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STummary

As part of the Dutch Offshore Wind Atlas (DOWA) project, analyses were performed
on offshore wind measurements to provide enhanced characterisation of the North
Sea wind climate. Of particular interest was the spatiotemporal behaviour of the
offshore low-level jet (LLJ) — an anomalous wind event that can significantly impact
both wind turbine power performance and loading. LLJs are characterised by a
maximum in the vertical wind speed profile relatively close to the surface. LLJ
frequency, vertical wind profile characteristics, and onset mechanisms have been
extensively studied onshore. However, accurate measurement of the offshore wind
environment at high altitudes (i.e. above typical mast heights [~100 m]) has
historically been limited. Therefore, less is known regarding the behaviour of the
offshore LLJ. Recent emphasis on offshore wind measurement by the Dutch Ministry
of Economic Affairs has prompted the installation of high-quality anemometry on
platforms distributed throughout the North Sea. Including both meteorological masts
and light detection and ranging (lidar) units, these measurement systems enable
accurate measurement of atmospheric boundary layer (ABL) winds at high altitudes,
thereby increasing researcher ability to study anomalous wind behaviour offshore.
Within this study, wind data from seven different North Sea measurement platforms
— including several located within wind farm zones — were analysed to investigate
North Sea LLJ behaviour.

LLJ frequency was examined in this study using identification criteria established by
Baas et al. (2009). At MMIJ, a LLJ wind profile was detected 3.87 % of the time with
the LLJ maxima occurring on average at 101.51 m with a mean wind speed of 9.28
m s1. LLJ frequency and LLJ maxima height and strength varied between
measurement locations, but also depended heavily upon both seasonal cycle and the
site-relative measurement height and vertical sampling range. At MMIJ, LLJ
frequency increased to 7.56 % during the summer and 6.61 % during the spring.
Whereas during the fall and winter, MMIJ LLJ frequency was significantly reduced.
Measurement sites that sampled the ABL wind field across a greater vertical range
and at higher heights typically detected a larger number of LLJs, as well as higher
mean values of LLJ maxima height and wind speed. A novel method was also
established in this study to systematically define LLJ events so that LLJ temporal
behaviour (i.e. onset time and duration) could be quantitatively examined. LLJ events
typically initiated during the night at MMIJ and persisted for an average duration of
96.6 min. However, the LLJ event duration distribution was heavy-tailed (positive
skew), with several LLJ events lasting in excess of 10 hrs. Despite exhibiting
seasonal dependencies, LLJ duration did not significantly differ between sites —
unlike LLJ frequency and LLJ maxima height and strength.

Despite impediments to direct inter-site comparison (i.e. variations in site-
measurement height and seasonal data availability), techniques were established to
explore on a first-order basis North Sea LLJ spatial coherence. Research
demonstrated that if a LLJ were detected at a given measurement site, there was a
high likelihood (> 70 %) that a LLJ wind profile would also be detected at a
neighbouring measurement site within a 24-hr period. This supports prior research
that LLJs are not spatially isolated events, but rather can occupy significant spatial
areas.
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1 Introduction

The Dutch Part of the North Sea is expected to see substantial growth in offshore
wind energy over the next decade. By 2023, the Dutch Part of the North Sea should
have a total installed capacity of 4.5 GW, and by 2030 an installed capacity of 11.5
GW. Efficient development of offshore wind energy requires a thorough
understanding of offshore wind conditions — including both mean state and
anomalous behaviour. Numerical wind models can reasonably depict mean wind
state. However, anomalous wind conditions are less understood and often
insufficiently resolved within numerical models (Brown et al. 2005; Mirocha et al.
2016) — in part because offshore wind measurements are historically limited.
Anomalous wind events have the potential to significantly impact wind turbine power
performance and loading (Burton et al. 2011; Park et al. 2014; Bhaaganagar and
Debnath 2015; Gutierrez et al. 2016; Holtslag 2016; Gutierrez et al. 2017). Therefore,
these events require research attention.

Advancements in remote sensing technologies have enabled enhanced
measurement of the offshore wind environment. These systems typically measure
atmospheric boundary layer (ABL) winds across larger vertical ranges and at greater
spatial frequencies than traditional meteorological masts. As part of a meteorological
campaign commissioned by the Dutch Ministry of Economic Affairs, multiple
measurement platforms located throughout the North Sea have been equipped with
remote sensing instruments. These measurements have the potential to lend insight
into North Sea anomalous wind event frequency, characteristics, and onset
mechanisms.

An anomalous wind event that is of particular interest to the wind energy community
is the low-level jet (LLJ). The LLJ is a thin stream of enhanced momentum, typically
with wind speeds between 10 m st and 20 m s, located within the lower portions
(i.e. <300 m) of the ABL (Stull 1988). Onshore LLJs have been observed in Europe
(Sladkovic and Kanter 1977; Kraus et al. 1985), Africa (Anderson 1976; Hart et al.
1978), North and South America (Blackadar 1957; Bonner 1968; Lettau 1967), and
Australia (Malcher and Kraus 1983; Brook 1985; Garrat 1985). However, relative to
the onshore LLJ, less is known regarding offshore LLJ behaviour. Accurately
characterising offshore LLJ spatiotemporal behaviour is imperative to ensure future
reductions in North Sea wind uncertainty. Therefore, analyses of wind conditions at
seven offshore measurement platforms were performed in this study to advance the
knowledge and understanding of the offshore LLJ.

