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Abstract. As the offshore wind industry emerges on the U.S. East Coast, a comprehensive understanding of the wind resource—
particularly extreme events—is vital to the industry’s success. Such understanding has been hindered by a lack of publicly
available wind profile observations in offshore wind energy areas. However, the New York State Energy Research and Devel-
opment Authority recently funded the deployment of two floating lidars within two current lease areas off the coast of New
Jersey. These floating lidars provide publicly available wind speed data from 20-m to 200-m height with a 20-m vertical res-
olution. In this study, we leverage a year of these lidar data to quantify and characterize the frequent occurrence of high wind
shear and low-level jet events, both of which will have a considerable impact on turbine operation. In designing a detection
algorithm for these events, we find that the typical, non-dimensional power law-based wind shear exponent is insufficient to
identify many of these extreme, high wind-speed events. Rather, we find that the simple vertical gradient of wind speed better
captures the events. Based on this detection method, we find that almost 100 independent events occur throughout the year
with mean wind speed at 100-m height and wind speed gradient of 16 m/s and 0.05 1/s, respectively. The events have strong
seasonal variability, with the highest number of events in summer and the lowest in winter. A detailed analysis reveals that
these events are enabled by an induced stable stratification when warmer air from the south flows over the colder mid-Atlantic

waters, leading to a positive air-sea temperature difference.
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1 Introduction

The offshore wind industry is rapidly developing on the U.S. East Coast and a comprehensive understanding of the wind
resource in this area is critical for the industry’s success. There are currently 15 active lease areas with over 21 Gigawatts (GW)

of planned capacity spanning from Massachusetts to North Carolina (Fig. 1), with an additional planned 86-GW capacity in all
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U.S. waters by 2050 (BOEM, 2018). Proposed lease areas are located on the Atlantic Outer Continental Shelf (OCS) and span
locations ranging from a minimum of 15 km to a maximum of over 100 km from the coastline. The proper planning, design,
and operation of these wind farms require an in-depth understanding of the wind characteristics in the OCS, in particular the
frequency and magnitude of extreme events that largely impact the power performance, safety, and operation of wind turbines

(Musial and Ram, 2010; Rose et al., 2012; Archer et al., 2014).
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Figure 1. Map of U.S. North- and mid-Atlantic OCS showing Bureau of Ocean Energy Management (BOEM) lease areas and wind planning
areas in white (accurate as of April 2020), the two floating lidar measurement locations (black crosses) and approximate measurement

locations of previous studies focused on the offshore wind resource in this region (red circles).

Extreme wind events relevant to wind turbine operation include rapid changes in flow direction and speed, or persistently
high values of shear and veer (Commission, 2019). High vertical wind shear is of particular interest to wind energy as it has a
direct effect on wind turbine power and reliability (Murphy et al., 2019; Gutierrez et al., 2014, 2017, 2019; Colle and Novak,
2010; Dvorak et al., 2013; Borvaran et al., 2020; Pena Diaz et al., 2012; Hallgren et al., 2020). One phenomenon responsible
for producing high-shear events has gained particular attention by the wind energy community: the low-level jet (LLJ), defined
as local wind speed maximum in the lower 1000 m of the atmosphere (Soares et al., 2014). Over the last decade, a growing
body of work has identified and characterized LLJs within and around current U.S. mid-Atlantic wind energy areas. These
offshore LLIJs, spanning from Maryland to New Jersey, have been investigated with the Weather Research and Forecasting
(WRF) model (Strobach et al., 2018; Colle et al., 2016; Nunalee and Basu, 2014), ship-borne lidar (Pichugina et al., 2017;
Strobach et al., 2018), aircraft measurements (Colle et al., 2016), sodar (Helmis et al., 2013), radiosonde (Helmis et al., 2013;
Colle and Novak, 2010; Nunalee and Basu, 2014), and radar wind profilers (Zhang et al., 2006; Nunalee and Basu, 2014). A

consensus agreement among these studies is the frequent occurrence of persistent LLIJs in this area during the warm season.
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While some studies were limited to heights above wind turbine operation (Nunalee and Basu, 2014; Zhang et al., 2006), others
found wind speed maxima at heights representative of a typical wind turbine rotor (Pichugina et al., 2017; Strobach et al.,
2018; Colle and Novak, 2010).

