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Abstract

Offshore wind installations depend strongly on an improved knowledge of the atmospheric and ocean conditions affecting the
marine atmospheric boundary layer (MABL). In particular the better understanding of atmospheric phenomena that are related to
extreme atmospheric and sea state conditions e.g. high levels of wind speed, wind shear, waves and turbulence, is crucially
important for offshore applications. This study investigates a low level coastal jet off the Western coast of Norway on 20 March
2011, using both in situ data and model results. The analysis is focused on parameters that are relevant to wind energy such as
wind speed, turbulence intensity and wind shear. The jet is characterized by high wind speeds, moderate turbulence intensity and
significant high wind shear. Furthermore, the structure and the dynamical characteristics of the low level coastal flow are
investigated from the model results. The results show a maximum wind speed, greater than 30 m/s, between 500 to 800 m height
above the sea level and at 15-20 km distance from the coast.
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1. Introduction

Due to the high frequency of low pressure systems over Western Norway and the correspondingly high average
wind speed, the offshore and coastal waters in this area are in general considered viable for wind energy
applications. The complex topography of the region causes however local and regional scale phenomena, such as
low level coastal jets (LLCJ) [1], [2], gap winds [3], or land and sea breeze circulations [4] that can affect the
harvestable wind potential and load and fatigue of the installations in these areas. The future development of
offshore wind applications will strongly benefit from a detailed characterization of such phenomena.

The present study is focused on LLCJ and investigates a corresponding event off the Western coast of Norway on
20 March 2011. The analysis is focused on parameters that are relevant to wind energy, such as wind speed,
turbulence intensity and wind shear. Furthermore, the dynamical characteristics and the structure of the LLCJ are
investigated using a non-hydrostatic model.

The LLCJs are induced by blocking of winds by coastal mountains. In theory, a well-mixed, moist and cool
marine atmospheric boundary layer (MABL) which is capped by an inversion is an essential atmospheric condition
that can develop a LLCJ [2], [5], [6]. The maximum peak of wind speed is usually observed between 300 and 700 m
above sea level (ASL) [7], [8]. The width of the jet has a typical range of 20 to 40 km and the observed surface
winds can exceed the 18 m/s [6]. In addition, the low level jets are also related to intense wind shear which can
induce damaging wind-load on offshore structures [9]. Numerical simulations of these mesoscale phenomena over
southern Norway have also been studied by Barstad and Gornas [10], presenting ideally constructed southwesterly
flows with strong winds along the coast.

2. Atmospheric Parameters

The atmospheric parameters related to wind energy such as turbulence intensity (I in %) and wind shear exponent
(a) were calculated for the investigation of the event.

2.1 Turbulence Intensity (1)
The turbulence intensity is a measure of turbulence fluctuation of the wind field. It is strongly connected to the

atmospheric stability [11], the shear of wind profiles [12] and has an impact on the wind power generation [13],
[14]. Tt is defined as the standard deviation of horizontal wind speed (o) divided by the mean horizontal wind speed

U):

M

cla

2.2 Wind shear exponent (o)

The wind shear exponent is an important parameter for the design and operation of wind turbines. Studies have
shown that the wind power generation is influenced by wind shear [14], [15]. High wind shear is connected to
higher power production compare to low wind shear conditions [16]. On the other hand, extreme wind shear has a
negative impact on load control and rotor fatigue [17]. The wind power exponent (a) for this study was calculated
from wind speeds at 60 and 120 m using the power law [18]:

Uso _ (ﬁ)a )
U120 Z120

where U is horizontal wind speed (m/s) at height Z (m).
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3. Case study

3.1 Study area
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The area of this LLCJ event is located in the Havsul region off the coast of Western Norway as illustrated in
Figure 1. The topography of the area is dominated by high coastal mountains with elevation more than 1000 m over
sea level and long, narrow fjords.
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Figure 1. Left: Havsul region (black square) at Western Norway. Right:
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Location of Ona in the Havsul region.