This report is structured as follows: section two provides details of the measurement
platforms, instruments, and data quality control, section three documents LLJ
identification and analysis techniques, and section four provides a discussion of the
results.
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Measurement platforms, instruments, and data
quality control

An increasing number of meteorological measurement platforms have been
established across the Dutch Part of the North Sea within the last decade in an
attempt to provide improved characterisation of the offshore wind environment.
Seven of these measurement sites (Figure 1) were used in this study to analyse North
Sea LLJ spatiotemporal behaviour. Each station chosen was equipped with light
detection and ranging (lidar), and at one location a meteorological mast was also
installed. Anemometry specifics and the data quality control procedures employed
are detailed in the following sections.
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Figure 1. The seven measurement sites used to examine offshore LLJ spatiotemporal
behaviour. For identification of the measurement sites, see Table 1.

Lidar measurements

Vertically pointing lidar provides efficient and non-intrusive measurement of ABL
winds. Compared to traditional meteorological masts, lidar typically expand the
height and vertical sampling frequency of offshore wind measurements. Although
lidar were available at each measurement site, lidar type and mounting procedures
varied. Lidar type included the Zephir 300s continuous-wave (CW) lidar and the
WINDCUBE V2 pulsed lidar. These lidar were typically platform mounted, except at
the Borssele wind farm and Hollandse Kust wind zones (Noord and Zuid) where the
lidar was instrumented atop a floating metocean buoy. Also, instead of only one lidar
being deployed (such as at measurement locations using platform-mounting
procedures), two lidar-equipped metocean buoys were positioned within each of
these wind zones.
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CW and pulsed wind lidar are coherent systems, meaning they both analyse Doppler
shift frequencies to determine an estimate of the radial wind speed (Diaz et al. 2013).
However, radial velocity and vertical wind profile extraction techniques differ between
the two lidar types. Whereas pulsed wind lidar use range gates to near-
simultaneously extract radial velocity estimates at multiple points in space, CW wind
lidar can only extract a radial velocity estimate at the beam focus length. This beam
focus length must be modified in time in order to measure the wind field at varying
locations. The radial wind speed is defined as the motion of the wind towards or
away from the remote sensing instrument. Unless the wind is moving along one of
these radials, then the wind speed will not be fully resolved. Therefore, CW and
pulsed wind lidar use varying adaptations of conical scanning techniques (Banakh et
al. 1993) to resolve the horizontal wind field at varying heights above-ground level
(AGL). For brevity, these differences are not detailed in this report. However,
because of these differences, the vertical wind profile was resolved at 17-s intervals
for the CW wind lidar and at 4-s intervals for the pulsed wind lidar. A 10-min average
of these vertical wind profiles was used in this study to examine LLJ behaviour.

A summary of the lidar measurements at each site — including lidar type,
measurement heights, and the data collection periods — is provided in Table 1. A
schematic is also provided in Figure 2 to demonstrate the site-specific measurement
heights.

Table 1 Site lidar description. Data collection period start and end times are denoted by the
letters S and E. Measurement heights are indicated by HGTwmisc (if applicable) and
HGTmin:HGTinterval:HG Tmax.

Measurement Lidar Type Mounting Measurement Data Collection
Location (X 2 — two site Procedure Heights (m) Period
lidars)
IJmuiden ZephlR 300s Platform- 90:25:315 S: 11-Nov-2011
(MMIJ) Mounted E: 09-Mar-2016
Europlatform ZephlR 300s Platform- 63, 91:25:291 S: 30-May-2016
(EPL) Mounted E: 31-Dec-2017
Lichteiland WINDCUBEvV2 Platform- 63, 91:25:291 S: 17-Nov-2014
Goeree (LEG) Mounted E: 31-Dec-2017
K13a ZephIR 300s Platform- 63, 91:25:291 S: 01-Nov-2016
Mounted E: 31-Mar-2018
Hollandse Kust ZephlR 300s x 2 Floating 30, 40, S: 10-Apr-2017
(Noord) Wind (Sites A and B) 60:20:200 E: 31-Oct-2017
Farm Zone Period A = Period B
(HKN)

Hollandse Kust ZephIR 300s x 2 Floating 30, 40, S: 05-Jun-2016
(Zuid) Wind (Sites A and B) 60:20:200 E: 28-Feb 2018
Farm Zone Period A = Period B

(HKZ)

Borssele Wind ZephlIR 300s x 2 Floating 30, 40, Site I

Farm Zone (Sites | and 1) 60:20:200 S: 11-Jun-2015

(BWF2) E: 27-Feb-2017
Site Il

S: 12-Feb-2016

E: 07-Jul-2016
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Figure 2. Site-specific lidar (horizontal red lines) and mast (horizontal blue lines)
measurement heights.