These LLJs are not limited to the U.S. mid-Atlantic, but are a global phenomenon (Ranjha et al., 2013; Lima et al., 2018;
Parish et al., 1988; Parish, 2000; Burk and Thompson, 1996; Winant et al., 1988; Svensson, 2016; Svensson et al., 2019
Hallgren et al., 2020; Floors et al., 2013; Pefia et al., 2014; Krogh and Bay, 2012; Floors et al., 2013; Rijo et al., 2018;
Soares et al., 2014; Hoinka and Castro, 2003), occurring both onshore and offshore, and triggered by a range of atmospheri
conditions. The most common trigger perhaps is the onset of stable strati cation in the lower atmosphere, most commonly at
night, which reduces turbulent mixing and allows the expression of the inertial oscillation in the wind pro le (Blackadar, 1957;
Parish et al., 1988; Parish, 2000; Colle and Novak, 2010; de Wiel et al., 2010). Sloping terrain is also an important driver,
where wind speeds closer to the surface accelerate faster than those aloft, producing a LLJ (Holton, 1967; Parish and Oolman
2010; Shapiro et al., 2016; Du and Rotunno, 2014). Offshore LLJs have been associated with changes in coastal topography
(Strobach et al., 2018; Beardsley et al., 1987; Winant et al., 1988), the land-sea temperature gradient (Chao, 1985; Colle anc
Novak, 2010; Clemente-Colon and Xiao-Hai Yan, 1999; Soares et al., 2014; Floors et al., 2013).

To date, it is not well-established which of these mechanisms (or combinations thereof) are responsible for LLJs in U.S.
mid-Atlantic wind energy areas. This lack of certainty is largely the result of the limited analyses performed to-date. While the
aforementioned mid-Atlantic studies (Fig. 1) were extremely valuable in providing an initial characterization of offshore wind
conditions, limitations of the measurements used undermine their value to current U.S. East Coast wind energy lease areas
Many of the data sets were spatially disjunct (Pichugina et al., 2017; Strobach et al., 2018; Colle et al., 2016) or limited to
coastal areas (Colle et al., 2016; Helmis et al., 2013; Nunalee and Basu, 2014; Zhang et al., 2006). The only two experiments
recorded in literature that were far enough from the coast to be representative of conditions that will be experienced by offshore
wind plants were limited in duration to a maximum of 1 month (Helmis et al., 2013; Strobach et al., 2018; Pichugina et al.,
2017).

Increasing investments in U.S. offshore wind energy along with continuous instrumentation developments have enabled a
surge in deployments of offshore wind measurement systems. In particular, the emergence of buoy-mounted oating lidar has
led to at least 10 and as many as 20 oating lidar deployments in the U.S. East Coast in recent years. These data have beel
kept proprietary and any derived analyses have not been disseminated. In August and September 2019, however, the New Yor|
State Energy Research and Development Authority (NYSERDA) funded the deployment of two oating lidars (DNV-GL,
2020) within two current lease areas in the New Jersey offshore wind area (Fig. 1). These oating lidars provide wind data at
multiple heights across the rotor layer (Table 1). To our knowledge, these deployments provide the rst publicly available, and
relevant observational data set for the analysis of wind characteristics in U.S. East Coast active lease areas and, as such, are
immense value for wind energy research.