The first step of the analysis of LLCJ is the investigation of the synoptic meteorological conditions at the time of
LLCJ event. Figure 2 (a) presents the synoptic situation (surface pressure analysis map) on 20 March 2011 at 18:00
UTC. A cold front approached the Norwegian coastline and advected cool and dense air into the area. It was mainly
triggered by a widespread upper-level ridge extended from the Western Europe to the Scandinavian region (Figure
2, b). Close to the coast, the distance between the isobars is relatively low, indicating a strong gradient of the sea
level pressure which leads to high wind speeds. In addition to the atmospheric conditions, the coastal mountains
play an important role for the development of the jet since they channel the air flow parallel to the coastline.
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Figure 2. (a) Surface pressure analysis map (mb) on March 20 at 18:00 UTC. The map derived from UK Met office surface analysis archive. (b)
Mean Sea Level Pressure (contours in hPa) and geopotential height at 500 hPa (colored shaded in gpm) on March 20 at 18:00 UTC. Data are
based on ECMWF operational analysis.

3.3 Data Overview
3.3.1 Satellite Observation

The SAR (Synthetic Aperture Radar) image at 21:00 UTC, 20.03.2011 from the central west Norwegian coast is
analyzed in Figure 3 to estimate the surface wind speed using the CMOD4 algorithm [20] and wind direction from
High-Resolution Limited Area Model (HIRLAM). The analysis shows clearly the presence of LLCJ with high wind
speeds from 14 to 20 m/s close to the coast and a width of the jet of about 30 to 40 km. The analysis also indicates a
sharp, only a few kilometers wide, boundary zone which separates the high (14-20 m/s) and low (8-10 m/s) wind
speed areas.

3.3.2 Observations at Ona.

Wind data from a meteorological mast were collected during the day of the LLCJ event from March 20 at 00:00
UTC to March 21 at 00:00 UTC at Ona island which is located in the Havsul region (Figure 1, b). The met mast
measured wind speed, wind direction and the corresponding standard deviation in 40 m, 50 m and 60 m with cup
anemometers. The results of high surface wind speed from SAR analysis are in good agreement with the wind
measurements at Ona presented in Figure 4 (a). They show a steady increase in wind speed from 12 m/s to a
maximum of 22 m/s at 60 m ASL with a sudden drop to 14 m/s at around 21.30 UTC. Figure 4 (b) illustrates the
turbulence intensity (%) during the event of LLCJ, ranging between 5% and 12%, with a mean value of around 7%.
These results indicate that the air flow is steady with high wind speeds and moderate fluctuations. During the LLCJ
event, the turbulence intensity follows in general the curve of the wind speed with a maximum of both around 18
UTC.
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Envisal ASAR Wind Speed 20.Mar-2011 20:58:12 C”- esa
Wind dir: HIRLAM 10 km (+00:01) - Aigorithm: cmod4

Figure 3. Analysis of the SAR image (ENVISAT ASAR Wideswath) of the coast of Norway obtained on 20 March 2011 [19].
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Figure 4. (a) Time series of wind speed (a) and turbulence intensity (b) from March 20 at 00:00 UTC to March 21 at 00:00 UTC at Ona island,
[19].
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4. Model set up

The Weather Research and Forecast Model (WRF) ARW version 3.5 [21] was used to simulate the LLCJ. In this
case study four domains (Figure 5) were used with two way nesting. The parent domain (D1) is covering the
Norwegian and North Sea with a horizontal resolution of 9 km. The second domain (D2) has a resolution of 3 km
and covers the southwest part of Norway and part of Norwegian and North Sea. The third domain (D3) with 1 km
horizontal resolution covers the coastal mountains and the area off the coast of Alesund. The inner most domain
(D4) covering the Havsul region has a resolution of 1/3 km. The data for the initialization was provided by the
reanalysis product ERA-Interim from the European Centre for Medium-Range Weather Forecast (ECMWF). The
model simulation time was 30 hours, from March 20, 2011 at 00:00 UTC to March 21, 2011 at 06:00 UTC. The
basic parameterization schemes used in this simulation are listed in Table 1.

Table 1. Parameterization schemes in WRF used for the LLCJ simulations.

Sub-grid physics Parameterization Scheme
Microphysics WREF Single-Moment 3-class [22]
Planetary Boundary layer Yonsei University (YSU) [23]
Surface Layer MMS5 Monin-Obukhov [24]
Land Surface Unified Noah land-surface model [25]
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Figure 5. Location of the four model domains with 9km, 3km 1km and 1/3km resolution.
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5. Model results

The result of the model simulation for the 10 m wind speed at 21:00 UTC 20.03.2011 is presented in Figure 6 for
the four model domains. It illustrates the fully developed LLCJ with wind speeds above 18 m/s close to the coast.
The width of the high speed flow is in the range of 30 to 40 km. A sharp transition zone of a few kilometers in width
separates the jet from the lower wind speeds in the surrounding. Both the magnitude of the wind speed and the
extension of the jet agree well with the SAR analysis presented in Figure 3. Zooming into the Havsul area also
shows the existence of band-like structures of higher and lower wind speeds oriented parallel to the coast that seem
to be directly connected to the complex topography of the region and creating additional horizontal wind shear in the

area.
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Figure 6. Wind speed at 10 m at 21:00 UTC 20.03.2011 for the four model domains.