Meteorological mast measurements at IJmuiden

Collocated with the wind lidar at MMIJ was a meteorological tower instrumented at
multiple levels. Cup anemometry was mounted at 27 m, 58 m, and 85 m to measure
horizontal wind speed, and a wind vane was used at 27 m, 58 m, and 87 m to
determine the horizontal wind direction. At each measurement level, anemometry
was mounted along booms arms at 46.5° (~NE), 166.5° (~SSE), and 286.5° (~WNW).
Depending upon the wind direction, tower shading corrections (Werkhoven and
Verhoef 2012) were applied to ensure an accurate depiction of the horizontal wind
field. In order to couple mast and lidar data, and therefore enable offshore wind
analyses between 27 m and 315 m, the lowest lidar and highest mast measurement
heights were averaged together. Similar averaging of mast and lidar measurements
at MMIJ were performed by Kalverla et al. (2017).

Data quality control

Data quality control is imperative to ensure an accurate depiction of the offshore LLJ.
Implementation of data quality control varied depending upon measurement source
(i.e. lidar versus mast) and lidar type (i.e. ZephIR 300s versus WINDCUBE v2).
However, considerations were made to ensure data quality control was employed
relatively uniformly between measurement sites. At both the Borssele wind farm and
Hollandse Kust (Noord and Zuid) wind zones, first-order quality control was already
performed by Fugro. An overview of these quality control procedures can be found
online (https://offshorewind.rvo.nl).

Regardless of measurement source, plausible value checks were imposed on the
wind data. Any 10-min observation that met the following criteria was removed from
the data record:
e The mean wind speed was either greater than the period maximum wind
speed or less than the period minimum wind speed.
e The mean wind speed was less than 0.05 m s
e Turbulence intensity (TI) for the period fell below 0.10 % (i.e. 0.001).


https://offshorewind.rvo.nl/
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e Atthe measurement height, the value of Tl was 10 standard deviations (or;)
greater than the mean (u;) Tlvalue (i.e. TI = pr; + 1004;); ur; and op; were
defined as the height-respective value for the entire data collection period.
Because TI typically decreases with mean wind speed, this threshold was
only imposed if the 10-min mean wind speed exceeded 4 m s

Specific quality control measures were also applied to the lidar wind data. Any 10-
min observation that satisfied the following criteria were removed from the data
record:

e Alidar error code (e.g. 9998 or 9999) was reported.

e The carrier-to-noise ratio (CNR) was less than -22 (the value of CNR
provides a measure of signal strength [i.e. quality]). CNR was only outputted
by the WINDCUBE v2 wind lidar.

e Backscatter magnitude was less than 1e™ or greater than 100 — backscatter
served as a proxy for CNR for data reported by the ZephIR 300s lidar.

Prior analyses (e.g. Poveda and Wouters 2015) demonstrate that the ZephIR 300s
lidar can incorrectly measure wind direction by 180°. Analysis of wind data at MMIJ
from January 2012 through January 2014 indicated that approximately 3.6 % of the
measured wind data exhibited this flow reversal. Although mitigation (i.e. removal)
of this data is possible, it requires independent wind direction measurements from a
collocated meteorological mast. Because mast data was not available at each site,
these wind direction errors were not removed. However, ZephlR 300s lidar wind
direction errors did not impact the measured wind speed. Even when the lidar wind
direction exhibited this flow reversal error, the measured wind speeds were in
agreement with the collocated mast data. This wind direction error was therefore not
expected to significantly impact results. However, wind direction sectors were filtered
and corresponding data (wind speed and direction) were removed in order to account
for the wake effect of neighbouring wind farms. A generous estimate of 20 km was
used to denote the maximum wind farm wake length.
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3

3.1

3.2

North Sea LLJ Analyses

LLJ identification

LLJ identification criteria has often varied between studies. Roughly stated, most
studies require a ‘significant’ wind speed maximum within the lower portions of the
vertical wind profile. In this work, the significance of this wind speed maximum was
defined relative to the magnitude of a reference minimum wind speed. This reference
minimum was defined as the lowest-altitude wind speed minimum that was detected
above the wind speed maximum (Figure 3a). However, if at the measurement level
above the reference minimum height the wind speed does not increase by at least
one meter per second, then this reference minimum was neglected, and the process
to determine the reference minimum was continued at higher elevations (Figure 3b).
If no sufficient minimum was detected, the wind speed magnitude at the top of the
vertical wind profile was used as the reference minimum (Figure 3c). Using
thresholds set forth by Baas et al. (2009), a wind profile was classified as a LLJ if the
wind speed maximum was at least 2 m s and 25 % faster than the reference
minimum wind speed. A wind profile was only examined for LLJ presence if the
vertical wind profile was fully defined.

a) b) C) MIN
MIN
5 5 5
£ MIN 2 . z
LLJ U LLJ LLJ
0 0 0
0 Wind speed 0 Wind speed 0 Wind speed

Figure 3. Schematic demonstrating the methods used to determine LLJ maximum and
reference minimum velocities. (A) Typically, the reference minimum is the first wind speed
minimum detected above the height of the LLJ maximum. (B) However, a wind speed
minimum is neglected if, at the measurement level above, there is not at least a one meter
per second increase in wind speed. (C) Also, if no sufficient reference minimum can be
determined, the wind speed magnitude at the top of the wind profile is used as the reference
minimum.