A cursory look at the NYSERDA data alone can reveal very important wind characteristics and phenomena. We show an
example of this in Fig. 2, where an intense high-shear event existing over a 2-day period is measured at the northeast (NE) buoy

Not only do we see frequent extreme shear across the nominal rotor area but also several low-level jet (LLJ) events where the
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peak in the wind pro les is as low as 100 m. In the highlighted LLJ and monotonic-shear periods, the time-averaged pro les
reveal a power-law exponent of 0.59 and 0.32, respectively, when measured across a nominal rotor layer spanning betweel
40 m and 160 m. This corresponds to wind speed gradiedt, z, values of 0.12 1/s and 0.08 1/s, respectively, across the
rotor layer. The ability to accurately predict such events using numerical weather prediction (NWP) models is crucial for
wind resource assessment, wind power forecasting, and the timely implementation of operation and maintenance procedure
to protect turbines from damage. A proper documentation of these extreme events will help to identify the shortcomings of the
models needed for further improvement and will guide the development of more accurate standard guidelines for offshore wind
turbines. To our knowledge, the existence of these high-shear events, let alone their causes and development, have not bee
previously studied in the U.S. East Coast offshore wind lease areas. Our goal is to characterize these events and understand t
physical mechanisms governing their onset and dissipation. To do so, we leverage these novel oating lidar observations in the

U.S. offshore wind areas.

Figure 2. Example of high-shear event as measured by lidar on the NE buoy. Time series between May 14, 2020, 13:50 UTC and May 16,
2020, 19:30 UTC (top). The data within the two black boxes are time-averaged and shown below the time series as examples of low-level jet

(LLJ) and monotonic-shear periods.



Table 1. Summary of data set being analyzed: site name, location (latitude, longitude), period analyzed, distance from coast due west, lidar
measurement heights (above mean sea level), and quantities being analyzed.

Lidar
) i ) Distance N
Site Name Location Period Analyzed Measurement Quantities Analyzed
from Coast )
Heights
Sep. 4,2019 - ) .
SW Buoy 39.55N, 73.43W 69 km Wind speed and direction, turbu-
Aug. 16, 2020 20-200 m ev- ] ] _
lence intensity, 2-m air tempera-
Aug. 12, 2019 — ery 20 m
NE Buoy 39.97N, 72.72W 114 km ture, sea-surface temperature
Aug. 16, 2020

2 Identi cation of High-Shear Events

Time series of vertical pro les of wind speed at the two buoy sites are used to detect and characterize high-shear events that are

relevant for offshore wind development. The algorithm developed to detect these events discerns between two types of wind
90 speed pro les: monotonic shear and LLJ (Fig. 2). The algorithm is applied to each 10-minute-mean pro le. When high shear

is detected for a continuous period of 1 hour or longer, this period is de ned as a high-shear event. To avoid double counting,

separate events that are close in time and measured at the same site are merged into a single, longer event. This is done in tv

steps: rst, events with lower shear that last 1 hour or less but are sandwiched in between two high-shear periods are identi ed

as an integral part of the adjacent events and merged into them to form one, longer event; nally, two events that are within 6
95 hours of each other are merged into a single, long-lived event.

The monotonic-shear pro les refer to 10-minute averaged pro les in which the wind speed magnitude strictly increases
with height (Fig. 2, right-side pro le). For the LLJ cases, the wind speed magnitude increases up to a certain height and then
decreases, revealing the presence of a LLJ with a nose below 200 m (Fig. 2, left-side pro le). While the monotonic shear cases
could be the lower part of a LLJ with a nose above 200 m, the vertical extent of our measurements does not allow for that

100 distinction to be made. For this reason, the algorithm was developed to distinguish between both.