For the analysis of the mesoscale structure of the LLCJ, vertical cross sections of the wind speed normal to LLCJ
direction (Figure 7, a) were presented in Figure 7 for different times, (b) 19:00, (c) 20:00 and (d) 21:00 UTC. The
results show that the LLCJ extents approximately 1km vertically and 30-40 km horizontally. The maximum wind
speeds in the core of the LLCJ are observed at the height of 500-800 m ASL and at 15-20 km off the coast. At these
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heights, the wind speeds exceed 30 m/s. Relative lower speed flow (20 — 28 m/s) prevails above the LLCJ. For
heights above 2.5 km, a high level jet with wind speed, greater than 28 m/s, is observed.

Figure 8 presents the variation of the wind speed at 60 m above the ground normal to the LLCJ at 19:00, 20:00
and 21:00 UTC. It shows that the wind speed increases significantly from 0-5 m/s (onshore) to 20 m/s (offshore)
producing a strong horizontal wind shear normal to the jet direction. Figure 9 presents the wind speed at 80 m (as
the nacelle height) ASL as a function of a (calculated between 60 m and 120 m, as the rotor disk diameter) at Ona
during the LLCJ event. The lowest value of a is 0.01 and the maximum 0.26. The results shows that the most of o
value (85.4%) are higher than 0.1 representing moderate to strong wind shear. On the other hand, only the 14.6% of
o is less than 0.1 indicating low wind shear.
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Figure 7. (a) The topography of Havsul region (the red line is normal to LLCJ direction). Cross sections of the wind speed normal to the LLCJ
direction for different time, (b) 19.00 UTC, (c) 20.00 UTC and (d) 21.00 UTC.
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Figure 8. Spatial variation of wind speed at 60 m above the ground along the red line (Figure 7,a)
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Figure 9. Wind shear exponent () as a function of wind speed at 80 m.

6. Model evaluation

In this section, different parameters were computed to evaluate the performance of the model against the
observations at Ona during the LLCJ event. Mean, standard deviation (o) of the observed and model data, bias,
RMSE (Root Mean Square Error), and the normalized RMSE to the mean of the observed values, SI(Scatter Index)
were calculated and illustrated in Table 2. The results show a bias of -0.35 m/s, RMSE of 2.35 m/s and SI 0of 0.14. In
order to further evaluate the model results, Q-Q plot between WRF and observed wind speeds at 60 m is presented
at Figure 10. For wind speed lower than 18 m/s, the model performs quite well since the points in the Q-Q plot are
closely following the 45° reference line (y=x). For higher wind speeds, the model slightly underestimates the wind
speed.

Table 2. Statistical parameters for the wind speed at 60 m at Ona.

Mean [m/s] o [m/s] Bias [m/s] RMSE [m/s] SI

Obs 16.88 1.98 - - -

WRF 16.53 2.17 -0.35 2.36 0.14
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Figure 10. Q-Q plot: WRF wind speed compared with Ona observations at 60 m for the period March 20 at 00 UTC to March 21 at 00 UTC.
7. Summary and conclusion

In the present study an analysis was performed to investigate a LLCJ event at the northern part of western
Norway using both observations and model results. The observations indicate a high wind energy potential of the
LLCIJ since the wind speeds varies from 12 to 22 m/s during the event. Moderate turbulence intensity between 5 %
and 12 % was calculated. The turbulence intensity curve follows the increase of wind speed reaching the maximum
values both around 18 UTC. The model simulation illustrates that the width of LLCJ had a range of 30 - 40 km
which comes to an agreement with the analysis of SAR image. The maximum wind speed (greater than 30 m/s) was
observed at the height from 500 to 800 m ASL. Furthermore, due to a significant increase of wind speed from
onshore to offshore, a strong horizontal wind shear normal to the jet direction was observed. Finally, using the
model outputs for the location of Ona, the wind shear was calculated as a function of wind speed at 80 m ASL. The
analysis shows that the 85.4 % of the exponent a corresponded to moderate — strong wind shear.
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