LLJ profile and event characterisation

Due to the coupling of high-altitude lidar data with low-level mast measurements as
well as four-plus years of near-continuous data collection, the most comprehensive
measurement of the offshore wind environment occurred at MMIJ. Therefore, MMIJ
LLJ characterisation served as the foundation for this report. These results are
presented first, followed by LLJ characterisation at other sites and a discussion of
factors impacting LLJ characterisation. Analyses conclude with a first-order
examination of LLJ spatial coherence.
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3.2.1

MMIJ LLJ characterisation

High-quality offshore wind measurements at MMIJ, situated about 85 km from the
coast, were collected between November 2011 and March 2016. During this period,
228,960 10-min wind profiles were collected. However, approximately 14 % (32,034)
of these wind profiles were not considered because the wind profile was not fully
defined across the vertical measurement range. Of the remaining 196,926 wind
profiles examined, 7,616 (3.87 %) exhibited a LLJ profile. The LLJ wind speed
maximum occurred at an average height of 101.51 m with a mean velocity of 9.28 m
s1 (Figure 4). The value of the LLJ wind speed maximum was on average 83.72 %
greater than the reference minimum wind speed at 279.85 m. This provides an
indication of the inverse shear present above the LLJ maximum.
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Figure 4. (A) The mean LLJ wind profile (red line) overlaid by a power-law wind profile (blue
line) with an assumed alpha value of 1/7. (B) Kernel estimate of the probability density

function of LLJ maxima height (blue line) and wind speed (red line).

LLJ occurrence varied with wind direction (Figure 5a). LLJ occurrence as a function
of wind direction sector was approximately: (1) 30 % between 0° and 90° (i.e. Q1),
(2) 25 % between 90° and 180° (i.e. Q2), (3) 34 % between 180° and 270° (i.e. Q3),
and (4) 11 % between 270° and 360° (i.e. Q4). The relative occurrence percentages
provided are defined relative to all of the measured wind data, regardless of wind
direction sector (i.e. Q1, Q2, Q3, Q4). Therefore, although LLJ occurrence was
highest with winds from the southwest, this did not indicate that southwest winds were
more likely than other wind directions to contain a LLJ. Southwest winds were most
common at MMIJ (Figure 5b); therefore, it is trivial that a LLJ would emanate most
often from this wind direction. Considering the frequency distribution of both MMIJ
LLJ occurrence and wind direction, the highest probability of LLJ occurrence was
actually with northerly winds. LLJ maxima height and velocity also varied as a
function of wind direction (Figure 6). The strongest LLJs — as defined by the jet
maxima wind speed — were observed with winds from the southwest. Analysis of LLJ
profile shape as a function of wind direction suggests a direct relationship between
LLJ maxima height and strength. Although not examined here, a more thorough
analysis of this relationship might be of benefit to the wind engineering community.
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Figure 5. (A) MMIJ LLJ occurrence as a function of wind direction and (B) the MMIJ wind
rose.
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Figure 6. Mean LLJ wind profile as a function of wind direction sector. Wind direction sectors
(i.,e. Q1, Q2, Q3, Q4) are defined in text.