The detection of both types of high-shear pro les is based on several conditions, as outlined below and shown by the
schematic in Fig. 3. We de ne nominal hub height and rotor diameter values to be 100 m and 120 m, respectively (the rotor
span being between 40 m and 160 m). These are assumed to be representative of an offshore wind turbine and are used he
to facilitate the interpretation of results in the context of offshore wind development. For the analysis performed here, only

105 pro les with a hub-height wind speed greater than 3 m/s are considered. A pro le is classi ed as “monotonic shear” if

() the rotor-layer shear is greater than a prespeci ed threshold value,
U U

4 4

rotor rotor_threshold

A pro leis classi ed as “LLJ" if



() the height of maximum wind speed is between the second (40 m) and second-to-last (180 m) measurement height,

110 40 z (Umax) 180;

(i) the wind speed gradient between the rotor bottom and the nose he@htmgse) is greater than the same pre-speci ed

threshold value used for the monotonic-shear detection,

7U 7U ; and

z nose z rotor_threshold

(iii) the wind speed drop off above the jet nose meets minimum requirements in terms of dimensional and dimensionless
115 threshold values,

U
Ugop L:5m/sand——2®  10%

nose

where Ugrop= Uop  Unose@ndUgp marks the top of the jet and is the rst local minimum in wind speed identi ed above

the nose. If a minimum is not found, a jet nose cannot be identi ed and the pro le is not agged as a LLJ. Depending on

the threshold of the wind speed dropUgrop, the number of the detected events can vary (Kalverla et al., 2019). For most
120 of the analysis in Kalverla et al. (2019), the threshold used folop is 2 m/s. The enforcement of both dimensional and

nondimensional wind speed drop off criteria is based on previous work (Baas et al., 2009) but the threshold values are adjustec

in magnitude here because of the limited vertical extent of the measurement data available.

Figure 3. Schematic showing key quantities used in the algorithm developed to detect the two types of high-shear pro les considered herein:
monotonic shear and low-level jet (LLJ). Individual detections are then merged into events.

In the wind energy industry, the vertical wind shear is typically represented by the power-law expof€ntnmission,
2019). However, in this work, the variable used to quantify vertical wind shear is wind speed gradient between a reference
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Figure 4. An analysis of vertical wind shear parameters from the NE oating lidar. Panel (a) shows the relationship between the wind speed
at 100-m height (Wom ), the power-law exponent between height 40 m and 160 ynand the wind speed gradient between 40 m and 160

m( U/ z). The black dashed line represents th& 9fercentile value of U/ z. Panel (b) shows the probability distribution olJ/ z

for both buoys.

height (here taken as 40 m) and other heights above it. A relationship plot (Fig. 4a) among wind speed at hub;bgight,

wind speed gradient across the rotel’%, and shear exponent, explains that the shear exponent can be very low even
though a turbine faces a high wind speed difference across its diameter. The shear exponent is nondimensional and does n
consider the magnitude of wind speed that a turbine actually faces. As a result, data points that would normally be considered
as high shear by often have relatively low wind speeds and would not pose a danger to wind turbines. The tted black dash
line (Fig. 4a) provides the change of extreme wind shear exponent with wind speeds rather than a constant shear exponen
threshold (e.g., 0.2). It explains that the threshold for the extreme wind shear exponent should decrease with an increase o
wind speed to properly consider the wind speed gradient across the rotor diameter. To better capture events that do pose the
danger, we consider instead th#zi metric—which does account for wind speed magnitude—as a threshold for detecting high
wind shear events. The distributione% for the buoys are presented in Fig. 4b. The gure shows a long tail in the distribution

that captures a considerable number of high shear events. Setting a threshol@Cit thercentile, as shown in the gure,
captures a large number of events while ensuring that the shear values are extreme. Herein, for both types of pro les, the
threshold shear value% rotor.threshold is set to the 99 percentile of the distribution 0%’ rotor OVET the entire measurement

period, which equals 0.035 § (Fig. 4b) when averaged across the lidars. Note that we are using xed heights (e.g., 40 m to
160 m) to calculate the wind shear exponent and wind speed gradient across the rotor. However, the wind shear exponent an
wind speed gradient will be underrepresented across the rotor for the LLJ cases which have wind speed maxima below 160

height.
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3 Results
3.1 Detected Events

We rst summarize the results of the high-shear detection algorithm in Fig. 5. A large number of events are detected at both

lidars, most of which are less than 10 hours but some that extend for more than 2 days. All the events identi ed based on the
detection criteria are marked as "high shear" events. The events presented in this section include both LLJ and monotonic-shea
cases. The total number of detected events are 104 and 92 for the northeast (NE) and southwest (SW) buoy, respectively. T
explain why there are more events at the SW buoy, we must rst better understand the atmospheric conditions in which these
events are able to occur. We begin this investigation in the next section by looking at seasonal and diurnal trends in event

frequency.

