
 �0.56 � 0.32

71
 100
 0.32 � 0.90
 �0.58 � 0.39
 �0.67 � 0.27

44
 69
 0.23 � 1.13
 �0.55 � 0.33
 �0.74 � 0.20
165–185
 92
 537
 0.56 � 0.60
 �0.73 � 0.23
 �0.45 � 0.46

71
 522
 0.68 � 0.62
 �0.72 � 0.21
 �0.55 � 0.36

44
 519
 1.00 � 0.79
 �0.69 � 0.20
 �0.64 � 0.27
300–330
 92
 96
 0.26 � 1.55
 �0.87 � 0.22
 0.11 � 0.42

71
 87
 0.20 � 1.35
 �0.91 � 0.19
 0.11 � 0.36

44
 112
 0.23 � 1.12
 �0.92 � 0.16
 0.13 � 0.34
SulaNE
 300–20
 76
 83
 �0.14 � 1.13
 �0.62 � 0.37
 �0.60 � 0.35

48
 97
 �0.33 � 1.24
 �0.72 � 0.36
 �0.41 � 0.43

27
 96
 �0.55 � 1.11
 �0.64 � 0.32
 �0.59 � 0.38
150–210
 76
 533
 0.24 � 1.31
 �0.80 � 0.30
 0.09 � 0.52

48
 637
 0.36 � 1.48
 �0.79 � 0.27
 0.25 � 0.50

27
 637
 0.86 � 1.54
 �0.76 � 0.24
 0.47 � 0.37
SulaSW
 135–165
 94
 92
 0.48 � 0.45
 �0.57 � 0.26
 �0.76 � 0.19

75
 120
 0.39 � 0.41
 �0.48 � 0.27
 �0.82 � 0.16

50
 131
 0.30 � 0.26
 �0.47 � 0.27
 �0.83 � 0.13

27
 80
 0.14 � 0.23
 �0.43 � 0.25
 �0.86 � 0.10
285–315
 94
 34
 �0.39 � 0.39
 �0.84 � 0.28
 0.25 � 0.40

75
 48
 �0.33 � 0.44
 �0.90 � 0.18
 0.22 � 0.34

50
 52
 �0.23 � 0.42
 �0.88 � 0.14
 0.37 � 0.26

27
 31
 �0.26 � 0.36
 �0.78 � 0.15
 0.58 � 0.19
315–345
 94
 39
 0.55 � 0.92
 �0.84 � 0.24
 0.32 � 0.37

75
 37
 0.79 � 1.24
 �0.72 � 0.36
 0.43 � 0.42

50
 33
 0.73 � 0.98
 �0.68 � 0.28
 0.61 � 0.30

27
 39
 0.72 � 0.95
 �0.53 � 0.28
 0.77 � 0.24
SulaSE
 270–330
 62
 128
 0.06 � 0.83
 �0.55 � 0.41
 �0.66 � 0.30

40
 121
 0.13 � 0.77
 �0.55 � 0.35
 �0.74 � 0.19

13
 59
 �0.41 � 0.46
 �0.63 � 0.24
 �0.70 � 0.23
HalsaW
 150–180
 50
 170
 �0.87 � 1.08
 �0.91 � 0.18
 �0.20 � 0.31

31
 155
 �0.78 � 1.03
 �0.92 � 0.15
 �0.21 � 0.29

12
 114
 �0.35 � 0.51
 �0.93 � 0.14
 �0.25 � 0.24
285–360
 50
 27
 0.46 � 1.13
 �0.93 � 0.17
 0.11 � 0.31

31
 24
 0.32 � 2.25
 �0.96 � 0.07
 0.16 � 0.24

12
 21
 0.29 � 2.62
 �0.90 � 0.09
 0.28 � 0.34
HalsaE
 150–180
 48
 199
 0.68 � 1.16
 �0.89 � 0.18
 �0.02 � 0.41

31
 172
 0.98 � 1.18
 �0.92 � 0.15
 �0.08 � 0.36
210–285
 48
 33
 0.15 � 0.84
 �0.96 � 0.07
 0.15 � 0.24

31
 19
 �0.13 � 1.10
 �0.87 � 0.12
 0.33 � 0.34
300–360
 48
 43
 �0.20 � 1.50
 �0.86 � 0.27
 �0.20 � 0.39

31
 31
 �0.67 � 2.10
 �0.84 � 0.35
 �0.18 � 0.39
JulW
 120–195
 68
 96
 �1.72 � 1.71
 �0.35 � 0.53
 �0.61 � 0.49

52
 192
 �1.77 � 1.50
 �0.46 � 0.43
 �0.63 � 0.46

32
 198
 �1.90 � 1.49
 �0.48 � 0.39
 �0.65 � 0.43
330–360
 68
 45
 0.52 � 0.73
 �0.76 � 0.28
 0.53 � 0.26
(continued on next column)



Z. Midjiyawa et al. Journal of Wind Engineering & Industrial Aerodynamics xxx (xxxx) xxx
Table 10 (continued )
Mast
 Sector (◦)
 Sensor height (H)
 N
19
u0 v0

u2*
u0 w0

u2*
v0 w0

u2*
52
 92
 0.58 � 0.60
 �0.74 � 0.26
 0.56 � 0.27

32
 74
 0.77 � 0.54
 �0.65 � 0.20
 0.69 � 0.25
JulE
 120–195
 50
 97
 0.51 � 1.67
 �0.86 � 0.18
 �0.27 � 0.41

31
 102
 0.38 � 1.63
 �0.81 � 0.18
 �0.41 � 0.37

12
 5
 �0.83 � 0.53
 �0.67 � 0.49
 �0.54 � 0.41
210–285
 50
 111
 0.10 � 1.08
 �0.74 � 0.38
 0.26 � 0.49

31
 110
 0.14 � 1.76
 �0.76 � 0.37
 0.01 � 0.54

12
 49
 0.83 � 2.86
 �0.66 � 0.32
 0.62 � 0.28
300–360
 50
 91
 0.18 � 1.63
 �0.93 � 0.15
 �0.16 � 0.28

31
 91
 0.01 � 1.91
 �0.98 � 0.04
 0.03 � 0.20

12
 75
 �0.00 � 1.56
 �0.96 � 0.07
 0.18 � 0.19
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