The annual LLJ occurrence rate of 3.87 % does not accurately depict LLJ likelihood
at any point during the year. Seasonal variability in atmospheric conditions means
that during some seasons — i.e. spring (calendar months: MAM) and summer
(calendar months: JJA) — LLJ incidence was amplified, whereas in other seasons —
i.e. fall (calendar months: SON) and winter (calendar months: DJF) — LLJ occurrence
was diminished. For the four-plus year period analysed, summer winds contained a
LLJ 7.56 % of the time, and spring winds contained a LLJ 6.61 % of the time. LLJ
frequency within the fall was reduced to 1.30 %, and similarly was reduced to 1.05 %
within the winter. Seasonal differences in LLJ frequency followed trends in ABL
stability. This was demonstrated by examining the season-respective magnitude of
the virtual potential temperature gradient Ag,, (Figure 7a). Positive values of A9, are
indicative of a stable ABL, whereas negative values suggest a convective, or
unstable, ABL. Large magnitude positive Af, values indicating stable conditions
were most commonly observed within the spring and summer months. This supports
the hypotheses that LLJs are fostered by stable conditions (e.g. Angevine et al. 2006;
Dorenkamper et al. 2015; Kalverla et al. 2017), which can occur across the North
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Sea when warm continental air is advected over the cooler ocean. Seasonal mean
LLJ wind profiles are provided in Figure 7b.
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Inter-site comparison of the offshore LLJ in order to examine LLJ spatial variation
was a principal focus of this work. However, data collection at the various
measurement sites was not concurrent. Therefore, it was important to determine how
LLJ characteristics vary at a single location with time in order to denote whether inter-
site comparison of the offshore LLJ was appropriate. Although interannual
differences in LLJ behaviour existed at MMIJ, distinct trends (i.e. increasing or
decreasing) in LLJ occurrence (Figure 8a), LLJ maxima height (Figure 8b [blue
circles]), and LLJ maxima wind speed (Figure 8b [orange circles]) were not observed
between 2012 and 2015. Data from 2011 and 2016 were not considered because
they did not encompass a full calendar year of measurements (i.e. Jan — Dec). LLJ
annual occurrence peaked at 5.28 % in 2013, and in 2012 reached a minimum value
of 3.05 %. Annual average LLJ maxima height varied between 91.45 m and 105.98
m, and the annual average LLJ maxima wind speed varied between 8.90 m s and
9.79 m s1. It was difficult to discern whether these changes were due to interannual
LLJ variability or interannual differences in seasonal data availability. Therefore,
although interannual differences in LLJ behaviour were minimal, inter-site LLJ
comparisons should be performed with caution; emphasis should be placed on
seasonal as opposed to annual inter-site comparisons.
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Figure 8. (A) Annual average time history of (A) LLJ occurrence and (B) LLJ maxima height
(blue circles) and wind speed (orange circles).
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MMIJ LLJ event temporal analysis

In order to examine LLJ temporal behaviour, research has primarily examined LLJ
occurrence as a function of the diurnal cycle (e.g. Marengo et al. 2004; Song et al.
2005; Karipot et al. 2009; Rijo et al. 2018). This research indicates LLJ tendency to
form during the night, but does not give any indication of LLJ temporal persistence.
Even research that has explicitly noted persistence in the LLJ (Vanderwende et al.
2015) has not provided quantitative methods to examine this temporal persistence.
To address this issue, a framework was established in this study to systematically
identify persistent LLJs (i.e. LLJ events) so that LLJ temporal behaviour could be
guantitatively analysed.

The following methods were used to determine LLJ event initiation and cessation.
LLJ event initiation (i.e. onset time) occurred when at least two 10-min wind profiles
within a 30-min period satisfied the criteria for a LLJ. Once LLJ event initiation
occurred, this 30-min window was advanced in time until there were zero LLJ wind
profiles within the 30-min period, thereby denoting LLJ event cessation. LLJ event
duration was defined as the time period between the first and last LLJ profiles
detected. Demonstrating the robustness of the technique and LLJ wind profile
persistence, only 510 (6.7 %) of the 7,616 LLJ profiles identified at MMIJ were not
contained within a LLJ event. The thresholds presented in this report represent a
first-order attempt to identify LLJ events, and therefore are not expected to
comprehensively resolve this phenomenon. A thorough sensitivity analysis should
be performed in future work to determine LLJ event sensitivity to the chosen
parameters. Also, parameter selection will need to be modified to accommodate
varying wind speed averaging periods.

LLJ events at MMIJ typically initiated at 00:10 UTC and lasted for 96.6 min. A non-
parametric kernel density estimator with bounded support was used to define the
probability density function for both LLJ event onset time (Figure 9a) and duration
(Figure 9b). The distribution of LLJ event onset times exhibited a peak during the
night with LLJ event onset frequency diminishing towards the tails (i.e. the daytime
period). Alternatively, the LLJ event duration distribution was heavy-tailed with a
positive skew. More than half (51.5%) of the LLJ events identified exceeded one
hour in duration; six of these events persisted for more than 10 hrs. A maximum LLJ
event duration of 27 hrs was detected. Also, LLJ event duration did not exhibit
considerable variation as a function of LLJ event onset time (Figure 10).
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Figure 10. Mean LLJ event duration as a function of event onset time.
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Both LLJ event onset time and duration exhibited seasonal variability. LLJ events in
the spring initiated slightly before those in the fall, which initiated slightly before those
in the summer (Figure 11). Within the winter a strong peak in LLJ event initiation time
did not occur; the winter LLJ event onset time distribution was relatively flat
throughout the night. The longest LLJ events occurred in the spring and summer
months. Summer LLJs exhibited a mean duration of 99.2 min, whereas spring LLJs
typically persisted for an average time of 105.7 min. Mean LLJ event duration was
reduced to 77.1 min in the winter and 69.9 min in the fall. Spring and summer months
also saw more than double the number of three-plus hour LLJ events than those
observed in the fall and winter months.
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Figure 11. Kernel density estimate of seasonal LLJ event initiation time.
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3.2.3