Figure 5. Number of high shear events for both buoys as a function of event duration. Only events with a minimum duration of 1 hour are

considered.

3.2 Seasonal and Diurnal Dependence

We explore seasonal and diurnal trends in the high-shear events in Fig. 6. In Fig. 6a and Fig. 6b, we consider the number of
10-minute average data points as they depend on hours of diurnal cycles and months, respectively. In Fig. 6¢, we consider
actual event counts by month. Fig. 6a shows a clear diurnal trend in the high-shear events, with event frequency increasing
after noon and dropping after 22:00. Indeed, events are twice as likely to happen during the night than during the morning. We
see in Fig. 6b and Fig. 6¢ that there is also a strong seasonal trend in event frequency. Events are largely concentrated in th
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spring months (i.e., March through June) and are much less frequent in the rest of the year. In particular, the month of June has
the highest number of events (16 events, on average) and November has the lowest number of events (one event, on average
The presence of strong diurnal and seasonal trends in the number of high-shear events suggest the in uence of meteorologica
conditions. Indeed, we expect this to be the case that follows the well-established relationships between high wind shear, LLJs,
and thermodynamic atmospheric stability established by previous works (Sergeevich and Obukhov, 1954; Stull, 1988; Poulos
et al., 2002; Wharton and Lundquist, 2012; Blackadar, 1957; Holton, 1967; Burk and Thompson, 1996; Ranjha et al., 2013;
Parish, 2000). In the next section, we explore this possible relationship between high shear and atmospheric stability in more

detail.

@ (b) (©

Figure 6. Diurnal and seasonal distribution of high-shear events at both buoys: number of 10-min pro les in which high shear was detected
as a function of local time (a) and month (b), and number of events across the year (c).

3.3 Atmospheric Stability and Turbulence

In this section, we intend to investigate the relationship among the high-shear events, atmospheric stability, and turbulence.
However, we do not have air temperature measurements at different heights to appropriately characterize the atmospheric
stability. Instead, we use the difference between 2-m air temperature and the sea-surface temperature as our best proxy fo
atmospheric stability. We herein denote this air-sea temperature difference. &3f course, the air-sea temperature difference
is more of an external forcing to the atmosphere, but may provide some indication of atmospheric stability, such as when
warm air ows over a colder sea inducing a stable strati cation. To measure turbulence, we use the turbulence intensity (TI)
measurements at 100 m as measured by the oating lidars, denofeti@s, . Turbulence intensity is de ned as standard
deviation of the wind speed normalized by the mean wind speed of the 10-minute window. In RigFiga 7b, we plot
distributions of T andT | 100m, Where the full data set are shown in blue with the high-shear events shown in orange.

It is clear from Fig. 7a that high-shear events are strongly associated with a positive air-sea temperature diff@rence (
0). The distribution ofT | 19om is shown for both high-shear events and the full data set in Fig. 7b. The high shear events have
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Figure 7. The impact of air-sea temperature difference on wind shear and turbulence intensity. Top gures (a, b) show distribution for entire
data set vs. periods in which high shear was detected. Bottom gures (b, d) show distribution roses for high-shear periods only. Data are

shown for NE buoy only.