3.3

MMIJ LLJ intra-event profile evolution

The focus of segmenting LLJ wind profiles into larger-scale events was to enable
guantitative analysis of LLJ temporal behaviour. However, defining these events also
enables the examination of wind and atmospheric conditions before, within, and
following these events. Wind speed evolution within a typical one-hr LLJ event at
MMIJ is shown in Figure 12a. Wind analysis techniques can further be modified to
examine intra-event evolution of wind shear (Figure 12b) and veer (Figure 12c).
Values of wind shear and veer provided in Figure 12 were defined as the difference
in wind measurement (i.e. wind speed or direction) between 27 m and the subsequent
measurement height (i.e. Wind,;,, — Windyyx,,). Although this analysis topic is
presented, an in-depth examination of intra-event wind evolution was not performed.
For future work, it would be interesting to note how LLJ wind profiles vary within
larger-scale temporal events such as the 27 hr LLJ event observed at MMIJ.
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Figure 12. (A) LLJ wind profile evolution within a one-hour LLJ event along with
corresponding profiles of wind (B) shear and (C) veer at event-relative intervals of 10-min,
30-min, and 50-min.

North Sea LLJ spatial variability

Expanding LLJ analyses to other portions of the North Sea that will see future wind
farm development (i.e. Figure 13) is imperative to reduce offshore wind resource
uncertainty. LLJ identification criteria was therefore applied to wind data from each
available measurement site to examine spatial differences in LLJ behaviour. Site-
specific LLJ occurrence and wind profile characteristics (summarized in Table 2)
exhibited sensitivity to site measurement height, which was dictated by the lidar
capabilities and site mounting procedures. Lidar at MMIJ, EPL, and K13a were able
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to measure higher altitudes winds than those at BWFZ, HKN, and HKZ. Those
stations that measured at higher altitudes detected a higher occurrence of LLJs. LLJ
detection sensitivity to site measurement height can be partially attributed to the
impact of measurement height on the reference minimum value chosen. If wind
speeds steadily decrease with altitude or if a sufficient wind speed minimum was not
determined (i.e. Figure 3c), then the wind speed at the top of the wind profile was
used as the reference minimum value. Those stations that measure at higher
altitudes will therefore demonstrate a propensity to detect lower magnitude reference
minimum values, which should increase the likelihood of LLJ detection. Alternatively,
sites that measure at higher altitudes might not properly resolve LLJ maxima
occurring below the lowest lidar measurement height of 90 m. LLJ maxima height
and strength will therefore also be sensitive to site measurement height. This
research suggests that a deep vertical measurement range is required to
comprehensively analyse offshore LLJ behaviour, and further that a uniform vertical
measurement range is required for equivalent inter-site LLJ comparison. An
overview of spatial variation in LLJ temporal behaviour is provided in Table 3.
However, because inter-site comparison of LLJ behaviour was hindered by
differences in site measurement height and non-concurrent data collection periods
(Figure 14), further discussion of LLJ spatial variability was not provided.

Dutch offshore windenergy
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Figure 13. Offshore wind energy roadmap that outlines future wind farm development
regions (image provided by: https://www.rvo.nl).
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Table 2

parsed relative to the site-specific measurement range.

Site Measurement Range
90 m-291m

Wind Speed
Profiles
Examined

LLJ Profile
Detection
(%)

LLJ Maxima Mean
Wind Speed (m s?)

_—_——  ———————  ———————————————————— ==
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Site-specific LLJ frequency and general profile characteristics — results are

LLJ Maxima
Mean Height
(m)

Site Measurement Range
27m-215m

MMIJ (lidar data only) 215,942 2.89 9.53 115.6
LEG 76,058 2.57 8.32 120.5
EPL 80,289 3.21 8.94 113.8
K13a 73,922 2.43 9.65 122.8

_—_——  —————— —————————————————— ==

|

MMIJ (lidar and mast data) 197,415 2.12 8.42 80.6
Hollandse Kust Noord (A) 18,659 1.18 7.10 60.7
Hollandse Kust Noord (B) 21,273 1.31 7.14 54.9
Hollandse Kust Zuid (A) 76,534 0.77 7.53 69.1
Hollandse Kust Zuid (B) 79,048 0.76 7.58 67.2
Borssele Wind Farm Zone 37,028 2.79 8.45 65.7
(Site 1)
Borssele Wind Farm Zone 8,939 5.01 9.18 71.7
(Site 2)

Lichteiland Goeree

Dec2010  May-2012  Sep-2013

Feb-2015  Jun2018  Nov-2017

Mar-2019

Europlaﬁorm

Dec-2010 May-2012

K13a

Sep-2013

Dec-2010 May-2012 Sep-2013

Feb-2015 Jun-2016 Now-2017

Feb-2015 Jun-2016 Nov-2017

Date, Month-Year

Figure 14. Data collection periods for those stations with measurements occurring

Mar-2019

Mar-2019

Hollandseé Kust Noord

Hollandse Kust Zuid

Borselle Wind Farm (Site 1) -

Borselle Wind Farm (Site II) '

Dec-2010

between (A) 90 m and 291 m and (B) 27 m and 215 m.

Table 3

site-specific measurement range.

Site-Specific Measurement
Range: 90 m — 291 m

Number of LLJ
Events Identified

Mean LLJ

Event Onset
Time (UTC)

May-2012  Sep-2013

Feb-2015  Jun-2018
Date, Month-Year

Mean LLJ Event
Duration (mins)

_— —

Nov-2017

Mar-2019

Site-specific LLJ event temporal behaviour — results are parsed relative to the

Number of LLJ
Events in
Excess of 10
Hrs

Site-Specific Measurement
Range: 27 m —215m

MMIJ (lidar data only) 696 00:00 90.1 4
LEG 210 00:40 90.1 2
EPL 295 00:00 86.4 1
K13a 234 00:00 75.3 0

_— ——

_— —

MMIJ (lidar and mast data) 450 00:10 92.5 3
Hollandse Kust Noord (A) 25 22:10 89.6 0
Hollandse Kust Noord (B) 36 21:20 80.3 0

Hollandse Kust Zuid (A) 89 01:10 59.7 0
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Hollandse Kust Zuid (B) 97 00:50 57.2 0

Borssele Wind Farm Zone 110 23:30 96.6 0
(Site 1)

Borssele Wind Farm Zone 37 22:20 123.5 1
(Site 2)

3.3.1

LLJ spatial coherence

Inter-site comparison of the offshore LLJ was hindered by many factors. Therefore,
different analysis techniques were developed to examine offshore LLJ spatial
coherence. Analyses of LLJ behaviour at measurement site pairs (i.e. Site A and B)
that exhibited extended periods of concurrent data collection were used to investigate
the following question. If a LLJ was detected at Site A, what was the probability that
a LLJ would be detected at a neighbouring Site B, and at what time lag (i.e. Site A
LLJ detection time + XX hrs) does this detection typically occur? This analysis lends
insight into whether LLJs are isolated North Sea events, or whether they constitute
some larger scale atmospheric phenomenon as suggested in literature.

Analysis was performed between measurement platforms K13a (Figure 15a [blue
circle]) and EPL (Figure 15a [red circle]) and LEG (Figure 15a [yellow circle]) and
EPL. Measurement platform EPL was located about 135.6 km to the south-southeast
of K13a, and approximately 28.4 km to the northwest of LEG. Measurement platform
spatial distribution enables rough analysis of north-south, and to a lesser degree east-
west, LLJ spatial coherence. When a LLJ was identified at either site (e.g. Site A),
then wind conditions at the neighbouring site (e.g. Site B) were analysed to
investigate whether the wind conditions there also satisfied the criteria for a LLJ. Site
B wind conditions were initially examined for the one-hr time period following Site A
LLJ detection. If a LLJ wind profile was detected within this time interval, analysis
ended and the time lag (i.e. one hour) was noted. However, if no LLJs were detected
within the time period, then the search window was expanded by one hour and the
LLJ search process was repeated. This analysis was iterated outwards of 24 hrs or
until a LLJ wind profile was detected at Site B. Analysis was only performed if at least
75 % of the wind profiles within the search interval were fully defined.

When a LLJ was detected at either K13a or EPL, there was a high probability (>70
%) of LLJ occurrence at the neighbouring site within 24 hrs (Figure 15b). Similar
patterns were observed between LEG and EPL, wherein an even higher likelihood
(>80 %) of LLJ detection at the neighbouring measurement site was noted at the end
of the 24-hr period (Figure 15c). Given the distance between measurement sites, it
makes sense that initial LLJ detection rates were higher for the measurement pair
LEG and EPL (~ 50 %) than for K13a and EPL (~ 25 %). Also, the probability of LLJ
occurrence at EPL (given a LLJ was detected at LEG) did not significantly differ from
the probability of LLJ occurrence at LEG (given a LLJ was detected at EPL). Again,
this makes sense given the close proximity of the measurement stations to one
another. However, between measurement pair K13a and EPL, the probability of LLJ
detection at the neighbouring site was consistently larger when the LLJ was first
identified at K13a. This could indicate that offshore LLJs typically form in the north
before propagating south. Further explanation of the physical mechanisms that
govern this southward propagation is outside the scope of this work. In closing, the
high-likelihood of LLJ occurrence at neighbouring measurement locations when a LLJ
profile was detected at a given site supports North Sea LLJ spatial coherence.
Subsequent work should leverage similar techniques to determine North Sea LLJ
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spatial propagation patterns, which might lend insight into the physical mechanisms
governing North Sea LLJ behaviour.
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Figure 15. (A) The spatial distribution of North Sea measurement sites — measurement sites
used in analysis are overlaid by a colored circle (colors are defined in text). The likelihood
of LLJ detection at the neighbouring measurement site for measurement pairs (B) K13a and
EPL and (C) LEG and EPL.
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4 Concluding remarks and discussion

Due to historically limited measurement of the offshore ABL, especially at high
altitudes, uncertainty in offshore wind remains. Although numerical weather models
can reasonably resolve mean wind conditions, less is known regarding the behaviour
of the offshore LLJ — an anomalous wind event that can significantly impact both wind
turbine power performance and loading. In order to ensure future wind farm
effectiveness, it is paramount that the North Sea LLJ is thoroughly characterized.
Therefore, using wind data from seven offshore measurement platforms, the focus of
this work was to improve spatiotemporal characterisation of the North Sea LLJ.