turbulence intensity mostly within the bin o%#to 6% (meanT | 10o0m , 5.1%, whereas mean turbulence intensity of all the data

sets is 8.%6. Focusing only on the high-shear events (i.e., the orange distributions), we plahdT | distributions by wind

direction in Fig. 7c and Fig. 7d. We see that these high-shear events are almost exclusively associated with southwesterly ow
with a mean wind direction of 227 Referring to Fig. 1, we see that southwesterly ow is about parallel to the coastline and
features an area of very large ocean fetch. The coastline parallel ow has also been identi ed in previous works (Colle and
Novak, 2010; Winant et al., 1988; Hoinka and Castro, 2003; Soares et al., 2014). Although we can't provide an explanation of
this coastline parallel ow due to the limitations of the measurements used in this study, these previous studies have explained

10
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this particular ow direction based on detailed observational and numerical model data. The coastal ows are in uenced by the
high pressure system over the ocean and a low pressure system inland induced by a sharp contrast between high temperatu
over land and lower temperature over the sea (Winant et al., 1988; Hoinka and Castro, 2003; Soares et al., 2014). The coast
parallel ow is then generated by the geostrophic adjustment and de ection due to the Coriolis force (Soares et al., 2014).

The observations in Section 3.3 suggest a positive correlation between the near surface temperature gradient and thes
high-shear events. Depending on the locations, there are several factors such as topography (Winant et al., 1988), therma
forcing over sloping terrain (Holton, 1967) can facilitate the LLJ occurrence. Blackadar (1957) explained that LLJs are inertial
oscillations in the wind triggered by the rapid reduction in surface stress (e.g., frictional decoupling) in the boundary layer. It is
possible that warmer air coming from the southwest encounters the colder waters off the mid-Atlantic causing a positive air-sea
temperature difference. This temperature difference would then induce stable strati cation where vertical turbulent exchange
from surface winds to those aloft would be reduced and a degree of “decoupling" of winds aloft from the surface would occur.
Combined with the long ocean fetch where surface roughness is low, this is likely leading to very low turbulence in the winds
aloft at the oating lidars, suf cient to cause high wind shear and allow for the formation of low-level jets.

We provide evidence of this induced strati cation in Fig. 8 for two high-shear events. As shown for both case studies, the
onset of high shear aligns with the switch from a negative to a positive T value. Notably, the end of the second high-
shear event (e.g., event-02) aligns with the switch back to a negafivealue and a sharp change of wind direction. The
sharp change in air-sea temperature difference and wind direction suggest the evidence of a frontal passage within this event
The wind direction change in the "event01" is not as sharp as the "event-02" but well-correlated with the change of air-sea
temperature difference. Furthermore, we see that the change in sigh is driven by changes in the air temperatufg,
whereas th&ST remains relatively constant before, during, and after the high-shear events. So indeed, the arrival of warm air
from the southwest and the resulting induction of stable strati cation appears to be a dominant contributor to these high-shear
events.

We further examine the role of the air-sea temperature difference in in uencing wind conditions in Fig. 9. Here, we consider
the full set of data and not just the high-shear events. Speci cally, we show the relationship betWeand wind speed
at 100 m, Tl at 100 m, the shear exponent,across the rotor layer, the maximum wind speed gradient across the rotor,

U= znax , and wind veer. The data are bin-averaged and shown along with the standard deviation within the bin. The
density of the data is shown in red in the background. We observe that wind speed at hub height is almost constant when the
temperature difference is negative, but increases sharply when the temperature difference is positive. The linear increase o
wind speed with an increase of positive temperature differendex 0) suggests that the strength of extreme events is highly
dependent on the magnitude of positive temperature difference. On the other hand, turbulence intensity at hub height drops a:
the temperature difference approaches zero, showing a strong dependency on static stability (Fig. 9b). There is an upward tren
in the turbulence intensity afterT =2 °C. This could be caused by a low density of the data within the bin. Similar to wind
speed, the shear exponent (Fig. 9¢), the maximum wind shear (Fig. 9c), and wind veer (Fig. 9e) are roughly constafit when
is negative before increasing sharply when the difference becomes positive. As both wind shear and veer increase with positive

T, any possible relationship between the wind shear and wind veer is investigated in Fig. 9f. It is observed that the wind veer
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