Analyses of North Sea wind conditions at these measurement platforms indicate that
LLJ wind profile occurrence is not rare. A LLJ wind profile at MMIJ was detected 3.87
% of the time with the LLJ maxima occurring at an average height of 101.51 m with
a mean wind speed of 9.28 m s1. These LLJ maxima height and wind speed
characteristics were similar to what has been observed onshore (Banta et al. 2002).
LLJ frequency and jet maxima characteristics were both seasonally and directionally
dependent. LLJ occurrence was amplified during the spring and summer with winds
emanating from the south-southwest. However, this directional peak in LLJ
occurrence was due to site climatology as winds emanated heavily from quadrant
three. The probability that a given wind profile satisfies the criteria for a LLJ was
actually greatest with winds from the north to north-northeast. Also established in
this work were novel methods to discern LLJ events, which enabled quantitative
analyses of LLJ temporal behaviour (i.e. onset time and duration). These events
typically initiated during the night (~ 00:10 UTC) at MMIJ and on average persisted
for 96.6 min. The distribution of LLJ event duration times was heavy-tailed (positive
skew) with several LLJ events lasting in excess of 10 hrs. A maximum duration time
of 27 hrs was detected. Similar to LLJ profile frequency, LLJ event duration was also
seasonally dependent. The longest LLJ events occurred in spring and summer,
whereas event duration was significantly reduced in the fall and winter. However,
regardless of season, LLJ event onset remained greatest during the night.

Identifying LLJ sensitivity to seasonal cycle, wind direction, and vertical measurement
range was a significant finding of this work. Measurement sites sampling across
larger vertical ranges and at higher altitudes typically detected a greater percentage
of LLJs. Sites sampling at higher altitudes also denoted increased LLJ maxima wind
speed and height. Knowledge of these sensitivities informs researchers when direct
inter-site comparison of LLJ behaviour is appropriate. Appropriate inter-site
comparison of LLJ behaviour not only requires uniform LLJ detection criteria and
seasonally concurrent data collection periods, but also similar vertical measurement
profiles.

Inter-site comparison of LLJ behaviour was not appropriate for many of the available
measurement sites. However, because knowledge of offshore LLJ spatial coherence
is paramount, alternative analysis techniques were established to explore offshore
LLJ spatial variability. Analyses of LLJ frequency and timing at measurement sites
K13a, EPL, and LEG suggest that if a LLJ wind profile is detected at a given site,
then there is a high probability (i.e. > 70 %) of LLJ detection at a neighbouring site
within a 24-hr period. Further research is needed to determine whether the same
LLJ is responsible for detection at neighbouring measurement sites — i.e. does the
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4.1

4.2

LLJ propagate with space and time? Regardless, these percentages support theory
that LLJs are not isolated or spurious events, but rather are spatially widespread and
can occupy a significant area.

Recommendations for future work

This work lent insight into offshore LLJ frequency and jet maxima height and intensity
at various North Sea locations. These results indicate, as prior research has, that
LLJs have the potential to impact wind turbine performance. While results
demonstrated that LLJ maxima occur within rotor sweep of a typical offshore wind
turbine, it is unsure whether there is a net increase or decrease in the mass flux
across the rotor sweep. Future analyses should examine the change in wind turbine
rotor sweep mass flux in order to quantify the potential benefit or harm of LLJs to
wind turbine power performance. Additionally, a more systematic and quantitative
approach should be taken to examine changes in wind shear, veer, and vertical
profiles of both Tl and turbulence kinetic energy that occur in the presence of LLJs.
These vertical profile modifications likely reside outside the design specifications of
offshore wind turbines, and therefore can significantly impact wind turbine loading
characteristics. Examining these things will allow researchers to better quantify the
potential impacts of the offshore LLJ on wind turbine performance and efficiency.

In order to better understand LLJ spatiotemporal behaviour and the potential onset
mechanisms of offshore LLJs, greater temporal overlap (i.e. concurrent data
collection) between the various measurement sites must be established. Once these
quality datasets have been developed, analysis techniques should be re-applied so
that the propagation patterns of North Sea LLJs can be better analysed. This should
lend insight into the physical mechanisms that govern these anomalous wind events,
and further might allow researchers to apply some sort of measure-correlate-predict
methodologies to this event. While methods were established to examine LLJ
temporal behaviour on a first-order basis, a thorough sensitivity analyses should be
performed on the various parameters that were used to denote LLJ event initiation
and cessation. A more thorough literature search should also be performed on
extreme value theory to see what other techniques might be available to quantify LLJ
event persistence. Also, in order to gain a more comprehensive understanding of
these offshore LLJ events, wind and general atmospheric conditions before, during,
and after these events should be examined.
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